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Abstract 

The work presented herein describes the investigation of the impact of diverse fatty acid-amino acid 

conjugates (FACs) on plant biosynthetic processes to draw the conclusions about the plant defence 

strategies against herbivores.  

 A plethora of external factors have caused the plants as sessile organisms to develop different 

survival strategies. In general, a broad spectrum of plant defensive tactics encompasses particularly 

mechanical and chemical protection. Besides the trichomes and thorns, a vast number of complex 

chemical structures such as secondary metabolites also take part in the plant-predator dialog. It is 

worth noting at this stage that in order to activate the cascade of biochemical processes, the plant first 

needs to be physically injured, followed by chemical elicitor propagation at the plant-herbivore 

interface. One of the prominent triggers of plant defensive strategies is the FAC volicitin. Since the 

biochemical efficacy of this compound is beyond question, as it has already been investigated in 

previous studies, other volicitin-like compounds were synthesized in the present work and their 

potential impact in inducing biosynthetic pathways was investigated.  

 To examine the alterations of specialized metabolite pattern of Vinca minor plants and Populus 

hybrids (Populus alba × Populus tremula), eleven FACs not strongly differing from each other in their 

chemical structure were synthesized: N-(10-hydroxyundecanoyl)-L-glutamine (1d), (S)-N-α-undec-10-

enoyl-L-glutamine (2b), N-((9Z)-octadec-9-enoyl)-L-glutamine (3b), (S)-N-α-octadecanoyl-L-

glutamine (4b), N-(heptanoyl)-L-glutamine (5c), N-(pent-2-enoyl)-L-glutamine (6c), N-(hept-2-enoyl)-

L-glutamine (7c), N-(9-(1´´-oxooctadecanoyl)-octadec-10-enoyl)-L-glutamine (8c), N-(10-(1´´-

oxooctadecanoyl)-octadec-8-enoyl)-L-glutamine (8d), N-(12-oxononacosa-9-enoyl)-L-glutamine (9b), 

(S)-N-α-octanoyl-L-glutamine (10b) and N-(12-hydroxynonadec-9-enoyl)-L-glutamine (11e). In the 

succeeding experiment, FACs-associated molecular patterns addressing monoterpenoid indole alkaloid 

(MIA) vincamine in V. minor and two salicinoids tremulacin and tremuloidin in Populus hybrids were 

examined in more detail with the aid of high-pressure liquid-solid chromatography (HPLC) method. 

 Treatment with N-(pent-2-enoyl)-L-glutamine (6c) extensively altered the content of vincamine in 

V. minor plants. A twofold increase in vincamine levels in contrast to other FACs or even caterpillars 

demonstratively confirmed the postulated induction of MIAs pathway in periwinkle. Moreover, the 

investigation of temporal alterations in the vincamine concentration after the application of the 6c 

visualized immediate changes in MIA level in V. minor 24 h after application of the FAC candidate, 

whereas on the sixth day the lowest vincamine concentration was monitored. Consequently, less and 

less vincamine was detected in the course of time. Therefore, it was suspected that the available MIA 

was converted into other compounds, might even be alkaloids. 

 In the current work observations could also be made concerning the biosynthesis of two significant 

salicinoids tremulacin and tremuloidin after application of FACs N-(10-hydroxyundecanoyl)-L-

glutamine (1d), N-(heptanoyl)-L-glutamine (5c), N-(9-(1´´-oxooctadecanoyl)-octadec-10-enoyl)-L- 
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glutamine (8c) and N-(10-(1´´-oxooctadecanoyl)-octadec-8-enoyl)-L-glutamine (8d) as well as (S)-N-

α-octanoyl-L-glutamine (10b) to the Populus alba × Populus tremula hybrids. Populus tremula-like 

individuals indicated higher values of relative tremulacin and tremuloidin concentrations than Populus 

alba-like species, which confirmed causal relationship between the genomic ancestry of the poplars 

and concentrations of the two phenyl glycosides.  

 In a nutshell, the current work has revealed new perspectives for FACs synthesis research, which is 

associated with the study of plant defensive strategies in the form of induction of the still enigmatic 

biosynthetic pathways of alkaloids and phenyl glycosides. 
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Zusammenfassung 

Die vorliegende Masterarbeit beschreibt die Untersuchung der Auswirkungen verschiedener Fettsäure-

Aminosäure-Konjugate (FACs) auf pflanzliche Biosyntheseprozesse, um Rückschlüsse auf pflanzliche 

Abwehrstrategien gegen Fressfeinde zu ziehen. 

 Eine enorme Anzahl äußerer Faktoren hat Pflanzen als immobile Organismen veranlasst, 

verschiedene Überlebensstrategien zu entwickeln. Das breite Spektrum pflanzlicher 

Verteidigungstaktiken umfasst generell mechanischen und chemischen Schutz. Neben Stacheln und 

Dornen ist auch eine Vielzahl komplexer chemischer Strukturen wie Sekundärmetabolite an der 

Interaktion zwischen Pflanzen und Herbivoren beteiligt. Erwähnenswert ist, dass die Pflanze zunächst 

physisch verletzt werden muss, gefolgt von einer Ausbreitung chemischer Auslöser an der 

Kontaktstelle zwischen Pflanze und Pflanzenfresser, um eine Kaskade biochemischer Prozesse zu 

aktivieren. Einer der wichtigsten Initiatoren pflanzlicher Verteidigungsstrategien ist das FAC 

Volicitin. Da die biochemische Wirksamkeit dieser Verbindung außer Frage steht, weil sie bereits in 

früheren Studien untersucht wurde, wurden in der vorliegenden Arbeit andere dem Volicitin ähnliche 

Verbindungen synthetisiert und es wurde ihre potenzielle Fähigkeit biosynthetische Wege zu 

induzieren untersucht. 

 Um die Konzentrationsveränderungen von bestimmten sekundären Inhaltsstoffen von Vinca minor-

Pflanzen und Populus-Hybriden (Populus alba × Populus tremula) zu untersuchen, wurden elf FACs 

synthetisiert, die sich in ihrer chemischen Struktur nicht stark voneinander unterscheiden:  

N-(10-Hydroxyundecanoyl)-L-glutamin (1d), (S)-N-α-Undec-10-enoyl-L-glutamin (2b), N-((9Z)-

Octadec-9-enoyl)-L-glutamin (3b), (S)-N-α-Octadecanoyl-L-glutamin (4b), N-(Heptanoyl)-L-glutamin 

(5c), N-(Pent-2-enoyl)-L-glutamin (6c), N-(Hept-2-enoyl)-L-glutamin (7c), N-(9-(1´´-

Oxooctadecanoyl)-octadec-10-enoyl)-L-glutamin (8c), N-(10-(1´´-Oxooctadecanoyl)-octadec-8-

enoyl)-L-glutamin (8d), N-(12-Oxononacosa-9-enoyl)-L-glutamin (9b), (S)-N-α-Octanoyl-L-glutamin 

(10b) und N-(12-Hydroxynonadec-9-enoyl)-L-glutamin (11e). Im anschließenden Experiment wurden 

die FAC-assoziierten Molekülmuster des monoterpenoiden Indolalkaloids (MIA) Vincamin in V. 

minor und der beiden Salicinoide Tremulacin und Tremuloidin in Populus-Hybriden mit Hilfe einer 

Hochdruck-Flüssig-Fest-Chromatographie (HPLC) näher untersucht.  

 Die Behandlung mit N-(Pent-2-enoyl)-L-glutamin (6c) veränderte den Gehalt an Vincamin in  

V. minor-Pflanzen erheblich. Hier wurde im Gegensatz zu den erhaltenen Ergebnissen nach der 

Auftragung der anderen FACs oder der ägyptischen Baumwollblattwürmer (Spodoptera littoralis) ein 

zweifacher Anstieg des Vincamingehalts identifiziert. Dies bestätigte nachweislich die postulierte 

Induktion des MIAs-Biosyntheseweges im Kleinen Immergrün. Darüber hinaus wurden bei der 

Untersuchung der zeitlichen Veränderungen der Vincaminkonzentration nach der Anwendung von 6c 

sofortige Veränderungen des MIA-Spiegels in V. minor 24 h nach der Anwendung des oben 

erwähnten FAC-Kandidaten sichtbar, während am sechsten Tag die niedrigste Vincaminkonzentration 
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beobachtet wurde. Folglich wurde im Laufe der Zeit immer weniger Vincamin nachgewiesen, da es 

sich möglicherweise um eine sukzessive Umwandlung der vorhandenen MIAs in andere Alkaloide 

handelte.  

 Des Weiteren konnten im Rahmen dieser Masterarbeit auch Beobachtungen zur Biosynthese der 

beiden bedeutenden Salicinoide Tremulacin und Tremuloidin nach Anwendung der FACs N-(10-

Hydroxyundecanoyl)-L-glutamin (1d), N-(Heptanoyl)-L-glutamin (5c) N-(9-(1´´-Oxooctadecanoyl)-

octadec-10-enoyl)-L-glutamin (8c) und N-(10-(1´´-Oxooctadecanoyl)-octadec-8-enoyl)-L-glutamin 

(8d) sowie (S)-N-α-Octanoyl-L-glutamin (10b) auf die Populus alba × Populus tremula Hybriden 

gemacht werden. Populus tremula-ähnliche Individuen wiesen höhere Werte von relativen 

Tremulacin- und Tremuloidin-Konzentrationen auf als Populus alba-ähnliche Arten, was einen 

kausalen Zusammenhang zwischen der genomischen Abstammung der Pappeln und den 

Konzentrationen der beiden Phenylglycoside bestätigte. 

 Zusammenfassend lässt sich sagen, dass diese Masterarbeit weitere Perspektiven für die 

Erforschung der FAC-Synthese, die mit der Untersuchung pflanzlicher Verteidigungsstrategien in 

Form der Induktion der noch immer rätselhaften Biosynthesewege von Alkaloiden und 

Phenylglycosiden verbunden ist, eröffnet.  
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1. Introduction 

1.1. Plant defense system 

A plethora of different external factors have caused the plants to develop different survival strategies. 

Regarding the fact that not only light, water, temperature, salinity or nutrients as abiotic factors but 

also herbivores, pathogens, other plants, endophytic fungi or mycorrhizal as biotic factors have an 

influence on the fitness of a plant, it is not easy to predict which of all these factors indeed trigger 

plant defense [1], [2]. 

 Although the plant kingdom belongs to sessile organisms, they can effectively protect themselves 

both mechanically and chemically [3]. Generally, hardness, sharpness, and toughness as mechanical 

defense properties, are an effective weapon for deterring herbivores, especially mammals or insects. 

To achieve these features, certain plants possess for instance cell walls with microfibrils composed of 

cellulose and embedded in hemicellulose or lignin. The most common examples of physical barriers of 

plants represent thorns, spines and so called “leaf hairs”, trichomes [3]–[5].  In addition, based on tens 

of thousands of primary metabolites present in millions of plant species, it is estimated that as many as 

twenty times that number of secondary metabolites can be synthesized by plants. Part of this large 

number of specialized metabolites is used for defense against enemies [6]. Considering this chemical 

defense, if the secondary compounds are always present in a plant, it is a constitutive defense. This 

kind of defensive strategy can be represented by the plant glycoside avenacoside B, a saponin 

originating from Avena sativa which can effectively destroy cell membranes. Other examples 

representing constitutive toxins produced by plants are polyethyne cicutoxin from water hemlock 

Cicuta virosa or one of the many benzylisoquinoline alkaloids (BIA) accumulated by opium poppy 

(Papaver somniferum), analgesic morphine, which is able to influence the action potential in neurons 

as well as has narcotic properties, respectively. Due to the difficulty of tracking the constitutively 

direct mechanisms of plant defense, the focus in recent years has been primarily on induced chemical 

defense mechanisms [7]–[10].  

 In contrast, an induced resistance against herbivores appears only when the plant is  

attacked [11]. Both constitutive and induced defenses can be distinguished into direct and indirect 

strategies, whereby the first one means the plant's own defense and the second one, called tritrophic 

interaction, involves the intervention of organisms from higher levels of the nutritional pyramid to 

protect the attacked plant from the herbivore [3], [12], [13].  

 

1.1.1. Overview of plant chemical defense strategies 

1.1.1.1. Terpenoids 

In general, a broad spectrum of plants’ specialized compounds encompasses terpenoids, phenolics and 

alkaloids. The terpenoids constructed from the smallest molecule containing five carbon atoms called 

isoprene are widespread in all plants [5]. Isoprene can act as a direct or indirect defender in a plant; 
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thus, it not only deters a species like a moth Manduca sexta but can even attract parasites such as 

Diadegma semiclausum helping in defense [14], [15]. Two isoprene units form monoterpenoids, 

which are represented, for example, by an insecticide pyrethrine as an ester with neurotoxic properties 

produced by pyrethrum plants (Tanacetum cinerariifolium, Asteraceae) [16]. Following this, 

triterpenoids containing six isoprene units such as phytoectysones from spinach (Spinacia oleracea) 

cause higher death rates for insects as it interferes with larval development. In contrast, terpenoids 

such as cardiac glycosides digoxin and digitoxin do not pose a threat to other herbivores such as the 

monarch butterfly larvae. Thus, larvae feeding on these toxic substances transform into a butterfly that 

is inedible to birds [5].  

 Generally, various monoterpenoids (C10) and sesquiterpenoids (C15), as volatiles released by plants, 

play an extremely important defensive role against herbivores. On one hand, the individual volatile 

substances, or a variation of these act as a deterrent to herbivores. On the other hand, they may attract 

some parasites or parasitoids, and therefore activate an indirect defensive mechanism[3]. It has been 

demonstrated for Arabidopsis plants that flowers can emanate a scent with different terpenoids, which 

allows interaction with the environment [17]. Since the whole Arabidopsis genome was sequenced, it 

was found there are putative genes expressed for the production of different terpenoid synthases 

(TPSs) [17]. Accordingly, it has been shown by Van Poecke et al. that the expression of certain genes 

plays a crucial role in stress-induced plant defensive mechanisms. AtTPS10 gene was responsible for 

the encoding of β-myrcene synthesizing protein, following a response to Pieris rapae caterpillar attack 

[18]. The formation of (E)-β-ocimene in consequence of mechanical wounding and subsequent 

application of jasmonic acid has also been observed. An increased gen AtTPS03 expression was the 

respond to these stress factors [19]. (E)-β-ocimene was also a target of studies on Lotus japonicus 

plants. Here, the plant showing herbivore-induced indirect defense response was infested with two-

spotted spider mites (Tetranycurticae) [20].  

 Interestingly, monoterpenoids and sesquiterpenoids are not only synthesized in the previously 

mentioned plants but are also found in conifers. A conifer much larger than Arabidopsis or Lotus 

japonicus still needs a defense mechanism, as it can also be attacked by insects. Thus, in the resin 

from a wounded coniferous tree, there is a deterrent turpentine fraction containing mono- and 

sesquiterpene, which first evaporates enabling the polymerization of the compounds contained in the 

turpentine fraction. Subsequently, trapping of the insects and killing of those is the goal of the direct 

defense mechanism [3], [21], [22]. 

 

1.1.1.2. Phenolics 

The second class of organic compounds dominating in the plant kingdom are phenolics. Plant 

phenolics consist of one or more aromatic ring to which different numbers of hydroxy groups can be 

attached. The compounds play an essential role in plant life, thus they can influence their 

development, take part in the recognition of microbes, regulate growth, participates in the 
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differentiation of the cells and the associated development of the organs, whereby it all depends on the 

plant species, biological process and the structural property of a phenolic compound [23]–[26]. 

Lattanzio et al. present evidence that phenolics as signal molecules are able to influence other species 

in a chemical way. Hence, phenolics, also defined as allelochemicals, are released into the soil through 

leaf leaching or root exudation into the rhizosphere, which affects the adjacent plants through, for 

example, chemical inhibition and associated displacement from these [27].  

 Both biotic and abiotic stress factors can trigger phenol production in plant tissue [23]. For 

instance, after infection with the pathogen, the plant stores phenolics in its cell walls [26]. The 

phenolic content also changes during drought, nutrition deficit or whenever the plant is exposed to 

radiation [28]–[30].  Moreover, Clé et al. published a study of the UV experiments on tomato Solanum 

lycopersicum, in which it was found that the leaves treated with UV-B light showed increased 

chlorogenic acid (CGA) accumulation. Consequently, they concluded that phenylpropanoid 

metabolism is influenced by environmental conditions and phenolic precursor flux is regulated 

accordingly [31].  

 Biotic stress factors for the plant represent insects or mammals. It has been evidenced that the 

constitutive phenolics inhibit the organisms and thus protect the plant from being eaten [27], [32]–

[35]. Accordingly, plants exhibiting induced defense produce toxic phenolic substances that protect 

the host from further damage by the insects [27], [36], [37]. These antifeeding properties possess, for 

example, judaicin and maackiain, which act as a deterrent for Spodoptera littoralis and Spodoptera 

frugiperda larvae, respectively [27]. Nevertheless, in the saliva of sucking-piercing insects there are 

polyphenol oxidizing enzymes (PPO) enabling them to circumvent the toxicity of some phenolics by 

oxidizing and polymerizing of this class of organic compounds into non-toxic substances [38]. In 

addition, it has been demonstrated that plants also obtain PPO enzymes participating in the oxidation 

of phenolic. Regarding this, the expression of PPO was studied in mechanically wounded hybrid 

poplars, and the activity of this enzyme was found to increase, when the plants were exposed to 

feeding larvae. This can be explained by the fact that the plants through the use of such enzyme 

machinery make themselves inedible and indigestible, since the phenolic are converted into the 

polymers and the proteins are cross-linked. Finally, the defense of poplars against herbivores was 

confirmed [39], [40].  

 

1.1.1.3. Alkaloids 

Whilst phenolics and terpenoids are ubiquitous in many plant taxa, nitrogenous secondary constituents 

called alkaloids are found in about 20 % of all plant species, with plant families Solanaceae, 

Ranunculaceae, Apocynaceae, and Papaveraceae being a few prominent examples [3], [9]. These 

specialized metabolites can be accumulated in different parts of the plant and provide protection 

against herbivores or pathogens. Alkaloids originating from amino acids such as indole alkaloids, are 
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prominent examples in the combat against herbivores. Moreover, plants growing on nitrogen-rich soils 

are more robust after predator attack [41].  

 There are many alkaloid definitions, but here only two will be mentioned. Species from which 

these organic compounds originate are often used to define the alkaloids. Thus, alkaloids found in 

Vinca rosea were named vincristine and vinblastine. In addition, the second option for designating the 

class of organic compounds is to refer to the biosynthetic pathways from which the alkaloids originate 

[42]. Hence, a well-known and often studied defense alkaloid called nicotine originating as the name 

suggests from Nicotiana tabacum is synthesized mainly in a cascade of enzyme reactions starting from 

L-arginine and L-ornithine in response to a pest attack. An essential role is played here by 

phytohormones such as jasmonate, which act as signaling and regulatory molecules and stimulate the 

biosynthesis of nicotine. The synthesis takes place in roots, from which the alkaloid is transported into 

the leaf tissue and accumulated in this aerial part. Nicotine is one of the naturally occurring 

insecticides as it binds to insect postsynaptic receptors [43]–[45].  

 Furthermore, the purine alkaloid caffeine occurring particularly in Coffea arabica was shown to be 

effective in defense against herbivore such as larvae of tobacco horn moth (ED50: 0.03 – 10 %; 

Manduca sexta) or mosquito (ED50: 0.0007 %; Culex ssp). The mode of caffeine action based on 

inhibition of phosphodiesterase hydrolyzing a signal molecule adenosine monophosphate (AMP) [46], 

[47].  

 In the array of secondary metabolites playing an essential role in the chemical defense mechanisms 

of plants, pyrrolizidine alkaloids have been found as well. Hence, “pro-toxic free base” senecionine 

appear to have strong repellent properties on insects. In this molecular form, senecionine is 

bioactivated in insects with the help of cytochrome P450 oxidase and thereby converted into 

mutagenic pyrrolic intermediate [48].  

 

1.2. Molecules indicating eliciting properties 

These few examples indicate that plants are indeed able to produce an array of substances by multiple 

biosynthetic pathways that protect them from the biotic and abiotic factors. Knowledge of which 

substances triggered a defense mechanism in a plant is as important as understanding the phenomena 

described above. Owing to this, Alborn et al. have studied intensively to find the elicitors in oral 

secretion of beet armyworm (BAW; Spodoptera exigua Hübner) caterpillars. The substance they 

isolated and identified at that time was N-(17-hydroxylinolenoyl)-L-glutamine (volicitin), which has 

already been mentioned in many publications. Interestingly, a volicitin applied to wounded leaves of 

corn (Zea mays L.) caused the plant to emit a perfume mixture of various volatile terpenoids and 

indoles, thereby attracting natural enemy of caterpillars, parasitic wasps (Cotesia marginiventris) to it, 

which is termed to tritrophic interaction as stated above [49]–[51]. Three years later, Alborn et al. 

published results showing that not only volicitin, but also other substances were present in the oral 

secret of the same caterpillars. These have comprised 17-hydroxylinolenic, linolenic, 17-
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Figure 1: Chemical structure of N-(17-hydroxylinolenoyl)-L-glutamine 

(volicitine). 

hydroxylinoleic and linoleic acid. Nevertheless, the most active elicitor was still volicitin [52]. 

Volicitin is a prominent example of fatty acid amino acid conjugates (FACs) consisting of amino acid 

and nonpolar fatty acid moiety (Figure 1). FACs can show quite a large structural diversity as a result 

of the many possible combinations of the two classes of compounds. For instance, species specific 

FACs-composition of lepidopteran caterpillars salivary secretion can vary in the amino acid 

composition, in the fatty acid chain length as well as the number of double bonds of the fatty acid 

moiety. Additionally, it is important to point out that FACs consisting of L-glutamine as amino acid 

subunit are apparently the most effective in the herbal response [53], [54]. Among FAC elicitors, N-

(18-hydroxylinolenoyl)-L-glutamine (18-OH-volicitin) isolated from lepidopteran species tobacco 

hornworm (THW; Manduca sexta) and applied on damaged leaves of solanaceous plants has shown a 

similar elicitor activity to volicitin [53]. Other trigger of the herbal response to stress and consisting of 

L-glutamine as amino acid moiety was N-linolenoyl-L-glutamine, which was found to be effective 

against maize cultivars [49].  

 Tremendous variability in plant responses to the elicitors such as above mentioned volicitin has 

caused the researchers to mimic nature. In fact, Alborn et al. have successfully synthesized 17-

hydroxylinolenic acid and 17-hydroxylinoleic acid following by the synthesis of N-[17-

hydroxylinolenoyl]-L-glutamine and N-[17-hydroxylinoleoyl]-L-glutamine, respectively [52]. To 

obtain the desired amides, a modified approach based on method implemented by Sheehan et al. was 

carried out [55]. The (17R)- and (17S)-isomers of volicitin could also be accomplished by semi-

hydrogenation of alkynes and selective olefination, as shown in the Itoh et al. method [56]. 

Subsequently, the other group reported a formal synthesis of both enantiomers of volicitin via one-pot 

bis-Wittig reaction as a short stereoselective synthesis [57]. 

 

 

 

 

 

 

 

 

 

1.3. MIAs pathway modulation in Vinca minor 

Vinca minor derived from the plant family Apocynaceae and also called periwinkle, evergreen 

perennial herbaceous plant, myrtle or vinca is a relatively slow growing plant that responds to 

environmental alterations [58]–[60]. V. minor is also the MIAs (monoterpenoid indole alkaloids) - rich 

source. According to this, eburnamine alkaloid vincamine seems to be the most important 

representative in leaves of periwinkle. In addition, young leaves of V. minor draw a higher metabolism 
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than the older tissues [58], [61]–[64]. The biosynthesis towards vincamine production derives from 

two important routes viz. shikimate and seco-iridoid biosynthetic pathways.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The biosynthesis of terpenoids does not start from isoprene but from the biochemically activated 

isomers isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). Oxidation, 

reduction, methylation, and glycosylation reactions can take place with the aid of various enzymes 

involved in the biosynthesis of terpenoids (iridoids) as shown in Figure 2. In this way biosynthesized 

seco-iridoid secologanin can be further introduced into the indole alkaloid biosynthesis pathway [65].  

 One of the most important biosynthetic pathways in plants, leading to the substances with phenolic 

structures represents shikimic acid biosynthetic pathway (Figure 3) [23]. Since an important 

intermediate and at the same time a branching point of the shikimate pathway is a compound termed 

chorismate, the natural process is also known as the chorismate pathway [66]. The biosynthetic 

pathway plays an essential role in the production of aromatic amino acids from primary metabolites 

phosphoenol pyruvate (PEP) and erythrose 4-phosphate (E4-P). The three amino acids L-tryptophan, 

L-phenylalanine and L-tyrosine synthesized in this way, are intermediate compounds of great 

Figure 2: Seco-iridoid pathway operating in plants. 
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importance for the biosynthesis of aromatic secondary metabolites such as lignins, flavonoids, 

alkaloids and phytoalexins [67].  

 Based on frontier metabolic and genetic studies of Catharanthus roseus as well as transcriptomics 

and gene co-expressions analysis of V. minor, it is now feasible to elucidate an almost complete 

vincamine biosynthetic pathway [68]. A putative MIAs biosynthetic pathway leading to the production 

of vincamine and operating in V. minor is displayed in the Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 A condensation of tryptamine and secologanin derived from seco-iridoid and shikimate pathway 

supplies strictosidine skeleton consisting of an indole ring and terpenoid subunit donor, respectively 

[69]. Starting from strictosidine, MIAs route proceeds via a few common intermediates such as 

cathenamine, 19E-geissoschizine and stemmadenine until it reaches a branching point, that is, O-

acetylstemmadenine. If at this point an enzyme catharanthine synthase (CS) is involved, a precursor of 

two chemotherapeutic drugs vincristine and vinblastine is formed. Furthermore, O-

acetylstemmadenine can also be converted into vincadifformine, following by enzymatic reaction of 

vincadifformine 19-hydroxylase (V19H) resulting finally in formation of minovincinine. Additionally, 

it was determined that the enzyme tabersonine 3-oxidase (T3O) presenting in V. minor plants is 

                    Figure 3: Shikimate pathway operating in plants. 
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responsible for the formation of vincamine. Moreover, it was found that, if the enzyme tabersonine 3-

reductase (T3R), which is responsible for the synthesis of vindoline, is not present, the biosynthetic 

flux will proceed in the direction of vincamine skeleton production (Figure 5 & Figure 36) [68], [70].  

 Almost at the same time, another study was undertaken on pathways operating in V. minor. 

Transcriptomics analyses based on identification of specific miRNA involved in MIAs pathway 

demonstrated a slightly deviating putative biosynthetic pathway from the one outlined above. The 

proposed biosynthesis of vincamine proceeds with the help of deacetylvindoline-O-acetyltransferase 

(DAT) and deacetoxyvindoline 4-hydroxylase (D4H), therefore the resulting intermediate is 

deacetylvindoline, following by vindoline type of alkaloid, which is finally converted into vincamine 

[71].  Biosynthesis of MIAs is generally controlled by gene expression and a number of enzymes. 

Thus, it has been reported that light, UV and mechanical wounding facilitate the production of MIAs 

by expressing genes responsible for enzymes involved in this pathway [72]. In addition, Stander et al.  

reported about the influence of light on the increased expression of the genes responsible for biotic and 

abiotic factors such as high temperature, salt concentration or herbivore attack [68].  

 If a plant is exposed to a deficit of constituent such as sulfur, what results in the absence of the 

sulfuric amino acids, other amino acid biosynthetic pathways are induced and consequently higher 

levels of especially L-tryptophan can be observed. In short, by increasing the biosynthetic flux and 

therefore L-tryptophan accumulation resulting from the sulfur amino acid losses, the plant manages to 

survive [73]. Furthermore, L-tryptophan production can be reflected in the modulation of the 

vincamine biosynthetic pathway, as this route originates from L-tryptophan and secologanin. In fact, 

over-production of this amino acid revealed in an increment of vincamine content in periwinkle [58].  

An infestation of Madagascar periwinkle (Catharanthus roseus) by the herbivore Manduca sexta led 

to increased production of toxic alkaloids vindoline and catharanthine in newly developed leaves what 

caused the larvae to die [72]. Moreover, while the drought forced the same plant species to synthesize 

more vindoline in seedlings, high temperatures resulted in the induction of the biosynthetic pathway 

toward the production of vindoline in leaves [74], [75]. In contrast, low temperature resulted in 

decreasing production of vindoline, vinblastine and vincristine in C. roseus leaves as shown by Dutta 

et al. [76].  

 Not only wounding, UV radiation or pathogens can affect MIAs pathway, but also methyl 

jasmonate (MeJA) (Figure 4), seems to be a trigger of increased production of vinca alkaloids such as 

vindoline, thus the well-known plant stress hormone is able to induce certain biosynthetic pathways. 

This occurs due to the activation of enzymes such as the above-mentioned D4H, DHT enzymes, and 

even tryptophan decarboxylase (TDC) as well as strictosidine synthase (STR), which are the common 

enzymes of the MIAs pathway [77], [78].  Application of MeJA to C. roseus leaves triggered stress 

signal transduction. In this process, a specific mitogen-activated protein kinase (MAPK) such as 

CrMPK3 was induced, which revealed in the major MIAs accumulation as plant defense mechanism 

against this stress [79]. Furthermore, recent study on C. roseus have demonstrated that with increasing 
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concentration of foliar applied jasmonic acid (JA) (Figure 4), the content of alkaloids produced also 

tends to increase [80]. This leads to the conclusion that the factors listed above have an influence on 

the stimulation of the MIAs pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Chemical structures of jasmonic acid (JA) and 

methyl jasmonate (MeJA). 
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Figure 5: Putative MIAs biosynthetic pathway in Apocynaceae. 
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1.4. Specialized metabolites in Populus 

Within the Salicaceous family there are trees of the genera Populus also known as poplar, which 

possess anti-herbivory properties [81], [82]. The substances being responsible for the way of defense 

are bioactive compounds referred to as salicylate-like phenolic glycosides (PGs) and originating from 

the above mentioned shikimate pathway (Figure 3) [82]. Apart from shikimate pathway, which has 

been well elucidated, the plant biosynthesis of substances such as PGs salicinoids has remained 

hypothetical to date [83]. Previous reports have shown that the complex PG structures are built on a 

basic structure salicin consisting of salicyl alcohol and β-D-glucopyranose units. The hydrophilic 

property of the saline structure is reduced by means of an esterification, in which the alcohol group of 

the salicyl alcohol moiety or two sugar positions (2´ and 6´) react with diverse organic acids. In this 

manner, for instance tremulacin (Figure 6)  esterified with benzoic acid and 1-hydroxy-6-

oxocyclohex-2-ene-1-carboxylic acid (HCC) is formed [84].   

 Recently, transcriptomics and co-expression analyses on Populus tremula × Populus alba hybrids 

have been approached to better follow the biosynthetic pathways of salicinoids such as salicortin, 

tremulacin and tremuloidin. Thus, knocking out of gene encoding the activity of the enzyme salicyl 

benzoate UDP-glycosyltransferase UGT71L1 has stopped synthesis of the three salicinoids, 

confirming that the enzyme is responsible in the biosynthesis of these specialized metabolites with 

anti-herbivore properties. Simultaneously, it was shown that salicin probably originates either from 

another branch of the biosynthetic pathway or from the same one. However, salicortin seems to be an 

intermediate in the biosynthesis of salicin [83]. 

 Noteworthy, tremulacin seems to have a negative effect on insect herbivores, since there is a HCH 

group in its chemical structure [84]. There is a report evidence that poplar leaves attacked by 

herbivores release a toxic substance 6-hydroxy-2-cyclohexenone (6-HCH) [85]. The 6-HCH is formed 

by the cleavage of 1-hydroxy-6-oxo-2-cyclohexenone carboxylic acid anion from PGs such as 

tremulacin. The anion is first decarboxylated and the resulting 2-hydroxy-3-cyclohexenone is finally 

tautomerized to 6-HCH. The hydroxyketone is an intermediate compound that can also further oxidize 

to another toxic compound called catechol in the presence of the oxygen from the air [85]–[87].   

 Since poplars, like other species of the plant kingdom, are unable to escape herbivores, they have 

also developed defensive strategies against them. To cope with insect invasion, poplars can possess 

constitutive and induced defense strategies. For this, they need a rich set of specialized metabolites 

such as PGs, which they release locally, i.e. at the damaged site, or systemic ones, which are activated 

far from the wounded site [88]. A distribution of these specialized metabolites can vary not only 

between but also within poplar species [89], [90]. Hence, depending on genetic variations, nutrient 

accessibility, growing season and insect infestation, PGs concentrations may deviate [84], [91]–[93]. 

For example, while four major PGs (tremuloidin, tremulacin (Figure 6), salicin and salicortin) were 

present in all genotypes of Populus tremula studied by Abreu et al., the other five novel PGs found at 

that time such as 2'-O-cinnamoyl-salicortin, 2'-O-acetyl-salicortin, 2'-O-acetyl-salicin, acetyl-
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tremulacin, and salicyloyl-salicin were identified only in some genotypes [82]. It has also been shown 

that different clones of quaking aspen (Populus tremuloides) growing in Michigan can differ 

significantly in their tremulacin and salicortin concentrations. This also could affect the interaction 

between insects and poplars in the area [81]. The interaction of certain hybrids of poplars (Populus 

trichocarpa × Populus deltoides) and lepidopteran caterpillars such as forest tent caterpillar (FTC; 

Malacosoma disstria) have already been understood at the molecular level using gene expression 

analyses. Thus, regurgitant of FTC containing previously reviewed fatty acid-amino acid conjugate 

volicitin induced a specific set of genes involving in the herbivore response and secondary metabolism 

stimulation in the affected plant [94]. On the  other side, studies on P. tremuloides genotypes have 

revealed correlations between high PGs levels and negative effects on development, fecundity, and 

growth of the gypsy moth Lymantria dispar larvae [95].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Figure 6: Chemical structures of tremuloidin and tremulacin. 
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1.5. Objectives 

The main goal of this thesis was to draw the conclusions about the plant defense against herbivores. 

This work is a further development of the already existing study of Szeredi [96]. Thus, special focus 

was placed on the synthesis of N-(17-hydroxylinolenoyl)-L-glutamine (volicitin) analogs and the 

subsequent artificial wounding followed by an application of the synthesized substances to two plants 

derived from different plant families. The objects under study were Vinca minor derived from the 

plant family Apocynaceae as well as Populus hybrids (Populus alba × Populus tremula) belonging to 

the Salicaceous family. 

 Volicitin is the fatty acid – amino acid conjugate first identified in the oral secretion of beet 

armyworm (Spodoptera exigua Hübner) caterpillars and possesses plant response eliciting properties 

[49]–[51]. To investigate whether different chain lengths, chain branching, the number of double 

bonds, and the presence of a functional hydroxy- or keto-group in the fatty acid moiety affect plant 

biochemical processes, they were first synthesized and then attached to the amino acid L-glutamine to 

form a fatty acid – amino acid conjugate (FAC). The structures of the compounds obtained were 

verified using standard spectroscopic and spectrometric techniques including nuclear magnetic 

resonance spectroscopy (NMR) and mass spectrometry (MS), respectively. 

 In the second section of this thesis, the effects of the previously prepared analogs of volicitin on 

monoterpenoid indole alkaloid (MIA) vincamine and phenyl glycosides (PG) tremulacin and 

tremuloidin biosynthesis in plants were examined. For this purpose, the leaves of the above-mentioned 

plants were harvested after a certain time after treatment with previously synthesized volicitin analogs, 

dried, and the extracted substances under investigation were finally analyzed qualitatively as well as 

quantitatively by high-pressure liquid-solid chromatography (HPLC) method. 
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2. Methods 

2.1. Synthesis and reaction mechanism 

This chapter provides a comprehensive view of syntheses of the eleven compounds made in this work 

with the focus on reaction mechanisms. Herein, fundamental reaction mechanisms, for instance the 

nucleophilic attack on ketone or the formation of amides for the synthesis of 11c/11d or all 

compounds respectively, are summarized. Moreover, an overview of well-known named reactions 

(e.g., the Friedel-Crafts acylation or Jones oxidation) providing a closer study of synthesis pathways of 

8a/8b, 9a, 11a, 5b, 6b and 7b, is also visualized. Finally, it should be mentioned that this section also 

illustrated a significant reaction which was required in one case (1b); more specifically, 

oxymercuration-demercuration reaction was considered in more detail.  

 

2.1.1. Carbonyl reduction by nucleophilic attack of hydride 

The aim of this process, which can be carried out with NaBH4 as a compound containing a hydrogen 

atom with a pair of electrons, is a reduction of a carbon atom of a carbonyl group to the corresponding 

alcohol. After the hydride transfer, an oxyanion is produced and added to the previously formed BH3 

molecule with the deficit of the pair of electrons. Therefore, boron anion resulted again, and the 

carbonyl group (ketone) undergoes the second nucleophilic attack by hydride (second hydride 

transfer). In this way, all four hydrogen atoms with a pair of electrons each, can be added to carbonyl 

groups resulting in the formation of appropriate alcohol groups (Figure 7). In this work, 12-

oxononadec-9-enoic acid (11a) and 12-oxononadec-10-enoic acid (11b) as ketones (electrophiles) 

were attacked as described above using hydride donor (NaBH4) as nucleophile. In this manner, the 

nucleophilic attack provided the formation of desired 12-hydroxynonadec-9-enoic acid (11c) and 12-

hydroxynonadec-10-enoic acid (11d), respectively [97]. 

 

 

 

 

 

 

2.1.2. Friedel-Crafts acylation  

Friedel-Crafts acylation is a well-known reaction of an acyl halide with aromatic reactant using a 

Lewis acid as catalyst [98]. The mentioned acylation can be also run with unsaturated carboxylic acids 

instead of aromatic compounds and an alkylaluminium chloride in catalytic quantities to achieve long 

or branched β,γ-unsaturated keto carboxylic acids as reported in 1993 by Metzger and Biermann [99]. 

  

Figure 7: The first step of nucleophilic addition by sodium borohydride to the aldehyde group. 



METHODS 

15 

 

Herein, ethylaluminium dichloride-induced Friedel-Crafts acylation was carried out with the acylating 

agent (octadecanoyl chloride (4a) or octanoyl chloride (10a)) together with the corresponding 

unsaturated fatty acid (octadecene-8-enoic acid (3a) or 10-undecenoic acid (1a)), to give various β,γ-

unsaturated keto carboxylic acids such as branched fatty acids 8a/8b and long chain fatty acids 9a and 

11a. A closer look at the general reaction mechanism illustrates the formation of acylium cation via 

nucleophilic attack by a chlorine atom on a Lewis acid (AlCl3) followed by an electrophilic 

substitution in the presence of an unsaturated organic compound (Figure 8) [100], [101].   

 

    

 

 

 

 

 

2.1.3. Jones oxidation 

There are many potential reagents applied for the selective oxidation of aldehydes to carboxylic acids. 

One of the most common reagents employed for this reaction and developed in 1949 by Sir Ewart Ray 

Herbert Jones is Jones reagent [102]. The most important reagents used for this approach are 

manganese dioxide, hexavalent chromium and other inorganic or organic oxidizing compounds [103]. 

Here, a reaction mechanism of the oxidation with CrO3 is described, due to the application of this 

reagent for the synthesis of carboxylic acids such as heptanoic acid (5b), hept-2-enoic acid (7b) and 

pent-2-enoic acid (6b) starting from heptanal (5a), hept-2-enal (7a) and pent-2-enal (6a), respectively. 

The Jones oxidation mechanism starts with the protonation of the aldehyde and nucleophilic attack by 

water on the carbonyl group. Through the next nucleophilic attack on CrO3, a chromate ester will be 

formed. Hence, Cr(VI) species participates in the oxidation of aldehyde to the carboxylic acid 

oxidation level as depicted in Figure 9 below [101].  

 

 

 

 

Figure 8: Lewis acid-induced Friedel-Crafts acylation mechanism. 
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2.1.4. Oxymercuration-demercuration 

The oxymercuration-demercuration was first described by Seyferth and Kahlen in 1959 [104]. This 

reaction procedure illustrated an electrophilic addition to alkenes using soft metal cations such a 

Hg(II) cation [97]. Brown and Geoghegan reported study on the solvomercuration-demercuration in 

aqueous tetrahydrofuran system to obtain high yields of a Markovnikow product [105]. A reaction 

mechanism of the oxymercuration is depicted in the Figure 10 and requires a mercuric salt, for 

example mercury (II) acetate, and an olefinic double bond to give a mercurinium ion. On one side, 

water or alcohols as solvents act as weak nucleophiles for attack on this ion. On the other side, sodium 

borohydride reduces the C-Hg bond (demercuration) to achieve a desired synthetic product. 

Accordingly, due to the high specificity of the oxymercuration-demercuration reaction mechanism, a 

mercuric(II) acetate salt, a sodium borohydride and an olefin (10-undecenoic acid, 1a) in an aqueous 

THF system, were involved to obtain the desired Markovnikow alcohol (10-hydroxyundecenoic acid, 

1b) [105]. 

 

 

 

 

 

Figure 9: Synthesis of carboxylic acid starting from aldehyde via Jones oxidation. 

                   

              Figure 10: Oxymercuration-demercuration reaction mechanism. 



METHODS 

17 

 

2.1.5. Synthesis of amide 

Amides can be generated through reaction of an α-amine group from amino acids with carboxylic acid 

derivatives such as acyl chlorides or acid anhydrides. Generally, this type of reaction is the well-

known nucleophilic substitution and depends on the ability of the leaving group attached to the carbon 

atom of a carbonyl (C=O) group. Accordingly, the leaving group (LG) ability increases, if the pKaH 

value decreases. Thus, acyl chlorides following by acid anhydrides are reagents of choice for the 

synthesis of amides. First, the amine group of an amino acid (nucleophile) reacts with the carbonyl 

group of acyl chloride or acid anhydride via nucleophilic substitution in the presence of a base to 

achieve an unstable intermediate. The tetrahedral intermediate collapses and the leaving group such as 

Cl- or RCO2
- cleaves via elimination reaction to give a desired amide (Figure 11) [97]. The reaction 

mechanism is the basis of all fatty acid-amino acid conjugates (FACs) syntheses in this work. Based 

on this, different amides (1d, 2b, 3b, 4b, 5c, 6c, 7c, 8c/8d, 9b, 10b and 11e) starting from the amino 

acid L-glutamine (1c) as nucleophile and fatty acid chlorides as well as fatty acid anhydrides 

(generated from fatty acids and pivaloyl chloride) as electrophile in the presence of a base such as 

KOH or TEA were successfully formed. 

  

 

 

 

 

 

  

 

 

 

 

Figure 11: Reaction mechanism of an amide formation, including a short information about leaving 

groups (LG) and their corresponding pKaH values. 
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2.2. Analytical methods 

2.2.1. Nuclear magnetic resonance spectroscopy 

Over a number of years nuclear magnetic resonance (NMR) spectroscopy plays a crucial role in 

organic and analytical research environment. The information, which NMR gives, provides structure 

elucidation of different classes of complex organic molecules, and allows in combination with high-

resolution mass-spectrometry, establishing structures of new organic molecules, too [106].  

 NMR technique uses an advantage of many atoms, for instance 1H, 13C, 31P or 15N, which relies on 

their positively charged spinning nuclei generating feeble magnetic fields. When a strong magnetic 

field is applied, atom spins start like a spinning top with the precession in a circular path (Figure 12). 

The frequency of this motion called Larmor frequency 𝜈0 (given in Hertz) is in direct proportion with 

the external magnetic field strength 𝐵0 (given in Tesla) and the fundamental nucleus property, 

gyromagnetic ratio 𝛾 (given in rad · s-1 · T-1) as shown equation (2.1) below [107]:  

 

𝝂𝟎 =
𝜸𝑩𝟎

𝟐𝝅
 

 

                 

 

(2.1) 

 

 

 

 

 

 

 

  

 To make clear how NMR experiments really work, it is necessary to consider a quantum 

mechanical approach. Quantum mechanics tells us that spin-half nuclei (e.g., 1H, 13C, 31P) can possess 

two quantum states with corresponding quantum numbers labelled by m. The state with 𝑚 = +
1

2
  is 

described as “spin up”. Accordingly, the state with 𝑚 = −
1

2
 has the spin axis pointing down (“spin 

down” state) [108]. Both states take place on the same energy level. However, in the presence of an 

external magnetic field, there are two energy states available to a spin-half nucleus, and due to the 

quantum phenomenon, no states are in between (Figure 13). The energy gap (∆𝐸) between the two 

energy states is in direct proportion with the external magnetic field and the transition from state 𝛼 to 

state 𝛽 and vice versa is allowed. In NMR spectroscopy the transition of 𝛼 to 𝛽 can occur by photon 

Figure 12: A classical model of the precession of an atom spin as a magnetization vector about the 

external magnetic field direction. 
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absorption of electromagnetic radiation. Due to strong magnetic fields, which are typically applied, the 

energy of the photon in equation (2.2) corresponds to the radio frequency range and is equal to the 

mentioned Larmor frequency 𝜈0 multiplied by a universal constant ℎ (Planck’s constant) quoted in  

𝐽 ∙ 𝑠 [107], [108]. 

 

∆𝑬𝜶→𝜷 = 𝑬𝜷 − 𝑬𝜶 =
𝒉𝜸𝑩𝟎

𝟐𝝅
= 𝒉𝝂𝟎 

 

 

                        

 

(2.2) 

 

 

 

 

 

 

 

 

 

 As mentioned above, the information obtained from NMR experiment enables a structure 

elucidation. This is possible due to characteristic resonant frequencies of different types of nuclei (e.g., 

1H, 13C). Nevertheless, because of the different electron distribution of the same kind of atom, for 

instance 1H, the emergence of subtle alterations in a local magnetic field resulting in the narrow 

bandwidth of resonant frequencies, can also exist. Thus, resonance frequencies of the same isotope 

occurring within a molecule can be affected in the presence of, for example double bonds or 

electronegative atoms. The order of this variation amounts to one part per million (ppm), is defined as 

  

Figure 13: The split on two energy states in the presence of an external magnetic field. 

Figure 14: An overview of the typical pulsing NMR experiment approach. 
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a chemical shift 𝛿 and can be visualized in a spectrum, in which each nucleus resonates at its specific 

frequency giving a peak corresponding to the characteristic chemical environment of hydrogen (1H-

NMR spectroscopy) or carbon (13C-NMR spectroscopy) nucleus [107].  

 A typical NMR experiment consists of repetitive time sequences (Figure 14). In order to increase a 

signal-to-noise ratio, a relaxation delay (𝑡𝑟) to obtain the spin nuclei equilibrium, and an onset of a 

strong and short (𝑡𝑝 = 10 µs) radio frequency pulse to gain a transient signal (free induction decay, 

FID), are performed several times. For the FID recording, an acquisition time (𝑡𝑎𝑐𝑞) is needed. To 

obtain the ordinary NMR spectrum with a sufficient signal, several times recorded FID are added 

together and finally Fourier transformed. Simultaneously, a random noise increases by the adding 

more slowly than the signal revealing an improvement in signal-to-noise ratio [108]. 

 The mentioned one-dimensional Fourier transfer NMR (FT-NMR) experiment was first published 

in the mid-1960’s by Ernst and Anderson following by the implementation of this idea in two-

dimensional FT-NMR a few years later [109], [110]. Nowadays, various 2D-NMR experiments 

simplify a structure verification significantly. A commonly used set of 2D-NMR approach contains 

Heteronuclear Single Quantum Coherence (HSQC), Correlation Spectroscopy (COSY), Heteronuclear 

Multiple-Bond Coherence (HMBC), Total Correlation Spectroscopy (TOCSY) and Nuclear 

Overhauser Enhancement Spectroscopy (NOESY) experiments.  

 The HSQC spectrum involves correlations between two different nuclei, for instance 13C nuclei and 

protons, resulting from 1JCH couplings. Therefore, HSQC experiment enables an assignment of protons 

to their corresponding 13C atoms in CH, CH2 and CH3 groups.  

 A spectrum acquired by HMBC method reveals the same heteronuclear correlations. However, in 

contrast to HSQC method, HMBC covers correlations of protons and carbon atoms such as 2JCH, 3JCH 

or 4JCH which are separated by two, three or even four bonds, respectively.  

 In contrast, because of magnetization transfer, a standard COSY spectrum shows diagonal peaks as 

well as cross peaks generated by spin couplings between two atoms of the same isotope. Correlations 

are expressed by the coupling constant 3JHH. While cross peaks in a COSY spectrum correspond to the 

correlation of two vicinal hydrogen atoms, diagonal peaks represent all peaks occurring in a one-

dimensional NMR experiment [108].  

 An “extended version” of COSY experiment represents TOCSY experiment. Indeed, a spectrum 

recorded by a TOCSY experiment contains cross peaks between nuclei of the single isotope, which are 

separated from each other by three bonds, as well as cross peaks derived from an uninterrupted chain 

of spin couplings. Thus, an isolated spin system such as a monosaccharide owns an extended network 

of coupling resulting in cross peak-multiplets being observed in a TOCSY spectrum.  

 In order to determine through-space correlations between nuclei, which are reasonably close to 

each other, so the distance between those is not greater than 5 Å, a NOESY experiment can be applied.  

In contrast to COSY experiment, in which a coherence transfer occurs, a NOESY experiment is based 

on a cross relaxation (dipol-dipol interaction). Accordingly, NOESY spectrum containing cross peaks 
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between in space-neighboring atoms provides complementary data, which normally cannot be clarified 

with COSY or HMBC method [106], [108]. 

 

2.2.2. Mass spectrometry 

The first mass spectrometer called a parabola spectrograph was developed in 1912 by J. J. Thomson. 

From this time until now, many techniques have been discovered. Following the development of the 

electron ionization source in 1918 by A. J. Dempster, other discoveries such as the construction of 

double focusing instrument, quadrupole analyzer, ion source electrospray or reflectron time-of-flight 

mass spectrometer have revolutionized the analysis of countless volatile and non-volatile compounds. 

Additionally, permanent improvements in sensitivity, accuracy or resolution have been observed to 

date. While detection limits of a mass spectrometer reach nowadays attomole levels, the deviation of 

the measured mass from the theoretical mass called the mass accuracy is better than 1 ppm. Moreover, 

over the last hundred years, there has been a notable increase of mass resolution. The progress in the 

instrumentation has improved the resolution from 13, which was reported by Thomson, to a value 

achieved by Marshall and co-workers, namely 8 million [111]. Noteworthy, high-resolution mass 

spectrometry (HRMS) provides, as the name suggests, a high mass accuracy, as well as a high 

resolution. To achieve this, many sophisticated, state-of-the-art instruments are constantly being 

developed [112].  There are a few important, fundamental principles of mass separation by mass 

spectrometry. The first principle is based on generation of ions from the compounds investigated. Due 

to the wide diversity of samples containing either instance gaseous molecules or non-volatile 

compounds, the great variety of ionization methods have already been developed.  

 Electron Ionization (EI) represents an example of hard gas phase ionization technique (Figure 15). 

An electron ionization (EI), also referred to as an electron impact ionization, uses an electron beam 

from so-called thermionic emission sent by rhenium or tungsten filament in the center of ionization 

chamber. If a beam of ions crosses the electron beam, ions with an odd number of electrons called 

molecular ions M+· are generated and then accelerated toward a mass analyzer [113].  Since the 

acceleration of electrons in the beam is 70 eV and this is more than a molecule needs to form a 

molecule ion, fragment ions are also formed [114]. The resulting fragmentation patterns of organic 

ions enable structural elucidation beyond spectral comparison using computational methods, more 

precisely, molecular structural data bases. This explains why this is the experimental method for small 

molecule such as metabolite, which are previously separated through gas chromatography, gladly 

employed [115].  
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 Due to the loss of information about precursor molecules beyond the electron ionization 

experiment, softer ionization techniques such as chemical ionization (CI) have been developed as well. 

The principle of this operation relies on reagent ions formation resulting from bombardment of excess 

reaction gas molecules with electrons under vacuum, following by reactions of neutral analyte 

molecules with the formed reagent ions, e.g., CH5
+, H3

+, NH4
+, Xe+•, N2

+• or O2
―•. The ionization 

processes occur in ionization chamber, thus a CI ion source is very similar to the EI instrumentation. 

On one hand, neutral analyt molecules undergo proton transfer, electrophilic addition or anion 

abstraction reactions by positive-ion chemical ionization (PICI). On the other hand, if analyte 

molecules are able to form stable negative ions, a negative-ion ionization (NICI) caused by 

deprotonation or nucleophilic addition may be applied. Therefore, a large number of different ions 

results from this ionization technique, e.g., M+•, M―•, [M + H]+, [M – H]―, [2M + H]+ or [2M – H]―. 

However, the abundance of a certain type of ions depends on polarity, volatility, proton or electron 

affinity of the compounds to be examined [113].  

 The next commonly used soft ionization method in mass spectrometry is electrospray ionization 

(ESI) (Figure 16). It is noteworthy that this ionization technique was used for the analysis of all the 

compounds synthesized in the scope of this work. Normally, the ionization of analytes in ESI occurs 

after separation by liquid chromatography (LC) and is performed under atmospheric pressure. The 

solvent with the molecules of interest migrating in the electrospray capillary toward the tip contains 

ions formed under application of high voltage. Furthermore, the emerging liquid in an electric field 

applied between the capillary and a counter electrode undergoes deformation and the Taylor cone 

emitting a jet of droplets is thus made. Due to the solvent evaporation, the droplet size decreases, 

leaving an accumulation of ions of one charge sign. Since the electrostatic repulsion is larger than 

Figure 15: Principal construction of an EI ion. 

source. 
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surface tension of the droplet, a Coulomb explosion causing degradation of liquid drops occurs, 

leading to microdroplets and finally isolated ions. ESI is suitable for the analysis of both polar and 

mid-polar compounds with a wide range of molecular mass such as peptides, proteins or nucleotides. 

Because of mass range limitations within standard MS instrumentation, ESI is a very attractive method 

for the structure elucidation of macromolecules. ESI is able to produce multiple charged ions of large 

molecules such as [M + nH]n+. Therefore, measurements of a 𝑚/𝑧 ration allow distribution of peaks 

originated from these molecules into a standard mass spectrum [113], [116].  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 A second fundamental principle of mass spectrometry is based on the measurement of ions 

generated by the corresponding ionization technique. This is associated with some requirements for 

mass-to-charge (𝑚/𝑧) analyzer, which encompasses a high vacuum in the system, an ion optic, and a 

detector. Typically, an ion beam coming from the ion source is diverged, and thereby, losses of ions 

between an ion source and an ion detector can occur. To avoid this disadvantage, different ion optics 

such as ion lenses, ion guides or ion funnels have already been developed. In this manner, a “compact 

package” of ions can reach a mass analyzes without major losses. As mentioned above, the mass-to-

charge measuring system requires a high vacuum, as well. Thus, a pressure holding under 10-2 Pa 

reduces collision possibilities between the ions and facilitates undisturbed transfer of ion along its 

trajectory [117]. Generally, in the mass spectrometry, the ions to be investigated are always expressed 

as mass-to-charge ratio (𝑚/𝑧). The separation of ions in a mass analyzer involves an acceleration of 

these ions by applying of a high voltage at the beginning of the flight in a mass analyzer.  

Figure 16: Schematic of ion formation in ESI. 
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Consequently, a defined velocity (given in 𝑚 ∙ 𝑠−1) gained by an ion after the acceleration is given 

by: 

𝒗 = √
𝟐 ∙  𝒒 ∙ 𝑼

𝒎𝒊
 

                  

(2.3) 

 

where 𝑞 is the charge of an ion (given in 𝐶), 𝑈 is the accelerating potential (given in 𝑉), and 𝑚𝑖 is the 

mass of an ion (given in 𝑘𝑔). The equation (2.3) is acceptable for any mass analyzer. According to 

this, a particle with the mass 𝑚𝑖 flying any distance 𝑠 in a vacuum field requires the time 𝑡 (given in 

𝑠): 

𝒕 =  
𝒔

√
𝟐 ∙ 𝒒 ∙ 𝑼

𝒎𝒊

 

 

                  

(2.4) 

 

 In other words, the time needed to reach a detector, termed time-of-flight, depends on the mass of 

an ion as shown in equation (2.4) above. This relationship is thereby used at time-of-flight (TOF) mass 

analyzer to separate the ions indicated different 𝑚/𝑧. Thus, the higher the molecular mass of an ion, 

the more time is needed to reach a detector. However, in some cases, ions with the same mass do not 

reach a detector at the same time, due to the kinetic energy distribution derived from the different 

locations during the acceleration process or various initial time-of-flight of these ions. To avoid this 

problem, a linear TOF analyzer has been rebuilt giving a reflectron TOF instrument [118]. To 

minimize the kinetic energy spread of the ions with the same mass, the reflectron redirects the path of 

these ions. The ions with a higher kinetic energy value fall deeper into the mirror as the less energy 

ions penetrating less deep into the reflectron. As the slower ions now take shorter paths and the faster 

ions have to move over longer distances, the time to reach the detector will be the same for both of 

them (Figure 17). Simultaneously, such a reflectron TOF instrument provides a higher mass 

resolution than the resolution achieved with a simple linear TOF device [113]. 

 

 

 

 

 

 

 

 

Figure 17: Schematic representation of reflectron TOF analyzer. 
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 As stated above, reflectron TOF analyzer is able to separate isomass ions indicating a kinetic 

energy spread. The same advantage possesses a double focusing sector-field device (Figure 18). In 

order to separate ions with the same nominal mass, the double focusing sector-field instrument 

comprises both magnetic and electric fields. While the first field called magnetic sector (momentum 

analyzer) enables separation and direction focus of the ions with the individual 𝑚/𝑧 ratio, the second 

electric field (electrostatic analyzer) affects the ion beam by focusing of individual ions with similar 

kinetic energy and filtering out ions that have too large deviations in this energy. However, the 

selection of the ions with specific kinetic energy values causes decrease in sensitivity, and therefore 

affects the peak height reduction in a mass spectrum. Additionally, the above-described arrangement 

of both sectors at which magnetic sector takes the position before the electric sector, is called reverse 

geometry. Unlike this geometry, in forward geometry the magnet is placed after the electric sector 

[113], [117].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Unlike reflectron TOF and double focusing sector-field mass analyzers at which ions are resolved 

via time-of-flight and distributed in the space according to their momentum and kinetic energy, 

respectively, an analytical principle of quadrupole (Q) mass analyzer is based on a stable and an 

unstable motion of ions between two pairs of mutually arranged electrodes to which voltages are 

applied (Figure 19). A single ion travelling through the space between four rods can pass the 

Figure 18: Schematic diagram of double focusing sector-field mass analyzer with reverse geometry. 
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quadrupole mass filter only if it remains on the stable trajectory for the adjusted parameter such as 

angular frequency 𝜔, time-independent potential (DC) value 𝑈 and time-dependent potential (AC) or 

radio frequency (RF) magnitude 𝑉. That is, ions that do not meet these requirements are accelerated at 

these potentials against an electrode and collide with it giving a discharged species, which are not able 

to be detected [113], [119]. It is worth mentioning that quadrupole is used not only as a mass analyzer, 

but also as a collision cell in a triple quadrupole tandem mass spectrometer (TQMS). Typically, in a 

MS/MS experiment the first and third sequentially arranged quadrupole are mass filter working in the 

same way as stated above, whereas the middle quadrupole is a dissociation cell, in which collisions 

with an inert gas, e.g., helium, argon, nitrogen, are performed to generate the fragment ion spectra with 

daughter ions originating from the parent ions detected by the first quadrupole. In brief, the daughter 

spectra containing typical fragmentation patterns of the compound to be investigated significantly 

facilitate structure elucidation, due to the availability of different data bases [113], [120], [121]. 

 

 

 

 

 

 

 

 

 

 An ion flown through a mass analyzer subsequently hits a detector, normally a photomultiplier. 

Since the ion has a certain kinetic energy, this will trigger a cascade of electrons traveling between 

dynodes. In this way, the kinetic energy of an ion is converted into an electric current, which is 

measured as follows [121]. The signals obtained at the detector are converted into a mass spectrum, 

which represents the dependence of the relative abundance on the physical property mass-to-charge 

ratio referred to as dimensionless 𝑚 𝑧⁄ . The frequency of an ion occurrence in mass spectrum is set 

relative to the base peak with the highest abundance of 100% [111]. Assuming that the base peak is a 

molecular peak, other peaks appearing in the mass spectrum are present since a molecular peak lost a 

certain fragment during the ionization process. A certain m/z value belongs to each molecular peak 

and fragment ion peak, which has been detected as an integer nominal or exact 𝑚/𝑧 value. The benefit 

of an exact mass over nominal mass is that it can be used to molecular structure determination. Since 

structure elucidation based on the exact mass requires a resolving power of at least 1 000, the current 

state of the art equipment with a resolution up to 1 000 000 can solve this problem without much effort 

[122].  

Figure 19: Schematic illustration of the behavior of different ions in the quadrupole. 



METHODS 

27 

 

2.2.3. High-pressure liquid-solid chromatography (HPLC) 

Less than 70 years after the first research on the separation of substances from biological samples by 

Mikhail Tswett, researcher Csaba Horváth developed the first packed columns that worked under high 

pressure called high-performance liquid chromatography (HPLC). This technique was a breakthrough 

in the history of liquid chromatography, as the method was not only faster, but also well suited for a 

very wide range of compounds, which could not be separated at the time using even well-developed 

gas chromatography [123].  

 Generally, the simplest HPLC system performing a chromatographic separation under high 

pressure must meet certain requirements. The first important module of a HPLC tower is a high-

pressure solvent pump. The high-pressure means a pressure up to 420 bar at which pump works. Thus, 

the main task of this hardware component is the delivery of solvent mixture to a chromatographic 

system. Normally, from 0.1 mL to 10 mL of solvent is pressurized into the system within one minute 

and without fluctuations of the flow [124]. If the mobile phase has the same composition all the time 

during separation, simple isocratic pumps can be used. However, if a method is developed or an 

isocratic separation of a substance in a complex sample is not sufficient to obtain this substance, more 

complicated gradient compositions of a mobile phase have to be used. For this purpose, gradient 

systems with dual pumps have been developed, where a solvent mixture is generated under high 

pressure (Figure 20). In contrast, HPLC with a mixing valve only has one quaternary pump. Here, the 

previously mixed solvents with a certain composition are under low pressure and in such a state they 

are transferred to the pump (Figure 21). The advantage of such a pumping system working under low 

pressure is the possibility to produce complex mobile phases with even four different solvents. 

Nevertheless, the mixing design with a quaternary pump is not as reproducible as the dual systems and 

requires additional degassing due to the formation of air bubbles when mixing so many solvents [124], 

[125]. 

 

 

 

Figure 20: Dual-pump gradient HPLC system with mixing under high-pressure. 
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 To introduce the sample to the stream of mobile phase, an injection system is necessary. In addition 

to the injection system, autosamplers are integrated to ensure precise sample collection from a 96-well 

plate as well as application of the sample to the next module of the HPLC, the column. The column is 

the most important module in HPLC, as it allows the separation of the different components according 

to their retention times and is thus useful for analytical, semi-preparative or preparative purposes. A 

column tube, normally constructed of stainless steel, polyetheretherketone (PEEK) or titanium 

material, can be packed variously depending on the desired result [124]. Common column packing 

materials such as silica or alumina are porous to allow interaction between the substances to be 

separated and the stationary phase. In order to avoid peak broadening due to the slow mass transfer of 

compounds into and out of the porous particles, smaller particles with a diameter of about 3.5 µm have 

already been developed. Another reason why the columns are packed with smaller particles is that the 

smaller particles result in a higher efficiency of the separation, i.e., at a high flow rate of the mobile 

phase height equivalent to a theoretical plate (HETP) still remains low [126]. HETP or 𝐻 is perfectly 

explained by a fundamental chromatographic van Deemter equation (2.5), which is defined as follows: 

 

𝑯 = 𝑯𝑬𝑻𝑷 = 𝑨 +
𝑩

𝒖
+ 𝑪 ∙ 𝒖 

 

(2.5) 

 

Figure 21: Gradient HPLC with pumping system working under low pressure including a closer look 

at C18 binding material at the stationary phase. 



METHODS 

29 

 

where 𝐴 is eddy dispersion, 𝐵 is longitudinal diffusion and 𝐶 is solid-liquid mass transfer resistance. 

Eddy dispersion correlates with different diffusion paths that two molecules can take if the column is 

poorly packed or particles migrate along different paths. The second independent coefficient 

longitudinal diffusion is described by sample self-diffusion mechanism, where the diffusion in the 

pores of the particle is not considered. The solid-liquid mass transfer resistance depends on the 

distribution of the concentrations of the same substance in the stationary and mobile phases as well as 

on the different diffusion paths into a porous particle. The curve represents the dependence of the 

ground height H on the velocity of the mobile phase u and all three independent parameters 𝐴, 𝐵 and 𝐶 

are included in this curve (Figure 22). At a certain flow velocity 𝑢𝑜𝑝𝑡𝑖𝑚𝑢𝑚 the curve shows a 

minimum and at this point the highest efficiency of a chromatographic separation is observed, because 

at exactly this velocity, the height equivalent to a theoretical plate (𝐻𝐸𝑃𝑇) is the lowest. In addition, 

the value 𝐻𝐸𝑃𝑇 or 𝐻 is directly proportional to the length of the column 𝐿 and reciprocally in 

proportion to the number of plates which is labeled as 𝑁 [124], [127]. It is notable that ultrahigh 

pressure HPLC (UHPLC) instruments can already achieve the efficiency of 250 000 theoretical plates 

in less than 60 minutes [126].   

 

 

  

 

 

 

 

 

 

  

 Another important point of a chromatographic separation is the use of diverse column materials. 

There are different modes for the separation of compounds with different polarities. In particular, the 

two most common are normal phase liquid chromatography (NPLC) and reversed phase liquid 

chromatography (RPLC), although RPLC is estimated to be used in more than 70% of cases. While in 

NPLC the silica packing materials occur unmodified, the RPLC separation mode requires a silylation 

reaction followed by end-capping to attach the desired alkyl chain length or a certain functional group 

to -Si-OH groups. The goal of end-capping is to allow the free -Si-OH groups to react with 

chlorotrimethylsilane to ensure the selectivity of the chromatographic separation. For example, with 

RPLC not only polar and medium polar but also nonpolar compounds can be separated using a column 

with lower polarity binding materials such as octadecyl (C18)-, phenyl- or octyl (C8). In this case, since 

Figure 22: The van Deemter curve including full expression (H), eddy dispersion (A), longitudinal 

diffusion (B) and mass transfer (C · u) curves.  
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the solvents with reversed polarity are required for elution, a mobile phase normally contains water, 

acetonitrile, or methanol [124], [128]. 

 The last module of a HPLC configuration to be discussed is the detector. The commonly used 

detectors in HPLC are UV/Vis absorbance (UV/Vis), photo diode array (PDA), fluorescence (FI) and 

mass spectrometry (MS) detector. These detecting modules do not only differ in their selectivity but 

also in their sensitivity. A fluorescence detector is one of the most sensitive and selective detectors. 

Here, only substances with specific fluorescent properties can be detected. It is remarkable that the 

sensitive detector is able to analyze the substances in even femtogram (fg) to picogram (pg) range. The 

fluorescence detection is done with the help of a xenon flash lamp that sends the beam onto a 

monochromator and passes it through a cell. Consequently, from the cell where the sample is located, 

an emission beam is sent, which passes through an emission monochromator and ends up in a 

photomultiplier. Detection with a mass spectrometer is also characterized, like fluorescence detection, 

by high specificity and sensitivity (fg-ng). Nowadays, the connection of the LC system from which a 

condensing liquid comes out with the vacuum of an MS device is no challenge at all. The most 

common ionization methods and mass analyzers of mass spectrometry have already been described in 

the chapter 2.2.2. In order to detect a substance with a UV/Vis detector, the substance needs to have 

absorbing properties in the UV and visual range of the light. The light is generated in a deuterium 

lamp and strikes a movable monochromator. A beam with a specific wavelength is sent through an 

exit slit onto the sample, which is placed in a measuring cuvette. The analyte concentration 𝑐 (given in 

𝑚𝑜𝑙 ∙ 𝑚−3) is then determined using Lambert-Beer's law as shown in equation (2.6) below: 

 

                                                                       𝑨 = 𝜺 ∙ 𝒄 ∙ 𝒅      (2.6) 

 

where 𝐴 is absorbance, 𝜀 is molar absorption coefficient (given in 𝑚2 ∙ 𝑚𝑜𝑙−1) and 𝑑 is the layer 

thickness of the cuvette (given in 𝑚). Unlike the UV/Vis detector, in a photodiode array (PDA) 

detector, the light beam generated by the deuterium lamp first passes through the cuvette and then hits 

the monochromator. The monochromator splits the entire spectrum into individual wavelengths which 

are detected by the diode array and produce a spectrum with a resolution of 1 nm. Since a spectral 

range is acquired during a single measurement process, the PDA can be used to detect impurities 

within a chromatographic peak [124], [129]. 
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3. Results and discussion 

3.1. Synthesis 

To gain the eight fatty acids-amino acid conjugates (FACs) 1d, 3b, 5c, 6c, 7c, 8c/8d, 9b and 

11e/11f/11g, a method according to Itoh et al. was considered.  In this case, an amide-forming reaction 

was involved, in which 1b, 3a, 5b, 6b, 7b, 8a/8b, 9a and 11b/11c/11d were condensed with L-

glutamine (1c) via the corresponding anhydrides (generated from fatty acids and pivaloyl chloride) 

[56]. On the other hand, Fox et al. approach led to the formation of the three FACs 2b, 4b and 10b. 

Herein, a fatty acid chloride reacted with L-glutamine in the presence of a base to form a L-glutamine 

derivative [130]. At the end of this chapter is Figure 25 providing an overview of all the synthesized 

compounds. 

 End products purified by chromatography column or by recrystallization were injected to ESI 

ionization in either positive or negative ion mode. In all synthesized compounds analyzed using TOF 

as mass analyzer [M + Na]+ ions were formed. Nearly all FACs except 3b could also be analyzed in 

ESI-MS as [M + H]+ ion adduct in positive mode. Other ions determined using this spectrometric 

method included [M + K]+, [2M + Na]+, [2M + H]+, [M + 2Na – H]+ and [M + H + K]2+ as well. MS 

analysis in negative ionization mode enabled detection of [M – H]- and [2M – H]- ion adducts for 

compound 1d. Moreover, it could be seen that the Na+ adducts are the most common ions detected. In 

the case of 1d, 2b, 3b, 4b, 6c, 7c, 8c/8d, 9b, 10b and 11c they were even the most abundant ions in 

mass spectrum. The formation of sodium adducts in ESI is based on electrostatic interactions of 

positively charged sodium atoms with negative partial charges on oxygen atoms of the mentioned 

molecules [74], [131]. These species are formed when the solvents such as water or acetonitrile have 

impurities or glass vessels are used [132]. Since the samples were dissolved in a mixture of 

acetonitrile, methanol and 1% water before ESI-MS measurement and were also stored in glass vials 

after the synthesis, it can be determined that the two components could have an effect on the formation 

of above stated [M + Na]+, [2M + Na]+and [M + 2Na – H]+ ions in the ESI processes.  

 Using negative ion mode in ESI, the detection of compounds such as flavonoids, iridoids or 

coumarins have already been reported [133]. By applying a high negative voltage (- 4.5 kV) in the soft 

ionization technique, which is ESI, two negatively charged ions were formed at compound 1d, which 

are [M – H]- (at m/z 329.2089) and [2M – H]- (at m/z 659.4247). This confirms that hydroxylated 

FACs can also be ionized at the negative voltage.  
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 Further analysis of the synthetized FACs was conducted via 1H-NMR and 13C-NMR spectroscopy. 

In order to verify that the compounds produced are the desired ones, the values of the shifts in 1H-

NMR spectrum from the literature were considered (Table 1). Itoh et al. have reported the shift of two 

hydrogen atoms in the 2´ position, located at 4.38 ppm [56]. In this ppm range, the values for the 1H-

atoms from the same position in the structure could also be found for all synthetized compounds 

except compound 4b, which revealed a shift at 4.12 ppm (chapter 6). Nonetheless, almost the same 

chemical shift viz. 4.11 ppm appeared in Fox et al. [130]. To verify whether the reaction of amide 

formation between the L-glutamine and a given fatty acid worked well, exactly these 1H-atoms (H-2´), 

which are in the α-position of the amino acid, were taken into consideration. Thus, it has been reported 

that the chemical shift of α-1H atom in L-glutamine equals 3.78 ppm [134]. Here, H-2´ showed an 

increasing of a chemical shift due to the coupling of L-glutamine with a fatty acid, which could be 

confirmed by the shifts appearing in the range from 4.12 ppm to 4.63 ppm in 1H-NMR spectra (chapter 

6). The presence of oxygen atoms in the carboxyl group of the fatty acid moiety reduces the electron 

density in adjacent nuclei causing the previously mentioned trend. 

 The two non-equivalent 1H-atoms in position 3´ resulted in two multiplets, doublet of doublet of 

triplets or doublet of triplet of doublets with the shifts in the literature-like ppm-ranges, 1.91 – 1.98 

ppm as well as 2.14 – 2.30 for 3´a and 3´b protons, respectively [56]. The exception was in turn 

compound 4b with the shifts at slightly lower ppm ranges, as can be taken from chapter 0. However, 

when the two chemical shifts are compared with the literature values found in Fox et al., no clear 

differences can be observed (Table 1) [130]. Additionally, the two 3´-protons were associated with the 

same carbon atom, which was confirmed by a 2D-NMR spectroscopy. Indeed, HSQC-spectra of FACs 

revealed correlations between 3´-carbons and its attached protons, which verifies that the 3´a and 3´b 

belong to the same 13C-atom.  

Figure 23: ESI-HRMS spectrum of compound 5c. 
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When comparing the chemical shifts of H-4´ atoms of each synthesized compound (chapter 6), it can 

be seen that they are close to the literature values (Table 1) [56]. Only compound FAC 11 stands out 

with the slightly higher shifts, which are in the range of 2.57 to 2.59 ppm.  

 

 

 

 

Table 1: Literature data of chemical shifts of L-glutamine moiety of volicitin and (S)-N-α-undec-10-

enoylglutamine in 1H-NMR spectra. TMS as an internal standard was used for both spectra. Volicitin 

was dissolved in CD3OD for the recording of 1H-NMR spectrum. 1H-NMR of (S)-N-α-undec-10-

enoylglutamine was recorded in deuterated DMSO as solvent [56], [130]. 

position of H-atom in L-

glutamine moiety 

δ according to Itoh et al. [56] 

(ppm) 

δ according to Fox et al. [130] 

(ppm) 

H-2´ 4.38 (1H, dd, J = 5.0, 9.0 Hz) 4.11 (1H, ddd, J = 5.0, 8.0, 9.0 Hz) 

H-3´a 1.90 – 1.99 (1H, m) 1.71 (1H, dtd, J = 6.5, 9.0, 14.0 Hz) 

H-3´b 2.12 – 2.20 (1H, m) 1.90 (1H, dtd, J = 5.0, 8.0, 14.0 Hz) 

H-4´ 2.27 – 2.35 (2H, m) 2.05 – 2.12 (2H, m) 

 

 

 Due to the high specificity of the oxymercuration-demercuration reaction, a similar compound to 

volicitin denoted as 1d could be synthesized (chapter 6.1). The similarity includes a hydroxy group 

located in the penultimate position of the carbon atom in the fatty acid moiety. To investigate the 

effectiveness of this reaction, both 1D- and 2D-NMR methods were used. The desired introduction of 

the hydroxyl group into undec-10-enoic acid moiety was confirmed with the presence of a triplet of 

quartet (tq) at 3.70 ppm in 1H-NMR spectrum as well as shift of the C-10 atom at 68.7 ppm in 13C-

NMR spectrum. In addition, a cross peak in COSY spectrum showing the neighborhood to the three 

Figure 24: 1H-NMR spectrum of compound 5c. 



RESULTS AND DISCUSSION 

34 

 

H-11 protons shifted at 1.14 ppm as doublet was observed (Figure 26). The residues from the 

unreacted starting material, which was the undec-10-enoic acid moiety, were also seen in 1H-NMR 

spectrum, confirmed by the peaks at 4.91 ppm, 4.98 ppm, and 5.81 ppm, they were, however, 

negligible [130].  

 The results of the acylation with acyl chlorides could also be monitored by NMR spectroscopy. 

Friedel-Crafts acylation of two alkenes such as octadec-9-enoic acid (3a) and undec-10-enoic acid (1a) 

gave a mixture of α,β- as well as β,γ-unsaturated linear and branched products 8c/8d and 9b 

possessing keto groups, as can be seen in chapter 0 and 6.9. Therefore, the distinctive points of the 

desired acylation of unsaturated fatty acids with acyl chlorides would be signals in 13C-NMR showing 

the high shifts above 200 ppm occurring after the insertion of a keto group, as could be seen in the 

successful results of Biermann and Metzger [99]. Unfortunately, no signals above 200 ppm were 

detectable, which does not necessarily mean that the reaction did not work. To prove that it was indeed 

the desired product, shifts originating from the carbon atoms, which were adjacent to the keto groups 

of the compounds 9b and 8c/8d, could also be used. The shifts of the corresponding carbon and 

hydrogen atoms taken from the literature and the 1H-NMR and 13C-NMR measurements are given in 

the Table 2. It is apparent that the shifts of the 9b compound resulting from the 13C-NMR 

measurements did not show any significant differences. Meanwhile, in the 1H-NMR spectrum of 9b, 

slightly higher shifts of the hydrogen atoms were detected, when compared with the literature values 

of (E)-12-oxoheptacos-9-enoic acid [99]. Further examination of the NMR spectra of compounds 

8c/8d allows conclusions to be drawn that the shifts of both hydrogen and carbon atoms from positions 

9/10 and 2´´ are almost indistinguishable from the published values for rac-(E)-9-(1-oxoheptyl)-

octadec-10-enoic acid and rac-(E)-9-(1-oxoheptyl)-octadec-8-enoic acid (Table 2) [99].  

 

 

Table 2: Literature 13C- and 1H-NMR data of chemical shifts of (E)-12-oxoheptacos-9-enoic acid as 

well as (E)-9-(1-oxoheptyl)-octadec-10-enoic acid and (E)-9-(1-oxoheptyl)-octadec-8-enoic acid 

compared to the values from the compounds 8c/8d and 9b. 

position in 

8c/8d or 9b 

δ according to Metzger et al. 

[99]  

δ measured for 8c/8d δ measured for 9b 

 1H-NMR 

(ppm) 

13C-NMR 

(ppm) 

1H-NMR (ppm) 13C-

NMR 

(ppm) 

1H-NMR 

(ppm) 

13C-NMR 

(ppm) 

9/10 3.00 (1H, m) 56.7 2.98 – 3.00 (2×1H, m) 56.8 - - 

2´´ 2.45 (2×2H, m) 41.3 2.29 – 2.55 (2×2H, m) 41.5 - - 

11  2.84 (2H, d,  

J = 6.9 Hz) 

46.8 - - 3.07 – 3.10 

(2H, m) 

46.9 

13   2.09 (2H, t,  

J = 7.2 Hz) 

42.2 - - 2.38 – 2.42 

(2H, m) 

42.5 
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 However, for the compounds 8c/8d no shifts above 200 ppm could be found, it is reasonable to 

assume that the FACs 8c/8d dissolved in deuterated chloroform are responsible for the formation of 

the micelles, since the substance possesses lipophilic properties and the presence of traces of 

impurities such as sodium or other cations could not be excluded. For this reason, many significant 

signals were suppressed and both 1H- and 13C-NMR spectra gave relatively poor information regarding 

shifts of 1H and 13C nuclei, respectively. Nevertheless, with the aid of 1H-NMR spectrum, an H-9 

signal with a shift of 2.99 ppm was detected, thereby indicating the successful synthesis of the desired 

products 8c/8d.  

 The last compounds to be mentioned are FACs 11e/11f/11g synthesized by the procedure of 

Biermann and Metzger [99]. Following the successful acylation of undec-10-enoic acid (1a) with 

octanoyl chloride (10a), a further method of Grahame et al. was applied to obtain a mixture of 

hydroxylated fatty acids 11c/11d, which could be then coupled to the amino acid L-glutamine (1c) by 

Itoh et al. experimental procedure giving the desired FACs 11e/11g [56], [135]. Compound 11f could 

also be found in the mixture of FACs signaling that the sodium borohydride reduction of ketone 11b 

was incomplete and this intermediate product as ketone as well as hydroxylated compounds 11c and 

11d were implemented in the next step giving the mixture of the end products 11e/11f/11g. In 

common with all synthesis products, this one was also purified by column chromatography. However, 

the results were unsatisfactory, since neither the mixture could be separated into individual compounds 

nor unwanted 11f was removed as ketone. To yield a pure product, further optimization of the reaction 

steps and column chromatographic separation would be recommended for future research. 

 

 

                                              Figure 25: Overview of the synthesized FACs. 
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Figure 26: COSY spectrum of compound 1d. 



RESULTS AND DISCUSSION 

37 

 

3.2. Vinca minor experiments 

Vinca minor as a source of a wide monoterpenoid indole alkaloid (MIA) spectrum offers an excellent 

opportunity for various research purposes [68]. In this work, one of the vinca alkaloids vincamine 

isolated from the leaves of periwinkle after the treatment with the previously synthesized fatty acid-

amino acid conjugates (FACs) was a goal of the investigation. As outlined in chapter 1.3, the 

environment factors such as light or mechanical wounding provoke the plant to produce higher 

amounts of MIAs [72]. Accordingly, the important representative of MIAs such as vincamine seems to 

be more concentrated during stressful situations for the plants. However, season, growth phase or 

climate are as well common contributors to these changes, so it is not easy to specify exactly which of 

the aforementioned factors is responsible for the change in vincamine levels in V. minor [136]. 

Therefore, the experimental values, more precisely, the calculated concentrations of vincamine were 

referred relatively to the control values originating from the plants, which were neither artificially 

wounded nor treated with any synthesized substance or solvent. The HPLC method is well suited for 

this purpose, since not only the retention times for the identification of the vincamine but also the peak 

area for the quantification could be accomplished by this method. The HPLC-chromatogram in  

Figure 27 reveals two main peaks corresponding to the vincamine with a retention time tR = 14.4 min 

and an unknown compound (here: vincaminic acid) with a retention time tR = 7.9 min, which was 

further elucidated via tandem mass spectrum (MS/MS spectrum).  

 

 

 

 

 

Figure 27: HPLC separation of natural products in V. minor. 
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 When checking HR-ESI-MS spectrum displayed in Figure 28 (the spectrum above), a protonated 

molecular ion [M + H]+ at m/z 341.1856 in positive ion mode could be detected. Moreover, the MS2 

fragmentations of this compound produced a few peaks in positive ion mode (Table 3). Occurrence of 

the fragment ion at m/z 323.1747 indicated the loss of water. The cleavage of H2O and formation of an 

ion [M + H – H2O]+ was already reported for vincamine [137]. A further examination of the product 

ions obtained after the MS/MS experiment leads to the conclusion that the unknown compound under 

investigation is a bioactive monoterpenoid indole alkaloid (MIA). This could be confirmed by the 

presence of characteristic fragment ion at m/z 144.0802, which was also detected at ajmaline, 

yohimbine and ajmalicine due to retro Diels-Alder (RDA) reaction [138]. In addition, a fragment ion 

at m/z 144.0802 indicated an indole moiety resulting from the detachment of a terpene unit from the 

parent ion [M + H]+, in which the bond between the carbon atom at position 14 and the nitrogen atom 

at position 1 was cleaved [139]. Since a reversed phase C18 column was used for the HPLC separation 

and the unknown compound eluted earlier than vincamine, this may indicate that the compound 

possesses more polar properties than vincamine.  For the increase in polarity of the compound being 

explored, the -CH3 group of C-22 could be exchanged for an -OH group indicating that the compound 

being sought is the vincaminic acid.  The corresponding fragmentation of vincaminic acid according to 

MS/MS data is displayed in Figure 29. As can be seen from the previous studies, a further product ion 

found at m/z 297.1956 was also present after UHPLC-MS analysis of yohimbine-like compound. 

However, the fragment was designated as an “extra ion” that caused for the distortion of the MS 

spectrum there [137]. 

 

Figure 28: HRMS-ESI-MS spectrum with molecular ion (above) as well as MS/MS spectrum (below) 

of putative vincaminic acid. 



RESULTS AND DISCUSSION 

39 

 

      Table 3: MS/MS data after fragmentation of putative vincaminic acid in positive ion mode. 

measured m/z of fragments ion formula calculated m/z 

144.0802 C10H10N 144.0808 

206.0959 C15H12N 206.0964 

220.1114 C16H14N 220.1121 

236.1430 C17H18N 236.1434 

266.1165 C17H16NO2 266.1176 

279.1850 C19H23N2 279.1856 

297.1956 C19H25N2O 297.1961 

323.1747 C20H23N2O2 323.1754 

 

  

 

 

 

 

 

 

 

 In order to determine the concentration of vincamine, a calibration curve displayed in Figure 30 

was required. The calibration was carried out after HPLC analysis involving absorption measurement 

of vincamine standards (standards concentrations: 29.6 μg/mL, 74 μg/mL, 148 μg/mL and 296 μg/mL) 

at λ = 230 nm. The absorption values were additionally referred to an internal standard with a 

concentration of 300 μg/mL. A high coefficient of determination (R2 = 0.9995) of the trend line allows 

the conclusion that the regression line fits the data well and is therefore an appropriate tool for the 

evaluation of vincamine concentrations. 

 

 

 

 

 

 

 

 

. 

 

Figure 29: Fragmentation of vincaminic acid according to MS/MS data. 

Figure 30: Calibration curve presenting the vincamine concentration in x axis 

and peak area in y axis. 
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 Based on the calculated concentrations of vincamine in untreated V. minor leaves used as a control 

as well as after a caterpillar Spodoptera littoralis attack (C), an artificial wounding (A), a treatment 

with the solvent (B) or synthesized FACs termed 1d, 2b, 3b, 4b, 5c, 6c, 7c, 8c/8d, 9b and 10b, relative 

changes of vincamine levels were determined. For this purpose, the identified concentrations of 

vincamine in treated plants were divided by the values of the untreated ones. Consequently, relative 

vincamine concentrations stated in % were plotted in boxplot diagrams (Figure 31). Since the 

included outliers make it difficult to illustrate the differences between individual boxplots, a range of 

the y axis between 0 and 270 % was selected in the software program RStudio, and then a new 

zoomed-in diagram with the outliers hidden but included was created as presented in Figure 32.  

 Surprisingly, the relative vincamine concentration pattern of plants treated with the FACs 3b, 6c 

and 8c/8d was different from the periwinkle leaves treated with 1d, 2b, 4b, 5c, 7c, 9b, 10b, A, B and 

C. Especially the effects of the treatment with 6c stood out clearly as shown in Figure 32. Thus, it was 

decided to repeat the experiments with exactly these substances in order to obtain more data points. 

Following this, a new zoomed-in diagram with corresponding boxplots was compiled (Figure 33). 

However, in this case the relative vincamine concentrations were determined after treatment with 

FACs 1d, 2b, 4b, 5c, 7c, 9b and 10b, as well as A, B, C in the triplicate and the additional 

experiments with 3b, 6c and 8c/8d added more data points, more specifically the re-experiment 

yielded 13 relative concentration values per treating substance. 

 

 

Figure 31: Relative vincamine concentrations after the treatment of V. minor in the triplicate. The 

black dots denote the calculated mean values of the relative vincamine concentrations, and the red dots 

indicate outliers. 
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Figure 33: Zoomed-in diagram of relative vincamine concentrations including triplicate 

experiments with 1d, 2b, 4b, 5c, 7c, 9b, 10b, A, B and C. In the case of 3b, 6c and 8c/8d more 

data points for the generation of the boxplots were used. 

Figure 32: Zoomed-in diagram of the relative vincamine concentrations after the treatment of 

V. minor in triplicate. 
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 In order to investigate whether biosynthetic pathways towards the synthesis of vincamine after  

24 h, 48 h, 72 h or 6 d were induced, additional experiments were required. According to this,  

V. minor plants were treated with the substance 6c and the leaves (three replicates for each treatment) 

were harvested at first, second, third and sixth day from the beginning of the treatment. In order to 

better illustrate the decrease in relative vincamine concentrations, the medians of the respective 

boxplots were connected by a dashed line (Figure 34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In general, metabolism of MIAs is strongly dependent of various biotic and abiotic situations to 

which a plant is exposed. As discussed in detail in the previous chapter 1.3, there are a variety of 

factors that stimulate plant defense mechanisms to protect themselves. Especially light, UV, 

mechanical wounding, herbivore, salt concentration, high temperatures as well as nutrient such as 

sulfur deficiency could affect the accumulation of these specialized metabolites [68], [72]–[75]. 

According to this, the content of alkaloids in periwinkle seems to be higher when the plant grows in 

the sun [140]. Whereas the described biotic and abiotic stress factors are a prominent trigger of the 

increase of the vincamine concentration, it is worth mentioning that the time season, flowering time, or 

growth conditions also could contribute to the gene expression of the enzymes involving in MIAs 

pathway (Figure 36) [136], [141]. 

 Indeed, to distinguish which of the above factors had an influence on the V. minor at the given time 

and climate conditions was nearly impossible within the scope of this work. In addition, the 

experiments were carried out in the vegetation period of periwinkle and the outdoor temperatures 

mostly showed above 30 °C. Therefore, the consideration of abiotic stresses such as treatment with the 

previously mentioned synthesized FACs that force plants to produce an array of different defense 

Figure 34: Relative concentration of vincamine in V. minor after a certain harvesting time. 
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substances was only feasible by studying the values set relative to the control plants. Only in this way 

could conclusions be drawn about the effects of the substances on plant defense strategies.  

 The results presented in this work indicate an enhancement of production of bioactive compound 

such as eburnamine-type MIA vincamine. Surprisingly, the quantitative analysis of the content of this 

alkaloid after the treatment with synthesized FACs demonstrates alterations of biochemical fluxes of 

treated plants harvested at the appointed times. For instance, the relative concentration of vincamine  

8 d after the application of the substance 6c increased significantly as showed in the Figure 32. While 

the relative amount of vinca alkaloid after the treatment with 3b or 8c/8d might indicate increased 

production of vincamine in stressed leaves of V. minor, the plant defense strategy after the application 

of the FAC 6c containing short-chain fatty acid moiety (five carbon atoms) seems to be massively 

induced. Subsequently, a twofold higher vincamine concentration was observed in the treated leaves 

when compare to the blank leaves. In contrast, plants treated with caterpillars Spodoptera littoralis and 

FAC 1d showed no significant changes in relative vincamine concentrations. Therefore, these results 

were not in agreement with the publication of Alborn et al., which have demonstrated that the FAC 

called volicitin isolated from oral secretion of beet armyworm (BAW; Spodoptera exigua Hübner) 

caterpillars contributed to the indirect defense strategies of plants. Volicitin possessing a hydroxyl 

group in position 17 of the fatty acid chain triggers an elicitor activity [49]. In order to investigate 

whether a similar functionalized fatty acid is characterized by the same properties, in the scope of this 

thesis a fatty acid moiety with the hydroxyl group in the next to last position of the carbon chain was 

synthesized and applied in the form of a FAC 1d to V. minor in triplicate. Since regurgitate 

investigation of larvae of the Egyptian cotton leafworm (Spodoptera littoralis) also revealed volicitin, 

these caterpillars were applied to the plants but only for 2 to 3 h [96]. Subsequently, the plant extracts 

were analyzed for the amounts of vincamine and compared with other treatments. As mentioned 

above, no significant changes in vincamine level in periwinkle leaves were declared after treatment 

with volicitin-like substance 1d and volicitin from caterpillar saliva. Instead, it can be suggested that 

compound 6c has a stronger triggering potential than volicitin, as it caused much more potent effects 

on V. minor metabolism toward the biosynthesis of MIAs. Furthermore, with regard to the results 

shown in Figure 32, it can be said that the treatment of the plants under study with 2b, 4b, 5c, 7c, 9b, 

A and B did not provide significant differences with respect to the control plants, as the relative 

vincamine concentrations totaled approximately 100 %. 

 Recent study of evergreen herbaceous shrub V. minor towards the MIA pathway elucidation has 

contributed greatly to the scientific research of this plant. With the aid of transcriptomics and gene co-

expressions analysis further lacking steps of the biosynthesis of MIAs in V. minor could be discovered 

(Figure 5) [68]. Nevertheless, the understanding of MIAs pathway up- or down-regulation in response 

to environmental factors in Apocynaceae is still insufficient. Although a large number of gene-

encoding enzymes, transporters as well as regulators involved in this biosynthetic pathway have been 

elucidated in recent years, the combination of stress factors and their effect on MIA accumulation is 
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nowadays not fully understood [142]. It is worth mentioned that many sophisticated studies are still 

needed in the near future to elucidate the complete vincamine biosynthetic pathway and the combined 

influences from the environment affecting this pathway. Liu et al. suggested that the results of the 

impact of individual stress factors on plants have been better studied to date than the combined ones 

[142]. However, if taking a well-known plant hormone methyl jasmonate (MeJa) as a single stress 

factor into account, various contradictory effects of the modulation of MIA pathway could be 

compiled, as it will be demonstrated in the following [139].  

 MeJA as a trigger of increased production of secondary metabolites influences common enzymes 

involving in MIAs pathway such as previously mentioned D4H, DHT, TDC and STR (section 1.3). 

These were observed to be activated, which led to increased production of certain indole alkaloids. In 

addition, analyses of Catharanthus seedlings treated with MeJa showed alterations in the amount of 

tabersonine, which is one of the prominent compounds involved in MIA pathway [77], [78]. It is 

noteworthy that coupling of jasmonate with the amino acid isoleucine allows this compound to exhibit 

a particularly active gene expression property [143]–[145]. Moreover, jasmonate signaling to boost the 

biosynthesis of certain defense proteins or enzymes and subsequently induced gene expression as a 

result of an herbivore attack was also observed in many cases [146]–[148].  

 MeJa effects on MIA are also associated with contradictions as has been shown in C. roseus as well 

as V. minor. Thus, studies of the C. roseus hairy root cultures and leaves revealed increased indole 

alkaloid biosynthesis in the first one, whereas in the second one no changes of the contents of this type 

of alkaloids were evident [149]–[151]. Furthermore, the concentrations of the major alkaloids in  

V. minor seem to be variable at 8 and 14 d after the treatment with MeJa. Less vincamine and 

vincadifformine at 8 d after treatment with MeJa reflected in higher amounts of minovincine, 

minovincinine and 9-methoxyvincamine. After 14 d, however, the opposite effect was observed, as the 

increased conversion of strictosidine to vincamine and vincadifformine resulted in increased 

concentrations of both vinca alkaloids [139], [152]. Subsequently, conclusion could be drawn that the 

concentration of vincamine and other vinca alkaloids such as vincadifformine may vary over time. In 

addition, it can be assumed that treatment with MeJa may alter the concentration levels of the indole 

alkaloids. 

 In current work a substance 6c whose 

structural formula was similar to that of MeJa 

was applied to the V. minor plants and caused a 

tremendous induction of vincamine 

production. This structural similarity involves 

a short carbon chain with a double bond, 

which is present in both compounds, 6c and 

MeJa (Figure 35). Moreover, as mentioned 

 

Figure 35: Comparison of structural formulas of 

methyl jasmonate (MeJA) and synthesized 6c. 
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above, jasmonates conjugated with an amino acid isoleucine have been reported to have particularly 

high bioactivity [143]–[145]. Since 6c is a fatty acid conjugated to an amino acid L-glutamine, it could 

also be hypothesized that this structural property also contributed to the changes in biosynthetic fluxes 

toward the production of vinca alkaloids. 

 

 Based on insights mentioned above and the results presented in the Figure 32, as well as Figure 34, 

a few statements could be made about the experiments on V. minor. First of all, it could be assumed 

that the production of the vincamine continued immediately after the substance was applied. 

Consequently, in the course of time, less vincamine was produced or/and the available MIA was 

presumably converted into other alkaloids such as minovincine, minovincinine and 9-

methoxyvincamine, as already described in a previously study on periwinkle (Figure 34) [139], [152]. 

Unfortunately, this could not be confirmed by means of an HPLC experiment, since no evidence of the 

presence of the three conversion products of vincamine was found in the chromatograms evaluated. 

Instead, another compound called vincaminic acid was detected, as described in more detail in the 

same section below. Therefore, further consideration of the phenomenon of decreasing vincamine 

concentration including more replicates would be recommended.  

 In contrast, the diagram in Figure 32 showed a significantly increased level of relative vincamine 

concentration at 8 d after treatment with FAC 6c, which may indicate a contradiction. This could be 

explained by the fact that the vincamine concentration 24 h after application of 6c was probably still 

significantly higher and was converted more slowly than in the previously mentioned experiment 

displayed in Figure 34. It could also be the case that similar processes to those described in the above 

studies have taken place in the V. minor treated in this work. Thus, as a result of the treatment with 

MeJa, first the decrease in vincamine concentration was seen, followed by the increase of the same 

alkaloid as a result of the conversion from the precursor molecule strictosidine. However, the report 

discussed 14 d after which the production of vincamine is ramped up [139], [152]. In the present case, 

these changes were observed after only 8 d, suggesting that vincamine biosynthesis occurred much 

more rapidly. 

 Another influence on these inconsistent results could be the small number of measurements 

included. In fact, the other diagram (Figure 34) consisting of more data points resulting of more 

replicates does not show as pronounced a change in relative vincamine concentrations as shown in 

Figure 32, which leads to the conclusion that more experiments would be necessary to achieve more 

reproducible results. 
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Figure 36: Putative MIA pathway operated in V. minor as a consequence of biotic and abiotic stress 

factors. The following enzymes are involved: secologanin synthase (SLS), tryptophan decarboxylase 

(TDC), strictosidine synthase (STR), vincadifformine synthase 1/2 (VS1/2), vincadifformine 19-

hydroxylase (V19H), tabersonine synthase (TS), tabersonine 16-hydroxylase (T16H), 16-

hydroxytabersonine-O-methyltransferase (16OMT), tabersonine 3-oxidase (T3O), tabersonine 6,7-

epoxidase 1 (TEX1). 
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3.3. Populus experiments 

Like other plant species, Populus trees also known as poplars have developed defensive strategies 

against herbivores, too. Among these strategies salicylate-like phenolic glycosides (PGs) also referred 

to as salicinoids play a key role [81]–[83]. The three significant salicinoids present in poplars include 

tremulacin, tremuloidin and the most widespread PG salicortin [83], [84]. Since the specialized 

metabolites are always present in Populus species regardless of the attack from the herbivore, they 

belong to the constitutive plant defensive strategies [83].  

 In general, the amount of salicinoids biosynthesized in different poplar species is genetically 

determined [153]. However, the comprehensive variations of PG levels depending on foliar 

development as well as season were also reported [84], [154]. The analyses of the contents of 

salicinoids in Salicaceae bark have shown that the lowest concentration is generally envisaged in 

August [155], [156]. Moreover, among one tree mature twigs often exhibited lower PGs abundance 

than the younger ones, probably due to de novo biosynthesis or PGs transport within a species [84], 

[157].  As expected for the constitutive defense strategies, the stress influence is less pronounced. This 

was confirmed in a recent study by Fellenberg et al. that did not provide positive results in attempts to 

induce gene expression by stress [83]. Nonetheless, there are a few studies that prove the contrary. 

Thus, Clausen et al. have shown that phenyl glycoside production in Populus tremuloides can occur as 

early as 24 h after attack by herbivores [85]. However, the same effect was observed after 4, 9 – 12 d 

as well as even 8 weeks in the quaking aspen [93], [158], [159].  

 Briefly, based on the fact described above that young trees contain more phenyl glycosides than 

older ones and thus an induced strategy towards PGs production would not lead to any further 

improvement of the situation of juvenile trees attacked by herbivores, it could be assumed that the 

induced mechanism might be more expressed in mature poplars [84].  

 Numerous reports have demonstrated that PG contents are strongly dependent on intrinsic traits 

such as genotype and ontogeny [84]. In this work, the abundance of two salicinoids such as tremulacin 

and tremuloidin were determined and plotted against q to provide an overview of the potentially 

correlation of phenotypic variation of Populus hybrids to their genomic ancestry (q). The relationship 

between varying q in hybrid individuals and phenotypic variance reflecting the concentrations of these 

salicinoids is thus discussed in more detail [160]. In this case, however, what is involved is not the 

constitutive but the induced defense strategies of poplar hybrids. Thus, the results of the experiments 

of treatment with stress factors under question such as caterpillars, 1d, 5c, 8c/8d and 10b are set 

relative to the calculated concentration values of the two PGs after treatment with solvent and thus the 

salicinoids already present are neglected.  

 The salicinoids containing extracts were analyzed using HPLC system with UV detection. The 

absorption measurement was carried out at 230 nm, since PGs are the chromophore compounds 

possessing π electrons in their chemical structure [84]. Peaks were assigned using retention times and 

UV spectra of tremulacin and tremuloidin. The assignment of tremulacin and tremuloidin to the 



RESULTS AND DISCUSSION 

48 

 

respective peaks in chromatograms was performed using specific UV spectra exhibited by these 

compounds as well as retention times. According to the chromatogram obtained after the measurement 

of compound 2b (Figure 37), tremuloidin eluted earlier than tremulacin, due to its more hydrophilic 

properties. The retention times were 10.4 min and 12.0 min for tremuloidin and tremulacin, 

respectively.  

 For determination of concentrations of tremuloidin and tremulacin, calibration curves using 

standard solutions with concentrations of tremuloidin and tremulacin from 0.125 mg/mL to 1 mg/mL 

were established. Whereas the linear equation for tremuloidin was y = 14928x + 172.3 at the 

coefficient of determination R2 = 0.9533, the linear equation of tremulacin was attributed another 

equation, viz., y= 14654x - 598.87 with a higher coefficient of determination R² = 0.9799. Therefore, 

the evaluation of tremuloidin and tremulacin concentrations in Populus species with different 

genotypes as well as the subsequent display of results in dependence upon genomic ancestry (q) were 

enabled. The colored dots associated with the lines correspond to the mean values of the relative 

salicinoid concentrations. The error bars represent the standard deviations, as depicted in Figure 38 

and Figure 39. 

 

 

 

 

 

 

 

 

 

 

 Considering the relationships between genomic ancestry (q) and relative tremulacin and 

tremuloidin concentration in % in Figure 38 as well as Figure 39, it can be said that there is a 

downward trend towards Populus alba-like individuals that are on the right side of the respective 

diagrams. Populus tremula-like individuals positioned on the left side of the respective diagrams 

exhibit higher values of relative tremulacin and tremuloidin concentrations in %. The slight 

discrepancies between the two Populus species are a sufficient argument to suggest that there are 

                           Figure 37: HPLC sperataion of natural products in Populus hybrids.  
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phenotypic traits of genomic architecture, which is very similar to previous study of Bresadola et al. 

that addressed phenotypic variation within ecologically distinct forest trees Populus alba and Populus 

tremula and their hybrids. However, in this report it was mentioned that no correlations could be seen 

between heritability and these phytochemical defensive traits. The explanation for this, according to 

the report, would be a lack of so-called admixture mapping potency, so it is not related to heritability 

[160].  

 Further examination of the diagrams in Figure 38 and Figure 39 leads to the conclusion that the 

plant response 8 d after treatment with the above-mentioned substances and caterpillars shows no 

significant deviations from the control, which was a solvent, more precisely a mixture of ethanol, a 

nonionic detergent Tween® 20, and water (EtOH : Tween® 20 : H2O – 1 : 0.2 : 8.8 v/v/v). The 

exception was compound 10b with a relative tremulacin concentration of about 120 %, which could 

mean that the Populus tremula-like individuals developed some kind of induced defensive strategy 

after treatment with this compound. Since the values of relative tremulacin and tremuloidin 

concentrations are sometimes less than 100 %, especially in Populus alba-like individuals, it would be 

said that the solvent triggered a stronger defensive response to some poplars than the synthesized 

substances or caterpillars. This can probably be explained by the fact that the solvent was applied as a 

control in July. As mentioned above, the lowest concentrations of salicinoids in poplars were observed 

in August [155], [156]. Since the substances were applied in August and the control in July, one could 

speculate that the statements extracted from the diagrams might not be significant. In order to obtain 

valid results, several treatment experiments would have to be conducted in which control solutions 

would be applied simultaneously. The higher number of replicates for the study of the induction of 

tremulacin and tremuloidin biosynthesis as a result of treatment with different substances or 

caterpillars is also necessary with respect to the fact that there were studies exhibiting investigations of 

PGs contents after different harvesting time as stated above in the same section [85], [93], [158], 

[159]. In fact, more measurements for the evaluation of the results would be beneficial as it would not 

only allow more comparisons with the previous studies but also ensure the reproducibility of the 

results. 

 Another explanation of the relatively low salicinoid concentrations compared to control could be 

the fact of the use of differently aged leaves to the experiments. As explained above, young leaves 

have enough PGs to protect themselves against environmental stressors. Especially because plant 

resources are precious, the juvenile leaves produce fewer defensive substances such as salicinoids than 

the mature poplar leaves possessing smaller quantities of these compounds [84]. One could thereby 

speculate that for the lower values of tremulacin and tremuloidin produced, the treatment of the 

younger leaves was responsible. 

 It is noticeable that tremuloidin concentration in Figure 39 was not determined after treatment with 

8c/8d and 10b. The reason for this were low tremuloidin signals detected after HPLC measurement, 

being close to the noise signal, as the amount of this salicinoid was very low in Populus hybrids 
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extracts to be investigated. In contrast, more signals of the HPLC measurement of the extracts 

containing tremulacin could be recorded, permitting the generation of a complete diagram as displayed 

in Figure 38. Regarding this fact, the distribution of the relative concentrations of tremulacin and 

tremuloidin was presented as boxplots in two diagrams, where the first is represented by Populus 

tremula-like individuals (Figure 40) and the second possesses the measured values belonging to 

poplars with a genomic ancestry of 0.58 (Figure 41). To some extent, significant differences in 

tremulacin and tremuloidin concentrations can be seen at first look in the two diagrams, whereas the 

larger part of the boxplots pairs shows a higher tremulacin concentration. The almost four times higher 

tremulacin concentrations as opposed to tremuloidin amounts in Populus tremula were also confirmed 

by UHPLC-ESI/TOFMS measurement, as demonstrated in the report by Abreu et al. [82]. The higher 

tremulacin versus tremuloidin concentrations are also in agreement with the study of European aspen, 

using the same experimental method for the determination of their concentrations [153].  The reason 

why tremulacin occurs in higher concentrations than tremuloidin in the strenuous environment could 

be the high toxicity of the HCH moiety it possesses [84], [85]. Thus, herbivores following tremulacin 

consumption exhibited lower survival and performance, as demonstrated by Lindroth et al. [161].  

 In some cases, a lower concentration of tremulacin might not necessarily indicate a lack of defense 

mechanism in poplars. Due to the fact that salicortin acts not only as a potential substrate for the 

synthesis of tremulacin, but also for other substances carrying the toxic HCH moiety, such as 2´-

cinnamoylsalicortin, one could assume that this is a matter of rivalry between the two compounds in 

the biosynthetic pathway [153]. It would be interesting to add 2´-cinnamoylsalicortin to the future 

studies as well, in order to exclude the competition, or rather to explore it. 

 Furthermore, treatment of poplar hybrids with the potential stressors such as synthesized 

compounds 5c, 8c/8d and caterpillars probably stimulated the biosynthesis of tremulacin as well as 

tremuloidin, which can be confirmed by boxplots indicating relative concentration values of over  

100 % (Figure 40). Since a specific enzyme is involved in the biosynthesis of this salicinoid, it 

suggests that the genes encoding the activity of this enzyme referred to as salicyl benzoate UDP-

glycosyltransferase UGT71L1 were expressed by the application of the triggers so that the 

biosynthesis of tremulacin could occur. In order to verify this more precisely, the concentrations of 

salicortin could also be employed in future studies, since the biosynthesis of the compound is also 

dependent on the above-mentioned enzyme [83].   
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Figure 39: Relationship between genomic ancestry (q) and relative tremuloidin concentration (%) in 

Populus alba × Populus tremula hybrids. 

Figure 38: Relations between genomic ancestry (q) and relative tremulacin concentration (%) in 

Populus alba × Populus tremula hybrids. 
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Figure 40: Distribution of relative tremulacin and tremuloidin concentration in Populus tremula-like 

individuals depending on the treatment. 

Figure 41: Distribution of relative tremulacin and tremuloidin concentration in Populus alba-like 

individuals depending on the treatment. 



CONCLUSION AND FUTURE PROSPECTS 

53 

 

4. Conclusion and future prospects 

The main objective of this thesis was to draw the conclusions about the plant defense strategies after 

the application of potential elicitors on Vinca minor and Populus alba × Populus tremula hybrids 

leaves. The substances and caterpillars to be applied encompassed fatty acid-amino acid conjugates 

(FACs) and Spodoptera littoralis larvae, respectively. To study the effectiveness of the impact of the 

FACs synthesized in the first part of this work, the syntheses would have to work properly, and the 

subsequent purification steps would have to yield pure products. Concerning the fact that the synthesis 

of most of the compounds worked well, which could be confirmed by NMR and MS measurements, it 

can be generally concluded that the synthesis strategies used in this thesis can be further 

recommended. Unfortunately, the biggest challenge of this work has been the purification steps with 

column chromatography as well as recrystallization. In order to reduce the product losses mirrored in 

lower yields and the presence of undesirable by-products such as ketone 11f in the hydroxylated 

products 11e and 11g, further optimization of the chromatographic separation including trials with 

other solvents as well as utilization of other mobile phase gradients would be advisable. Moreover, it 

can also be said that the application of thin layer chromatography (TLC) to provide an overview of the 

purity of the synthesized compounds provides many advantages, not only in terms of solvent savings 

but also significant labor time reduction.  

 In the second section of this thesis, the impacts of the previously prepared analogs of volicitin on 

monoterpenoid indole alkaloid (MIA) vincamine and phenyl glycosides (PG) tremulacin as well as 

tremuloidin biosynthesis in plants were investigated. For this purpose, the previously synthesized 

FACs termed 1d, 2b, 3b, 4b, 5c, 6c, 7c, 8c/8d, 9b and 10b were applied to the leaves of V. minor from 

the family Apocynaceae. Simultaneously, effects of the application of caterpillar Spodoptera littoralis 

(C), solvent (B) and of an artificial wounding were also monitored. The results presented in this thesis 

clearly show that the volicitin analog 6c carries potential plant response-triggering property. 

Quantitative analyses of vincamine levels at 8 d after treatment with 6c have demonstrated a twofold 

increase in vincamine levels in contrast to other FACs or even caterpillars. The significant difference 

in vincamine concentration after the 6c treatment could mean that the biosynthesis of monoterpenoid 

indole alkaloid (MIA) such as vincamine was stimulated starting from tryptamine and secologanin. 

This stimulation involves the activation of a number of different enzymes that participate in the MIA 

biosynthesis pathway, among which are mainly strictosidine and tabersonine synthase [68]. 

Accordingly, the study of the biosynthetic pathways of MIAs is intriguing due to the fact that the 

nitrogen present in their structures seems to be a limiting factor for the plant.  In addition, it could be 

concluded that the shikimate pathway makes an important contribution to MIAs biosynthetic flux, as it 

is responsible for the production of nitrogen-carrying tryptamine, which is a key intermediate for the 

vincamine biosynthesis. Since not all enzymes responsible in the biosynthesis of vincamine have been 

found to date, further elucidation of this MIAs pathway towards vincamine hereby defined as 

“definitely non waste alkaloid” would be an interesting topic for future research [67], [162].  
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 Due to the over-responsiveness of the plant after the application of FACs 6c, the latter was used for 

further experiments on V. minor. According to the results of the additional plant trials, a finding could 

be made that the production of the "non waste alkaloid" to be investigated takes place immediately 

after the application of the stress-inducing substances and not after 8 d as expected. In conclusion, this 

result has opened the door for further research towards vincamine biosynthesis. 

 In the current work observations could also be made concerning the biosynthesis of two significant 

salicinoids tremulacin and tremuloidin after application of caterpillars Spodoptera littoralis, 1d, 5c, 

8c/8d and 10b to the Populus hybrids (Populus alba × Populus tremula) belonging to the Salicaceous 

family. Despite the fact that the results were not as distinct as those of V. minor plants, it was still 

possible to draw some conclusions about the defensive strategies induced by these trees.  Apart from 

the low number of data measured for the two salicinoids, which resulted from very low concentrations 

near the noise signals, causal relationship between the genomic ancestry of the poplars and 

concentrations of tremulacin and tremuloidin could be observed. In this context, Populus tremula-like 

individuals indicated higher values of relative tremulacin and tremuloidin concentrations than Populus 

alba-like species. Nevertheless, the concentrations of the two salicylate-like phenolic glycosides (PGs) 

tended to be at a rather low level when compared to the concentrations occurring after treatment with 

solvent. As the amount of salicinoids biosynthesized in Populus species is not only genetically 

determined but also foliar development as well as season seem to have a great influence on the level of 

these substances, more measurements for the evaluation of the results would be recommendable for 

future research [84], [153], [154]. Conducting the experiments over the entire vegetation period and 

observing salicinoid levels at different times after application of various elicitors would provide more 

results for comparison with previous studies, which would become more reproducible. In addition, 

another more common salicinoid called salicortin could also be included in future studies, as it is 

found in higher concentrations in poplars, likewise tremulacin [163]–[165]. Moreover, the 

biosynthesis of the salicortin depends on the same enzyme responsible for the production of 

tremulacin and tremuloidin, so with the help of the parallel studies of the three mentioned PGs, one 

could also get more statements about the enzyme and the enigmatic biosynthetic pathway in which this 

enzyme is involved [83].  
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5. Experimental 

5.1. General 

In general, all reactions were performed under argon atmosphere. All solvents and reagents obtained 

from Merck KGaA, Thermo Fischer Scientific, Alpha Aesar, Tokyo Chemical Industry Co., Ltd. or 

Carl Roth GmbH + Co. KG were used directly, i.e., the chemicals were not purified.  

 Both intermediates and end products were observed by means of thin layer chromatography (TLC).  

For this purpose, aluminum sheets with unmodified silica gel (SiOH), more specifically TLC plates 

ALUGRAM Xtra Nano-SILGUR, 10x10cm, were used.  

 The synthesized end products and optionally also intermediates were purified by column 

chromatography using silica gel 60 (230-400 mesh). 

 Electrospray ionization (ESI) mass spectrometric analyzes in the mass range 50-1900 m/z and 

positive or negative ion mode were obtained on ESI-Qq-TOF mass spectrometer - maXis UHR-TOF 

(Bruker Daltonik GmbH, Bremen, Germany). Based on the mass accuracy of Δm/z ≤ 5 ppm and with 

the use of Software (Bruker Compass 1.5 for OTOF series - otofControl Version 3.2, DataAnalysis 

Version 4.1) as well as isotopic pattern matching (SmartFormula algorithm) sum formulas of the 

detected ions were established. The capillary voltage was set to -/+ 4500 V and the flow of dry gas 

(nitrogen) was 4.0 L/min. Sample introduction was carried out via direct infusion in ACN/MeOH +1% 

H2O (flow rate: 3 µL/min). Tandem mass spectrum (MS/MS) was acquired in positive ion mode using 

a timsTOF fleX (Bruker Daltonik GmbH, Bremen, Germany) instrument with ESI in positive ion 

mode as an ion source (capillary voltage: 4500 V, m/z range: 100 – 1550 m/z, set collision cell RF: 

700.0 Vpp, set nebulizer: 2.2 bar, set dry gas: 10.0 L/min). The data was processed using Bruker 

Compass DataAnalysis Version 5.3. 

 1H-NMR (spectrometer frequency: 600 MHz) and 13C-NMR (spectrometer frequency: 150 MHz) 

spectra were recorded on Bruker AV III 600 device (AVANCE, Bruker BioSpin, Rheinstetten, 

Germany) at 300 K with CD3OD (δ = 3.31 ppm for 1H-NMR and δ = 49.15 ppm for 13C-NMR), CDCl3 

(δ = 7.24 ppm for 1H-NMR and δ = 77.23 ppm for 13C-NMR) as well as DMSO (δ = 2.50 ppm for 1H-

NMR and δ = 39.51 ppm for 13C-NMR) as internal standards. The chemical shifts (δ) and the coupling 

constants (J) were given in parts per million (ppm) and hertz (Hz), respectively. The common splitting 

patterns included singlet (s), doublet (d), triplet (t), quintet (quin), sextet (sext), doublet of doublets 

(dd), doublet of triplets (dt), doublet of triplet of doublets (dtd), doublet of doublet of triplets (ddt), 

triplet of quartets (tq) and multiplets (m). 

 The plant material to be studied was obtained from the Department of Botany and Biodiversity 

Research of the University of Vienna. Both V. minor and Populus hybrids were grown in plant pots 

and were poured with water regularly, as the average outdoor temperature during the experiments was 

approximately 30 °C. To enable better extraction results, the dried plant material was placed in an 

QIAGEN Tissue Lyser II for the purpose of grinding. Other equipment used for the extraction 

included a VWR Ultrasonic Cleaner and an Eppendorf Centrifuge 5417R.  
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 HPLC analyses were performed on an Agilent 1100 equipment using Agilent Hypersil BDS-C18 

reversed-phase column (3µm, 100 × 4 mm). The mobile phase contained eluent A (10 mM NH4OAc) 

and eluent B (ACN). To obtain 1 L of eluent A, 1 L pure water and 0.8 g NH4OAc were mixed and 

filtered to remove possible impurities. Elution was started with 5% of eluent B and 95% of eluent A. 

The composition of the mobile phase was temporally changed, thus, the percentage of eluent B after  

12 min increased to 60%. The HPLC-measurement was taken for 17 min. Additionally, the injection 

volume was 2.5 µL and the mobile phase flow rate was set to 0.5 mL/min. 

 For plotting boxplots and linear regression curves including error bars, the software R (© 2009 – 

2021 RStudio, PBC) with following packages was used: ggplot2, readxl and extrafont.   

 

5.1.1. Fatty acid-amino acid conjugates (FACs) synthesis 

5.1.1.1. Synthesis of N-(10-hydroxyundecanoyl)-L-glutamine (1d) 

 

 

 

 

 

 

 

 

 

 

 

 

A reaction mixture of mercury (II) oxide (4.13 g, 19.0 mmol), water (12.5 mL) and glacial acetic acid 

(4.2 mL, 73.4 mmol) was warmed up to 50 °C and stirred to give a colorless solution of mercury (II) 

acetate. The reaction mixture was charged followed by water (17.5 mL) and tetrahydrofuran (THF)  

(30 mL) producing a yellow solution. Thereafter, an appropriate amount of 10-undecenoic acid  

(3.32 g, 18.0 mmol, 1a) was added and the reaction mixture was stirred at room temperature for 1 h. 

Then aqueous NaOH solution (3 M, 30 mL) was added, and the mixture was carefully reduced with 

sodium borohydride (NaBH4) solution (0.40 g, 10.6 mmol NaBH4 in 30 mL of 3 M NaOH). This 

reaction mixture was stirred further for 3 h at room temperature. The elemental mercury formed during 

the reaction was separate in a dropping funnel. Afterwards the solution was adjusted to pH 1 with 

aqueous HCl solution (4 M) and extracted with dichloromethane (DCM) (30 mL × 2). The combined 

organic layers were washed with water (50 mL) and dried (Na2SO4). Excess DCM was removed under 

 

Figure 42: Synthesis of hydroxylated fatty acid 1b starting from allyl fatty acid 1a. 

 

Figure 43: Synthesis of FAC 1d starting from hydroxylated fatty acid 1b and L-glutamine (1c). 
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reduced pressure to yield 0.98 g (27%) of 1b as a white powder. Due to sufficient purity, which was 

reviewed by NMR, the desired hydroxylated fatty acid (1b) was employed for the next step without 

any purification.  

 Fatty acid-amino acid conjugate (FACs) was prepared by stirring an appropriate amount of 1b  

(976 mg, 4.83 mmol) with triethylamine (807 µL, 5.79 mmol) in THF (34 mL). The mixture was 

cooled to 0 °C and pivaloyl chloride (641 µL, 5.24 mmol) was added. The reaction mixture was stirred 

at the same temperature for 2 h and then quickly filtered and the filter cake was rinsed with THF (35.4 

mL). The filtrate and washings were combined, then diluted with 1,4-dioxane (31 mL) and stored until 

the next step. Meanwhile, for the preparation of FAC, L-glutamine (1.41 g, 9.62 mmol, 1c) was 

dissolved in water (11.3 mL). Triethylamine (1.34 mL, 9.65 mmol) was added to the solution and the 

mixture was stirred at room temperature for 2 h. Thereafter, the L-glutamine solution and the acylating 

agent from the previous step were combined and stirred for 20 min. Triethylamine (679 µL,  

4.87 mmol) was added and the reaction mixture was stirred further at room temperature for 4 h. 

Afterwards aqueous HCl solution (4 M) was added and the mixture with pH 3 was transferred into 

water (30 mL). Extraction was carried out with DCM (30 mL × 3) and the organic layer was washed 

with brine (25 mL), dried over MgSO4 and the solvent was removed in vacuo. Because of insufficient 

purity of this crude, further purification via column chromatography over silica gel (54 g, gradient 

from DCM : CH3OH – 100 : 0 v/v% to DCM : CH3OH – 60 : 40 v/v% ) was needed to obtain  157 mg 

(19% in 2 steps) of pure 1d as a white powder.  

 

5.1.1.2. Synthesis of (S)-N-α-undec-10-enoyl-L-glutamine (2b) 

 

 

 

10-Undecenoyl chloride (2.03 g, 10.0 mmol, 2a) was dissolved in THF (20 mL) and added dropwise 

to a solution of L-glutamine (1.47 g, 10.1 mmol, 1c) and KOH (1.14 g, 20.3 mmol) in water (20 mL) 

over 15 min at room temperature. The reaction mixture was stirred at the same temperature for 18 h 

and finally the solvent was evaporated under reduced pressure. The resulting volume of the solution of 

approximately 25 mL was adjusted to pH 1 with aqueous HCl solution (4 M) and the precipitated 

crude was filtered and washed with water (25 mL) and ether (25 mL). The precipitate was further 

        Figure 44: Synthesis of FAC 2b starting from 10-undecenoyl chloride (2a) and L-glutamine (1c). 
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purified by recrystallization from ethylacetate to give (S)-N-α-undec-10-enoyl-L-glutamine (2b) as a 

white powder (yield 0.980 g, 31%). 

5.1.1.3. Synthesis of N-((9Z)-octadec-9-enoyl)-L-glutamine (3b) 

 

 

 

 

 

N-((9Z)-Octadec-9-enoyl)-L-glutamine (3b) was prepared by mixing (9Z)-octadec-9-enoic acid  

(1.39 g, 4.92 mmol, 3a) with triethylamine (570 µL, 4.08 mmol) in THF (24 mL). The mixture was 

cooled to 0 °C and pivaloyl chloride (456 µL, 3.70 mmol) was added. The reaction mixture was stirred 

at 0 °C for 2 h and then quickly filtered. The filter cake was rinsed with THF (25 mL). The filtrate and 

washings were collected and combined, then diluted with 1,4-dioxane (22 mL) and stored until the 

next step. For the preparation of N-((9Z)-octadec-9-enoyl)-L-glutamine (3b), L-glutamine (0.996 g, 

6.82 mmol, 1c) was dissolved in water (8 mL). Triethylamine (950 µL, 6.82 mmol) was added to the 

solution and the mixture was stirred at room temperature for 2 h. Thereafter, the L-glutamine solution 

and the acylating agent from the previous step were combined and stirred for 20 min. Triethylamine 

(480 µL, 3.44 mmol) was added and the reaction mixture was stirred further at room temperature for  

4 h. Afterwards aqueous solution of HCl (4 M) was added and the mixture was adjusted to pH 3. The 

solution containing desired FAC was transferred into water (25 mL) and extracted with DCM (25 mL 

× 3). The organic layer was washed with brine, dried (MgSO4) and the mixture was concentrated in 

vacuo. The crude was chromatographed twice over silica gel (12.1 g and 17.7 g, gradient from DCM : 

CH3OH – 100 : 0 v/v% to DCM : CH3OH – 60 : 40 v/v%) to give 3b as an off-white crystal like 

product (yield 157 mg, 8%) . Additionally, the column chromatography purification process was 

performed twice, due to impurities still present after the first column chromatography process. 

 

5.1.1.4. Synthesis of (S)-N-α-octadecanoyl-L-glutamine (4b) 

 

 

 

 

 

Figure 45: Synthesis of FAC 3b starting from (9Z)-octadec-9-enoic acid (3a) and L-glutamine (1c). 

   Figure 46: Synthesis of FAC 4b starting from octadecanoyl chloride (4a) and L-glutamine (1c). 
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Octadecanoyl chloride (3.01 g, 9.95 mmol, 4a) was dissolved in THF (20 mL) and added dropwise to 

a solution of L-glutamine (1.46 g, 10.0 mmol, 1c) and KOH (1.14 g, 20.3 mmol) in water (20 mL) over 

15 min at room temperature. The reaction mixture was stirred at the same temperature for 18 h and 

concentrated in vacuo. The reduced volume of the solution (approximately 25 mL) was adjusted to pH 

1 with aqueous HCl solution (4 M) and the crude was filtered and washed with water (10 mL) and 

diethyl ether (Et2O) (10 mL). The precipitate was further purified by recrystallization from ethanol to 

yield a white powder 4b (yield 1.64 g, 40%). 

 

5.1.1.5. Synthesis of N-(heptanoyl)-L-glutamine (5c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Heptanal (1.51 g, 13.1 mmol, 5a) was dissolved in acetone (15 mL). The solution was then cooled to  

0 - 5 °C and Jones reagent (4.05 mL, 2.67 g CrO3 in 2.3 mL concentrated H2SO4 and 7.7 mL H2O) was 

added dropwise (approximately 100 µL/portion) over 5 min. The reaction mixture was stirred for 2 h 

at the same temperature and the solvent was removed under reduced pressure. The residue was diluted 

with water (25 mL) and the mixture was extracted with ethyl acetate (25 mL × 3). The organic layer 

was successively washed with 10% aqueous K2CO3 (30 mL × 2). The aqueous phase was adjusted to 

pH 1 with HCl solution (4 M), extracted with ethyl acetate (25 mL × 3) and the organic layer was 

washed with water (15 mL), dried over Na2SO4 and concentrated in vacuo. Due to sufficient purity, 

the intermediate product 5b (yield 1.49 g, 87%) was employed without any purification for the next 

reaction. 

 N-(Heptanoyl)-L-glutamine (5c) was prepared by stirring 5b (1.49 g, 11.4 mmol) with 

triethylamine (1.91 mL, 13.7 mmol) in THF (80.4 mL). The mixture was cooled to 0 °C, pivaloyl 

chloride (1.52 mL, 12.4 mmol) was added and the reaction mixture was stirred at the same temperature 

Figure 47: Synthesis of heptanoic acid (5b) starting from heptanal (5a). 

          Figure 48: Synthesis of FAC 5c starting from heptanoic acid (5b) and L-glutamine (1c). 
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   Figure 50: Synthesis of FAC 6c starting from (2E)-pent-2-enoic acid (6b) and L-glutamine (1c). 

for 2 h. Afterwards the suspension was quickly filtered, and the filter cake was rinsed with THF  

(84 mL). The filtrate and washings were combined, diluted with 1,4-dioxane (74 mL) and stored until 

the next step. Simultaneously, L-glutamine (3.33 g, 22.8 mmol) was dissolved in water (26.8 mL). 

Triethylamine (3.18 mL, 22.8 mmol) was added to the solution and the mixture was stirred at room 

temperature for 2 h. Thereafter the L-glutamine solution and the acylating agent from the previous 

reaction were combined and stirred for 20 min. Then triethylamine (1.61 mL, 11.6 mmol) was added, 

and the reaction mixture was stirred further at room temperature for 4 h. Then the aqueous HCl 

solution (4 M) was added portionwise until the solution was pH 3. The reaction mixture was poured 

into water (30 mL), extracted with DCM (40 mL × 3) and the combined organic phases were washed 

with brine (25 mL) and dried (MgSO4). Excess DCM was removed under reduced pressure and the 

crude was further chromatographed over silica gel (108 g, gradient from DCM : CH3OH – 100 : 0 

v/v% to DCM : CH3OH – 60 : 40 v/v%) to yield 5c as an off-white powder (yield in 2 steps 947 mg, 

28%). 

 

5.1.1.6. Synthesis of N-((2E)-pent-2-enoyl)-L-glutamine (6c) 

 

  

 

 

 

 

 

 

 

 

 

      

 

(2E)-Pent-2-enal (1.20 g, 14.3 mmol, 6a) was dissolved in acetone (12 mL) and the solution was 

cooled to 0 - 5 °C. Jones reagent (4.42 mL, 2.67 g CrO3 in 2.3 mL concentrated H2SO4 and 7.7 mL 

H2O) was charged dropwise (approximately 100 µL/portion) over 5 min and the reaction mixture was 

stirred for 2 h at the same temperature. The solvent was evaporated under reduced pressure, the 

residue was diluted with water (20 mL) and the mixture was extracted with ethyl acetate (20 mL × 3). 

The combined organic phases were washed with 10% aqueous K2CO3 (30 mL × 2). The aqueous phase 

was adjusted to pH 1 with HCl solution (4 M) and extracted with ethyl acetate (20 mL × 3). 

     Figure 49: Synthesis of (2E)-pent-2-enoic acid (6b) starting from (2E)-pent-2-enal (6a). 
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Afterwards the organic layer was washed with water (10 mL), dried over Na2SO4 and concentrated in 

vacuo. Due to sufficient purity, the intermediate product 6b (yield g, %) was employed without any 

purification for the next step. 

 N-((2E)-Pent-2-enoyl)-L-glutamine (6c) was prepared using an amount of 0.48 g pent-2-enoic acid 

(4.77 mmol, 6b) with 802 µL triethylamine (5.76 mmol) in 33.8 mL THF. The mixture was cooled to 

0 °C followed by addition of pivaloyl chloride (0.638 mL, 5.21 mmol) and the reaction mixture was 

stirred at the same temperature for 2 h. Then the suspension was quickly filtered, and the filter cake 

was washed with THF (35.2 mL). The filtrate and washings were collected, diluted with 1,4-dioxane 

(31 mL) and stored until the next reaction. In addition, for the preparation of 6c, L-glutamine (1.45 g, 

9.92 mmol) was dissolved in water (11.3 mL). Triethylamine (1.34 mL, 9.61 mmol) was added to the 

solution and the mixture was stirred at room temperature for 2 h. Finally, the L-glutamine solution and 

the acylating agent from the previous step were combined under stirring for 20 min. Triethylamine 

(0.675 mL, 4.84 mmol) was added and the reaction mixture was stirred further at room temperature for 

4 h. Afterwards aqueous HCl solution (4 M) was added and the mixture with pH 3 was transfer into 

water (20 mL). Extraction was carried out with DCM (25 mL × 3) and the organic layer was washed 

with brine (20 mL), dried over MgSO4 and the solvent was removed in vacuo. Because of insufficient 

purity of this crude, further purification via column chromatography over silica gel (57.5 g, gradient 

from DCM : CH3OH – 100 : 0 v/v% to DCM : CH3OH – 40 : 60 v/v%) was needed to give 6c as a 

pale orange sticky/viscous product (yield in 2 steps 282 mg, 31%).  

 

 

5.1.1.7. Synthesis of N-((2E)-hept-2-enoyl)-L-glutamine (7c) 

 

 

 

 

 

 

 

 

 

 

 

Figure 51: Synthesis of (2E)-hept-2-enoic acid (7b) starting from (2E)-hept-2-enal (7a). 

      Figure 52: Synthesis of FAC 7c starting from (2E)-hept-2-enoic acid (7b) and L-glutamine (1c). 
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To a solution of (2E)-hept-2-enal (457 mg, 4.08 mmol, 7a) in acetone (10 mL) at 0 - 5 °C Jones 

reagent (1.25 mL, 2.66 g CrO3 in 2.3 mL concentrated H2SO4 and 7.7 mL H2O) was added dropwise 

(approximately 100 µL/portion) over 5 min. The reaction mixture was stirred for 2 h at the same 

temperature. After this time, the solvent was removed under reduced pressure and the resulting 

emulsion was diluted with water (15 mL) and extracted with ethyl acetate (15 mL × 3). The organic 

layer was then washed with 10% aqueous K2CO3 (20 mL × 2) and the biphasic system was separated. 

The pH of aqueous phase was adjusted to 1 with 4 M HCl and the solution was extracted with ethyl 

acetate (15 mL × 3). The organic layer was washed with water (10 mL), dried (Na2SO4) and the 

solvent was removed under reduced pressure. The intermediate product 7b (yield 0.295 g, 56%) with 

sufficient purity was directly employed for the next reaction. 

 Fatty acid-amino acid conjugate (FACs) 7c was prepared by mixing (2E)-hept-2-enoic acid  

(0.253 g, 1.97 mmol, 7b) with triethylamine (329 µL, 2.36 mmol) in THF (13.9 mL). The mixture was 

cooled down to 0 °C and pivaloyl chloride (262 µL, 2.14 mmol) was added dropwise. The reaction 

mixture was stirred at the same temperature for 2 h. After filtration, the filter cake was rinsed with 

THF (14.4 mL) and the filtrate and washings were combined. 1,4-dioxane (12.72 mL) was added and 

the mixture was stored until the next step. Meanwhile, L-glutamine (0.574 g, 3.93 mmol, 1c) was 

dissolved in distilled water (4.62 mL). Triethylamine (549 µL, 3.94 mmol) was added to the clear 

solution and the stirring was continued at room temperature for the next 2 h. Then, the L-glutamine 

solution and the acylating agent from the previous step were combined and stirred for 20 min. 

Triethylamine (277 µL, 1.99 mmol) was added and the reaction mixture was stirred further at room 

temperature for 4 h. Afterwards aqueous HCl solution (4 M) was added and the mixture with pH 3 was 

transferred into water (25 mL). The mixture was extracted with DCM (30 mL × 3) and the organic 

phase was washed with brine (15 mL), dried over MgSO4 and the solvent was removed in vacuo. The 

raw product was purified via column chromatography (gradient from DCM : CH3OH – 100 : 0 v/v% to 

DCM : CH3OH – 40 : 60 v/v%) to afford the a pale yellow sticky/viscous product (yield in 2 steps  

197 mg, 19%).  
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5.1.1.8. Synthesis of N-(9-(1´´-oxooctadecanoyl)-octadec-10-enoyl)- L-glutamine (8c) and N-

(10-(1´´-oxooctadecanoyl)-octadec-8-enoyl)- L-glutamine (8d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A solution of (9Z)-octadec-9-enoic acid (1.22 g, 4.34 mmol, 3a) and acylating agent octadecanoyl 

chloride (1.51 g, 4.98 mmol, 4a) in DCM (10 mL) was stirred under N2 (1 atm) at -15 °C for 5 min. 

The acylation of 3a was induced by carefully, dropwise addition of ethylaluminium dichloride (1 M in 

hexane) in equivalent amount of 10 mL (10 mmol). The reaction mixture was further stirred at room 

temperature for 2h. Afterwards the reaction was quenched with Et2O (100 mL) and water (40 mL) and 

10% HCl was dropwise added to dissolve remaining aluminum salts. The clear solution was 

transferred into a dropping funnel and the organic layer was separated, washed with water (30 mL × 

3), dried over Na2SO4 and the solvent was removed under reduced pressure. The crude was 

chromatographed (gradient from heptane : EtOAc – 90 : 10 v/v% to heptane : EtOAc – 80 : 20 v/v%) 

afforded branched β,γ-unsaturated ketones with carboxy functions 8a/8b as a white powder (yield  

1.40 g, 61%).  

Figure 53: Synthesis of branched fatty acids 8a and 8b starting from octadecanoyl chloride (4a) and 

(9Z)-octadec-9-enoic acid (3a). 

 

     Figure 54: Synthesis of branched FACs 8c and 8d starting from branched fatty acids 8a and 8b.  
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 Branched fatty acid-amino acid conjugate (FAC) 8c/8d was prepared using an appropriate amount 

of branched fatty acid 8a/8b (1.40 g, 2.56 mmol) with triethylamine (426 µL, 3.06 mmol) in THF  

(18 mL). The mixture was cooled to 0 °C and 2,2-dimethylpropanoyl chloride (339 µL, 2.77 mmol) 

was added. The reaction mixture was stirred at the same temperature for 2 h and then quickly filtered. 

The filter cake was rinsed with THF (19 mL). The filtrate and washings were collected, 1,4-dioxane  

(16.5 mL) was employed and the mixture was stored until the next step. Meanwhile, for the 

preparation of 8c/8d, L-glutamine (0.749 g, 5.12 mmol, 1c) was dissolved in water (5.98 mL). 

Triethylamine (711 µL, 5.10 mmol) was added to the solution and the mixture was stirred at room 

temperature for 2 h. Then, the L-glutamine solution and the acylating agent from the previous step 

were combined and stirred for further 20 min. Triethylamine (359 µL, 2.57 mmol) was added and the 

reaction mixture was stirred further at room temperature for 4 h. Afterwards 10% HCl was added until 

pH shown 3 and the mixture was poured into water (25 mL). Extraction was carried out with DCM  

(15 mL × 3) and the organic layer was washed with brine (15 mL), dried (MgSO4) and the solvent was 

removed in vacuo. The raw product 8c/8d was purified via column chromatography over silica gel (35 

g, gradient from DCM : CH3OH – 100 : 0 v/v% to DCM : CH3OH – 60 : 40 v/v%) to give a 8c/8d as 

an off-white solid (yield in 2 steps 1.19 g, 41%).  

 

 

5.1.1.9. Synthesis of N-(12-oxononacosa-9-enoyl)-L-glutamine (9b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55: Synthesis of unsaturated ketone with carboxy function 9a starting from 10-undecenoic 

acid (1a) and octandecanoyl chloride (4a). 

Figure 56: Synthesis of FAC 9b starting from unsaturated ketone with carboxy function 9a and L-

glutamine (1c). 
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A solution of 10-undecenoic acid (0.918 g, 4.98 mmol, 1a) and octadecanoyl chloride (1.52 g,  

5.01 mmol, 4a) in DCM (10 mL) was stirred under N2 (1 atm) at -15 °C for 5 min. Ethylaluminium 

dichloride (1 M in hexane) in equivalent amount of 10 mL (10 mmol) was added dropwise and the 

reaction mixture was stirred at room temperature for 2h. The reaction was quenched with Et2O  

(100 mL) and water (40 mL). Afterwards 10% HCl was dropwise added to dissolve remaining 

aluminium salts. The organic phase was separated, washed with water (30 mL × 3), dried over Na2SO4 

and the solvent was removed under reduced pressure. The raw product was purified by 

recrystallization from acetone to yield β,γ-unsaturated ketone with carboxy functions 9b as a white 

powder (yield 0.208 mg, 9%).  

 Further reaction was carried out by stirring long carbon chain fatty acid 9a (0.208 g, 0.462 mmol) 

with triethylamine (76.9 µL, 0.552 mmol) in THF (3.24 mL). The mixture was cooled to 0 °C,  

2,2-dimethylpropanoyl chloride (61.1 µL, 0.498 mmol) was added and the stirring was continued at 

the same temperature for 2 h. After filtration the filter cake was washed with THF (3.24 mL). The 

collected filtrate and washings were diluted with 1,4-dioxane (2.97 mL) and stored until the next step. 

Simultaneously, for the preparation of 9b, L-glutamine (0.134 g, 0.917 mmol, 1c) was dissolved in 

water (1.08 mL) and triethylamine (128 µL, 0.920 mmol) was added to the solution and the mixture 

was stirred at room temperature for 2 h. Thereafter the same solution and the 9b from the previous 

step were combined and stirred for 20 min. Triethylamine (64.7 µL, 0.464 mmol) was added and the 

reaction mixture was stirred further at room temperature for 4 h. Afterwards 10% HCl was added and 

therefore pH was set to 3. The mixture was transferred into water (25 mL) and extraction was carried 

out with DCM (15 mL × 3) and the organic layer was washed with brine (15 mL), dried over MgSO4 

and the solvent was removed in vacuo. Because of insufficient purity of this crude, further purification 

via column chromatography over silica gel (12 g, gradient from DCM : CH3OH – 100 : 0 v/v% to 

DCM : CH3OH – 60 : 40 v/v%) was needed to obtain 9b as a white solid (yield in 2 steps 16.2 mg, 

1%).   

 

5.1.1.10. Synthesis of of (S)-N-α-octanoyl-L-glutamine (10b) 

 

 

 

 

 

 

       Figure 57: Synthesis of FAC 10b starting from octanoyl chloride (10a) and L-glutamine (1c). 
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Octanoyl chloride (863 µL, 5 mmol, 10a) was dissolved in THF (10 mL) and added dropwise to a 

solution of L-glutamine (0.741 g, 5.07 mmol, 1c) and KOH (0.596 g, 10.6 mmol) in distilled water (10 

mL) over 10 min at room temperature. The reaction mixture was stirred at the same temperature for 22 

h and finally the solvent was evaporated under reduced pressure. The resulting volume of the solution 

of approximately 12.5 mL was adjusted to pH 1 with aqueous HCl solution and the precipitated raw 

product was filtered, washed with water (5 mL) and Et2O (5 mL). The precipitate was further purified 

by recrystallization from ethyl acetate to give a pure product 10 b as a white powder (yield 347 mg, 

26%). 

5.1.1.11. Synthesis of N-(12-hydroxynonadec-9-enoyl)-L-glutamine (11e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58: Synthesis of unsaturated ketone with carboxy function 11a/11b starting from  

10-undecenoic acid (1a) and octanoyl chloride (10a). Reduction of unsaturated ketone with carboxy 

function 11a/11b to hydroxylated fatty acids 11c/11d. 

Figure 59: Synthesis of hydroxylated FACs 11e/11f/11g starting from hydroxylated fatty acid 

11b/11c/11d and L-glutamine (1c). 
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A mixture of 10-undecenoic acid (1.86 g, 10.1 mmol, 1a) and acylating agent octanoyl chloride  

(1.69 g, 10.4 mmol, 10a) in DCM (15 mL) was first prepared. The stirring was performed under N2  

(1 atm) at -15 °C. After 5 min ethylaluminium dichloride (1 M in hexane) in equivalent amount of  

20 mL (20 mmol) was carefully, slowly added to the solution. The reaction mixture was stirred at 

room temperature for 2h and the reaction was quenched with Et2O (200 mL) and water (80 mL). Then 

10% HCl was dropwise added to dissolve remaining aluminium salts. The clear solution was 

transferred into dropping funnel and the organic layer was separated, washed with water (90 mL × 3), 

dried over Na2SO4 and the solvent was removed under reduced pressure. The crude was 

chromatographed over silica gel (63.1 g, gradient from heptane : EtOAc – 90 : 10 v/v% to heptane : 

EtOAc – 40 : 60 v/v%) afforded β,γ-unsaturated ketone with carboxy function 11a/11b as a white 

solid (yield 1.46 g, 47%).  

 In the next step ketone 11a/11b (1.46 g, 4.71 mmol) was reduced using NaBH4 (0.189 g,  

5.01 mmol) in ethanol (40 mL). The reaction mixture was stirred at room temperature for 1.5 h and 

glacial acetic acid was added to destroy an excess NaBH4. The neutralized solution was washed with 

water (40 mL) and the solvent was removed under reduced pressure to give 11c/11d (yield in 2 steps 

1.91 g, 61%). 

 Compounds 11e/11f/11g was prepared by stirring 11b/11c/11d (1.91 g, 6.12 mmol) with 

triethylamine (1.02 mL, 7.34 mmol) in THF (43.1 mL). Pivaloyl chloride (0.813 mL, 6.64 mmol) was 

added at 0 °C and the reaction mixture was stirred at the same temperature for 2 h. After filtration, 

filter cake was rinsed with THF (45 mL). The filtrate and washings were combined and diluted with 

1,4-dioxane (40 mL). Meanwhile, L-glutamine (1.78 g, 12.2 mmol, 1c) was dissolved in water (14.36 

mL) and triethylamine (1.71 mL, 12.2 mmol) was added to the solution. The mixture was stirred at 

room temperature for 2 h. Thereafter this solution and the acylating agent from the previous step were 

combined, stirred for 20 min and triethylamine (0.861 mL, 6.14 mmol) was added. The reaction 

mixture was stirred further at room temperature for 4 h. Then, 10% HCl was added dropwise until pH 

was 3 and the mixture was poured into water (15 mL). For the extraction DCM (30 mL × 3) was used 

and the organic layer was washed with brine (20 mL), dried (MgSO4) and the solvent was removed in 

vacuo. Further purification of crude via column chromatography (gradient from DCM : CH3OH –  

100 : 0 v/v% to DCM : CH3OH – 40 : 60 v/v%) was needed to yield 11e/11f/11g as an off-white solid 

(yield in 3 steps 412 mg, 9%).  

 

5.1.2. Vinca minor und Populus hybrids experiments 

To investigate whether the synthesized eleven compounds act on biosynthetic pathways in plants, the 

substances were dissolved in a mixture of ethanol, a nonionic detergent Tween® 20, and water  

(EtOH : Tween® 20 : H2O – 1 : 0.2 : 8.8 v/v/v). The concentration of the prepared solutions of the 

synthesized substances was 0.4 mM throughout. The experiments were carried out in triplicate, more 
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precisely four leaves from one plant were each punched twice with a hole punch, taking care to treat 

the rather young leaves. The exception was the treatment of compounds 3b, 6c, and 8c/8d, which 

included an additional 10 replicates each, as the experiments were repeated again based on the earlier 

encouraging results. Immediately after punching the leaves, 2.5 µL of each of the previously prepared 

solutions of the synthesized compounds were applied to the wounds with the aid of a pipette. The 

Spodoptera littoralis caterpillars were also applied to the plants for 3 to 4 h. To prevent the caterpillars 

from being eaten by a bird or escaping, they were kept in a tea strainer. The time of feeding the 

caterpillars with the above-mentioned plants was also not exceeded, as they would possibly eat whole 

leaves and no plant material would be provided for extraction and further investigation. Eight days 

later, a harvest and drying at 40 °C of the leaves artificially wounded and treated with the substances 

was carried out. However, to determine after how many days biosynthetic pathways are induced, the 

damaged and treated leaves of V. minor were also harvested after the first, second, third and sixth days 

following by immediate transfer to the drying chamber. Populus hybrids have not been studied in this 

manner. 

 For the determination of natural products in V. minor and Populus hybrids, approximately 20 mg of 

dried leaves were ground in an QIAGEN Tissue Lyser II (30 s-1 for 4 min) giving a green and fine 

powder. Each Eppendorf tube containing the plant material was supplied with 0.5 mL of methanol. 

The mixture was vortexed and then transferred to an ultrasonic bath for 10 min at room temperature. 

Subsequently, to enable the supernatant (extraction solution) to be collected, all Eppendorf tubes were 

centrifuged (15 min, rt, 14000 × g). The extraction procedure described above was repeated a total of 

three times. The combined extracts were dried overnight under a fume hood and the next day the 

remaining solvent was evaporated in a vacuum centrifuge. The remaining residue was weighed and 

brought to a concentration of 10 mg/mL with DMSO. For the HPLC measurement, 50 µL of each 

extract was collected and transferred to a 96-well plate.  
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Figure 61: V. minor plants used for experiments (A). Performing experiments in the triplicate and 

marking with the flags (B). Spodoptera littoralis caterpillars applied to plants (C). V. minor leaves 

wounded by the caterpillars (D). Caterpillars fixed in a tea strainer when feeding on V. minor leaves 

(E). Punched, 11e/11f/11g substance-treated and subsequently dried leaves of Populus hybrids before 

weighing (F). 

Figure 60: Workflow for the extraction of natural products and subsequent the HPLC - measurement. 
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6. Characterization 

6.1. N-(10-Hydroxyundecanoyl)-L-glutamine (1d) 

 

 

Isolated yield: 157 mg (19% in 2 steps).  

 

 

                 Table 4: HRMS (ESI) data of N-(10-hydroxyundecanoyl)-L-glutamine (1d). 

molecular ion calculated m/z found m/z 

[M-H]- 329.2082 329.2089 

[M+H]+ 331.2227 331.2226 

[M+Na]+ 353.2047 353.2048 

[M+K]+ 369.1786 369.1785 

[2M-H]- 659.4237 659.4247 

[2M+Na]+ 683.4202 683.4199 

 

 

                      Table 5: NMR data of N-(10-hydroxyundecanoyl)-L-glutamine (1d). 

position N-(10-Hydroxyundecanoyl)-L-glutamine (1d) 

1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 - 176.5 (s) 

2 2.25 (2H, t, J = 7.5 Hz) 37.1 (t) 

3 1.62 (2H, m) 27.0 (t) 

4 - 8 1.21 – 1.45 (10H, m) 28.4 (t)/30.4 (t)/30.5 (t)/30.7 (t)/30.9 (t) 

9 1.21 – 1.45 (2H, m) 40.4 (t) 

10 3.70 (1H, tq, J = 6.3, 5.8 Hz) 68.7 (d) 

11 1.14 (3H, d, J = 6.0 Hz) 23.6 (q) 

1´ - 175.7 (s) 

2´ 4.37 (1H, dd, J = 8.7, 5.0 Hz) 53.8 (d) 

3´a 

3´b 

1.94 (1H, ddt, J = 16.2, 8.1, 5.8 Hz) 

2.16 (1H, ddt, J = 16.2, 8.1, 5.8 Hz) 

28.9 (t) 

4´ 2.31 (2H, dd, J = 8.7, 7.3, 5.8 Hz) 33.0 (t) 

5´ - 178.0 (s) 
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6.2. (S)-N-α-Undec-10-enoyl-L-glutamine (2b) 

 

 

Isolated yield:  0.980 g (31%). 

 

 

 

                        Table 6: HRMS (ESI) of (S)-N-α-undec-10-enoyl-L-glutamine (2b). 

molecular ion calculated m/z found m/z 

[M+H]+ 313.2122 313.2099 

[M+Na]+ 335.1941 335.1935 

[M+K]+ 351.1681 351.1597 

[M+2Na-H]+ 357.1761 357.1755 

 

 

                        Table 7: NMR data of (S)-N-α-undec-10-enoyl-L-glutamine (2b). 

position (S)-N-α-Undec-10-enoyl-L-glutamine (2b) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD)  

δ 13C (ppm) 

1 8.19 (1H, d, J = 7.5 Hz, CON – H) 175.1 (s) 

2 2.25 (2H, t, J = 7.6 Hz) 37.0 (t)  

3 1.57 – 1.65 (2H, m) 27.0 (t) 

4 - 7 1.32 – 1.40 (8H, m) 30.3 – 30.6 (t) 

8 1.57 – 1.65 (2H, m) 30.3 – 30.6 (t) 

9 2.01 – 2.06 (2H, m) 35.0 (t) 

10 5.81 (1H, ddt, J = 17.1, 10.2, 6.7 Hz) 140.3 (d) 

11´a 

11´b 

4.91 (1H, dd, J = 13.6, 1.3 Hz) 

4.98 (1H, dd, J = 13.6, 1.3 Hz) 

114.8 (t) 

1´ - 177.8 (s) 

2´ 4.39 (1H, dd, J = 5.0, 9.1 Hz) 53.4 (d) 

3´a 

3´b 

1.95 (1H, dtd, J = 14.0, 8.2, 5.8 Hz) 

2.16 (1H, dtd, J = 14.0, 8.2, 5.8 Hz) 

28.7 (t) 

4´ 2.27 – 2.36 (2H, m) 32.9 (t) 

5´ 6.78 (1H, s, CON – H2) 

7.56 (1H, s, CON – H2) 

176.6 (s) 
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6.3. N-((9Z)-Octadec-9-enoyl)-L-glutamine (3b) 

 

 

Isolated yield:  157 mg (8%).  

 

 

 

                          Table 8: HRMS (ESI) of N-((9Z)-octadec-9-enoyl)-L-glutamine (3b). 

molecular ion calculated m/z found m/z 

[M+Na]+ 433.3037 433.3038 

[2M+Na]+ 843.6181 843.6175 

 

 

                            Table 9: NMR data of N-((9Z)-octadec-9-enoyl)-L-glutamine (3b). 

position N-((9Z)-Octadec-9-enoyl)-L-glutamine (3b) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 7.94 (1H, d, J = 7.64 Hz, CON – H) 176.3 (s) 

2 2.24 (2H, t, J = 7. 6 Hz) 37.2 (t) 

3 1.60 – 1.65 (2H, m) 27.1 (t) 

4 – 7, 12 - 15 1.21 – 1.33 (16H, m) 30.4 - 31.0 (t) 

8, 11 2.03 (4H, dt, J = 8.9, 6.8 Hz) 28.3 (t) 

9 - 10 5.30 – 5.41 (2H, m) 131.0 (d) 

16 1.21 – 1.33 (2H, m) 33.1 (t) 

17 1.21 – 1.33 (2H, m) 23.9 (t) 

18 0.90 (3H, t, J = 7.0 Hz) 14.6 (q) 

1´ - 178.2 (s) 

2´ 4.35 (1H, dd, J = 8.4, 5.1 Hz) 54.3 (d) 

3´a 

3´b 

1.95 (1H, dtd, J = 14.6, 7.9, 5.7 Hz) 

2.14 (1H, dtd, J = 14.6, 7.9, 5.7 Hz) 

29.4 (t) 

4´ 2.29 (2H, dd, J = 15.8, 6.8 Hz) 33.2 (t) 

5´ 6.75 (1H, s, CON – H2) 

7.58 (1H, s, CON – H2) 

176.3 (s) 
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6.4. (S)-N-α-Octadecanoyl-L-glutamine (4b)  

 

 

Isolated yield:  1.64 g (40%).  

 

 

 

                           Table 10: HRMS (ESI) of (S)-N-α-octadecanoyl-L-glutamine (4b). 

molecular ion calculated m/z found m/z 

[M+H]+ 413.3374 413.3364 

[M+Na]+ 435.3193 435.3183 

[M+K]+ 451.2933 451.2920 

[M+2Na-H]+ 457.3013 457.3001 

 

 

                            Table 11: NMR data of (S)-N-α-octadecanoyl-L-glutamine (4b). 

position (S)-N-α-Octadecanoyl-L-glutamine (4b) 

 1H-NMR (600 MHz, DMSO) 

δ 1H (ppm) 

13C-NMR (150 MHz, DMSO) 

δ 13C (ppm) 

1 8.00 (1H, d, J = 7.6 Hz, CON – H) 172.3 (s) 

2 2.17 (2H, t, J = 7.4 Hz) 35.1 (t) 

3 1.43 – 1.51 (2H, m) 28.5-29.0 (t) 

4 - 16 1.13 – 1.33 (26H, m) 24.5/28.5-29.0/31.3/33.7 (t) 

17 1.13 – 1.33 (2H, m) 22.1 (t) 

18 0.85 (3H, t, J = 6.9 Hz) 13.9 (q) 

1´ 12.09 (1H, br s, O - H) 173.5 (s) 

2´ 4.12 (1H, dd, J = 14.9, 6.8 Hz) 51.5 (d) 

3´a 

3´b 

1.72 (1H, dtd, J = 13.9, 8.2, 6.0 Hz) 

1.91 (1H, dtd, J = 13.9, 8.2, 6.0 Hz) 

26.9 (t) 

4´ 2.09 (2H, dd, J = 6.9 Hz) 31.4 (t) 

5´ 6.73 (1H, s, CON – H2) 

7.27 (1H, s, CON – H2) 

173.5 (s) 
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6.5. N-(Heptanoyl)-L-glutamine (5c) 

 

 

Isolated yield: 947 mg (28% in 2 steps).  

 

 

 

                               Table 12: HRMS (ESI) of N-(heptanoyl)-L-glutamine (5c). 

molecular ion calculated m/z found m/z 

[M+H]+ 259.1652 259.1650 

[M+Na]+ 281.1472 281.1468 

[2M+H]+ 517.3232 517.3227 

 

 

                                  Table 13: NMR data of N-(heptanoyl)-L-glutamine (5c). 

position N-(Heptanoyl)-L-glutamine (5c) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 8.19 (1H, d, J = 8.7 Hz, CON – H) 176.4 (s) 

2 2.25 (2H, t, J = 7.5 Hz) 36.8 (t) 

3 1.60 – 1.64 (2H, m) 26.8 (t) 

4 1.30 – 1.38 (6H, m) 30.0 (t) 

5 1.30 – 1.38 (6H, m) 32.7 (t) 

6 1.30 – 1.38 (6H, m) 23.6 (t) 

7 0.91 (3H, t, J = 6.7 Hz) 14.4 (q) 

1´ - 175.0 (s) 

2´ 4.34 – 4.40 (1H, m) 53.3 (d) 

3´a 

3´b 

1.91 – 1.98 (1H, m) 

2.14 – 2.19 (1H, m) 

28.5 (t) 

4´ 2.27 – 2.37 (2H, m) 32.8 (t) 

5´ 6.80 (1H, s, CON – H2) 

7.57 (1H, s, CON – H2) 

177.7 (s) 
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6.6. N-(Pent-2-enoyl)-L-glutamine (6c) 

 

 

Isolated yield: 282 mg (31% in 2 steps).  

 

 

 

                              Table 14: HRMS (ESI) of N-(pent-2-enoyl)-L-glutamine (6c). 

molecular ion calculated m/z found m/z 

[M+Na]+ 251.1002 251.1001 

[M+H]+ 229.1183 229.1179 

 

 

                                 Table 15: NMR data of N-(pent-2-enoyl)-L-glutamine (6c). 

position                     N-(Pent-2-enoyl)-L-glutamine (6c) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 - 168.5 (s) 

2 6.01 (1H, d, J =24.8 Hz) 123.7 (d) 

3 6.84 (1H, dt, J = 15.4 Hz, 6.4 Hz) 147.4 (d) 

4 2.22 (2H, m) 26.1 (t) 

5 1.08 (3H, t, J = 7.4 Hz) 12.8 (t) 

1´ - 178.1 (s) 

2´ 4.40 (1H, dd, J = 8.3 Hz, 5.0 Hz) 54.5 (d) 

3´a 

3´b 

1.94 (1H, m) 

2.20 (1H, m) 

29.4 (t) 

4´ 2.35 (2H, m) 33.0 (t) 

5´ - 181.0 (s) 
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6.7. N-(Hept-2-enoyl)-L-glutamine (7c) 

 

 

 

Isolated yield: 197 mg (19% in 2 steps). 

 

 

 

                             Table 16: HRMS (ESI) of N-(hept-2-enoyl)-L-glutamine (7c). 

molecular ion calculated m/z found m/z 

[M+H]+ 257.1496 257.1494 

[M+Na]+ 279.1315 279.1315 

[M+2Na+H]+ 301.1135 301.1131 

[2M+Na]+ 535.2738 535.2734 

 

 

Table 17: NMR data of N-(hept-2-enoyl)-L-glutamine (7c). 

position N-(Hept-2-enoyl)-L-glutamine (7c) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 8.20 (1H, m, CON – H) 168.9 (s) 

2 6.00 (1H, d, J = 15.4 Hz) 124.3 (d) 

3 6.81 (1H, dt, J = 15.4, 7.0 Hz) 146.3 (d) 

4 2.14 – 2.24 (2H, m) 32.7 (t) 

5 1.46 (2H, quin, J = 7.4 Hz) 31.6 (t) 

6 1.37 (2H, sext, J = 7.3 Hz) 23.2 (t) 

7 0.94 (3H, t, J = 7.3 Hz) 14.2 (q) 

1´ - 175.1 (s) 

2´ 4.45 (1H, dd, J = 8.7, 4.9 Hz) 53.4 (d) 

3´a 

3´b 

1.94 – 2.00 (1H, m) 

2.14 – 2.24 (1H, m) 

28.7 (t) 

 

4´ 2.32 (2H, dd, J = 14.9, 7.2 Hz) 32.7 (t) 

5´ 6.96 (1H, m, CON – H2) 

7.57 (1H, m, CON – H2) 

177.7 (s) 
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6.8. N-(9-(1´´-Oxooctadecanoyl)-octadec-10-enoyl)-L-glutamine (8c) and  

N-(10-(1´´-Oxooctadecanoyl)-octadec-8-enoyl)-L-glutamine (8d) 

 

 

8c 

 

 

 

8d 

 

 

Isolated yield: 1.19 g (41% in 2 steps) 

 

 

Table 18: HRMS (ESI) of N-(9-(1´´-oxooctadecanoyl)-octadec-10-enoyl)-L-glutamine (8c) and N-(10-

(1´´-oxooctadecanoyl)-octadec-8-enoyl)-L-glutamine (8d). 

molecular ion calculated m/z found m/z 

[M+H+K]2+ 358.2729 358.2688 

[M+H]+ 677.5827 677.5828 

[M+Na]+ 699.5646 699.5645 

[M+K]+ 451.2933 451.2920 

[2M+Na]+ 1376.1401 1376.1424 
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Table 19: NMR data of N-(9-(1´´-oxooctadecanoyl)-octadec-10-enoyl)-L-glutamine (8c) and N-(10-

(1´´-oxooctadecanoyl)-octadec-8-enoyl)- L-glutamine (8d). Unless otherwise noted, the shifts refer to 

all two compounds. Abbreviation “n.d.” means “not defined”. 

position N-(9-(1´´-Oxooctadecanoyl)-octadec-10-enoyl)-L-glutamine (8c) and 

N-(10-(1´´-Oxooctadecanoyl)-octadec-8-enoyl)-L-glutamine (8d) 

 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 - n.d. 

1´´ - n.d. 

2, 2´´ 2.29 – 2.55 (2×4H, m) 36.1/ 41.5 (t) 

3, 3´´ 1.47 – 1.67 (2×4H, m) 25.6/24.0 (t) 

7 (for 8d), 12 (for 8c) 

6 (for 8d), 13 (for 8c) 

1.97 – 2.01 (2×2H, m) 

1.44 (2×2H, m) 

32.6 (t) 

28.8 – 29.7 (t) 

9 (for 8c), 10 (for 8d) 2.98 – 3.00 (2×1H, m) 56.8 (d) 

9 (for 8d), 10 (for 8c) 

8 (for 8d), 11 (for 8c) 

5.20 – 5.35 (2×1H, m) 

5.48 – 5.55 (2×1H, m) 

128.0 (d) 

134.5 (d) 

8 (for 8c), 11 (for 8d) 1.47 – 1.67 (2×2H, m) 28.8 – 29.7 (t) 

4 – 7 (for 8c)  

4 – 5 (for 8d) 

14 – 17 (for 8c) 

12 – 17 (for 8d)  

4´´ – 17´´ 

1.14 - 1.38 (8H, m) 

1.14 - 1.38 (4H, m) 

1.14 - 1.38 (8H, m) 

1.14 - 1.38 (12H, m) 

1.14 - 1.38 (2×28H, m) 

28.8 – 29.7/26.5 (t) 

28.8 – 29.7 (t) 

28.8 – 29.7/31.9/23.0 (t) 

26.5/28.8 – 29.7/31.9/23.0 (t) 

28.8 – 29.7/31.9/23.0 (t) 

18, 18´´  0.86 (2×6H, t, J = 6.7 Hz) 14.1 (q) 

1´ - n.d. 

2´ 4.47 - 4.63 (2×1H, m) 52.4 (d) 

3´a 

3´b 

1.98 (1H, m) 

2.19 – 2.38 (1H, m) 

27.2 (t) 

 

4´ 2.50 – 2.55 (2×2H, m) 31.4 (t) 

5´ - n.d. 
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6.9. N-(12-Oxononacosa-9-enoyl)-L-glutamine (9b) 

 

 

Isolated yield:  16.2 mg (1% in 2 steps).  

 

 

                   Table 20: HRMS (ESI) of N-(12-oxononacosa-9-enoyl)-L-glutamine (9b). 

molecular ion calculated m/z found m/z 

[M+H]+ 579.4731 579.4731 

[M+Na]+ 601.4551 601.4551 

[M+2Na+H]+ 623.4370 623.4372 

[2M+Na]+ 1179.9210 1179.9208 

 

Table 21: NMR data of N-(12-oxononacosa-9-enoyl)-L-glutamine (9b). Abbreviation “n.d.” means 

“not defined”. 

position N-(12-Oxononacosa-9-enoyl)-L-glutamine (9b) 

 1H-NMR (600 MHz, CDCl3) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 8.08 (1H, m, CON – H) n.d. 

2 1.91 – 2.31 (2H, m) 36.3 (t) 

3 1.53 – 1.66 (2H, m) 24.1 (t) 

4 1.23 – 1.31 (2H, m) 29.0 – 29.9 (t) 

5 1.23 – 1.31 (2H, m) 29.0 – 29.9 (t) 

6 1.23 – 1.31 (2H, m) 29.0 – 29.9 (t) 

7 1.39 – 1.43 (2H, m) 29.0 – 29.9 (t) 

8 1.91 – 2.31 (2H, m) 32.3 (t) 

9 5.45 – 5.51 (1H, m) 135.1 (d) 

10 5.45 – 5.51 (1H, m) 121.9 (d) 

11 3.07 – 3.10 (2H, m) 46.9 (t) 

12 - n.d. 

13 2.38 – 2.42 (2H, m) 42.5 (t) 

14 1.53 – 1.66 (2H, m) 24.0 (t) 

15 - 26 1.23 – 1.31 (24H, m) 29.0 – 29.9 (t) 

27 1.23 – 1.31 (2H, m) 32.1 (t) 

28 1.23 – 1.31 (2H, m) 22.9 (t) 

29 0.86 (3H, t, J = 6.9 Hz) 14.3 (q) 

1´ - n.d. 

2´ 4.17 – 4.23 (1H, m) 57.0 (d) 

3´ 1.91 – 2.31 (2H, m) 32.4 (t) 

4´ 2.32 – 2.34 (2H, m) 36.4 (t) 

5´ - n.d. 
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6.10. (S)-N-α-Octanoyl-L-glutamine (10b) 

 

 

Isolated yield: 347 mg (26%). 

 

 

 

                        Table 22: HRMS (ESI) of (S)-N-α-octanoyl-L-glutamine (10b). 

 

 

                         Table 23: NMR data of (S)-N-α-octanoyl-L-glutamine (10b). 

 

 

 

molecular ion calculated m/z found m/z 

[M+H+K]2+ 156.0720 156.0679 

[M+H]+ 273.1809 273.1809 

[M+Na]+ 295.1628 295.1630 

[2M+Na]+ 567.3364 567.3361 

position (S)-N-α-octanoyl-L-glutamine (10b) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 8.20 (1H, d, J = 8.2 Hz, CON – H) 176.6 (s) 

2 2.25 (2H, t, J = 7.5 Hz) 37.0 (t) 

3 1.57 – 1.65 (2H, m) 27.0 (t) 

4 1.26 – 1.37 (2H, m) 30.3 (t) 

5 1.26 – 1.37 (2H, m) 30.4 (t) 

6 1.26 – 1.37 (2H, m) 32.9 (t) 

7 1.26 – 1.37 (2H, m) 23.8 (t) 

8 0.90 (3H, t, J = 7.1 Hz) 14.5 (q) 

1´ - 175.1 (s) 

2´ 4.39 (1H, dd, J = 9.1, 5.0 Hz) 53.4 (d) 

3´a 

3´b 

1.94 (1H, dtd, J = 13.8, 8.4, 5.7 Hz) 

2.16 (1H, dtd, J = 13.8, 8.4, 5.7 Hz) 

28.6 (t) 

 

4´ 2.31 (2H, dd, J = 6.8, 4.7 Hz) 33.0 (t) 

5´ 6.80 (1H, s, CON – H2) 

7.57 (1H, s, CON – H2) 

177.8 (s) 
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6.11. N-(12-Hydroxynonadec-9-enoyl)-L-glutamine (11e), N-(12-Oxononadec-

10-enoyl)-L-glutamine (11f) and N-(12-Hydroxynonadec-10-enoyl)-L-

glutamine (11g)  

 

 

11e 

 

 

 

11f 

 

 

 

11g 

 

 

Isolated yield: 412 mg (9% in 3 steps).  

 

Table 24: HRMS (ESI) of N-(12-hydroxynonadec-9-enoyl)- L-glutamine (11e) or N-(12-

hydroxynonadec-10-enoyl)-L-glutamine (11g). 

molecular ion calculated m/z found m/z 

[M+Na]+ 463.3148 463.3141 

[M+H]+ 441.3328 441.3315 
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Table 25: NMR data of N-(12-hydroxynonadec-9-enoyl)-L-glutamine (11e), N-(12-oxononadec-10-

enoyl)-L-glutamine (11f) and N-(12-hydroxynonadec-10-enoyl)-L-glutamine (11g). Unless otherwise 

noted, the shifts refer to all three compounds. Abbreviation “n.d.” means “not defined”. 

position N-(12-Hydroxynonadec-9-enoyl)-L-glutamine (11e), N-(12-Oxononadec-10-enoyl)-L-

glutamine (11f) and N-(12-Hydroxynonadec-10-enoyl)-L-glutamine (11g) 

 1H-NMR (600 MHz, CD3OD) 

δ 1H (ppm) 

13C-NMR (150 MHz, CD3OD) 

δ 13C (ppm) 

1 - 178.0 (s) 

2 2.24 (3×2H, t, J =7.5) 38.6 (t) 

3 1.57 – 1.66 (3×2H, m) 26.7 (t) 

4 1.34 (3×2H, m) 30.03 – 31.01 (t) 

5 – 6 

7 

1.31 - 1.34 (3×4H, m) 

1.31 - 1.34 (for 11f & 11g, 2×2H, m), 

30.03 – 31.01 (t) 

30.03 – 31.01 (t) 

 1.43 – 1.52 (for 11e, 2H, m) 30.03 – 31.01 (t) 

8 1.49 (for 11f & 11g, 2×2H, m) 

2.01 (for 11e, 2H, m) 

30.03 – 31.01 (t) 

29.4 (t) 

9 2.03 (for 11g, 2H, m) 

2.26 (for 11f, 2H, m) 

5.44 (for 11e, 1H, m) 

29.4 (t) 

32.9 (t) 

134.6 (d) 

10 5.45 (for 11e, 1H, m) 

5.59 (for 11g, 1H, m) 

6.92 (for 11f, 1H, m) 

127.8 (d) 

135.5 (d) 

150.7 (d) 

11 2.14 (for 11e, 2H, m) 

5.40 (for 11g, 1H, m) 

6.13 (for 11f, 1H, m) 

41.6 (t) 

134.7 (d) 

131.7 (d) 

12 3.52 (for 11e, 1H, m) 

3.94 (for 11g, 1H, m) 

- 

72.9 (d) 

73.9 (d) 

n.d. 

13 1.37 (for 11e, 2H, m) 

1.47 (for 11g, 2H, m) 

2.58 (for 11f, 2H, m) 

37.8 (t) 

37.8 (t) 

40.7 (t) 

14 1.43 – 1.52 (3×2H, m) 23.9 (t) 

15 1.31 - 1.34 (3×2H, m) 28.9 (t) 

16 1.31 - 1.34 (3×2H, m) 30.0 – 31.0 (t) 

17 1.31 - 1.34 (3×2H, m) 33.0 (t) 

18 1.31 - 1.34 (3×2H, m) 23.8 (t) 

19 0.90 (3×3H, t, J = 6.9 Hz) 14.6 (q) 

1´ - 175.3 (s) 

2´ 4.37 (3×1H, dd, J = 8.8, 5.0 Hz) 53.6 (d) 

3´a 

3´b 

1.94 (3×1H, m) 

2.16 (3×1H, m) 

28.9 (t) 

 

4´ 2.32 (3×2H, m) 33.2 (t) 

5´ - 176.52 (s) 
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