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Title: Structural elucidation of secondary metabolites from Hypoxylon fragiforme, 
using high resolution mass spectrometry and gas-phase ion-molecule reactions 

SUMMARY 

Fungi produce a wide variety of biologically active compounds/metabolites that 

could be used for medicinal and pharmaceutical purposes. Mitorubrines, members of 

the family of azaphilones, constitute a particularly interesting set of structurally 

diverse secondary metabolites, exhibiting a wide range of biological activities (e.g. 

antimicrobial, antibacterial, antimalarial). This work describes the development of 

several mass spectrometry-based approaches to solve the natural structural diversity 

and complexity of azaphilones extracted from Hypoxylon fragiforme fungus. 

The first part of this manuscript is dedicated to the development and validation of an 

analytical methodology involving liquid chromatography coupled to high resolution 

mass spectrometry for the efficient and accurate detection of trace-level azaphilones 

in complex fungal extracts. Further collision-induced dissociation and 

hydrogen/deuterium exchange experiments were performed to fully elucidate and 

characterize the azaphilones and their nitrogenized analogues from Hypoxylon 

fragiforme. 

The second part is devoted to the application of these different analytical strategies to 

the in-depth characterization of a novel family of secondary metabolites derived 

from azaphilones, the mitorubramines. 

Lastly, these different secondary metabolites were further purified to confirm their 

chemical structures by NMR spectroscopy. 

Keywords: Azaphilone; mitorubramines; Hypoxylon fragiforme; LC-ESI-MS; LTQ-

Orbitrap; MSn; triple quadripole; gas-phase H/D exchange. 

 

 



4 
 

Titre : Elucidation de la structure des métabolites secondaires d’Hypoxylon fragiforme 
par spectrométrie de masse haute résolution et réactions ions-molécules en phase 
gazeuse 

RESUME 

Les champignons produisent une grande variété de composés/métabolites 

biologiquement actifs qui peuvent être utilisés à des fins médicinales et 

pharmaceutiques. Les mitorubrines, membres de la famille des azaphilones, 

constituent un ensemble particulièrement intéressant de métabolites secondaires, 

présentant une grande étendue d’activités biologiques (e.g. antimicrobienne, 

antibactérienne, antipaludique). Ce travail présente le développement de plusieurs 

approches de spectrométrie de masse permettant de résoudre la diversité structurelle 

naturelle et la complexité des azaphilones extraits des champignons Hypoxylon 

fragiforme. 

La première partie de ce manuscrit est dédiée au développement et à la validation 

d’une méthodologie analytique impliquant la chromatographie liquide couplée à la 

spectrométrie de masse haute résolution pour la détection efficace et précise de traces 

d’azaphilones dans des extraits fongiques complexes. En outre, des expériences de 

spectrométrie de masse en mode tandem (par dissociation induite par collision, CID) 

et d'échange hydrogène/deutérium ont été effectuées pour élucider et caractériser les 

azaphilones et leurs analogues azotés chez Hypoxylon fragiforme. 

La deuxième partie est consacrée à l'application de ces différentes stratégies 

analytiques pour la caractérisation approfondie d'une nouvelle famille de 

métabolites secondaires dérivés des azaphilones, les mitorubramines. 

Enfin, ces différents métabolites secondaires ont été purifiés pour confirmer leur 

structure chimique par spectroscopie RMN. 

Mots-clés : Azaphilone; mitorubramines; Hypoxylon fragiforme; LC-ESI-MS; LTQ-

Orbitrap; MSn; triple quadripole; échanges H/D en phase gazeuse. 
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Preface 

Fungi have been used in medical purposes for a long time. They have evolved 

secondary metabolic pathways with the capacity to produce a various compounds 

displaying an impressive array of biological activity. The fact that these metabolites 

or their derivatives have pharmacological functions in the treatment of human 

diseases has been the cornerstone of new lead discovery for decades. 

The chemical composition and bioactivities of many native fungi has not yet been 

studied in detail, though it has become a trend in the last two decades. Interestingly, 

fungi lack a protective outer layer, such as epidermis or bark, and are forced to rely 

only on their chemical defensive mechanisms to be able to survive in their 

environmental conditions. It is precisely these defensive chemicals that play a great 

role in many bioactivities. Many of such secondary metabolites have been 

determined in the sense of their chemical structure and bioactivities, but there is 

unlimited number metabolites still waiting to be explored. 

Ascomyceteous fungi, Xylariaceae shows a rich spectrum of secondary metabolites 

too. Its particularity is that they also produce an interesting set of secondary 

metabolites, azaphilones. Azaphilones presents a structurally diverse class of fungal 

secondary metabolites (polyketide derivatives), namely pigments with pyrone-

quinone structures containing a highly oxygenated bicyclical core and a chiral 

quaternary centre.* In the wide research of these compounds it was revealed that 

they show a wide spectrum of biological activities. It was also revealed that these 

secondary metabolites are often characteristic for the certain families, genus or 

species.† 

Over the past decade, methods that offer both high accuracy and sensitivity for the 

measurement of highly complex mixtures of compounds have been established. Mass 

spectrometry has become a method of choice for identification of unknown 

compounds. Compared with the gas-chromatography (GC) technologies, liquid 

chromatography (LC) interfaced with mass spectrometry (MS) offers several distinct 

advantages. Whereas GC based approaches can only be used with volatile 

compounds or compounds, liquid chromatography-mass spectrometry (LC–MS) can 

be adapted to a wider array of molecules, including a range of secondary 

metabolites.‡ Since the interface of high performance liquid chromatography (HPLC) 

                                                 
* Natalia Osmanova • Wulf Schultze • Nahla Ayoub Azaphilones: a class of fungal 
metabolites with diverse biological activities Phytochem Rev (2010) 9:315–342 
†
 Stadler M Importance of secondary metabolites in the Xylariaceae as parameters for 

assessment of their taxonomy, phylogeny, and functional biodiversity Current Research in 

Environmental & Applied Mycology Doi 10.5943/cream/1/2/1 
‡ Alisdair R. Fernie, Richard N. Trethewey, Arno J. Krotzky and Lothar Willmitzer; Metabolite profiling: from 
diagnostics to systems biology. NATURE REVIEWS, MOLECULAR CELL BIOLOGY, VOLUME 5 | SEPTEMBER 2004 
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and MS, it has also become a useful technique for analyzing complex matrixes, such 

as soils, plants, fungi, microorganisms, diverse biological fluids, etc. Since invent of 

metabolomics and metabolite profiling, mass spectrometry has become one of the 

principal methods used in chemotaxonomy of plants, yeast, molds and fungi. 

In the study of primary and secondary metabolites, two approaches are commonly 

used: metabolic fingerprinting and metabolic profiling. Metabolic fingerprinting 

means the analysis of metabolites with no consideration of condition optimization for 

molecules of interest, since all the detected metabolites are of interest, even their 

structural identification is not. Metabolic profiling means analysis of smaller number 

of already defined metabolites under the already defined conditions.* In the last 

twenty to thirty years a classification of Xylariaceae using metabolite profiling 

underwent expansion. Many different species were classified based on their 

secondary metabolite profiles and some new genera were also divided on several 

new ones. 

Our contribution by this work primarily to the chemistry of natural compounds and 

furthermore to the mycochemistry and mycology is to give more information on the 

chemical structures of azaphilones from Hypoxylon fragiforme, a specie from family of 

Xylariaceae, and to reveal a new secondary metabolites from this fungi, by using 

mass spectrometry techniques, as they are frequently utilized in this domain. Beside 

the LC-MS, a high resolution mass spectrometry (HR/MS), collision induced 

dissociation (CID) and gas-phase ion-molecule reactions (IMR), such as 

hydrogen/deuterium (H/D) exchange have been utilized in elucidating the structure 

of known and newly discovered azaphilones. 

                                                 
* Fiehn O., Combining genomics, metabolome analysis and biochemical modeling to understand metabolic 
networks, Comparative and Functional Genomics, 2001, 2:155-168 
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General part 

1. Natural products 

In the first chapter of the manuscript, concerning the chemical richness of fungal 

kingdom, we do a small overview about several species from this kingdom. This part 

gives a better insight into which position and role the azaphilones have, among the 

different families of natural chemical compounds existing in these samples. Such 

bibliography is useful in understanding the importance of such natural products for 

human race. 

1.1 Fungi and its significance 

Microorganisms such as yeasts, molds and mushrooms are classified as a kingdom of 

fungi separated from plants, animals, and bacteria. Major difference is that fungal 

cell walls contain chitin (polymer of N-acetylglucosamine), like arthropods, 

nematodes and insects,[1] while the cell walls of plants contain cellulose. These and 

other differences, such as living and reproduction style classify fungi and related 

organisms in a single group, Eumycota.[2] 

Although widespread over the world, most fungi are inconspicuous because of its 

small size, and underground lifestyles. Often fungi are located on dead matter or live 

in symbiosis with plants, animals or other fungi. They play an important role in the 

decomposition of organic matter and are fundamental roles in nutrition cycling. [3, 4] 

Fungi have been used in medical purposes for a long time. They shows a wide range 

of biological activities[5], due to the presence of active organic compounds produced 

during the metabolism for different purposes, such as secondary metabolites or other 

extrolites*, often produced for defense and protection against environmental danger. 

Frisvad gave a definition extrolites: “Extrolite is an ecological term for outwards directed 

metabolites that potentially can play a role in the interaction between organisms.”[6] 

                                                 
* According to the initial definition (Samson & Frisvad, 2004), the term “extrolites” includes secondary metabolites, 

but is not restricted to them (Extrolites is an ecological term for outwards directed metabolites that 
potentially can play a role in the interaction between organisms (Frisvad et al. 2004, 2007)) 
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 Since the dawn of medicine, compounds derived from animals, plants and microbes 

have been used as therapeutic agents. Prior to the 1800’s, the active constituents of 

most medicines, which were generally plant-based, were unknown. 

Commercialization of the antibiotic penicillin in the 1940’s was arguably the most 

significant milestone in drug discovery research, as it spurred enormous efforts in 

this field. As a result, about 40% of today’s therapeutic agents are derived from 

biological sources. Fungi show a various biological activities such as antimicrobial, 

antiparasitic, antitumor[7], antifungal, antioxidant[8], antiviral, anti-HIV[9] etc. 

Indeed, a recent literature survey found that over 1500 fungal metabolites, 

characterized between 1993 and 2001 that have been found to exhibit antibiotic or 

antitumor activity.  

1.2 The Xylariaceae family 

On the basis of an estimated 1.5 million species,[10] the number of fungi in the world 

represents, after the insects and probably the bacteria, one of greatest but 

underutilized living resources. Only 5% of these have been formally classified, which 

is about 72,000 species.[11]  

The fungus kingdom includes an enormous diversity of taxa with various ecologies, 

life style strategies and morphologies ranging from single-celled aquatic fungi to 

large mushrooms. During 18th and 19th century fungi have been classified according 

to their morphology (e.g., characteristics such as spore color or microscopic features). 

Nowadays, DNA analysis and various instrumental analytical methods are included 

in the taxonomy. Phylogenetic studies[12] published in the last decade have helped 

the classification of fungal kingdom (Figure 1), which is divided into nine 

subkingdom, seven phyla, and ten subphyla. As a subkingdom of Fungi, Dikarya is 

divided on two phyla, Ascomycota and Basidiomycota. They include most of so 

called "higher fungi", but also many anamorphic species that have been classified as 

molds in earlier literature. 
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Figure 1:  Phylogenetic tree and taxonomy of Fungi.[13] 

 

The Xylariaceae (Xylariales, Ascomycotina) is a large family that belongs to the phyla 

Acomycota and comprises around 40 genera.[11, 14] It has its representatives in the 

most countries of the world, and they exhibit its greatest diversity in the tropical 

regions.[15] As a result of comparative taxonomic studies, including biochemical, 

cultural and chemical approaches, there is now a reasonable understanding of 

species boundaries and intergeneric relationships within the family.  

The Xylariaceae are a family of mostly small ascomyceteous fungi. It is one of the 

most commonly encountered groups of ascomycetes and is found throughout the 

temperate and tropical climate regions. They are typically found on wood, seeds, 

fruits, or plant leaves. Most of these decay woods and are plant pathogens.[15, 16] 

In general, the fruiting body of Xylariaceae fungus is consisted of stroma (Figure 2), 

perithecia, asci*, ascospore† and anamorphs‡. Stroma is the connective tissue 

framework of an organ or other structure of fruiting body. Perithecia is a small flask-

shaped fruiting body in some ascomycete fungi that encloses the asci (spore sacs), 

and that can be embedded in the conspicuous stroma at Xyalariaceae. 

                                                 
* Asci - sexual spore-bearing cell; plural-ascus 
† Ascospore - spore placed in an ascus, or productof an ascus 
‡ Anamorphs - life stage of fungus when it produces sexual spores; There exist teleomorphs, sexual 
reproductive stage (fruiting body), and holomorphs, the whole fungus, with anamorph and teleomorph 
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Figure 2: Example of the vertical section of a) stroma, b) anamorph and c) ascospore of some Hypoxylon, 

Xylariaceae [17] 

 

The considerable variation in general stromatal morphology in certain species of 

genus Xylaria has in the past resulted in putting the same species in separate taxa. 

[18, 19] In developing a modern systematic arrangement within the family, 

teleomorphic features such as stromal form and color, type of ostiole*, structure of 

the asci, shape and dimensions of ascospores etc., have all proved to be useful 

taxonomic characters.[14] Examination of the anamorphs, when these are produced, 

has also provided a valuable source of taxonomic characters. In the absence of a 

realistic inventory of the Xylariaceous genera it is still not possible to accurately 

assess the number of existing species or to predict with confidence how many species 

might be expected.[20]  

1.3 General and ecological aspect of Xylariaceae 

Morphological and anatomical features of the stroma have been traditionally used in 

generic classification of the Xylariaceae. The ascospores† are designed to survive in 

the environment for a long time after discharge, and the germ slit allows a rapid 

germination under favorable conditions. Production of many species is not as 

dependent on the season as of the sexual stages, and may occur several times 

throughout the vegetation period under favorable conditions. [7]  

Xylariaceae have long been considered to be wood-destroying or coprophilous 

saprobes, aside from a few facultative tree parasites. A frequent parasite of beech, are 

                                                 
* Ostiole – a small opening through which fungi release mature spore 
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among the few important xylariaceous plant parasites of the Northern 

Hemisphere.[21] 

A great majority of Xylariaceae colonizes dead and decaying wood. Some species, 

including Hypoxylon fragiforme appear in the succession of wood-decomposing fungi 

quite early, with at least formation of their stromata. The mechanisms of wood 

biodegradation have been studied extensively in some temperate[22] and tropical 

Xylariaceae.[23, 24] Recentely it was shown that wood-grown cultures of a fungus 

Daldinia concentrica degraded 14C-labelled synthetic lignin in wood and other organic 

substrates.[25] 

The Xylariaceae have also received considerable attention because of their mutual 

relationships with plants. For example, it was found, and results were verified by 

molecular data the presence of 14 different species of Xylariaceae in orchids. The 

Xylariaceae were found in all organs of the plant, while the liverworts are 

predominantly colonised by “xylarialean” endophytes.[26]  

1.3.1 Taxonomy of Xylariaceae  

Many studies on the taxonomy of Xyalariaceae have been done in the last two 

century. Among the first studies, work of Möller was published at the beginning of 

19’s century on neotropical Xylariaceae.[27] He included meticulous field 

observations, microscopic studies on their anamorphs and stromatal development of 

the species. Later, Miller provided several important papers on their taxonomy, 

including the first world monograph on Hypoxylon.[28] He divided 120 species and 

varieties into four main sections, based on the nature of the ostiole. In 1976, Whalley 

classified the genus Hypoxylon by so-called numerical taxonomy, where he used 55 

characters (such as stromatal shape, diameter, texture, perithecial diameter, 

characteristics of ascospore etc.) for the statistical classification of each species 

studied. [29] Furthermore, utilizing the thin layer chromatography, he classified 

Hypoxylon relying on the presence or absence of stromatal pigments in different 

species. Stromatal pigments seemed to provide information for the separation of 

certain species which were sometimes confused. [20] 
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In early taxonomic studies of the Xylariaceae, investigators were often confused by 

the wide variation in morphological form exhibited by many of the taxa.[11] In the 

absence of a realistic inventory of the Xylariaceous genera it is still not possible to 

accurately assess the number of existing species. However, on the basis of the recent 

revisions of some species it is possible to provide some indication of likely numbers 

for Xylariaceaous genera (Table 1). 

 

Table 1: Major genera of Xylariaceae  

Genus  Number of known 
species 

Predicted number of 
species 

Anthostomella Sacc. 50 ~100 
Biscogniauxia Kuntze 25 >40 
Camillea Fr.  30 >40 
Daldinia Ces. & De Not. 17 >20 
Hypoxylon Bull 126 >200 
Rosellinia De Not. 100 ? 
Xylaria Hill ex Schrank 100 >500 

 

1.3.2 Chemical diversity of Xyilariaceae and its use in 

taxonomy 

Most of the genera of Xylariaceae are known to produce manifold stromatal 

pigments. These stromatal pigments colors 10% KOH solution, and this “control test” 

is today used before any other analysis or verification of the Daldinia and Hypoxylon 

genus.[14] This test is now employed as key feature in addition to morphological 

characters for segregation of species. The lack of coloration of KOH solution is also of 

taxonomical significance. For instance, Nemania and Xylaria, and many other 

Xylariaceae with Geniculosporium-like anamorphs do not produce the characteristic 

pigments of Hypoxylon and Daldinia.[30] It is also very important to mention that 

the concentration of coloring agents (and thus the intensity of pigments in KOH) can 

vary with the age and state of preservation.[31] Frequently, but not always, the color 

intensity of pigments in KOH is high in young and freshly collected specimens. This 

may indicate a role of these compounds in the means of protection of stromata 
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during maturation. On the other hand, over mature specimens, or those dried at high 

temperature, may yield low amounts of extractable compound.[32] For instance, the 

xylariaceous Hypoxylon fragiforme produces different compound classes in its 

ascigenous stromata than in the young immature stromata, and still other extrolites 

prevail in its mycelial cultures.[33] The colors of the subsurface granules and KOH-

extractable stromatal pigments are indispensable for species recognition in Daldinia 

and Hypoxylon/Annulohypoxylon. The similar pigment colors may either be due to 

the presence of same or similar metabolites in groups of related species, or the result 

of different chemical compounds.[34] Xylariaceae in general are rich in such 

compounds. Whalley and Edwards[11] demonstrated that in cultures of Xylariaceae, 

the occurrence of secondary metabolites is of high taxonomic significance.[12]  

The chemotaxonomy of genus Daldinia has not been revised by Whalley and 

Edwards, though they have mentioned the occurrence of secondary metabolites in 

this species.[11] Several years later chemotaxonomy of Daldinia was summarized, 

[35] comparing the results of secondary metabolite analysis and PCR fingerprinting 

techniques with classical taxonomy in a polyphasic approach. The occurrence of 

characteristic secondary metabolites in extracts derived from stromata and cultures 

of Daldinia spp. was investigated by analytical HPLC with ultra-violet/visible 

(UV/Vis) and mass detection. With obtained information on the structures of present 

secondary metabolites many of them have been confirmed. Thus, the production of 

secondary metabolites in Xylariaceae is consistent and reliable feature for 

development of their chemotaxonomy. 

Unlike most ascomycete genera, Xylariaceae has received considerable attention over 

the two decades regarding the studies of their secondary metabolites. They are quite 

creative in the production of natural chemicals, hence their stromatal pigment colors 

usually results from the presence of a mixture of several metabolites.[32] Rosellinic 

acid and diketopiperazine were isolated from cultures of Rosellinia necatrix, as well as 

cytochalasin E. Engleromycin, an epoxide of cytochalasin D was later isolated from 

the xylariaceous taxon, Engleromyces goetzii. More recently Hypoxylon fragiforme was 

found to owe its orange to brick red stromal colour to mitorubrin and its derivatives 
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whilst Xylaria polymorpha produces a hydroxyphthalide derivative, xylaral, which 

develops a violet purple colour with aqueous ammonia. The major metabolites 

produced by the representatives of Xylariaceae can be grouped as 

dihydroisocoumarins and derivatives, succinic acid and derivatives, 

butyrolactones, cytochalasins, sesquiterpene alcohols (punctaporonins), 

griseofulvin and griseofulvin derivatives, naphthalene derivatives and long chain 

fatty acids as presented at Table 2. Generally the presence of these compounds can 

be closely related to systematic position.   

 

 

 

 

 

 

 

 

 



 

 
 

Table 2: Generic distribution of major metabolites in Xylariaceae in different genera of the familyErreur ! Signet non défini. 

 Example of metabolites 1 2 3 4 5 6 7 8 9 10 11 

Butyrolactones  
      +     

Cytochalashins 

 

     +    + + 

Dihydroisocoumarins 
 

+ +   +       

Succinic acid and 
derivatives  

          + 

Naphtalenes    + +        

Sesquiterpen alcohols 
 

       +    

Griseofulvin and 
derivatives 

 

        +   

*1-Biscogniauxia, 2-Camillea, 3-Daldinia, 4-Entonaema, 5-Hypoxylon, 6-Kretzschmaria, 7- Nemania, 8- Poronia, 9-Thamnomyces, 10-
Rosellinia, 11-Xylaria 
 
 
 

http://upload.wikimedia.org/wikipedia/commons/1/16/Gamma-Butyrolactone.s
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The dihydroisocoumarins are widely distributed throughout the family but are 

probably more representative of Hypoxylon, Biscogniauxia and Camillea. 

Butyrolactones so far appear to be restricted to Nemania serpens whilst cytochalasins 

are more frequently encountered in species of genus Xylaria and Rosellinia. 

Classification of Ju and Rogers[14] is much more different from the one of Miller[28] 

Ju and Rogers pay more attention to anamorphic characteristics and stromatal 

pigments, beside the usual teleomorphic characteristics that are usually utilized in 

the modern approach. Whalley and Whalley[20] showed in that the species of the 

genus Hypoxylon may be classified based on the secondary metabolites composition 

determined by the thin layer chromatography of the ethyl-acetate stromatal extracts. 

They were the first ones to show the importance of chromatographic methods in 

taxonomy of Xylariaceae family. Nowadays, a set of chromatographic methods like 

HPLC, GC, 2D nuclear magnetic resonance (NMR) and HR-MS are widely used, 

especially in the taxonomic purposes, where the milligrams of crude samples are 

necessary for complete elucidation and specie determination.[36] 

1.3.3 What about Hypoxylon? 

Hypoxylon is the largest genus of Hypoxyloideae (Xylariaceae), and is recently 

divided in two section, Hypoxylon which includes about 170 species (a number which 

may increase to 200 or more, once a complete survey of its manifold),[37] and 

Annulata  (Annulohypoxylon), which includes about thirty species.[38] Hypoxylon is a 

cosmopolitan genus, but has its highest diversity in the tropics and subtropics.* 

 

The genus Hypoxylon is delimited by four main characteristic:  

1. Nodulisporium -like anamorphs - the primary criterion for recognizing a 

xylariaceous fungus as a member of Hypoxyloideae, 

2. stromata unipartite, 

                                                 
*http://mycology.sinica.edu.tw/Xylariaceae/generalInfo.asp?qrySectionName=Hypoxylon&qryPage
ID=1 
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3. stromatal tissue below the perithecial layer solid and homogeneous, 

4. stromata not upright, i.e., with the height less than the length and the breadth. 

Some other characteristics are useful in determination of Hypoxylon. Unfortunately, 

these properties do not universally belong to taxa of Hypoxylon, and therefore their 

usefulness in defining is limited.[34] These characters include the dehiscent 

perispore, the flat ascal apical ring, the germ slit on the convex side of the ascospore, 

the waxy stromatal tissue, and the KOH-extractable stromatal pigments. For 

example, there are more than thirty taxa of Hypoxylon in which the perispore is not 

easily dehiscent, and many taxa have nearly equilateral ascospores which make the 

position of the germ slit, whether it is on the convex or the flattened side, impossible 

to assess.  

In today’s classification of Hypoxylon and other genus of Xylariaceae, 

chemotaxonomy plays a great role. Figure 3 presents several different Hypoxylon 

species whose classification was based on the secondary metabolite profiling. It may 

be noticed that only the small differences in color, coming from different pigment 

composition affects their classification. 



General part 

40 
 

 

Figure 3: Different Hypoxylon species containing orselinic acid and azaphilone esters: a) H. Fragiforme 

(containing mitorubrins), b) H. howeanum (containing mitorubrins), c) H; rubiginosum (containing 

mitorubrins and rubiginosins), d) H. rutilum (mitorubrins, rubiginosins, rutilins), e) H. ticinense 

(mitorubrins), f) H. intermedium (hypomiltin)[34]  

Hypoxylon fragiforme[31] is a species belonging to the genus of Hypoxylon, and family 

of Xylariaceae. It is one of the most widespread ascomycetes. Perithecial stromata of 

Hypoxylon fragiforme are common on dead trunks and branches of beech, Fagus 

sylvatica, but are only occasionally found on other woody hosts. Colonization is not 

extensive so long as the water content of infected host tissue remains high, but if 

branches are cut from living trees and allowed to dry, the mycelium extends rapidly. 

Fruiting first occurs when conidial stromata develop at the surface of the bark 

covered with the pale brown hat of conidiophores. As the conidial stromata enlarge, 
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it becomes reddish brown, and converts into a perithecial stroma by the development 

of the numerous perithecia in the outer part, each with a prominent ostiole. Ripe 

(mature) stromata reveal asci containing dark-colored ascospores. Perithecial 

stromata with ripe asci can be collected over the years.[39] This was confirmed by 

Stadler’s group.[31] According to their unpublished results, Hypoxylon Fragiforme will 

often produce stromata already in the first season, just few weeks after the beach 

wood has been felled or damaged. The fungus may than persist for up to decades as 

saprotroph and regularly produce stromata.  

Some may think that the dark pigment of the spore is probably melanin, located in a 

thicker inner layer.[31] It appears, and is proven that this is not the only pigment 

giving the color to the Xylariaceae fungi. Hypoxylon fragiforme possesses an ability to 

produce manifold stromatal red pigments. These red pigments are concentrated in 

the orange granules located beneath the stromatal surface. 
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2. Fungal metabolites and secondary metabolism 

2.1 Biological activities of metabolites from Xylariaceae fungi 

The structure - activity relationship among some mycotoxins was reviewed almost 20 

years ago. [40] Important features that characterize common structural properties 

that influence biological activities of mycotoxins are: 

 the oxirane ring (appears in cytochalasans and trichothecenes; some 

trichothecenes even have two epoxy rings in their structure)  

 quinoid moieties (benzoquinone, naphthoquinone, and anthraquinone; for 

example, benzoquinone moiety of terreic acid, which is a diabetogenic 

mycotoxin) 

 five-membered or six-membered lactones, either saturated or unsaturated. 

(for example, patulin can react as an alkylating agent with DNA molecules, 

why it shows mutagenic, carcinogenic, or teratogenic activity)  

 macrocyclic structures (present in for example cytochalasans and some 

trichothecenes act as mycoestrogenes) (Figure 4) 

 isocoumarins (ochratoxins - dihydroisocoumarin moiety in combination with 

L- phenylalanin leads to inhibition of protein synthesis at the stage of amino 

acid activation.[41] 

  

Figure 4: Examples of compounds with present functions that influence biological activities 

 

Hundreds of natural substances and bioactive compounds were found in selected 

fungi on the basis of collection of fruiting bodies, strain preservation, biological 

screening and chemical investigation. For this reason, isolation process, structural 
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elucidation and biological activities of new and already known secondary 

metabolites have been revealed from many basidiomycetes and ascomycetes fungi. 

In the following chapters, there will be briefly depicted some of most interesting 

fungal secondary metabolites with characteristic bioactivities. 

2.1.1 Concentricolide 

Benzofuran lactone, concentricolide (Figure 5) was isolated from the fruiting bodies 

of xylariaceous ascomycete Daldinia concentrica along with four known 

compounds.[42, 43] Its main activity is that it inhibits HIV-1 induced cytopathic 

effects. 

 

 

Figure 5: Structure of concentrolide 

2.1.2 Cytochalasins 

The cytochalasins A-J (Figure 6) belong to a group of fungal metabolites related by a 

structure and biological activities. They share a number of unusual, interesting and 

characteristic effects on the cell, like inhibition of the division of cytoplasm, reversible 

inhibition of cell movement, inhibition of nuclear extrusion, inhibition of glucose 

transport, thyroid secretion and release of growth hormone, antibiotic, antitumor 

activity etc.  
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Figure 6: Structures of Cytochalasin A 

 

Cytochalasins from Daldinia have been shown to induce apoptosis,[44] and another 

cytochalasins from Hypoxylon fragiforme strongly inhibited human immunodeficiency 

virus (HIV-1) protease, by inducing apopotosis of viruses’ cell.[31] That is why these 

compounds have been largely studied during the past decades in the sense of their 

biosynthesis (see below, Biosynthesis of azaphilones) and their activities. 

2.1.3 Bynaphtyl 

Bynaphthyil (Figure 7) from ascomycete fungus Hypoxylon fuscum exhibit quite high 

antioxidant activity that was almost the same as that of the ascorbic acid,[45] which is 

usually used for the comparison of decreasing the initial concentration of DPPH up 

to 50%. The antioxidative activity of BNT (4:5:4′:5′-tetrahydroxy- 1:1′-binaphthyl) 

often found in Xylariaceae was almost the same as that of ascorbic acid. 
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Figure 7: Structure of bynaphtyl 

 

2.1.4 Azaphilones 

Family of mitorubrins is one of the first reported azaphilones,[46] which showed 

various bioactivities and some of them were even patented as antiprotzoan 

dihydrofolate reductase inhibitors.[47, 48] Mitorubrins and rubiginosins (Figure 8) 

isolated from Hypoxylon fragiforme showed nematicidal activity, while not so high 

antifungal activity. Fragiformins A and B, isolated from the same species reported 

rather higher antifungal and nematicidal activity, even higher than that of 

cytochalashins. Mitorubrins are known to moderately inhibit dihydrofolate reductase 

and geranylgeranyltransferase, with the latter reference including further reports on 

antifungal activity. However, the activities of most of the stromatal extrolites of 

Hypoxylon so far studied are apparently non-specific or insignificant. This also 

includes the other types of azaphilones from Hypoxyloideae and Creosphaeria 

sassafras such as daldinins, multiformins, and sassafrins (Figure 8), which have 

shown similar or even stronger broad-spectrum antimicrobial effects but have so far 

not been tested for nematicidal activities.[31] Sassafrins showed moderate 

antimicrobial activity and strong antifungal activity, as Quang and co-workers 

demonstrated in 2005.[49] 
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Figure 8: Structures of a) mitorubrin, b) sassafrin, where R=CH3, H, CH3 and double bond in lacton ring 

for A, B anc C respectively c) multiformin, d) daldinin and e) rubiginosin 

 

Daldinins E, F, and C do not show significant antioxidant activities. The presence of a 

lactone ring in multiformins and sassafrins plays an important role in their 

pharmacological activity. The in vitro antimicrobial activities of isolated azaphilones 

at a dose of 50 μg per paper disc were tested against a panel of laboratory control 

strains (Staphylococcus aureus, K. pneumoniae, Pseudomonas aeruginosa, Salmonella 

enteritidis, Escherichia coli bacteria, and fungal organisms Aspergillus niger and Candida 

albicans) and moderate to strong activity was observed against all tested strains.  

Overproduction of NO by inducible nitric oxide synthase (iNOS) is included in 

various pathological processes including tissue damage following inflammation, 

rheumatoid arthritis. Therefore, suppression of NO production in macrophages 

could be a target for potential anti-inflammatory drugs. Inhibition of NO production 

was examined by Quang[50] and co-workers for fifteen azaphilones, isolated from 
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different Xylariaceae fungi (daldinins C, E and F from Hypoxylon fuscum, multiformin 

D from Hypoxylon multiforme, sassafrins A—C from Creospharia sassafras, entonaemin 

A and rubiginosins A—C from Hypoxylon rubiginosin, cohaerins A and B from 

Hypoxylon cohaerens and rutilins A and B from H. rutilin). The highest NO inhibition 

was observed for rutilins A and B (Figure 9), and for rubiginosin A, while cohaerins 

showed moderate NO inhibitory activity.[5, 51] Rutilins are formed by condensation 

of rubiginosin and mitorubrinol acetate, and thus possess in their structure two 

highly oxygenated skeletons which are probably responsible for such high NO 

inhibition response. Antioxidant activity was also examined for these azaphilones 

and the highest activity showed sassafrins B and C, cohaerins A and B and 

rubiginosin C [50], while cohaerins demonstrated also a strong and non-selective 

antimicrobial effects.[51]  

 

 

Figure 9: Structure of rutilin A 

 

Talaromyce sp. are ascomycota that produce azaphilones kasinosins A and B (Figure 

10), which were determined as specific inhibitors of eukaryotic DNA polymerases 

beta and lambda.[52] 
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Figure 10: Structures of kasanosins A and B 

 

Organic solvent extracts of a Ascomycete subculture, Helotialean displayed 

inhibitory effect on HIV-1 replication in C8166 cells. This activity appears to be due 

to the azaphilones presents in this yet unidentified Helotialean species, Helitialins A, 

B and C.[53] 

Azaphilones appears to show a large spectrum of biological activities against various 

target organisms, including bacteria, fungi, insects and nematodes and ultimately in 

repelling these enemies, which gives to Xylariaceae family a great importance. They 

are able to spontaneously incorporate ammonium ions and amines.[54] This may 

include biogenic amines such as free amino groups of proteins. Even though this has 

not yet been proven by experimental data but rather deduced from previously 

reported bioactivities of the chemical types of prevailing compounds,[55] they may 

be involved in a kind of chemical defense reaction. This is also suggested by the 

arrangement of anatomical structures that are typically found in the stromata of 

these fungi.[37]  

In the Table 3 are summarized biological activities of some Xylariaceae species and 

secondary metabolites that are charged for these activities. 



 

 

Table 3: Biological activities of selected Xylariaceae species and compounds responsible for the activity 

Xylariaceae species Biological activities Secondary metabolites 
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Daldinia Concentrica + + +      +      concentricolide, 

               
concentriols B, C and D 

(Figure 5) 

Albatrellus confluens   +  +          crifolin, albaconol 

Thelephora ganbajun       +        p-terphenyls 

                

Thelephora aurantiotincta       +        p-terphenyls 

Boletopsis grisea       +        p-terphenyls 

                

Daldinia + +   +      + +   
cytochalasins A-J 

(Figure 6) 

Hypoxylon Fragiforme + + +      +    + + 

cytochalasins (Figure 6), 
mitorubrins, rubignosins 
(Figure 8), fragiformins A 

and B 

Hypoxylon Fuscum       +       + bynafthyl (Figure 7), 

               daldinins (Figure 8) 



 

 

Creosphaeria sassafras + + +    +        
daldinins, multiformins 
and sassafrins (Figure 8) 

                

Helotialean Ascomycete         +      
helitialins A, B and C 

(Figure 9) 

                

Hypoxylon rutilin       +       + 
rutilin A and B 
(Figure 9), BNT 

Hypoxylon rubiginosin       +       + 
dimeric azaphilones 

(Figure 9), rubiginosin A 

Hypoxylon cohaerens + + +    +       + coaherens 

Bulgaria inquinans   +  +        +  bulgarialactone A and B 

Hypoxylon multiforme + +             
multiformins A – D 

(Figure 8) 

Hypoxylon               hypomiltin 

Hypomiltum                

Annulohypoxylon cohaerens  +           + cohaerins 

Annulohypoxylon deflectus + + +  +          deflectins 

 + - presence of biological activity 
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2.2 Fungal secondary metabolism 

Secondary metabolism is commonly associated with sporulation processes in 

microorganisms,[56, 57] including fungi. [58, 59] Filamentous fungi produce a 

diverse array of secondary metabolites, small molecules that are not essential or 

necessary for normal growth and development. Secondary metabolites associated 

with sporulation[60] can be placed into three broad categories:  

1. metabolites that activate sporulation,  

2. pigments required for sporulation structures (for example, melanin is 

required for the formation of integrity of both sexual and asexual spores 

and overwintering bodies), and  

3. toxic metabolites secreted by growing colonies at the approximate time of 

sporulation (mycotoxins).  

 

Fungal secondary metabolites can be divided in few classes: polyketides (e.g. 

aflatoxin), non-ribosomal peptides, terpens and indole terpens. 

2.2.1 Expression and regulation of secondary metabolites 

Fungal pigments are natural products often associated with development of the 

structure (e.g.  melanin is the most common). Some environmental factors affect 

mycotoxin production, such as temperature, availability of an air-surface interface 

and pH. Nutritional factors such as carbon and nitrogen source can also affect both 

mycotoxin production and morphological differentiation. [61] 

The regulation of secondary metabolism in fungi has been comprehensively 

reviewed.[62-64] Secondary metabolite gene clusters often contain a transcription 

factor that acts specifically on the genes within the cluster. [65, 66] These regulators 

may also act on genes elsewhere in the genome. For example, transcription factor 

aflRthat regulates aflatoxin cluster in Aspergillus flavus and Aspergillus parasiticus also 

regulates three genes outside the aflatoxin gene cluster. 
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Secondary metabolite production is also controlled at an upper hierarchic level by 

global transcription factors encoded by genes unlinked to the biosynthetic gene 

clusters. Such genes regulate multiple physiological processes and respond to 

environmental conditions (pH, temperature and nutrition).[62, 67] 

Functional analysis of biosynthetic gene clusters usually relies on disrupting key 

genes in the cluster and observation of the resulted secondary metabolic profile. 

Genes in many clusters are produced at very low levels, and often particular 

metabolites cannot be detected at standard conditions, but under specific conditions, 

where they can be produced in much higher quantity level. 

2.2.2 Functions and roles of defence secondary 

metabolites 

There has been much speculation about the natural functions of secondary 

metabolites in the past. Until now it is almost completely accepted that these 

compounds are not randomly produced, but have important functions for the 

biology of their producers.  

The role that secondary metabolites play in the life of fungi is unlimited.[5, 68] Many 

of these compounds are produced by pathogenic fungi, host-specifically. Host-

specific toxins are often crucial for disease of host plant, as a benefit to the fungus. 

However, many of fungal toxins are often produced only after the death of fungi, 

thus does not contributes to the defense of the fungi, but only to the virulence to the 

plant, and are not considered as a defense metabolites. Nevertheless, the fungus is 

considered as pathogenic, and can involve disease of plant, or not. 

The most likely advantage of secondary metabolite to a producing-organism is that 

they may allow an organism to survive in ecological niche. Many of such organisms 

live saprophitically (on dead or decaying organic matter) in the soil where they are 

exposed to a harsh environment with a diverse array of competing organisms. 

Fungal virulence has probably evolved to protect fungi in such environment against 

amoebae, nematodes or any other invertebrates that can feed on fungi. [69, 70] 
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2.2.3 Roles of secondary metabolites from Xylariaceae 

Talking about Xylariaceae, their massive, conspicuous stromata have also been found 

to constitute a good source for such unique compounds. Since 1960, when the first 

secondary metabolites have been isolated,[71] Xylariaceae family revealed several 

hundreds of different active natural compounds until nowadays. 

The vast majority of the known Xylariaceae secondary metabolites are polyketides. 

Their natural functions become quite evident in case of the numerous antibiotics, 

which are produced by these fungi, or in other cases where the metabolites act 

against specifically associated organisms. For instance, the plant pathogenic 

Xylariaceae produce a large number of phytotoxins that are involved in parasitism. 

However, most phytotoxins of the Xylariaceae that were so far characterized 

exhibited a quite broad-spectrum of bioactivities. They are not apparently specific, 

but their action may still facilitate the process of parasitism by weakening the defense 

of the host plants. The lack of knowledge on the natural functions of secondary 

metabolites in the saprotrophic and endophytic Xylariaceae is easily explained by the 

fact that most of the known compounds were obtained in the course of screening 

projects or basic research on the mechanisms of fungal metabolism, including their 

pigment chemistry. 

Thanks to their characteristic chemical structure, a new group of secondary 

metabolites, azaphilones was formed. Formation of highly oxygenated bicyclic 

skeleton distinguishes them as new family of secondary metabolites. Azaphilones are 

increasingly analyzed, and it is important to explore their potentials.  

2.3 Azaphilones, fungal secondary metabolites 

It is known that fungi lack a protective outer layer (epidermis or bark), and they are 

forced to rely on their chemical defensive mechanisms.[72-74] For this reason fungi 

produce a wide range of biologically active secondary metabolites, and many 

different groups of such chemical compounds have been identified in fungi including 

organic acids, polyketides (such as quinones, antraquinones, xanthones…), mono- to 
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tri – terpenes (volatiles and steroids), polysaccharides, lipopolysaccharides and N- 

and S- containing compounds.[47, 75, 76]  

Azaphilones are interesting set of fungal secondary metabolites, having a polyketide 

structure. Some authors group the azaphilones into polyketides without giving them 

any higher significance or further definition.[47, 75] Still, polyketides often comprise 

structurally complex natural compounds produced by diverse organisms and 

includes classes such as like antraquinones, flavonoid pigments, macrolid antibiotics, 

naphtalenes, polyenes, antibiotics, tetracyclines and tropolenes. Azaphilones are later 

on classified as a separate group of natural products. They can be defined as: 

“Structurally diverse class of fungal secondary metabolites (polyketide derivatives), namely 

pigments with pyrone-quinone structures containing a highly oxygenated bicyclical core and 

a chiral quaternary center”. [77, 78] 

 

 

 

Figure 11: Common structure for all azaphilones (X = O, N) 

 

The azaphilones share a common chemical structure (Figure 11). Their name arose as 

a result of their affinity for ammonia. They react with amino group present in 

proteins, amino acids and nucleic acids to form red or purple vinylogous ɣ-pyridones 

due to the exchange of pyrane oxygen for nitrogen.[79] This is a characteristic 

reaction. It can take place both with ammonia alone as found in the case of 

monascorubramine and rubropunctamine, [80] or with the side chain of a 

macrocyclic polypeptide, as discovered for chlorofusin. [81] Later on, this reaction 

can be used for rapid synthesis of these compounds. [82] 

As shown earlier, azaphilones exhibit a wide range of interesting but nonselective 

biological activities (see Table 3), such as antimicrobial, antifungal, antiviral, 

antioxidant, cytotoxic, nematicidal and anti-inflammatory activities. The potent 
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nonselective biological activities of azaphilones may be related to their production of 

vinylogous ɣ-pyridones.  [68, 83] 

2.3.1 Biosynthesis of azaphilones 

Biosynthetically, most pigments produced by fungi are polyketide-based and involve 

complex pathways catalyzed by frequent type of polyketide synthases. The 

biosynthesis of azaphilones (Figure 12) uses both the polyketide pathway and the 

fatty acid synthesis pathway. The polyketide pathway assembles the main polyketide 

chain of the azaphilone pigments from acetic acid (the starter unit) and five malonic 

acid molecules (the chain extender unit) in a conventional way to generate the 

chromophore structure. The fatty acid synthesis pathway produces a medium-chain 

fatty acid (octanoic or hexanoic acid) that is then bound to the chromophore by a 

trans-esterification reaction.[84-86] For many azaphilones a biosynthetic pathways 

have been suggested until today (monascorubrin, mitorubrin,[87] monascusones, 

monascin, sassafrin, etc). 
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Figure 12: Proposed biosynthetic pathway for formation of azaphilone bicyclical core 

 

The condensation of 1 equivalent of acetate with 5 equivalent of malonate leads to 

the formation of a hexaketide chromophore by the polyketide synthase. Then a 

medium-chain fatty acid such as octanoic acid, produced by the fatty acid 

biosynthetic pathway, is bound to the chromophore structure by a trans-esterification 

reaction to generate the orange pigment monascorubrin (or rubropunctatin upon 

trans-esterification with hexanoic acid). 

Fungal polyketide biosynthesis typically involves multiple enzymatic steps, and the 

encoding genes are often found in gene clusters. It has been demonstrated that this 

biosynthesis is strongly dependent on the growth environment. The enzymatic 
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machinery for the formation of the polyketides consists of different modules 

characteristic of each fungus (e.g., keto synthases, acyl transferases, carboxylases, 

cyclases, dehydrases, aromatases, reductases, thioesterases, cyclases, laccasses etc.) It 

is interesting to note that, while bacteria have similar enzymes, the folding of the 

growing polyketide chain deliver different structures. Depending on the chain 

length, different classes of mycotoxins are formed. Fungal polyketide biosynthesis 

typically involves multiple enzymatic steps and the encoding genes are often found 

in gene clusters.[41] 

It is interesting to mention that the beginning of biosynthetic pathway of azaphilones 

and one of the cytochalasins (refer to Figure 6) are the same. The both involve 

condensation of acetate with five malonates. Further bounding of fatty acid is 

considered for azaphilones, while for cytochalasins is suggested bounding of one 

unit of phenylalanine and two units of methionine (Figure 13).[88] 

 

 

Figure 13: Proposed biosynthetic pathway of cytochalasins 
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2.3.2 Chemical synthesis of azaphilones 

Although structurally similar, particularly in their bicyclical core, azaphilones differ 

in their properties. Reacting with amines, these molecules form pyridones 

irreversibly, which give them a high cytotoxicity. This gave to scientists a motivation 

to synthesize them, and different approaches have been published until nowadays. 

Different retro-synthetic strategies have been proposed and published in the aim to 

obtain the simplest method for chemical synthesis of such molecules. Whalley and its 

group have proposed the first synthesis of azaphilones sclerotiorines.[89] Their 

approach was based on cyclization - dearomatization of an enol/aldehyde in the 

acidic environment and then catching the product with the oxidant (Figure 14). [90]  

 

 

 

Figure 14: First synthesis of azaphilones proposed by Whilley 

 

Many of upcoming synthesis have been based on this approach. Group of Suzuki [91] 

have used the same approach, but with different acid, thus changing the reagents as 

well as oxidants giving different derivatives. 

In 2004, Porco’s group published a synthesis of azaphilones,[82, 92, 93] that differs 

from others in the method of cyclisation - desaromatization. They were able to 

cyclize an enol of an alkyne through activation by a gold salt (AuCl3). Intermediately, 

the same type of oxonium is also formed and led to azaphilones after oxidation. 

Yao proposed a retro-synthetic pathway for the formation of azaphilones.[94] His 

group formed an chloroazaphilone by oxidation of 2- benzyzopyrylium salts (as 



General part 

59 
 

previously proposed Porco) (Figure 15), derived from the formyl ketones through the 

convergent coupling of substituted benzylic halides with masked acillithium dithians 

and further protecting group adjustment. 

 

Figure 15: Proposed retro-synthetic pathway for chloroazaphilones[94] 

 

2.3.3 Reaction with quaternary ammonium  

Spontaneous reaction of azaphilones with amino group (azaphilone – “nitrogen 

loving”) from amino acids, proteins or nucleic acids is responsible for their wide 

range of biological activities. Many works have been based on determination of 

mechanism of this reaction to resolve its influence on such activities. Juzlova have 

proposed the biosynthetic pathway of formation of vinylogous  γ-pyridones (Figure 

16).[95] First nucleophilic primary amine is attached to C-10 by Michael addition, 

forming carbinolamine, which undergoes bond C-O cleavage. Nucleophilic attack on 

the C-2 carbonyl by the electron pair of enamine results in the closure of the ring and 

formation of hydroxyl group. Following elimination of water molecule results in the 

formation of nitrogen-containing azaphilone.  
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Figure 16 Proposed biosynthetic pathway for the formation of vinylogous ɣ-pyrydones[95]  

 

One of the mechanisms of synthesis of vinilogous ɣ-pyridones, proposed by Yao’s 

group, is that pyranyl oxygen is replaced with nitrogen by insertion of primary 

amine.[94] This synthesis is in consistence with proposed biosynthetic pathway of 

Juzlova. Yao also investigated the reaction with primary amines having different 

substitution on their α-carbon. The reaction is fast, irreversible and with high yields, 

up to 98%. Less bulky amines give high yields of vinilogous ɣ-pyridones, while 

bulky amines, such as tert-butylamines give stable enamines. 

Earlier in the manuscript was mentioned that azaphilones show nitric oxide (NO) 

inhibition, and that this activity is probably due to their reaction with amino group. 

Suppression of NO production is due to the inhibition of nitric oxide synthase (NOS), 

as Asakawa demonstrated on 2006.[50] NOS are a family of enzymes that catalyze 

production of NO from L-arginine. Knowing that azaphilone reacts with amino 

group from amino acids, it is quite evident that this reaction plays important role in 

inhibition of NO production. However, substituent group attached to the highly 

oxygenated bicyclical core shows an influence on this activity. Thus, different 

positions of orsellinic acid do not show high influence on the activity. Presence of 
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acetyl group shows an effect on the activity, while the presence of fatty acid side 

chain in some azaphilones have no influence or even decrease the activity. 
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3. Analytical methods for investigation of fungi 

Generally, after being determined by mycologist, fungi are subjected to different 

analytical methods for their further determination. First, a sample preparation has to 

be considered to obtain a sample that is adequate for analysis. Then, prepared 

sample is subjected to separation methods to facilitate the study of analyzed 

components and increase the sensitivity. Finally, different analyzers and detectors 

are used to give complementary and helpful information about composition of 

sample and structures of the compounds. 

Initially, chemical investigations of fungi were based on chemical spot tests, paper 

chromatography and thin layer chromatography (TLC). [96] Standardized methods 

for HPLC were later introduced allowing identification or at least partial 

characterization of many metabolites.[97, 98] For volatile secondary metabolites GC-

MS has been used in taxonomy of Penicillium. 

The introduction of a micro-scale agar plug extraction by Smedsgaard [99] made 

HPLC-Diode Array Detection (HPLC-DAD) an effective method for 

chemotaxonomic characterization of large amounts of strains. The method of choice 

for detailed chemotaxonomic studies of ascomycetes is HPLC-DAD mass 

spectrometry (HPLC-DAD-MS). [100] To facilitate even more the approach, direct 

inlet electrospray ionization mass spectrometry (diESI-MS) was introduced in 

chemotaxonomy by Smedsgaard and Frisvad,[101-103] and has later been applied in 

many studies.[104, 105]  

A couple of automated methods have been developed for unbiased classification of 

analytical data for chemotaxonomic purposes. Effective methods have been made for 

aligning and comparing of both HPLC-DAD and MS data. Accelerated recognition of 

known secondary metabolites in the fungal kingdom, by a multi-detector HPLC 

platform supported by reference libraries has been proposed by Henkel and 

group.[106] In this working concept HPLC system is coupled with DAD, evaporative 

light scattering detector (ELSD) and MS, with possibilities of positive and negative 

ionization and automated MS/MS fragmentations. The collected information 
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obtained from all analytical methods used allowed a single search in reference 

libraries. 

3.1 Sample preparation and extraction 

Sample preparation is an important step, especially when complex biological 

matrixes are analyzed. [107, 108] Analytes have to be extracted from the sample 

matrix components and other impurities that may reduce the specificity and the 

sensitivity of detection.  

Extraction is a method for the sample preparation that separates the compounds of 

interest from matrix. Different methods of extraction have been developed, such as 

sonication (or ultrasound) extraction, liquid-solid extraction (LSE) or solid phase 

extraction (SPE) etc. Here we briefly depict ones that are usually used for analysis of 

fungal extracts. 

3.1.1 Sonication or ultrasound extraction 

Sonication or ultrasound extraction is the simplest extraction procedure and is often 

used in laboratory for analytical separations. A given volume of solvent was coated 

over the analyte and the mixture incubated for a convenient time in a ultrasound 

bath. Ultrasonic radiation allows accelerating various steps of the analytical process. 

It is particularly helpful in the pre-treatment of solid samples as it facilitates and 

accelerates operations such as the extraction of organic and inorganic compounds, 

the homogenization, etc.[109] This method is often used as a first step for preparation 

of crude and very complex samples as it allows extracting the most of compounds 

from solid and rough matrix. For example, it is often used in preparation of crude 

extract of Xylariaceae fungi, to smash as much as possible its solid stromatal surface. 

[110] 
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3.1.2 Liquid-Solid Extraction 

Liquid-solid extraction (LSE)[111] is the process of using a solvent for extracting 

compounds from a solid sample. The compounds to be extracted can be the analytes 

that have to be separated from the matrix or, less commonly, specific matrix 

compounds that have to be removed from the sample. For this kind of extraction, 

other operations are needed to help the extraction, such as cell disruption, sonication, 

grinding etc. This method is often used for preparation of crude extract from fungi, 

followed or not by purification methods. However, it is time-consuming and 

produces great amounts of solvent waste. 

3.1.3 Solid Phase Extraction 

Solid-phase extraction (SPE) uses a specific amount of finely divided porous solid 

phase (usually contained in a small column, a cartridge or a disc) to retain specific 

compounds from a solution. Retained compound is later released, using an eluent. 

 

Figure 17: Shematic presentation of solid phase extraction for sample purification 
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This process is frequently used for sample cleanup and/or for sample pre-

concentration. The cleanup process can be done in several ways. One basic procedure 

consists of the selective retention on the solid phase of the interfering compounds, 

while the analytes are eluted and collected for analysis (Figure 17). Another 

procedure consists of the retention of the analytes in the solid phase while the 

interfering compounds from matrix are rinsed away. After the elimination of the 

matrix compounds, the analytes retained on the solid phase are eluted with a 

different solvent and collected.[112] 

The solid phase materials (sorbents) used in SPE are classified as non-polar, polar 

and ion-exchange types. For purification of crude extracts for determination of 

azaphilones, this method is used in purification purposes, thus, sometimes crude 

extract is simply filtered through the reverse phase SPE cartridge that retains non-

polar compounds, and elutes compounds of interest (with the higher polarity).[113] 

More recent extraction method is solid-phase micro-extraction (SPME). It is a simple 

and efficient method that uses negligible amounts of solvent, and is completely 

compatible with mass spectrometry. It simplifies a sample preparation step as it 

includes extraction of analyte from matrix, concentration and transfer to 

chromatograph in one step.[114] It uses a fused-silica fibre that is coated on the 

outside with an appropriate stationary phase. The analytes in the sample are directly 

extracted to the fibre coating. It is compatible with LC-MS interface, and also with 

GC-MS interface as it includes also the derivatization step. 

3.2 High Performance Liquid Chromatography separation 

Liquid chromatography is a separation process in which the sample mixture is 

distributed between two phases. The molecules to be separated (analytes) are carried 

by a liquid called mobile phase. Analytes interact or not with a fixed support (in a 

column), the stationary phase. There is a distribution or partition of analytes between 

the mobile and stationary phases. The fluid flow is continuous, so it is the shorter or 

longer retention of analytes on the column that leads to their separation. HPLC is a 
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powerful separation method able to resolve mixtures with a large number of similar 

analytes.[115] 

 

A HPLC instrument has at least the following elements: solvent reservoir, transfer 

line with frit for solvent filtration, high pressure pumps, sample injector, column, 

detector and data recorder (Figure 18). 

 

Figure 18: Schematic presentation of an HPLC system. 1-solvent reservoir; 2-transfer line with frit; 3-

pump with manometer; 4-sample injector; 5-column and oven; 6-detector; 7-waste; 8-data acquisition 

 

A degasser is also often used in HPLC system, for degassing solvents. If more than 

one solvent is used, a mixing chamber is required, and controller also. Different 

detector types are often interfaced with the HPLC system, such as ultraviolet and 

visible, infra-red detection, refractive index detection, fluorescence, light scattering, 

mass detection, etc. Coupling the HPLC with one or more spectroscopy techniques is 

of high importance and significance for achieving a wide range of information in as 

shorter time interval as possible. 
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Recently, a new more powerful technique was developed, ultra-high performance 

liquid chromatography (UPLC). It is in fact a miniaturization of HPLC in which the 

diameter size of the stationary phase particles is below than 2 µm.[116] Decreasing 

the size of particles introduce higher capacity of peaks (number of peaks per time 

unit), better resolution and higher sensitivity.[117] UPLC systems provide also better 

strength than the HPLC systems, particularly at the level of retention time.[118] The 

retention times are decreased in comparison to HPLC, thus time analysis is shorter 

with the same resolution as classical HPLC columns. 

3.2.1 Reverse-phase liquid chromatography 

The most widely used columns contain a chemically modified silica stationary phase. 

A very popular stationary phase is reverse phase (RP) in which a C18 alkyl group is 

bonded to the silica surface (Figure 19). 

Reverse phase liquid chromatography (RP-LC) is a high resolving chromatographic 

separation that can be coupled to mass spectrometer. It separates analytes according 

to their hydrophobicity by reversible non-covalent interactions with the hydrophobic 

surface (i.e., hydrophobic ligand) of the medium.  

 
Figure 19: Reverse phase column and alkyl group binding to the silica surface 

 

During separation, the sample is partitioned between the mobile phase and the 

stationary phase. The elution of the analytes is performed either by a gradient with 

increasing proportion of organic solvent, or by the isocratic elution with constant 
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percentage of solvent. Almost the totality of the samples is absorbed by the 

hydrophobic stationary, as the mobile phase is hydrophilic. Analytes are eluted in 

order of increasing hydrophobicity in function of the quantity of organic solvent 

(Figure 20). 

 

Figure 20: Schematic presentation of elution of compounds from the reverse phase.[119] 

 

RP-LC is the most well suited LC technique to be combined with mass spectrometry 

as it commonly uses salt-free aqueous and organic solutions as mobile phases. 

3.2.2 Hydrophilic interaction liquid chromatography 

An alternative approach to RP-LC is hydrophilic interaction liquid chromatography 

(HILIC), often used for analysis of highly polar metabolites.[120] Stationary phase in 

HILIC chromatography is polar, while the mobile phase is highly organic (80% 

organic solvent) with a small amount of aqueous or polar solvent. Polar analytes 

partitions into and out of adsorbed water layer, than the charged polar analyte can 

undergo cation exchange with charged silanol groups. Combination of these 

mechanisms results in enhanced retention of polar compounds. 

3.2.3 Preparative HPLC 

Preparative chromatography is used to separate and purify compounds for further 

analysis. Required amounts of desired compounds vary according to the application. 

For UV detection, few micrograms are sufficient for registration of spectrum while 

approximately ten of milligrams are required for 1H and 13C NMR analysis. 

Hundreds of milligrams are often required for the synthesis of derivatives. In this 
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purpose preparative HPLC is often utilized to isolate and purify efficiently 

compounds of interest. 

An analytical chromatogram usually provides the starting point for preparative 

separation. Gradient are not recommended as they involve higher quantity of 

solvents. Consequently, it is used if no other possibility for good separation exists. A 

column for preparative HPLC is of bigger size, in the aim to enable the loading of 

higher amounts of sample. A 10 mm i.d (internal diameter) column accepts 10-100 

mg of sample, while the column of 21 mm accepts up to 1 g of sample. The transfer 

from analytical to preparative conditions works best if the same stationary phase 

packing of column (meaning the size of pores) is used and if the length of columns is 

the same. With the increment of i.d. the flow increases for observing the same 

separation. Overloading effects are common in preparative chromatography. It can 

be obtained due to mass overload, volume overload or the two. If a great mass of 

sample is injected, the retention factor changes as well as the peak width, and a peak 

tailing can happened. If the injected volume is too high, the peak width can be 

affected (a sample mass low enough to avoid the mass overload). If the mass and the 

volume overload are present, the both phenomena are seen in the 

chromatogram.[119] 

Used column should be the same that was used for the analytical purposes, thus if 

the RP column was used for determining the conditions of separation, the same 

stationary phase have to be used for preparative purposes. In preparative HPLC 

exists all the stationary phases as in the analytical HPLC. 

The line between the detector and fraction collector must have a low size in 

comparison with the mobile phase flow rate, in the aim to accurately collect wanted 

fractions. The fraction collection can be controlled by time and by signal so the peaks 

can be guided into separate vessel without being intersected. If no peak appears, the 

eluate can be directed back to solvent reservoir, or to the waste. 
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3.3 Spectroscopic methods 

3.3.1 Spectroscopy Methods 

Spectroscopic techniques, often coupled with separation techniques, are performed 

for structural elucidation. Here, UV and NMR techniques are briefly described. 

3.3.2 UV spectroscopy 

Ultra-violet (UV) detector is the most commonly used detector because it has a high 

linear range of analysis and it is almost always integrated in the HPLC system.[121] 

It records compounds that absorb ultraviolet or visible light. Absorption takes place 

at a wavelength above 200 nm, provided that the molecule has at least a double bond 

adjacent to an atom with the loin pair, bromine, iodine or sulfur, carbonyl group, 

nitro group, conjugated double bond, aromatic ring. These groups absorb at different 

UV wavelengths. The absorption intensity and the wavelength of maximum 

absorption are affected by the neighboring atom groups in the molecule. The molar 

absorptivity, ε, is the measure of the light absorption intensity. The degree of 

absorption resulting from the passage of the light beam through the cell is a function 

of the molar absorptivity, molar concentration, c, of the compound and of length, d, 

of the cell. The product of these three parameters is known as absorbance, A, by Beer-

Lambert law: 

 

     , 

 

and can be measured by UV detectors. Diode array detection creates a new 

dimension of analytical capability to liquid chromatography because it permits 

qualitative information to be obtained beyond simple identification by retention 

time. The UV absorption of the effluent is continuously measured at multiple 

wavelengths, and like this allows a higher range of compounds to be detected. It is 

often used method for fungal metabolite profiling, and in chemotaxonomy, where 
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the metabolites are identified by its retention times and with their UV fingerprints as 

well.[30, 35] 

 

3.3.3 Nuclear magnetic resonance spectroscopy in 

structure elucidation of fungal secondary 

metabolites 

NMR-Spectra are obtained from the precession frequency of nuclei with a magnetic 

moment in a static field. The position of the NMR signal (i. e the resonance 

frequency) is called the chemical shift δ. The values of the chemical shift δH and δC 

in 1H-NMR and 13C-NMR spectra give information on complete structures and 

functional groups contained in the studied molecule. 

Coupling constants between protons which can be obtained from the fine structure of 

signals help to identify neighbor protons in building up of partial structures. 

However, the resolution of one dimensional 1H-NMR spectra is rarely good enough 

to enable the calculation of all the important coupling constants. Together with the 

DEPT technique which enables the knowledge of the multiplicity of carbon atoms, 

two dimensional NMR offer powerful methods for the structure elucidation of 

natural products, such as homonuclear shift-correlation spectroscopy (COSY), 

nuclear overhauser spectroscopy (NOESY), heteronuclear multiple quantum-

coherence (HMQC), heteronuclear multiple-bond correlation (HMBC). [122-124] 

Main advantage of NMR spectroscopy is an ability  to reach the complete structural 

elucidation On the other hand, its disadvantage is that it requires high amounts of 

sample (up to few mg), and the purity of the sample must be high. Only recently, 

direct analysis of mixture begins to be performed, where the NMR instrument is 

interfaced to liquid chromatography (LC-NMR),[125] but this technique appears to 

be difficult to perform and thus it is not popularized.  
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3.3.4 Mass spectrometry 

In parallel with NMR, mass spectrometry for the access to structural information was 

developed, and gained much higher sensitivity. In the next chapter we will focus on 

mass spectrometry and describe this technique in detail. 
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4. Mass spectrometry 

The importance of mass spectrometry has greatly increased in recent decades in large 

part due to the development of techniques for the analysis of biological 

macromolecules such as nucleic acids,[126, 127] proteins,[128] carbohydrates[129] or 

lipids.[130] Considerable resources and great effort invested in the development of 

ionization techniques for MS instruments culminated in the award of a Nobel Prize 

in 2002 to John B. Fenn (for electrospray, ESI), Koichi Tanaka (for soft laser 

desorption, SLD) [131] and Karas (for matrix assisted laser desorption ionization, 

MALDI)[132] for the development of soft desorption ionization methods for mass 

spectrometric analyses of biological macromolecules. While MALDI produces only 

mono-charged ions, ESI has advantage of producing multi-charged ions. This success 

enabled routine use of MS, in conjunction with separation techniques such as 

electrophoresis and HPLC, resulting in the development of so-called “hyphenated” 

techniques, e.g. LC-MS.  

Advantage of mass spectrometry is mainly related to sensitivity, specificity and 

selectivity, and possibility to analyze the sample from the complex mixture as well. 

However, this technique can be useful if tandem MS is performed and/or high 

resolving power is achieved for structural elucidation. Without such high potentiality 

only molecular mass can be reached with no additional structural information, due to 

the soft ionization conditions under which low or no fragmentation is observed. 

Several ionization methods can be interfaced to mass spectrometer, and the 

compatible one needs to be chosen according to the molecule properties. For not very 

polar and small size molecules, gas phase ionization (in vacuum) can be used, such 

as electron ionization (EI), chemical ionization (CI) etc. These modes can be coupled 

to GC/MS. Reversely, for less volatile small size molecules gas phase ionization 

methods at atmospheric pressure, such as atmospheric pressure chemical ionization 

(APCI) or atmospheric pressure photo ionization (APPI) condition can be applied. 

For larger and thermo-labile polar systems, desorption techniques can be used (ESI), 
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able to be coupled in LC-MS, also like API techniques. ESI appear to be more 

universal and for this reason it is more popularized. 

Even though the ionization source can work in vacuum or under AP conditions, the 

analyzer and detector work only in vacuum, and under very low partial pressure 

(P=ΣPgi) in water, which is real challenge when LC-MS is used, since the mixture of 

organic solvent and water is currently employed. To operate in vacuum (i.e. 10e-6 to 

10e-7 mbar) it is required differential pumping which allows the ion from 

atmospheric pressure to go into vacuum region thanks to lens and skimmers 

between each part of the instrument for decreasing the pressure. Generally to reach 

such vacuum, two pumping are needed, primary pumping (rotary vacuum pump) 

associated with turbo molecular pump for high vacuum. 

Mass spectrometers for HPLC coupling consists of three parts: interface between 

HPLC and MS where the ions are formed, mass analyzer and detector. Thanks to 

different ionization sources formed until nowadays, it is facilitated to interface these 

two techniques. Atmospheric pressure ionization (API) enables this coupling and 

formation and thus analysis of positive and negative ions as well. 
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4.1 Ionization techniques 

Before any mass analysis, the ions need to be formed in the ionization source. For 

analysis of azaphilones, most used was electrospray ionization, though the first 

reports of analysis of azaphilones talks about electron impact mass spectra. Thus, in 

next two chapters the most used ionization techniques, electron impact and 

electrospray ionization will be described. 

4.1.1 Gas Phase Ionization – Electron Ionization 

Electron Ionization (EI) is one of the most utilized gas phase ionization sources that 

interface gas chromatography with mass spectrometry. EI is a technique that ionizes 

easily gas phase molecules, though it induces extensive fragmentations, and the 

molecular ions are often not well observed. This source consists of a heated filament 

that emits the electrons that after acceleration interact with the molecules that are 

previously transferred to a gas phase and introduced into the source. Kinetic energy 

of electrons is mainly about 80 eV ± 10 eV, and the associative wave allows 

interaction with electron of highest occupied molecular orbital (HOMO) orbital to 

eject it: 

M + e → M+• + 2e 
 

The resulting system is characterized by configuration distribution over the exited 

electronic and fundamental states by curve crossing and redistribution of electron 

excitation energy down to fundamental state (Figure 21). The internal energy is then 

constituted of residual vibrational energy in each electronic excited state 

(corresponding to the energy bellow the crossing point) and vibrational energy in 

fundamental state.  



General part 

76 
 

 

Figure 21: Potential energy curve crossing for polyatomic molecules and ions 

The internal energy of resulting molecular ion is a convolution of electronic excited 

state vibrational energy and vibrational internal energy in the fundamental state. By 

this way is considered that the internal energy increases from 0 eV to 15 eV.  

Electron ionization source work under vacuum (10-6 mbar) and a molecular ion can 

be considered as an isolated system. Thus, only the internal energy is present in the 

ion, except the energy released from the radiation. This internal energy distribution is 

characteristic of an ion, meaning that for the constant “in-source” residence time it is 

independent of the instrument.  

With such internal energy, the molecular ion dissociates in the source. Dissociation is 

associated to the survival molecular ion yielding a mass spectrum independent of the 

instrument. The only difference that can appear using different mass spectrometers is 

the variation in ion abundance, but the appearance of the spectrum is always the 

same.  

(M+•)* → A+ + B 

 

The variations in ion abundance appear due to the orientation of fragmentation 

pathways that are competitive or consecutive. This advantage was used to create 

data bases for identification of known molecular structures, especially from complex 

mixtures as the EI is “in-vacuum” ionization and it allows coupling of mass 

spectrometry with gas chromatography (GC). 

For determination of characteristic secondary metabolites of Xylariceae, GC/MS was 

used. In this purpose ionization in the gas phase was the only choice, thus EI was 
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used to produce the ions. At the Figure 22 is presented an EI spectrum of mitorubrin, 

a member of azaphilones from Hypoxylon fragiforme, but also present in Penicillium  

rubrum, [133] that was published in the early 1960’s. A molecular ion of mitorubrin is 

present in the spectrum in quite low intensity, but still gives the important 

information about the molecular mass. Furthermore, an extensive fragmentation 

clarifies the chemical structure.  

 

Figure 22: EI spectrum of mitorubrin [133] 

There are various fragmentation pathway rules, because the structural characteristics 

play an important role. Mitorubrin is a good example for demonstration of some of 

the rules that leads the fragmentation. The two principle rules are simple cleavage 

and rearrangement. However, simple cleavage does not always lead directly to the 

formation of ion and neutral. During the simple cleavage an ion-dipole complex can 

be formed prior to dissociation. This dissociation is induced by the charge-radical 

site. Here, the H-migration can take place before the dissociation, leading to the 

formation of distonic ion, where the radical induces the dissociation, and the positive 

charge is a spectator. A last rule involves the electron parity of the fragment ion. The 

molecular ion can give odd or even electron species, yielding new even electron 

fragment ions by release of neutrals. This rule can be violated in the aromatic and 

nitrogen containing aromatic systems. These rules explains mass spectrum of 

mitorubrin obtained in EI. 
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In the spectrum of mitorubrin, the molecular ion at m/z 382 is observed with low 

abundance, which is expected due to the strong ionization conditions in EI, that 

induce internal energy of molecular ion high enough to cleave the single bond (about 

0.8 eV to 2 eV) and a nature of odd electron nature of molecular ion that makes it 

unstable. Fragments that are formed during the ionization are observed at m/z 123, 

m/z 124 m/z 150, m/z 151, m/z 160, m/z 190 and m/z 232. The mechanism by which 

these product ions are formed is presented at Figure 23. 

The approach that was used to explain the fragmentation of mitorubrin under EI 

conditions could be misused. We propose here our approach to the fragmentation 

mechanism, where the recent process, ion-dipole complex formation plays the main 

role, and it is also important for further results of the work.  



 

 

 

 

Figure 23: Proposed fragmentation mechanism of molecular ion from mitorubrin under EI conditions 
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Several complementary ions appear in the mass spectrum. They reflect the possible 

ion-dipole complex formation as a molecular isomerization prior to total dissociation. 

By the benzylic cleavage the ion-dipole complex (Idp) is formed as acylium ion 

accompanied by radical alcoxide. The direct dissociation of Idp gives m/z 151 

(aromatic system). This ion is able to lose the C=O neutral (carbon monoxide) 

yielding the m/z 123. Idp can isomerizes by the H° radical transfer from phenol site to 

radical partner giving a new ion-dipole complex, Idp(a), where the charge is 

distributed in to the bicyclical system, giving competition in the formation of m/z 232 

and m/z 150, an odd-electron species. Here, the m/z 150 is more favored because of 

the strong delocalization of the charge through the system. 

Idp can also isomerizes into the ion-dipole complex Idp(b) by H° radical transfer 

from  gemined methyl group (vicynal group) to the alcoxide site This transfer is 

assisted by radical migration to give rise to (exocyclyc) epoxide. Idp(b) dissociate into 

very unstable bi-phenol aldehyde, which release very promptly carbon-monoxide to 

yield m/z  124. All this ions can dissociate consecutively in to smaller species. For 

instance, the loss of acyl radical can occurs from m/z 232 through formation of new 

ion-dipole complex, Idp(c), constituted of bicyclical system and a keten. Direct 

release of keten yield m/z 190, and by alylic H-radical transfer from vinyl methyl 

group to keten allow losing radical acyl at m/z 189.  

4.1.2 Atmospheric Pressure Ionization  

Two main atmospheric pressure ionization modes are the gas-phase ionization 

(APCI, APPI, DART), that happen through the ion-molecule reactions and the 

desorption techniques, that happen through desorption from droplets. Desorption 

techniques are more popular for investigation of biological molecules of small and 

large size. 

4.1.3 The case of Electrospray ionization 

The contribution of mass spectrometry to current knowledge in biology is still 

relatively modest. However, electrospray mass spectrometry (ESI-MS) is now 
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considered as essential in this area. Emergence of this technique in MS started 

during the 60’s by electro-dynamic studies, developed by Dole. The first step in the 

development of electro-spray has been forgotten. Abbot Nollet showed in the XVIII 

century the influence of the electric charge on the orientation of the small water 

jet.[134] After this, the electro-dynamics have not been developed more in the XIX 

century, only until its strong evaluation in mass spectrometry.  

 

Figure 24 Influence of the electric charge on the orientation of small water jet; the origins of 

electrospray[134] 

Through this evaluation, John Fenn developed electro-spray in 1992. Despite to this 

discovery, the mechanism of electro-spray is not yet well understood, the process 

can be just described, and two models are proposed, dependently on the size of 

ionizing molecules (see below). A sample solution is introduced into a capillary 

which is brought to a high electric potential. The electric field applied to the output 

of the capillary will formation of a cloud of charged droplets which pass through a 
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gradient of simultaneously electric field and a pressure gradient in the direction of 

the analyzer spectrometer mass. 

 

Figure 25: Schematic presentation of electrospray ionization process[135] 

During this transport, the size of droplet decreases during evaporation of the solvent 

by successive "Coulomb" explosions (spontaneous divisions of the droplet form 

smaller droplets, caused by a very high surface potential) (Figure 25). The 

application of a pressure at the capillary inlet can facilitate nebulization, depending 

on the flow rate and composition of used solvent.[136] In addition, a gas flow 

(usually nitrogen) is applied to the interface to help evaporation of the solvent. In 

fact, Kebarle et al [137] showed that the smaller droplet can be produced very 

promptly and from this macroscopic approach desorption occurs from the deformed 

droplet creating an alembic shape. Desorbed species are macromolecular aggregates 

(strongly solvated molecules). The aggregate ions formed under atmospheric 

pressure are then focused through a set of ion optics, which enables them to pass 

toward the analyzer placed in vacuum region. The ions formed in positive mode are 

multi-protonated species. The exact mechanism of ion formation from charged 

droplets is under discussion.[138, 139] 
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The emission of ions from charged droplets to the gas phase is a  

kind of controversial process. Two models are accepted until today, the model of the 

residual charge proposed by Dole,[140] and model of ion evaporation proposed by 

Iribarne and Thomson.[141]  

According to Dole’s model of residual charge, successive stages of evaporation and 

Coulomb explosions result in the formation of smaller droplets having only one load 

(Figure 26). 

 

Figure 26: Schematic presentation of the ion emission in the gas phase during the ionization / desorption 

according to ES theory of Dole[140]
 

 

According to the theory of Iribarne and Thomson, when the droplets have a 

sufficient charge density, they no longer suffer the additional fission, but the ions are 

directly emitted to the gas phase (Figure 27). 

 

Figure 27: Schematic presentation of the ion emission in the gas phase during the ionization / desorption 

according to ES theory of Iribarne and Thomson [141] 

Preparation of samples is quite simple. The analytes of interest should be dissolved 

in usually polar solvent that is compatible with electrospray, meaning acetonitrile or 

methanol, or mixture of these solvents with water.[142] It is often important to add 

acid or base (ammonium acetate etc) to facilitate the protonation or deprotonation. 
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With an eye kept on MS compatibility, phosphoric acid is unsuitable, due to its non-

volatility. Trifluoroacetic acid (TFA) is a popular acidic modifier and however 

compatible with MS, it is not advisable due to its extensive ionization. The analytes 

of interest are less or not detectable when TFA is applied. Therefore in majority of the 

LC-MS investigations acetic acid or formic acid is used in concentrations ranging 

from 0.1% to 3%. However, surface active compounds, non-volatile substances and 

salts are poorly tolerated in ESI. Salts disrupt the electrospray process and form a 

series of cationized ions, as [M+Na]+, [M+K]+, [M+H+Na]2+ etc., which complicates 

the spectrum and decreases sensitivity. 

4.1.4 In-Source CID 

Desolvation of ions is provided and helped by heated capillary or by applying a 

counter-flow of gas, but also by accelerating the ions in the interface region where the 

medium pressure of millibar range is provided. Acceleration of ions is obtained by 

applying a voltage between the different lenses and ion optics. Accelerated ions 

collide with residual gas increasing their internal energy, which helps the final 

desolvation and observation of single and desolvated ions on the micromolecular 

level. Furthermore, these collisions can give an extra energy to induce the ion 

fragmentation. At the end in the mass spectra are obtained a signals corresponding to 

the survival molecular ions and fragment ions that are formed in source. The extent 

of fragmentation depends on the amount of internal energy that ions observed in 

source.  

In-source CID is often applied when a single-stage mass analyzers are used, (ESI-

MS). In this case, mass spectrometer serves only for detection of ions, and not as 

analyzer, thus the in-source CID is used to obtain more structural information (as in 

case of EI or CI) and by interpretation of fragmentation pathways. 

4.1.5 ESI-MS for analysis of azaphilones 

Since its invention, electrospray ionization has been widely used in mass 

spectrometry approaches to classification of Xylariaceae. The most successful method 
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in fungal taxonomy has certainly been secondary metabolite profiling, particularly 

determined by HPLC. Interfacing liquid chromatography with mass spectrometry 

was surely facilitated with invent of ESI, allowing polar non- volatile molecules to be 

ionized in liquid phase. First was the group of Frisvad who started to use a ESI-MS 

as a rapid tool for chemotaxonomic classification, because observing mass spectrum 

directly from crude extracts takes advantage of high sensitivity and limited 

fragmentation.[101]  

While techniques based on HPLC analysis suffers from spending time, by diESI-MS 

it is possible to distinguish species in a few minutes analysis. While ion suppression 

is of concern in ESI-MS, it does not seriously hamper the detection of expected 

metabolites although minor components may be lost. At the Figure 28, is presented 

an example of diMS spectra of three Penicillium species that are difficult to be 

distinguished by traditional phenotypic taxonomy. Most dominant peaks in spectra 

correspond to known and expected metabolites that appear in examined species in 

different abundances or missing in some species. 
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Figure 28: Nominal mass spectra from direct infusion of fungal extract into electrospray mass 

spectrometry, diESI-MS, shows the difference between three species which are difficult to distinguish by 

traditional phenotypic taxonomy.[101]  

4.2 Mass analysers 

Beside the selection of soft ionization (ESI, APCI or APPI), choosing the appropriate 

mass analyzer is crucial and strictly depends on the analytical aim.[143] For structure 

elucidation a tandem or multistage mass analyzer is a necessity which is well 

reflected in the trend of the last 5-6 years: single-stage analyzers have been displaced 

by tandem or multi-stage instruments. In tandem mass spectrometry only the analyte 

of interest is transmitted by the first analyzer which is then analysed by the second 

one. Multi-stage analyzers can repeat these steps consecutively. An iontrap (IT) or 

orbitrap analyzer allows fragmentation experiments up to MS7.[144] Hybrid 

constructions, like quadrupole-time-of-flight (Q-TOF), time-of-flight - time-of-flight 

(TOF-TOF) and classic tandem mass spectrometers, like the triple-quadrupole (TQ), 

especially offers an effective combination of qualitative and quantitative applications. 

The collision induced dissociation (CID) provides structural information on a 

selected ion.[145] If skimmer voltage is increased, in-source fragmentation may 

occur, thus MS3 can be reached with the TQ. Fragmentation in this case is not under 

the operator’s control, nevertheless it can be useful.[146] 

4.2.1 High resolution mass spectrometry - Orbitrap mass 

spectrometer 

New demands for higher sensitivity and accuracy in mass measurements are of the 

highest importance since the global tendencies in analytical chemistry are focused on 

the fast and simple approaches. Orbitrap was developed for this kind of experiments 

as robust, rapid and sensitive mass instrument. It is a mass analyzer composed of an 

outer, barrel like electrode, and inner, central electrode around which the ions turns. 

Form of electrodes was made to allow ions to maintain the motion around the inner 

electrode as long as possible, thanks to high vacuum ion storage. Ions are injected in 

the orbitrap tangentially with kinetic energy of several keV. Under electrostatic field 

(direct current, DC voltage) like in ion trap, without radio-frequency (RF) voltage, 
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and high vacuum (10-10 mbar), they take a circular trajectory around the central 

electrode and oscillate simultaneously along the z axis (Figure 29 a). 

 

Figure 29: Orbitrap mass detector: a) Geometry of Orbitrap, b) Fast Fourier transformation signal 

treatment 

 

The axial movement of ions is detected as an image of current when the ions move 

between two halves of the outer electrode. As a result of amplified current, the 

transient signal is recorded from the outer electrode (Figure 29 b). Ions with different 

masses oscillate with different frequencies. The set of frequencies which constitutes 

the transient are submitted to a mathematical treatment, Fourier transformation (FT) 

that converts this signal (time domain) into oscillation domain, and thus separates 

ions in m/z scale. Resolution of orbitrap is directly dependent on duration of transient 

signal. Longer the transient signal possesses higher number of data points, thus 

measurement accuracy of oscillating frequency is higher and resolution of ions 

better. For a longer transient signal collisions of ions with residual gas has to be 

avoided or at least reduced, and this is why the low pressure of 10-10 mbar is 

maintained. At the end, orbitrap can achieve a resolving power up to 100 000 (for 

m/z 400 FWHM, full width half maximum) and mass accuracy of less than 3 ppm. 

4.2.2 LTQ-Orbitrap, a hybrid mass spectrometer with 

high resolving power 

Orbitrap is considered as a mass detector, as no experiments are done in it, but it 

serves for a high resolution measurements. Thus, a good advance was made by 
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Hardman and Makarov, 2003 when they designed an LTQ-Orbitrap tandem mass 

spectrometer (Figure 30). It is consisted of linear ion trap (LTQ), C-trap and finally 

orbitrap.  

 

 

Figure 30: Schematic presentation of LTQ-Oritrap XL hybrid mass spectrometer; a) aggregate ions 

desolvation region, b) ion transmission region, c) ion focalization 

 

Aggregate ions formed in the API source are drawn into the ion-transfer tube to 

reach the tube lens – skimmer region (Figure 30 a) where they are desolvated in the 

collisions with residual gas and focused. In this point, ions meet a zone of lower 

pressure (10-3 mbar), where they pass through several multiples (Figure 30 b) and 

electrostatic lenses (Figure 30 c) and get trapped in the linear ion trap (10-5 mbar), 

called LTQ (linear trap quadrupole) (Figure 31). 

 

 

 

Figure 31: Schematic presentation of linear ion trap 
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LTQ is composed of four hyperbolic rods with parabolic inner edges. Rods are 

consisted of three sections, and on each section a DC voltage can be applied to allow 

trapping of ions in the center or along the z axis. This enables accumulation of higher 

number of ions and its focalization which for a purpose has higher sensitivity and 

accuracy. Furthermore, ions can be radially ejected and detected by low resolution. 

This ion trap allows to manipulate the ions either in MS mode for ion accumulation 

and storage) or in MSn experiments. Moreover, the MSn experiments can be done and 

detected by low or high resolution. High resolution detection is observed when ions 

are axially ejected toward the C-trap (RF-only quadrupole of a C letter shape), which 

ensure trapping a large number of ions and tangential injection into orbitrap. This 

way, electrostatic attraction toward the central electrode is compensated by injecting 

ions tangentially and resulting circular trajectory of ions. 

Orbitrap mass spectrometer have never before been used for detection of 

azaphilones, thus they have never before been detected with such high resolution 

and accuracy. In the Table 4, main peaks that can appear in the mass spectra of 

azaphilones of interest (mitorubrins from Hypoxylon fragiforme), their structures, the 

monoisotopic masses of protonated ions and masses of adduct ions were 

summarized. 



 

 

Table 4: Structures, monoisotopic masses and accurate masses of azaphilone adducts that can be formed in ESI and detected in orbitrap mass spectrometer during 

analysis of Hypoxylone fragiforme 

Compound Structure 
Monoisotopic 

mass 

Accurate mass of diagnostic peaks 

[M+H]+ [2M+H]+ [M+Na]+ [M+K]+ [M+H2O]+ 

        

Mitorubrinol 

 

398.1004 399.10744 797.2078 421.0902 437.1987 417.1174 

Mitorubrinic acid 

 

412.0797 413.0867 825.1664 435.0594 451.1780 431.0967 

Mitorubrin 

 

382.1055 383.1125 765.2180 405.0852 412.2038 401.1225 



 

 

Mitorubrinol acetate 

 

440.111 441.1180 881.2290 463.0907 479.2093 459.1280 

Mitorubraminol 

 

397.1164 398.1234 809.2191 420.0961 436.2147 416.1334 

Mitorubraminic acid 

 

411.0957 412.1027 823.1984 434.0754 450.1940 430.1127 

Mitorubramin 

 

381.1215 382.1285 763.2500 404.1012 420.2198 400.1385 

Mitorubraminol 
acetate 

 

439.1270 440.1340 879.261 462.1067 478.2253 458.1440 

Orsellinic acid 

 

168.0425 169.0495 337.0920 191.0222 207.1408 187.0596 
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4.2.3 Triple quadrupole 

Briefly, based on the quadrupole device, a triple qudrupole (TQ) is consisted of three 

quadrupoles coupled either in axis or off-axis. The first (Q1) and the last (Q3) 

quadrupole are mass filters and the second one (Q2) works for the non-selective 

transmission and as activation cell. It can be quadrupole or multipole (hexapole or 

octapole), with a different geometry (linear, curved of half-circular). Mass filters scan 

both, DC and RF potential (see Annex) for selective m/z ion transmission. The 

activation cell is used either for collision induced dissociation (CID) or collision 

activated reaction (CAR) and it scans RF tension consistently with Q1 and/or Q3 RF 

potential. 

 

 

 

Figure 32: MS/MS experiments based on analysis using two spatially separate mass analysers. Q1 and Q2. 

Between the analyzers activation cell (for CID and CAR) (Q2) 

 
From such link voltage, three different scans can be achieved: constant parent 

spectrum, constant fragment spectrum and a constant neutral loss spectrum (Figure 

32). DC(Q1) and DC(Q3) as well as RF(Q1), RF(Q2) and RF(Q3) are linked scans. The 

properties of TQ tandem mass spectrometer are resolution of 3000-5000 FWHM, low 

m/z mass accuracy (±0.2 Da) and a low m/z range (typically 25-6000 Th). 
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It is possible to study the collision induced dissociation (CID) using this type of 

analyzer. The CID works in two steps. First step is a collision with the target and the 

second step is dissociation. Due to the collision, ion-excitation occurs. During the 

collision, the ion kinetic energy (Elab) is partially transformed into internal energy (10-

100 eV, maximally up to 200 eV). Under such conditions only vibrational energy is 

carried out by the precursor ion. However, the maximum of internal energy 

corresponds only to the energy of the center of the mass:  

 

           (
       

∑            
) 

 

The best efficiency occurs when the collision complex of target plus ion is a long 

living. Only by these conditions, the efficiency in transformation of translational 

energy into vibrational energy is better. This means that at low kinetic energy, best 

efficiency is reached. Thus, the higher kinetic energy, the higher Elab is reached, and 

the higher Eint would be reached if the life of complex is not shortened. Configuration 

of the potential applied to the quadrupole in the registration requirements of CID 

spectra is shown in Figure 33. 

 

 

Figure 33: Schematic presentation of TQ with potential gradient 
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TQ mass spectrometers are typical examples of tandem-in-space instruments capable 

of operating in four main scanning modes: i) product ion scanning, ii) precursor ion 

scanning, iii) neutral loss scanning and iv) selected reaction monitoring (SRM). 

4.3 Collision induced dissociation (CID) and collision activated 

reaction (CAR) 

Collision Induced Dissociation (CID) is the most frequently used approach to 

fragment ions in mass spectrometry. When using soft ionization methods where 

protonated molecule is often the only one produced and observed ion in mass 

spectrum, CID becomes a necessary tool for further structural elucidation. It means 

the collision between ion and neutral reagent that induces transfer of kinetic to 

internal energy that causes dissociation. The yields of produced fragment ions 

depends on the activated precursor ion decomposition probability, regarding the 

quasi-equilibrium theory, RRKM. By this theory, CID is an ergodic process, which 

allows equal distribution of the excitation energy through the whole ion. Thus, the 

most probable sites in the ion where dissociation happens are the weakest bonds. 

Three important terms concerning CID are employed: collisions, energy transfer and 

dissociation.  

CID works differently in time-separated (tandem in time) and space-separated 

(tandem in space) mass analyzers. In tandem in time mass analyzers, such as ion-

cyclotron resonance (ICR) or ion trap, an inert gas is introduced in the mass analyzer, 

while in tandem in space inert gas is introduced in the collision cell which separates 

two mass analyzers. First mass analyzer serves then for isolation of precursor ion, 

while the second one serves for detection of all ions formed during the dissociation. 

If a reagent gas is introduced instead of inert gas into the collision cell, and low 

energy collisions are performed, collision-activated reactions (CAR) or in other 

words ion-molecule reactions can take place. 
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4.3.1 Ion-molecule reactions in the gas phase 

Time allowed for reaction between ion and introduced reactant gas is quite short and 

can be varied over only a limited range (several milliseconds). Moreover, it is 

difficult to achieve the very low collision energies that promote exothermic ion–

molecule reactions. Nevertheless, product ion spectra arising from ion–molecule 

reactions can be recorded and serve as an alternative to CID for ion characterization. 

This method is widely used for gas phase reaction experiments, thus for H/D 

exchange in structural determination too. 

4.3.2 Ion-dipole complexes 

Ion-dipole complexes (Idp) were naturally introduced to explain the existence of 

molecular ion of alkanes in the EI. Indeed, for the alkane to be ionized, one electron 

-bond, because there is no lone electron pair or a π 

electron. Ion results from the cleavage of covalent bond. To situations can occur: 

a) Separation of two fragments, one radical and one cation, and 

b) Both the partners are maintained together only by electrostatic interaction 

created by the dipole induced by the neighboring cation (Figure 34) 

 

Figure 34 Electrostatic interaction between the dipole and cation 

This means that in non-stabilized carbocation the charge needs to be solvated by the 

neutral radical partner. This situation characterize the primary carbocation which 

presents molecular ions (ion-dipole), and is not applicable for the tertiary 

carbocation, for which the molecular ion is absent (the tertiary carbocation does not 

need to be solvated). 

Concept of Idp was introduced simultaneously by two research groups to explain: 
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i) Why the H+ or H° can be transferred to the far site in the molecular 

ion,[147-149]  and 

ii) Why particular fragmentations take place from the fragment ion 

produced in EI source.[150] 

This concept has been extended and applied to other even electron ionic systems 

generated in CI (in positive or negative mode). However, under vacuum ionization 

conditions or in CI, where the pressure is increased, the relaxation by collisions is not 

sufficient for efficient internal energy relaxation, and then the corresponding even 

electron ions (protonated or deprotonated specie) are promptly decomposed in the 

ion source, from the ion-dipole complex. This situation is exacerbated when the 

basicity or acidity of both partners is too different, in positive or negative ionization 

mode, respectively. The formation of dimeric species have the same origin, however, 

they involve intramolecular interaction rather than intermolecular interactions. It is 

the same idea that Cooks introduced for the kinetic method to reach the basicity and 

acidity of the ions.[151, 152] 

The total relaxation takes place under atmospheric pressure conditions. 

Consequently, by using API techniques (APCI, APPI, ESI…), the protonated (or 

deprotonated) molecular species that isomerizes into Idp, can survive the ionization 

step and soft ionization conditions. 

4.3.3 Gas phase H/D exchange 

H/D exchange reactions of natural organic compounds is an ancillary and practical 

technique for determination of different functional groups with heteroatoms such as 

alcohols, phenols, carboxylic acids, amines, amides, and mercaptans present in the 

molecular structures.[153]  

This method is mostly used for structural elucidation of proteins’ tertiary structure, 

but also for structural determination of small molecules. As the deuterium nucleus 

possess two neutrons and thus is twice heavier than the hydrogen nucleus, when the 

hydrogen is replaced by deuterium the final mass of molecule is higher. This fact is 
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largely used in mass spectrometry H/D exchange approach. The shift in m/z value of 

analyzed molecule after exposure of sample to a D-containing reagent provides a 

counting of active hydrogen atoms, which are bonded to hetero atoms, O, N or S. 

Different methods of H/D exchange have been developed in the past. Two 

approaches can operate: in solution, or in the gas phase. First, the most used was 

liquid phase H/D exchange where the replacement of hydrogen by deuterium takes 

place in solution, as the chemistry of living organisms occurs in bio-fluids. Further 

the products are analyzed by different analytical methods including classical mass 

spectrometry. The H/D exchange in the solution phase is not specific and is as the 

deuterium containing reagent is used D2O, all mobile protons located on the amino, 

hydroxyl, amide, imine, enamine, carboxy groups and monosupstituted alkynes are 

fully exchanged.[154] This approach is currently applied for NMR and MS analysis. 

Still, intermolecular interactions and solvent effects are large in this method, thus 

some chemical properties of molecules, such as pKa cannot be involved.  

The gas phase H/D exchanges are specific processes due to the relative gas phase 

properties of both, the exchanging reagent (usually D2O, MeOD or ND3) and an 

analyzing ion (usually MH+). These stepwise exchanges occur under particular gas 

phase basicity (in positive ion mode) or acidicity (in negative ion mode) frame. For 

instance, in positive ion mode the process is a stepwise pathway and it considers: 

(i) Ion solvation – adduct ion formation, which is always exothermic, 

independently to the proton affinity (PA) of the exchangeable group in 

the ionized molecule 

(ii) Proton transfer from protonated molecule to the deuterated reagent 

into the ion-dipol complex. This reaction can be exothermic or 

endothermic relatively to the adduct ion energetic level 

(iii) Deuterium transfer from the protonated deuterium containing reagent 

to slightly more or less basic site to the neutral analyte and 

(iv) The comeback of the ionization of the exchangable analytes takes place 

by simple cleavage (as desolvataion). 
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If the PA of protonated analyte is lower than that of deuterium containing reagent 

(Figure 35(a)) this difference must not be to high otherwise the deuterium transfer 

process is in competition with to the direct cleavage of [RX, YDxH]+ complex into the 

YDxH+ and the exchange does not takes place. 

 

Figure 35 General mechanism of an H/D exchange process between a RXH
+
 ion and YDx; case of exchange 

when (a) PA(YDx) > PA(RXH
+
), and (b) PA(YDx) < PA(RXH

+
). 

If the PA of protonated analyte is higher than that of deuterium containing reagent, 

this difference must not be too high because the proton transfer to deuterated reagent 

is endothermic process relatively to the initial system, and thus does not occurs. 

However, assistance can result in lowering of the energetic level of the [RX, YDxH]+ 

complex and thus allow the proton transfer as an exothermic process to the RX 

molecule and the exchanges can take place. 

Further on, few approaches of in-source gas phase H/D exchange mass spectrometry 

have been developed to approach chemical properties of molecules and its 

structures. For example, an H/D exchange in ESI source have been developed 

requiring instrumental modifications in the source region of mass spectrometer.[155] 

In fact, the nebulization and/or curtain gas usually used (N2 for example) was 

replaced with a deuterated reagent such as ND3 or N2/H2O. This method shows a 

successful and complete exchange of active protons in small protonated or cationized 

molecules and is thus useful in structural elucidation of ionized molecules containing 

up to 25 labile protons. For bigger molecules the exchange can be incomplete. Such 

exchanges are clear for proton covalently bonded to heteroatom (vide infra). 
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Another method for gas phase H/D exchanges have been developed for the 

processes that happen in the mass analyzer. Applying this method intermolecular 

interactions and solvent effects can be neglected and gas phase chemistry can be 

utilized as very useful tool for understanding and studying important chemical 

properties of molecules. For this kind of research, utilized deuterium containing 

reagent in the gas phase can have important effect.[156] H/D exchanging rate 

depends on many factors. At first from protonated species, it depends of the type of 

exchangeable protons (amine, amide, hydroxyl, …), and on presence of 

intermolecular hydrogen bonds and steric effects as well as other entropic effects that 

occurs with relay mechanism.[157] Positive ions of glycine oligomers were analyzed 

by H/D exchange by Beauchamp[158] with different deuterated reagent. This work 

showed that H/D exchange rate strongly depends on the gas phase basicity of 

deuterium containing reagent. More the reagent is basic, more the exchange rate is 

high. Thus, ND3 exchanges mobile protons the most efficiently, while D2O the 

slowest, due to its lowest gas phase basicity. Hunt analyzed hydrogen exchange of 

alkilbenzens, oxygenated benzene, toluens and some aromatic polycyclic 

hydrocarbons with D2O, EtOD and ND3.[159] They demonstrated that for 

observation of complete exchange in protonated monofunctional compound, proton 

affinity difference between deuterated reagent and analyzed molecule should not 

exceed 20 kcal/mol. For polyfunctional molecules proton affinity difference between 

analyte and deuterated reagent gas can be higher. Gard showed that proton 

exchange of some amino acids with MeOD can occur even if their gas phase basicity 

exceeds 30 kcal/mol.[160] Onium ion and relay mechanism of H/D exchange were 

proposed by Beauchamp.[157] 

 H/D exchange reactions have been performed in the quadrupole, as well as in the 

trap mass spectrometers. Harrison performed exchange of enolate ions with MeOD 

and EtOD in the rf- only collision cell and demonstrated that exchange grows with 

collision energy and deuterated reagent increment.[161] Group of Cooks reported a 

study of the isotope exchange reactions of mass-selected molecular ions, M and 

protonated molecules, [M+H]+, with CH3OD and ND3, in the collision cell of a triple 

quadrupole mass spectrometer.[162] They reported that the use of ND3 allowed 
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exchange of all active hydrogen atoms, while the use of CH3OD allowed exchange of 

phenolic and carboxylic hydrogen atoms without exchanging the amino hydrogen 

atoms. 

By this brief review of possibilities that H/D exchange can provide, it is evident its 

significance. It can also be used in much simpler purposes. Knowing the structures of 

azaphilones and their highly oxygenated bicyclical core, H/D exchange can be used 

for counting the number of labile hydrogen atoms in the aim of their structural 

elucidation. Furthermore, as the azaphilone react spontaneously with amino group 

giving the nitrogenized analogues, this family of molecules can be easily 

distinguished from their precursors, as they contains one hydrogen more in the 

structure, coming from enamine group formed during the reaction with amines. In 

our work, this method was used successfully for structural elucidation of 

nitrogenized azaphilone analogues, and will be explained in the Experimental part 

and Results and discussion chapters. 

4.4 LC-MS interfacing 

In the past 20 years the on-line combination of HPLC and MS has become a routinely 

applicable, extremely powerful and user-friendly analytical tool. The inability of gas 

chromatography-mass spectrometry (GC-MS) to analyze non-volatile and/or 

thermo-labile molecules of high polarity, such as plant phenolics, and the 

introduction of atmospheric pressure ionization (API) techniques, such as 

electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and 

atmospheric pressure photo ionization (APPI) gave a massive contribution to LC-MS 

in gaining its position of today. The rapidly increasing number of papers 

convincingly proves that LC-MS is a unique technique capable of analyzing complex 

mixtures, like plant extracts, regardless to co-elution or other separation fault, which 

was a frequent problem when only UV or other usually LC associated detectors were 

used. 

LC-MS requires atmospheric pressure conditions and coupling with mass 

spectrometry can occur only utilizing API sources. For volatile compounds gas phase 
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ionization can be used and reversely for larger system less volatile desorption 

method can be applied, especially ESI. 

With the invention of electrospray ionization (ESI), [135, 163] a soft ionization 

technique at the atmospheric pressure, the analysis of macromolecules and polar and 

non-volatile molecules as well became feasible. Very often though a complex samples 

are to be analyzed. Analyzing these kinds of samples can be difficult due to the 

competition in the ionization of different molecules present in the sample. All the 

molecules will endeavor to ionize, and this will make a mass spectrum more 

complicate, and the ionization efficiency will be diminished. For this reason it is a 

good option to separate the analytes, and that is why mass spectrometry was 

coupled to HPLC, via ESI as interface. LC-MS has thus become one of the widest 

used methods for determination of low mass molecules, but the high mass molecules 

(such as proteins and peptides) as well. 

Nowadays LC-MS coupling techniques have clearly become the most widely-used 

tool in analyzing drugs and their metabolites. Chromatographic separations are most 

commonly obtained using HPLC with reversed-phase columns. In the early phase of 

metabolite profiling, rapid generic chromatographic methods are often utilized, 

applying 5-80% acetonitrile or methanol and aqueous phase in a gradient run of few 

minutes. 

For metabolic profiling studies the most common ionization methods in LC-MS 

applications are ESI and APCI. The ion sources are referred to as API sources, as the 

ionization does not take place in a vacuum but in atmospheric pressure. ESI is 

suitable for almost all drug-like molecules with at least one easily ionizing functional 

group,[164] whereas for steroids and other less polar compounds, APCI is often 

utilized.[165] Comparing these two methods, APCI is generally less susceptible to 

matrix effects.[166, 167] 

MS data processing is nowadays highly automated and the developments of post-

acquisition data mining techniques are strongly enabled by high mass resolution 

data. Metabolite screening is assisted by software that compares the acquired data 
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between the sample and negative control and suggests biotransformation and 

calculated elemental composition for the found metabolites using accurate mass 

measurements and information about compound of interest. 
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Experimental part 

In this section are described chemical substances, instrumentation and methods used 

for the performed experiments. A chapter includes sample preparation, analytical 

HPLC separation of complex mixture, isolation and purification of compounds form 

the crude fungal extract, mass spectrometry techniques used for analysis of 

compounds in different experiments. 
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1. Solvents and chemicals 

Hypoxylon fragiforme fungal samples were collected from the dead Fagus sylvatica tree 

at the forest in South-Eastern Serbia, characterized by Professor Mark Stadler, 

InterMed Discovery GmbH, Germany and deposited in the Herbarium Moesiacum, 

University of Nis (voucher number 5530). Methanol and acetonitrile were of HPLC 

grade (VWR, EC). Water was obtained from a Milli-Q Gradient system (Millipore, 

Brussels, Belgium). Formic acid was from SDS (Carlo Erba Reactifs, France). ND3 

(99.75%) was obtained from Eurisotop (CEA Group, France). Solvents used for HPLC 

and LC-MS were filtered through a 0.45 μm mixed cellulose ester membrane 

(Millipore, Bedford, MA, USA) and degassed in the degasser integrated in the HPLC 

system (or with the gentle stream of helium for different HPLC instruments used) 

before use. 

2. Sample preparation 

Air-dried stromata of Hypoxylon fragiforme fungi were carefully detached from the 

substrate and crushed using pestle and mortar. Sample of the obtained powder 

weighted 10 mg was extracted repeatedly with 1 mL methanol, 10 minutes each in 

ultrasonic bath, and at room temperature with a five-minute centrifugation after 

every extraction. Collected supernatants were combined and evaporated to dryness. 

Dry extract was further reconstituted in methanol for direct analysis by LC-MS, or 

supposed to purification by SPE. 

2.1 Solid Phase Extraction 

In order to pre-separate and purify the analytes of interest, samples were subjected to 

an SPE procedure prior to analysis, in aim to remove highly non polar components 

that could be harmful to the following HPLC column, applying Strata Phenomenex 

C18 SPE cartridge (Figure 36). Cartridges were conditioned with 2 mL of methanol, 

and the crude extract dissolved in small amount of acetonitrile: water was deposited 

onto the cartridge. 2 mL acetonitrile: water, 40:60 (v/v) was used for elution of 

analytes from the cartridge. Final concentration of extract is estimated to be up to 0.2 
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mg/mL, based on the bibliography references.[31] The sample was finally analyzed 

by LC/MS. 

Sample preparation for isolation of pure compounds using preparative HPLC, was 

conducted as follows: 9 g of powdered fungi were measured in the 300 mL 

Erlenmeyer flask, and extracted with 180 mL of methanol for 30 min in ultrasonic 

bath. After extraction, the sample was centrifuged 10 min at 2000 r/min. Supernatant 

was poured off in a new flask and the precipitate was topped with a new portion of 

methanol. The procedure was repeated three times, and supernatants were combined 

and filtered through the filter-paper (black tape, Whatman No41), and evaporated in 

the rotary evaporator kept at 35°C.  

As the crude methanol extract is a complex mixture rich in nonpolar compounds, 

additional purification of the sample is recommended before deposing the sample to 

the preparative column. Thus SPE was used for this purpose. For this purpose was 

used SPE manifold Phenomenex consisted of 18 places for SPE cartridge and vacuum 

pump. Reverse phase SPE cartridges, Phenomenex Strata C-18-E (55 µm, 70 A) 500 

mg/3 mL were conditioned with 3 mL of methanol, each. Crude extract is dissolved 

in solvent mixture acetonitrile/water=50/50, (v/v) up to the final concentration of 25 

mg/mL. 3 mL of prepared sample was deposited on each conditioned cartridge and 

passed through. Elution of precipitated sample was done with 7 mL of solvent 

mixture acetonitrile/water=50/50, (v/v). Elutes were combined and evaporated in 

rotary evaporator. Final quantity of purified sample was 301 mg, supposed to be 

used for preparative purposes. 
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Figure 36 Step by step presentation for the sample preparation 

 

3. Synthesis of vinilogous pyrodones 

Synthesis of mitorubramin was performed as described. In  3mg/mL methanol 

solution of mitorubrinol obtained by preparative HPLC, equivalent volume of 0.88 M 

water solution of ammonium hydroxide was added. After agitation the solution was 

left for 5 minutes. After this, sample was evaporated and like this prepared for 

analysis by NMR. 
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4. Liquid Chromatography 

4.1 Analytical High Performance Liquid Chromatography (HPLC) 

For all experiments, 5 µL of extract (crude methanol extract or purified one) were 

injected into a reverse-phase C18 Symmetry (2,1 x 150, 5µm) column from Waters 

(Ireland). Separation of extract for analytical HPLC was done in different elution 

modes depending on the experiments performed. Isocratic mode using acetonitrile: 

water, 1:1 (v/v) with 0.1 % formic acid at a flow rate 200 µL/min was done for gas-

phase H/D exchange experiment (Figure 37 a)). When used gradient elution mode, 

starting point was 0,1% formic acid solutions in water and acetonitrile. 5 minutes 

elution with 90% of water was followed with a 55 minutes gradient to 90% of 

acetonitrile. After this, 40 minutes of 90% acetonitrile elution was performed (Figure 

37 b)). 

 

Figure 37 Elution conditions used for crude extract analysis: a) isocratic mode for gas-phase H/D 

exchange experiment, b) gradient mode for accurate mass measurements and CID experiments 

Tableau 5 Parameters utilized for HPLC pumps and autosampler 

Surveyor MS 

Surveyor Auto sampler Injection volume 15 µL 

Surveyor MS Pump Plus 

Solvent A 0.1 % formic acid in H2O 

Solvent B 0.1% formic acid in CH3CN 

Solvent flow 200 µL/min 
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4.2 Preparative High Performance Liquid Chromatography 

In aim to find new compounds of significance and to verify present and known ones, 

preparative HPLC was conducted. Instrumentation, materials and method used are 

summarized in Table 6 and elution gradient is presented at Figure 38. 

 

Table 6 Parameters used for preparative separation of azaphilones from methanol fungal extract 

Shimadzu preparative liquid chromatograph 

Software LCsolution 

Equipment 

Degasser FVC-130AL 
Pump LC-8A Shimadzu Preparative Liquid Chromatograph 

Autosampler SIL-10A Shimadzu Autosampler 
Controller…. CBM-20A prominence Bus module 

Fraction collector FRC-10A Shimadzu Fraction Collector 

Column Agilent Prep-C18, 30 x 250mm, 10µm (Agilent, Montluçon, France) 
Solvent A H2O 
Solvent B Acetonitrile 

Injection volume 
Injected mass 

1200 µL 
600 mg 

Diode Array Detection 190-450 nm 
Cell temperature 40°C 

LC Time program 

%B Min 

30 0 
30 25 
60 70 

Acquisition time 70 min 
Flow 40 mL/min 

Fraction collector 

Width 2 sec 
Slope 1000 uV/sec 
Level -4500uV 

Vial Volume 15 mL 

 

 
Figure 38 LC gradient for preparative isolation of azaphilones 
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Fraction collector was set to collect only the peaks with the slope higher 30 000 to 

avoid the collection of fractions with no or negligible quantities of samples. All peaks 

were collected, and the solvent (water and acetonitrile) from fractions was 

evaporated under vacuum and after under cold stream of nitrogen in liofilizator. 

Isolated substances were re-subjected into LC-MS to check their purity. The purity 

and quantity of isolated azaphilones was sufficient for further MS and NMR 

experiments.  

5. Mass Spectrometry 

The experiments were mostly done in positive ionization mode. For optimization of 

ionization conditions LCQ Deca (Thermofisher Scientific, San Jose, CA, USA) ion trap 

mass spectrometer was used, interfacing with ESI source. Performed mass 

spectrometry experiments were preferentially based firstly on high resolving power 

yielding accurate mass measurements. For this purpose a hybrid mass spectrometer, 

LTQ Orbitrap XL (Thermofisher Scientific, San Jose, CA, USA) was used. 

Furthermore, tandem mass spectrometer, triple quadrupole was used for gas-phase 

H/D exchange reactions. Experiments were performed in the collision cell of an 

instrument for structural elucidation. For this purpose Quatro II (Micromass, 

Manchester, U. K.) was used. In the following chapters a brief description of utilized 

instruments will be done. 

5.1 Optimization of electrospray ionization conditions 

After purification of crude methanol extract by SPE, 5 µL of purified sample was 

deposed onto the column, and separated in the isocratic elution mode. Electrospray 

needle was kept at 3,5 kV for the positive ionization. Nebulizer gas was N2 and it was 

kept at 70 arbitrary units (a.u.), while auxiliary gas, also N2 was kept at 20 a.u. 

Temperature of heated capillary was kept at 250 °C, to help evaporation of solvents 

during the high LC flow. Capillary voltage and tube lens offset were modified, and 

used parameters are listed in Table 7. Mass spectra were recorded at the 100 - 900 

m/z mass range. 
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Table 7 Utilized capillary voltages and tube lens offsets for optimization of ionization conditions and 

approach to the nitrogenized mitorubrin analogues 

Tube lens offset (V) Capillary voltage (V) Tube lens offset (V) Capillary voltage (V) 

20 -30 -40 20 
  -35 20 

20 -20 -30 20 
  -25 20 

20 -10 -20 20 
  -15 20 

20 0 -10 20 
  -5 20 

20 10 0 20 
  5 20 

20 20 10 20 
  15 20 

20 30 20 20 
  25 20 

20 40 30 20 
  35 20 
  40 20 
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5.2 High resolution tandem mass spectrometry 

Accurate mass measurements were performed on an LTQ Orbitrap XL from Thermo 

Fisher Scientific (San Jose, CA, USA) [168]. Positive ionization mode was chosen 

because more structural information are provided than those reached in the negative 

one. Parameters used for ESI ionization and mass analysis are as presented in the 

Table 8:  

Table 8 Parameters used for HRMS and CID experiment 

 

Electrospray 

 

Sheath gas flow rate 70 a.u. 

Aux gas flow rate 20 a.u. 

ESI needle voltage 4 kV 

Capillary voltage 20 V 

Tube lens offset 80 V 

Capillary temperature 275 °C 

Mass spectrometer 

Acquire time 16 or 90 min 

Mass analyzer Orbitrap XL 

Mass range 145 - 1000 Th 

Scan type Full scan 

Microscan 3 

Maximum injection time 300 ms 

Mass lock (m/z) 214.089625 

Mass resolution 30 000  (for theoretical m/z 400) 

MS/MS 
Mass range (m/z) 100-500 Th 

CID 15 % [169] 

MS/MS/MS 
Mass range Depending on LMCO – 300 Th 

CID 22  
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5.3 Gas phase H/D exchange and TQ parameters 

Gas-phase H/D exchange reaction studies on azaphilone compounds were 

undertaken on modified triple quadrupole mass spectrometer Quattro II (Micromass, 

Manchester, U. K.) (Table 9). The data were acquired using Masslynx software 

(Version 4.2). The ESI capillary voltage was maintained at 3,5 kV. Compounds were 

ionized with a cone voltage of 30 V, and “in source-CID” was performed with a cone 

voltage of 60 V. Nitrogen was used as the nebulization and desolvation gas. The 

source and desolvation temperatures were kept at 80°C and 20°C, respectively.  ND3 

was introduced into the hexapolar collision cell at a pressure of 3.10-3 mbar (as read 

by the vacuum gauge attached to the pumping line leading from the quadrupole 

stage) for collision-activated reactions (CAR).[170] Analyzed protonated molecules 

and in-source fragment ions were mass selected in the first quadrupole with isolation 

m/z width equal to 1 Th and then sent to a radiofrequency (RF)-only hexapolar 

collision cell where they were submitted to ion-molecule reactions with labeled 

reagent gas. The collision voltage was set to Elab = 3 V for all the CAR experiments. 

The use of set of lens voltage 7, 8 and 9 (250 V, 0 V and 0 V, respectively) was crucial 

for successful storage of the selected precursor ions for the CAR experiments. The 

reaction product ions were mass analyzed by scanning in the second quadrupole 

mass analyzer. 
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Table 9 Parameters used for H/D exchange experiments 

Electrospray 

ESI needle 3,5 eV 

Cone voltage 30 eV 

Cone voltage for in-source CID 60 eV 

Source temperature 80 °C 

Desolvation temperature 20 °C 

Mass spectrometer 

Reagent gas in collision cell ND3 

Pressure of reagent gas 3.10-3 mbar 

Isolation width 1 Th 

Collision voltage 3 eV 

Lens 7 250 V 

Lens 8 0 V 

Lens 9 0 V 
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5.4 Density functional theory (DFT) 

In parallel to gas phase H/D exchange experiments, quantum chemistry calculations 

have been performed using the Gaussian 09 program [171]. Geometry optimizations 

were obtained with the B3LYP functional [172, 173] and the def2-SVP split valence 

basis set [174]. Single-point energies were obtained with the same method and the 

Def2-TZVPE basis set. Structures were characterized either as minima or transition 

structures from vibrational analysis. Proton affinities (PA) were calculated for 

different sites of the mitorubrin compounds using atomization energies. Results 

presented are corrected by a linear factor obtained by comparing the results with 

well-defined proton affinities [175]. (PA) were calculated for the mitorubrin skeleton 

hetero atoms, not including the side chain hetero atoms. The mechanism of H/D 

exchange in the azaphilone ion structure was confirmed by the DFT calculation on 

the model system (Figure 39) of iso-propyl orsellinate. The model system was chosen 

in the aim to understand the H/D exchange mechanism in the orselinic part of the 

molecule, where the side chain is chosen to observe the same proton affinity as for 

the analyzed molecule. Azaphilone bicyclic skeleton thus was replaced with iso-

propyl alkyl chain. 

 

 

 

Figure 39 Structure of iso-propyl orsellinate, model system used for theoretical studies 
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6. NMR spectroscopy 

 

1H and 13C NMR spectra were recorded at 600.40 and 150.99 MHz respectively, on a 

Bruker Avance III spectrometer fitted with a BBFO probe. All spectra were recorded 

in MeOD at 300K. Chemical shifts are reported in parts per million relative to MeOD 

(1H δ 3.31; 13C δ 49.15). 13C direct detection was made difficult by small available 

quantities. 1H Data are reported as follows: chemical shift, integration, multiplicity (s 

= singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants. 13C 

and 1H assignments were made using 1H, 13C, DEPT, COSY, edHSQC and HMBC 

experiments. 
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Results and discussion 

 In the beginning, the separation methods and behavior of azaphilones during the 

reverse phase liquid chromatography are explained. Ionization of azaphilones and 

nitrogenized analogues showed a particular difference of behavior, and it is of 

interest to show the advantage of electrospray ionization for observation of different 

molecular species. Furthermore, the high resolution mass spectrometry (HRMS), 

accurate mass measurements and fragmentation pathways by using sequential 

fragmentation (MSn) will be discussed as methods for distinguishing different 

molecular families. At the end, reaction of azaphilones during the ion-molecule 

reactions with deuterated reagents in the gas phase will be show and discussed in 

order to confirm those structures. 

All the experiments performed have an aim to discover a novel family of secondary 

metabolites. 
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1. Hypoxylon fragiforme chemical composition 

Chemical composition and particularly pigment composition of fruit body of 

macromycetes have been studied over the century, disclosing a hundreds of unique 

compounds that cannot be found in any other entity.[46] Furthermore, showing a 

high importance in the living circle of fungi and a large spectrum of biological 

activities, these chemical entities have been structurally determined, and their 

activities have been examined. 

Beside the proteins, DNA, carbohydrates, fatty acids, a high percentage of secondary 

metabolites can be found in ascomycetes fungi, such as organic acids, polyynes, 

polyketides (such as quinones, anthraquinones, xanthones, etc.), mono- to triterpenes 

(volatiles and low-volatile steroids), polysaccharides, lipopolysaccharides, and N- 

and S-containing compounds. When a methanol extract of ascomycetes, particularly 

Xylariaceae is examined, often the major constituents of the fruiting body are these 

particular secondary metabolites, indicating their importance in defense of fungi 

from environmental menaces. 

Concerning the Hypoxylon fragiforme, major secondary metabolites found in their 

fruiting bodies are mitorubrin azaphilones. Still, the metabolic profile changes with 

many factors, for example the age of fungus or with the growth environment. Thus, 

in the following chapter a composition of Hypoxylon fragifrome collected in South-

Eastern Serbia will be discussed. 
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1.2 Separation of mitorubrin azaphilones by reverse phase liquid 

chromatography 

Fungal extract represent mixture of various metabolites and extreme attention should 

be paid to its analysis. For the separation of azaphilones from that kind of complex 

mixture by HPLC, different elution methods have been employed. Isocratic and 

gradient elution have been employed. A short isocratic separation was employed for 

fast detection of consisting compounds. After the purification of crude methanol 

extract by passing it through the SPE cartridge, a clear sample was deposed on the 

reverse phase HPLC column. The total ion current (TIC) obtained in positive 

electrospray HPLC-MS analysis is presented at the Figure 40.  

 

 

Figure 40 TIC chromatogram of Hypoxylon fragiforme methanol extract after purification by SPE, 

obtained in isocratic elution mode (0.1 % formic acid in MeOH / H2O (50/50, v/v); flow rate: 200 

µL/min)[176] 

 

In 2006, the chromatogram of Hypoxylon fragiforme has been shown in the work of 

Stadler’s group[31] on the examination of stromatal ontogeny by following the 
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changes of secondary metabolite profiles in different ages of fungus (Figure 41). It 

appears that during stromatal ontogeny of Hypoxylon fragiforme, a profile of 

secondary metabolites changes, giving suppression of mitorubrin azaphilones and 

rising of another family of azaphilones, fragiformins. It is important to emphasize 

that UV detection was employed in mentioned experiments. 

 

Figure 41 Section of the HPLC-UV chromatograms (210 nm) of MeOH extracts from stromata of 

Hypoxylon fragiforme. Top: young, maturing stromata; Bottom: Mature stromata [31] (0.01 M HCl–CH3 

CN; temperature 20°C; gradient: 90% 0.01 M HCl 1min; 90% 10% 0.01 M HCl 8 min; 10% 0.01 M HC l5 

min; 10–90% 0.01 M HCl 0.5 min; 90% 0.01 M HCl 2.5 min; flow-rate: 0.5 ml/min.[177]).
 
 

Differences between the published results and results herein obtained during our 

experiments are quite large. The elution mode we used was not the same as the one 

that Stadler’s group used. Still, some expectations were satisfied, particularly 

concerning the mitorubrin azaphilones, which were detected in our samples. The 

chromatogram displays richer information about composition of extract.  

Nevertheless, we were primarily interested in the composition of secondary 

metabolites. In the TIC reconstituted chromatogram, beside the observed mitorubins, 

characteristic and always present in Hypoxylon fragiforme, additional 

chromatographic peakswere obsereved and did not correspond to any of additional 

peaks of fragiformins or other constituents in the chromatograms of young or old 

Hypoxylon fragiforme stromata (Figure 41). Concerned compounds exit the column at 

the beginning of elution, between first and fourth minute of elution, indicating a 

higher polarity of eluting compounds and suggesting the presence of new 
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compounds not usually detected in Hypoxylon fragiforme before. If these compounds 

were present in the samples of young or mature stromata used in previous work, 

they would appear at the beginning of the elution. Our tendencies were to determine 

the structures of these molecules, and assumptions were that these are potential 

mitorubrin nitrogen containing derivatives (refer to the Chapter 2.3.3). 

Concerning the crude methanol extract of fungi with no further purification, a long 

separation method have been chosen purposely to obtain the separation as better as 

possible, especially for the more polar components of the extract that we were 

particularly interested in. A recorded TIC is presented at the Figure 42. It is obvious 

the complexity of crude extract, rich in many versatile compounds. During the 60 

minutes long separation (5 min 90% of water followed by 55 min gradient up to 90% 

of acetonitrile, than 40 minutes of 90% acetonitrile) compounds characterized by 

different polarities were eluted. Mitorubrins appeared at the retention times lower 

than 45 minutes within high abundances which can be seen on the total ion current 

chromatogram. Possible nitrogenized mitorubrin analogues (pyrano quinon 

derivates) showed quite well abundance also, but taking into consideration higher 

polarity of amino group in comparison to mitorubrins (pyrano-quinone derivatives) 

ether group where hydrogen bonding is not favorable, they were eluted at lower 

retention times than 32 minutes. After 45 minutes of elution, unidentified 

compounds of non-polar character (as fatty acids and ergosterol derivatives) were 

observed. 
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Figure 42 TIC of crude methanol extract of Hypoxylon fragiforme obtained by gradient elution (90% of 

water during first 5 min followed by linear gradient up to 90 % acetonitrile during 55 min, and thereafter 

isocratic 90 % acetonitrile elution during 40 min)[176] 
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1.3 Isolation of Hypoxylon fragiforme constituents by preparative HPLC 

Preparative high performance liquid chromatography has been used to isolate 

mitorubrins and potentially novel metabolites from Hypoxylone fragiforme, to confirm 

the structures of mitorubrins and elucidate these new isolated compounds. For this 

purpose purification of crude methanol extract of fungi was done by SPE, and 301 

mg was obtained to be separated by preparative HPLC. A gradient elution has been 

performed, as in the analytical HPLC it is obtained a difficult separation of polar 

compounds. In order to reach this, a preparative HPLC (LC-8A, Shimadzu 

preparative chromatograph) with Diode Array detection was used. Detection was 

performed at the UV wavelengths from 190 nm to 450 nm. Recorded chromatogram 

for the wavelength 254 nm and 3D presentation of chromatogram through the whole 

UV wavelength range (Figure 43), showing the UV spectra of separated compounds 

are presented at Figure 44. 

 

Figure 43 DAD chromatogram of Hypoxylon fragiforme extract (30 % MeOH during 25 min, than 

gradient up to 60 % MeOH during 45 min); UV, 254 nm. 
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Figure 44 3D DAD chromatogram of Hypoxylon fragiforme, showing the UV spectra of constituents and 

their abundance in the extract (30 % MeOH during 25 min, than gradient up to 60 % MeOH during 45 

min); UV, 190-254 nm. 

 

Fraction collector was adjusted to collect the fractions from the slope point higher 

than 1000 uV/sec. In this way, the highest quantity of compounds is collected 

avoiding the collection of solvents and impurities. Also, negligible quantities of 

secondary metabolites have not been collected. 

As the result several compounds were isolated. These compounds are listed in the 

Table 10. 

Table 10 Secondary metabolites obtained in isolation by preparative HPLC, and quantities observed 

Compound Quantity (mg) 

Mitorubrinol 2.8 
Mitorubrinic acid 1.9 

Mitorubrinol acetate 10.2 
Mitorubrin 31.3 

Orsellinic acid 5.1 
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Not all of expected secondary metabolites were isolated. For NMR analysis, a 

sufficient quantity has been obtained from mitorubrinol, mitorubriniol acetate and 

mitorubrin only. Thus, it was not possible to obtain NMR identification for 

mitorubrinic acid, though we expected to obtain a sufficient quantity for this 

analysis. More important was to isolate the polar compounds observed in analytical 

LC-MS, but their concentrations in the extract of fungi were too small for isolation 

and identification by NMR was not possible. 

 

2. Synthesis of mitorubramine 

As the quantity of mitorubrin obtained by preparative HPLC was more than 

sufficient for NMR analysis, one part of the isolate was used for the synthesis of 

mitorubramine, nitrogen containing mitorubrin, in aim to analyze it by NMR and MS 

techniques. This experiment was taken into consideration, because the assumption 

about the polar unknown product might have been novel group of azaphilones, or 

more particularly the nitrogenized azaphilones. The reaction of mitorubrin with 

ammonium hydroxide (refer to Chapter 2.3.3) as a fast reaction with high yield 

allowed us to obtain the NMR results for mitorubramine as a contribution for the 

future determination of such isolates directly from fungi. Furthermore, synthesized 

mitorubramine served as a standard compound for comparison and elucidation of 

polar compounds reached in previous experiments, which structures and origin were 

not known. 
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3. NMR spectroscopy results of isolated azaphilones 

1H and 13C NMR spectra were recorded for isolated azaphilones and for synthesized 

mitorubramine. The NMR analysis confirmed the structures of present mitorubrins, 

and revealed information about the structure of mitorubramine. Obtained NMR 

spectra are presented in the Annex 1 and the obtained dataset is in the correlation 

with those of mitorubramines reported in the earlier works.[133, 178] dataset of 

mitorubramine was in the agreement with the proposed structure. 



 

 
 

 

Table 11 Results obtaind from NMR analysis of isolates frome preparative HPLC of Hypoxylon fragiforme (mitorubrin, mitorubrinic acid, mitorubamine acetate and orsellinic 

acid) and from synthetized mitorubramine 

 

Figure 45 Nomenclature of mitorubrin for explanation of NMR spectra 
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4. Techniques used in MS investigation of mitorubrin azaphilones and 
polar compounds 

The HPLC separation was coupled with mass spectral detection, and mitorubrins 

and polar compounds of interest have been revealed. Several MS techniques have 

been used in aim to determine compounds of interest. We started with optimization 

of electrospray source conditions to obtain as improved efficiency in desorption 

ionization of analyzed compounds as possible, and that we focused on the analysis of 

formed ionized molecular species of interest. In this approach, we have employed 

accurate mass measurements and a sequential CID for structural elucidation. 

Furthermore, a gas-phase H/D exchange reactions have been performed for further 

structural elucidation by counting the number of labile protons. The later experiment 

was performed because mitorubrins and polar compounds, assumed as nitrogen 

containing mitorubrins differ for one mass unit in their m/z values of single charged 

molecular species. Furthermore, this technique is helpful to detect a presence of 

amino group because, if the amino group is present in the structure, one labile proton 

more will be present in the molecule and exchanged with deuterium. Note that these 

results were consistent with differences in behavior of the protonated species toward 

CID processes. 
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4.1 High resolution mass spectrometry and accurate mass measurements 

High resolution mass spectra were performed thanks to orbitrap mass spectrometer, 

in order to obtain the accurate mass measurements and elemental composition of 

containing azaphilones. Obtained accurate masses, their retention times and accurate 

elemental compositions of protonated analytes of interest are presented in the Table 

12. Mentioned polar compounds that elutes at the beginning of the separation of 

Hypoxylon fragiforme extract were detected by mass spectrometry as singly charged 

ions with m/z for one mass unit lower than the mitorubrin azaphilones. Regarding 

their m/z values and retention times they can correspond to the nitrogen containing 

mitorubrins. Their retention times assign their higher polarity in comparison to the 

ones of mitorubrins. If these polar compounds are nitrogen containing mitorubrins, it 

is understandable that they elute before the mitorubrins due to the higher polarity of 

the amino group which replace the divinyl ether group of mitorubrins. Low 

resolution mass spectrometry and nominal mass measurements are not sufficient in 

elucidation of the structures of these polar compounds, which is why we employed 

high resolving mass measurements, which can give much more information about 

the elemental composition of both the precursor and product ions, by the means of 

ESI and CID spectra, respectively. 

  



 

 
 
 

 

Table 12 Retention times, obtained azaphilones and nitrogenized analogues, m/z of their characteristic peaks and elemental composition by LC/HR-MS 

 

 

Retention     
time (min) 

Compound Measured m/z 
Elemental composition 

of observed ions 
Experimentally  
observed ions 

Relative 
error 

(ppm) 

26.2 Mitorubraminol 398,12496 C21H20O7N [M+H]+ 1.4 

29.1 Mitorubraminic acid 412,10324 C21H18O8N [M+H]+ 1.5 

31.5 Mitorubramin  382,12903 C23H22O8N [M+H]+ 1.4 

31.9 Mitorubraminol acetate 440,13443 C21H20O6N [M+H]+ 1.1 

33.2 Mitorubrinol 399,10773 
797.20892 

C21H19O8 

C42H37O16 
[M+H]+ 
[2M+H]+ 

0.9 
1.6 

34.6 Mitorubrinic acid 
413,08719 
825.16754 
151,03879 

C21H17O9 

C42H33O18 
C8H7O3 

[M+H]+ 
[2M+H]+ 

[MH-217]+ 

1.2 
1.6 
-1.3 

40.3 Mitorubrin 383,11261 
765,21930 

C21H19O7 

C42H37O14 
[M+H]+ 
[2M+H]+ 

1.2 
1.6 

43.1 Mitorubrinol acetate 441,11856 
881.23004 

C23H21O9 
C46H41O18 

[M+H]+ 
[2M+H]+ 

0.4 
1.8 



Results and discussion 

133 
 

First eluting compound was observed at 26 min and the main ion in mass spectrum 

was observed at m/z 398, which corresponds to a nitrogen containing mitorubrinol. 

From now on this compound will be assigned as mitorubraminol (Figure 46). High 

resolving mass measurement gave an elemental composition that corresponds with a 

high accuracy to such compounds, where the oxygen of heterocyclic part of 

mitorubrinol is replaced by amino group. Second eluting product was observed at 29 

min and in mass spectrum a main peak was obtained at m/z 412, which is a value for 

one m/z unit (Th) lower than that of the mitorubrinic acid. We named a new 

compound mitorubraminic acid (Figure 47), because its elemental composition 

corresponded to such compound. At 32nd min of elution, two compounds eluted 

together and their elemental composition corresponded to the nitrogen containing 

mitorubrin and mitorubrinol acetate. These compounds were named mitorubramine 

and mitorubraminol acetate (Figure 48). Their structures will be enlightened later. 

 

Figure 46 Mass spectrum of assumed mitorubraminol 

 

Figure 47 Mass spectrum of assumed mitorubramini acid 
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Figure 48 Mass spectrum of assumed mitorubramine and mitorubraminol acetate 

 

Figure 49 Mass spectrum of mitorubrinol 

 

Figure 50 Mass spectrum of mitorubrinic acid 

 

Figure 51 Mass spectrum of mitorubrinol acetate 
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Figure 52 Mass spectrum of mitorubrin 

Considering mass spectra, mitorubramines gave peaks only for protonated 

molecules, except mitorubraminol acetate, for which adduct with water was 

observed. Still, high resolving power of orbitrap mass spectrometer gave a confident 

data about their molecular mass and elemental composition with the accuracy of 1 

ppm. The mass spectra of mitorubrin azaphilones showed protonated molecules 

(Figure 49, Figure 50, Figure 51, Figure 52), but also protonated dimer signals, which 

may be provoked by higher concentration in the extract, comparing to 

mitorubramines. Formation of dimeric ions depends on two factors: concentration 

and proton affinity (PA) of azaphilone ion. If this PA of ion is relatively high, the 

tendency toward the formation of complex will be lower, because its desolvation will 

be characterized by relatively high rate constant. If the PA is lower, the tendency to 

the formation of dimers will be higher. On the other hand, this can be comparable 

only if the ions of interest form dimeric ions with the same interacting site. Thus, if 

the mitorubrins and polar mitorubramines would have formed dimers at the same 

site, which would be the site of protonation (carbonyl group of the hetero bicyclic 

part of ion as the site of the highest PA; see later), it would be expected that 

mitorubrins easely form dimers, and mitorubramines not, due to the higher PA of 

nitrogen system (see later Table 15) in comparison to that of oxygen. Regarding the 

previous consideration, at least three order of magnitude lower concentration is 

predicted for the mitorubramines, in comparison to mitorubrin azaphilones. This can 

be a reason why mitorubramines present in Hypoxylon fragiforme methanol extract are 

not well detectable by other spectroscopy methods coupled to HPLC, such as 

UV/VIS detection. 
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4.2 Optimization of desorption ionization conditions for detection of 

nitrogenized mitorubrin analogues 

Appearance of polar compounds in LC-MS profile of Hypoxylon fragiforme motivated 

us to understand their detection from the sample by analyzing their behavior in 

different desolvation conditions of ESI source, by varying both, the capillary voltage 

and a tube lens offset. 

Use of ESI is a pertinent ionization approach to study structures of mitorubrins, 

because the formation of intact protonated molecules can be obtained in high 

abundance giving the information about the elemental composition, when combined 

with high resolving power analyzers. Further structural information can be reached 

by harder desolvation conditions (using “in-source CID”), or by sequential MSn. 

Many parameters can have an influence on the formation and detection of the 

protonated molecules, such as choice of solvent and concentrations of the analyte, 

choice of additives to the solution, choice of the flow rates of the solution through the 

electro-spray capillary, the electrical potentials applied to the spray needle, potentials 

on the electrodes leading to the m/z ion analysis. Different compounds are always 

ionized with a different efficiency, and this will depend on many conditions.  

The behavior on azaphilone derivatives under different ESI conditions, such as 

capillary voltage and tube lens potential difference was examined, since these 

parameter can have high influence at the desolvation of ions during their 

acceleration, desolvation and focalization, and thus on their appearance and 

abundance in mass spectrum. 

Different desolvation conditions have been applied to register the appearance of 

novel family of secondary metabolites. Such species are unexpected in ESI, at least, 

they corresponds to the compounds which carry odd number of nitrogen atom(s). 
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Figure 53 Dependence of normalized intensities of mitorubrins and polar components at different 

capillary voltage conditions  

On the Figure 53 is presented the dependence of both the mitorubrin and 

mitorubramine abundances in ESI mass spectra on the capillary voltage. It is visible 

that the abundance of mitorubramines is far lower than that of the oxygenized ones, 

which is due to their low concentrations. When increasing the capillary voltage 

values, change in azaphilone abundance is not observed. This can be expected since 

the capillary voltage, not really favoring desolvation and dissociations, but influences 

ion transfer and acceleration toward the mass analyzer through the atmospheric 

pressure region for all the compounds. The most important effects are those that 

happen due to the processes at the exit of the heated capillary and interfacing the ion 

optics, such as tube lens and skimers. 

Tube lens potential difference has an influence on the behavior of mitorubrins and its 

nitrogenized analogues. Potential and pressure gradient and focusing lens position 

lead to the formation of solvent free ions. Before passing through the lens section of 

ion source, ions are solvated, and dependently on their proton affinity they are 

harder or easier desolvated under the same conditions. Proton affinity of oxygen is 

lower than that of nitrogen and for this reason, ions containing nitrogen in the 

structure will be easier desolvated and thus it will be more visible at mass spectrum. 

This process is less endothermic then desolvation of oxygenized ions. For this kind of 

ions higher internal energy is necessary to be desolvated. For this reason, they are 

better desolvated at higher tube lens offsets the nitrogenized derivatives. At a very 
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low desolvation conditions it is visible enhancement of all ion intensities. This can be 

explained with the relatively high basicity of all analyzed nitrogenized compounds 

and thus, high energy is not needed for the complete desolvation. This is important 

cognition for better assessment of mitorubramine species because of their very low 

concentration in the natural samples. At higher desolvation conditions, ion 

abundance decrease due to the high energy collisions in the vacuum region, and thus 

the “in-source” collision induced dissociation (Figure 54). Therefore, it is very 

difficult to observe nitrogenized species of this kind.  

 

 

Figure 54 Ion abundance dependence upon the tube lens potential difference 

At Figure 55 is presented ratio of the abundances of nitrogenized analogues and 

mitorubrines, and dependence of this ratio upon different desolvation conditions at 

the tube lens. At higher desolvation conditions is observed increment of this ratio, 

which can be explained with a higher stability of nitrogenized compounds in regard 

to the natural azaphilones, due to the resonance stabilization and negative inductive 

effect of nitrogen that is lower than the oxygen ones. Hence, at higher desolvation 

conditions, natural azaphilones are easier dissociated than the nitrogenized ones and 

their abundance decrease rapidly. 
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Figure 55 Variation of the intensity ratio of mitorubramines and mitorubrins with the tube lens potential 

difference 

4.3 Collision induced dissociation 

CID is the method the mostly utilized in tandem mass spectrometry for the structural 

elucidation. In order to reach maximum of structural information, sequential MSn 

experiments, under CID conditions on protonated species under LC-ESI-MS became 

a very popular tool. Furthermore, sequential MS3 experiments have been also 

performed. It was of interest to get as much information about the nitrogenized 

analoges of mitorubrins, mitorubramines as possible, because the quantity of these 

compounds was strictly limited, and certainly not sufficient for NMR analysis, which 

would gave us complete picture about their respective structure. The presence of 

mitorubramines is suggested by their retention times and accurate mass 

measurements. Still, theoretically the position of nitrogen can be different in different 

isomers, and this cannot be directly proven by accurate mass measurements. For 

example the nitrogen does not have to necessarily be present in these molecules in 

the form of amino group, but it can be present as an amide as well. This hypothesis 

can be very well developed by the means of tandem mass spectrometry. Thus, the 

resonant CID experiments are of crucial importance for their structural elucidation. 
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4.3.1 Behavior of protonated mitorubrins and mitorubramines 

under resonant CID conditions 

The separated mitorubrins and assumed mitorubramines have been then mass-

selected and studied by the means of CID experiments of protonated mitorubrins 

(MOH+) and mitorubramins (MNH+), which we have signed m/z [368+R] and m/z 

[367+R], respectively, to keep one general structure per secondary metabolite family. 

Resulting CID spectra are presented in Figure 56. 

 

Figure 56 CID spectra of mitorubrins and mitorubramines (normalized collision energy, 22 %; 1OH
+
-

mitorubrin, 2OH
+
-mitorubrinic acid, 3OH

+
-mitorubrinol, 4OH

+
-mitorubrinol acetate, 1NH

+
-mitorubramin, 

2NH
+
-mitorubaminic acid, 3NH

+
-mitorubraminol, 4NH

+
-mitorubraminol acetate) 
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Fragmentations of protonated mitorubrins and mitorubramines occur via stepwise 

mechanism, involving the formation of initial ion-dipole complex, which is consisted 

of orselinyl ion and a hetero bicyclic system, where the intra-complex proton transfer 

can take place. Extensive studies have shown that species consisted of cation and 

neutral which are held together by ion-dipole attractive forces frequently play an 

important role in the chemistry of isolated ions.[179-181] From such complexes, often 

two ions are formed in the competitive processes through the internal proton 

transfer. The complex may either fragment to form carbonyl cation and release a 

hetero bicyclical neutral, or can release the orselinyl neutral and form the protonated 

hetero bicyclical ion. Proposed mechanism of fragmentation of protonated 

mitorubins and mitorubramines is presented at Figure 57. According to their relative 

PA values, two possible neutrals are complementary present in the complex. In fact, 

α,β-unsaturated keton can remove proton to the protonated like-methylene quinone 

ion  and reversely. 

 

Figure 57 Proposed mechanism of fragmentation of protonated mitorubrins and mitorubramines during 

the CID of normalized collision energy of 15 %; X = -O or –NH. 

For all protonated mitorubrins and mitorubramines subjected to the resonant CID, a 

common ion at m/z 151 is observed. This ion corresponds to the orselinyl ion, which 

is released from the ion-dipol complex by a simple cleavage. Its formation occurs by 

stepwise process via isomerization of protonated molecules into an ion-dipole 

complex [182], as given in Figure 57. Another ion that can be released from this ion-

dipole complex is yielded after the proton transfer from the p-hydroxyl group of 
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orselinyl ion to the carbonyl group of bicyclical system, forming a new ion-dipol 

complex consisted of orselinyl neutral and protonated hetero bicyclical system. This 

process is favored by the electron delocalization through the whole carbonyl 

(orselinyl) system. As products, protonated mitorubrins hetero bicyclical ions are 

observed in the mass spectra and their m/z values differ due to different side chains. 

We have signed them as m/z [218+R] where R is concerned to the side chain. The 

same results are obtained from mitorubramines which we have signed as m/z [217+R] 

ion. The m/z values displayed in CID spectra are presented at Table 13. 

The relative abundances of the complementary m/z 151 and m/z [218+R] (or m/z 

[217+R] for nitrogenized analogues) product ions vary accordingly to the side chain 

group. Constantly, the common m/z 151 ions are characterized by a very low 

abundance (except for 2OH+ and 2NH+). In general, protonated mitorubramines yield 

stronger fragmentations than protonated mitorubrins. Note that in the case of 

protonated mitorubrinic acid (m/z 413), the abundance of m/z 151 is higher than that 

of the complementary m/z [218+R] product ion (m/z 263). This can be explained by 

the electron withdrawing effect of the conjugate carboxylic group of the side chain, 

that can diminish the proton affinity of the oxygen O(5). The formation of the 

common m/z 151 ion is thus strongly favored, rather than the m/z 263 or m/z 262 

product ions. In case of protonated mitorubrinic acid nitrogenized analogue (m/z 

412), this effect is decreased with the mesomeric effect assistance of nitrogen atom at 

N(7). Consequentely, the complementary m/z 262 and m/z 151 fragment ions appear in 

more comparable abundances. The abundance ratio of observed peaks in CID spectra 

is mostly rationalized in the terms of equilibration between the ion-dipole complexes 

proposed as isomeric intermediates in the fragmentation of protonated molecules. 
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4.3.2 Sequential MS3 experiments of bicyclical product ions 

4.3.2.1 Differences in behaviour of mitorubrins and 

mitorubramines 

As protonated mitorubrins and mitorubramines gave quite similar CID spectra and 

exhibited the same mechanism of fragmentation, this experiment was not sufficient 

for complete structural elucidation of mitorubramines, though the accurate mass 

measurements gave the exact masses that correspond to those of the protonated 

mitorubramines and CID experiments gave first information about their structures.  

4.3.2.2 Main product ions 

To obtain more informative data for the structural elucidation, sequential MS3 

experiments have been performed on the all product ions observed from the 

protonated molecules (m/z 151, m/z [217 + R] and m/z [218 +R] ions). The 

characteristic bicyclic product ions which distinguish the mitorubrins and 

mitorubramins, meaning m/z [218+R] and m/z [217+R] respectively have been mass 

selected and submitted to collisions with helium in the 2D ion trap of tandem LTQ-

Orbitrap, at 22 % of normalized collision energy, meaning the 1.1 Vp-p for resonance 

excitation amplitude. The obtained spectra are presented in the Figure 58 and 

obtained product ions are listed in the Table 13. 

 

 



 

 

Table 13 Displayed main product ions in CID spectra of selected product ions generated from the [M+H]
+
 precursors 

Selected protonated ions 
[M+H]+ 

m/z of selected 
ions 

Accurate elemental 
composition 

Obtained product 
ions 

Accuate elemental 
composition 

Error 
(ppm) 

Mitorubraminol 248.09152 C13H14O4N 

230.08104 C13H12O3N -0.6 

206.08125 C11H12O3N -0.4 

204.10193 C12H14O2N -0.1 

202.08629 C12H12O2N -0.2 

Mitorubraminic acid 262.07080 C13 H12 O5 N 

244.06018 C13H10O4N -1.1 

220.06011 C11H10O4N -1.5 

219.05226 C11H9O4N -1.6 

218.08072 C12H12O3N -2.1 

216.06504 C12H10O3N -2.2 

Mitorubramine 232.09689 C13H14O3N 

214.05726 C13H12O2N -0.1 

190.08656 C11H12O2N -2.5 

189.07875 C11H11O2N -2.4 

188.10745 C12H14ON 2.3 

186.09177 C12H12ON 2.1 

Mitorubraminol acetate 290.10272 C15H16O5N 

272.09188 C15H14O4N 0.8 

248.08984 C13H14O4N -0.8 

247.07837 C13H13O4N -1 

246.10913 C14H16O3N -13.57 

244.09833 C14H14O3N 6.19 

Mitorubrinol 249.07581 C13H13O5 231.06521 C13H11O4 0.1 

Mitorubrinic acid 263.009128 C13H11O6 245.08059 C13 H9 O5 -0.9 

Mitorubrinol acetate 291.08649 C15H15O6 

273.07583 C15H13O5 -0.3 

231.06537 C13H11O4 -0.8 

Mitorubrin 233.08086 C13H13O4 215.07019 C13H11O3 -0.4 
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Figure 58 Sequential CID spectra of product ions from protonated a) mitorubrinol and b) 

mitorubraminol; (normalized collision energy, 22%) 

 Ring contraction and a water loss as assumed release 

CID spectra of sequential MS3 experiments of the [217+R]+ ions of mitorubramines 

are significantly different compared to the ones of mitorubrin azaphilones (i.e., 

[218+R]+ ions) . For all analyzed ions, both mitorubrins and mitorubramines, in the 

sequential MS3 experiment, a main and common loss of water molecule was 

observed. The fragmentation mechanism of the water release is presented at Figure 

59. The loss of water can be expected, since protonation happens at the hydroxyl di-

keto ring due to the highest proton affinity of the keto site. Indeed, the nitrogen atom 

of the heterocyclic moiety in the mitorubramines (or oxygen atom in the mitorubrins) 

is characterized by the lower PA than the oxygen atom. The protonation of keto 

group can result due to the proton transfer to the vicinal hydroxyl group, inducing 

the water release in spite of the endothermic proton transfer. Furthermore, the water 

loss is assisted by ring contraction, whereby the more stable carbocation is attained. 
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Indeed, the ring contraction results from the vicinal carbocation, which is stabilized 

by the proton migration to the keton to produce regenerated keton, stabilized by long 

distance delocalization from nitrogen atom. Furthermore, the reaction can be 

directed by the two keto groups in competition, giving the isomeric product (Figure 

59, a) and b)). 

 

Figure 59 Proposed mechanism for the water loss from bycyclical product ion from mitorubraminol 

4.3.2.3 Formation of diagnostic product ions 

In the high resolution sequential MS3 spectra of protonated mitorubrinamines, 

additional peaks were observed, suggesting quite complicate fragmentation 

pathways, favored by the presence of nitrogen atom. These ions are: m/z 214, m/z 190, 

m/z 189, m/z 188 and m/z 186 for mitorubramin, m/z 230,m/z 206, m/z 205, m/z 204 and 

m/z 202 for mitorubraminol,  m/z 244, m/z 220, m/z 219, m/z 218 and m/z 216 for 

mitorubraminic acid and m/z 272, m/z 248, m/z 247, m/z 246 and m/z 244 for 

mitorubraminol acetate (Table 13). These ions correspond to fragment ions obtained 

by the losses of 42, 43, 44 and 46 Da, respectively, which is referred to the losses of 

C2H2O, C2H3O, CO2 and HCOOH, thanks to high resolution measurements. 

Accordingly to the proposed fragmentation pathways, losses of CH2CO and CH3CO° 

radical are competitive processes, as well as the losses of CO2 and HCOOH. 
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 Ring contraction and keten neutral and acetyl radical losses 

Losses of CH2CO and CH3CO° radical and mechanism of [(217+R)-C2H2O]+ and 

[(217+R)-C2H3O]+° ions formation is presented on Figure 60. These losses are 

competitive releases, and they could be promoted by the ring contraction, which is 

referred to the losses of 42 and 43 u, respectively. Instead of proton or hydroxyl 

group migration, 1,2-migration of a carbonyl site occurs, like in Wagner-Meerwein 

rearrangement. [[183, 184] This process is assisted by electron lone-pair migration 

from hydroxyl group to the opened C-CO bond. The produced cyclopentenone 

system can isomerizes into protonated cyclopentenone system (Figure 60 a)), 

allowing formation of ion-dipole complex (Figure 60 b)) induced by acetyl bond 

cleavage. The formed ion-dipole complex is constituted of the alkyl cyclopenta-

pyridine-6,7-diol and an acylium moiety. From this intermediate, two competitive 

pathways occur further. By direct internal proton transfer from acylium moiety to 

bicyclic system, a ketene (i.e. 42 u) is released giving rise to formation of protonated 

alkyl cyclopenta-pyridine-6,7-diol. Competitively, electron transfer from tetraenic 

system to acylium moiety occurs, giving CH3CO° radical release (i.e., loss of 43 u), 

and formation of odd-electron alkyl cyclopenta-pyridine-6,7-diol. 

Formation of ion-dipole complex and proton transfer from acyllium to heterocyclic 

nitrogen, can give losses of CH2CO and CH3CO° radical. However, this process 

cannot occur in mitorubrin azaphilones. In addition, electron transfer is known to 

take place specifically in heterocyclic systems with nitrogen, rather than with oxygen. 

For all these reasons, the multi decomposition pathways observed for 

mitorubramines, cannot take place for mitorubrins. 
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Figure 60 Proposed mechanism for the losses of keten and metoxy radical from the byciclica product ion 

from mitorubraminol 

 Ring contraction for the CO2 and HCOOH releases 

Losses of CO2 and HCOOH are competitive processes independent of CH2CO and 

CH3CO° radical releases pathways, giving the formation of [(217+R)-CO2]+ and 

[(217+R)-HCOOH]+ ions. The assumed fragmentation and formation of these neutral 

species is presented on Figure 61. First, 1.2-hydroxy group migration induced by the 

protonated ketone yield as a geminated diol and tertiary carbocation. The latter is 

stabilized by a 1.2-hydride transfer with the ring opening.[185, 186] This pathway 

yields unsaturated carboxylic acid linked to monocyclic cation. The charge migration 

can lead to the formation of p-ethanolic pyridinium species. This form is able to 

generate ion-dipole complex by benzyl bond cleavage induced through the charge 

migration. This ion-dipole complex is constituted of protonated carbon dioxide and 

the heterocyclic system. Internal proton transfer from CO2H+ to nitrogen of 

heterocyclic system initiates elimination of neutral - carbon dioxide (e.g. loss of 44 u) 

yielding the m/z [188 + R] ion. Reversely, hydride transfer from the NH site of 

heterocyclic system to the protonated carbon dioxide results into the release of formic 

acid (e.g. loss of 46 u) and detection of m/z [171 + R]. 
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Figure 61 Proposed mechanism of losses of formic acid and carbon dioxide from byciclic product ion from 

mitorubraminol 

 Isomerization is possible for both mitorubrins and mitorubramines, but only the 

later ones can assist the proton transfer from exocyclic carbon to α-carbon, because of 

the presence of lone-pair on nitrogen atom. Positively charged nitrogen, promotes 

the allylic bond cleavage. Ion-dipole complex formed by this way can directly release 

carbon dioxide, not possible from mitorubrins. 

Dissociations displayed at Figures 59 and 60 are specific for the mitorubramines. This 

gives us unambiguous results about the structure and presence of these molecules in 

the crude extract of Hypoxylon fragiforme. The diagnostic fragmentations are of a 

crucial importance for structural identification of vinylogous 4-pyridone derivatives- 

mitorubramines, and to establish the exact position of nitrogen in the molecule as 

well, but also for their structural distinction from the oxygen containing analogues. 
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4.4 Gas-phase H/D exchange for structural elucidation 

To analyze structurally these derivatives more accurately, gas phase H/D exchange 

mass spectrometry was performed in the collision cell of a modified triple 

quadrupole. Approach was performed by H/D exchange reaction on the mass 

selected ions under the low-energy gas phase collisions (Elab<3eV) with the suitable 

mobile deuterium containing reagent. Mass selection is an efficient approach because 

it eliminates the interference of the natural isotopic ions and consequently the 

isotopic ratio of exchanged species is more accurate. For determination of labile 

protons of N-containing and natural azaphilones, after LC separation and ionization, 

parent ions are isolated in the first mass filter of triple quadrupole and let to collide 

with introduced ND3 in the collision cell. Then, the exchanged ions can be detected in 

the second quadrupole. In the ion source, fragment ions were analyzed in the same 

manner. Kinetic energy of ions is lowered. In fact, ion-molecule reactions occur. To 

perform such experiment, the kinetic energy of the ion must be decreased to allow 

the production of the ion-neutral complex. This means that kinetic energy (Elab) must 

be lower than few eV. Elab values correspond to the potential difference between the 

source and collision cell. Generally, the potential of Q2 (RF-only) quadrupole is lower 

than that of first quadrupole filter (Q1). Herein, the potential of the collision cell is 

relatively higher than that of Q1. Under such collision conditions, ion-molecule 

reactions occur instead of CID. Such processes are caller collision induced reactions 

(CAR). Under these conditions, H/D exchange between ion and ND3 become 

possible.  

Table 14 Proton affinities for different reagent used in gas phase H/D exchange ion-molecule reactions 

Molecule Proton affinity (kcal/mol) 

H2O (D2O) 165.1 

NH3 (ND3) 204.1 

CH3OH (CH3OD) 180.2 

C2H5OH (C2H5OD) 185.5 

i-C3H7OH (i-C3H7OD) 189.5 
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The ND3 has been chosen as the reagent gas because of its high PA and thus ability to 

exchange the most of the labile protons in the analyzed molecule (Table 14). Beside 

the fact that in the gas phase, in reactions with different D-containing reagents 

chemical properties can be achieved, there are other advantages of such technique 

performed in the gas phase. Thus, selective gas-phase chemistry can be investigated 

in order to enlighten particular reactivity as well as for the elucidation molecular 

structures. For the structural elucidation, H/D exchange is used in particular to reach 

conformation which allows or not the exchange by reaching the endothermic or 

exothermic barrier. The possibility of the interaction between two basic sites can 

allow activation energy to decrease, which depends on the relative basicity of 

exchangeable site and the label neutral. Furthermore, mass selection of ion before the 

reaction with labeled reagent enables the elimination of the interferences. In fact, 

after the isolation of mass selected ion, this is unique species of ions that will further 

react with a reagent. In this way, it is certain that isotopic peaks are not included in 

the yield of H/D exchange reaction, since they were ejected from the trap before the 

ion-molecule reaction. 

4.4.1 Gas-phase H/D exchange of protonated mitorubrins 

and mitorubramines in collision cell 

Gas-phase H/D exchange reactions have further been performed in a collision cell of 

triple quadrupole instrument under very low collision energy conditions (Elab = 3 

eV). Precursor ions were isolated in the first mass filter of triple quadrupole and have 

undergone reactive collisions with a labeled reagent gas. ND3 was chosen as a gas-

phase labeled reagent because of its relatively high PA (204 kcal/mol) and is thus 

expected to exchange most of the labile protons. The obtained CAR spectra are 

presented in Figure 62.  
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Figure 62 CAR spectra of gas-phase exchange of mitorubrins (XO = 1O, 2O, 3O, 4O) and mitorubramines 

(XN = 1N, 2N, 3N, 4N); Elab = 3 eV 

Expected exchangeable protons on protonated mitorubrins (XO) (Figure 63) are (i) the 

one of protonation (position O(4)), (ii) those positioned on the O(1) and O(2) atoms and 

eventually (iii) on the R group. This makes thus at least three protons to be 

exchanged. Concerning mitorubramines, four protons should be at least exchanged 

as the compounds possess, in addition, a secondary amine unit with a labile proton. 

Quite unexpectedly, precursor ions of all compounds show a number of exchanged 

protons lower by one than what was expected. Thus, only two protons are 

exchanged on protonated mitorubrins 1OH+, 3OH+ and 4OH+ although three were 

thought to be exchangeable and three are exchanged on 2OH+ with four expected. 

Furthermore, as expected, nitrogenized mitorubrins (XN) did exchange one more 

proton than corresponding oxygenated derivatives. 

 

Figure 63 Sites of mitorubrins and mitorubramines where the H/D exchange is possible 
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Complementary [MOH-150]+ and [MNH-150]+, and common orsellinic part (m/z 151) 

fragment ions formed in source have been studied in gas-phase H/D exchange CAR 

experiments, under the same condition used previously. Hence, they were isolated in 

the first mass filter of triple quadrupole and have undergone the very low energy 

reactive collision with ND3 in the collision cell. The obtained CAR spectra are 

presented in Figure 64.  

 

Figure 64 Gas phase H/D exchanges from CAR spectra (Elab = 3 eV) of fragment m/z 151 (M151
+
) and  

[MH-(150)]
+
 ions from protonated mitorubrins (XO)  and nitrogenized derivatives (XN) 

In the bicyclic fragment ion of mitorubrin azaphilones, at least two sites with labile 

protons are present, at the O(4) and O(5) positions after the rearrangement during the 

fragmentation processes, whereas for the nitrogenized analogues there is also an N(7) 

site with the labile pro proton that could be exchanged. Thus, 1OH+, 3OH+ and 4OH+ 

exchange two protons by deuterons, while 2OH+ exchanges three. Concerning 

nitrogenized analogues, fragment ions of 1NH+, 3NH+ and 4NH+ exchange three 

protons by deuterium, while 2NH+ exchanges four. Hence, no side chain H/D 

exchange happens at R = CH3, CH2OH and CH2OCOCH3, but for R=COOH, one 

H/D exchange takes place. 
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On the other hand, orsellinic part ion (m/z 151) exchanges two protons by deuterium 

at the O(1) and O(2) positions, which can be referred to the O(a) and O(b) positions of the 

model system. This suggest that the protonated molecule isomerization into ion-

dipole complex does not occur prior to CID processes since, if it is the case, 

additional H/D exchanges could be expected through three body complex 

formation. 

The question is: which one of the protons does not succumb to the exchange and 

why? These questions got an answer by theoretical calculations. 

4.4.2 Theoretical calculations and a model system 

To understand these unexpected features, we have undertaken a theoretical study on 

a model system shown in Figure 65. The density functional theory (DFT) is the 

approach to calculate the electronic structure of many-body systems as atoms, 

molecules, and the condensed phases. DFT provides the ground state properties of a 

system, which are completely determined by the charge density. DTF predicts a 

variety of molecular properties molecular structures, vibrational frequencies, 

ionization energies, atomization energies, reaction paths, etc. DTF is often used to 

properly describe intermolecular interactions, especially van der Waals forces 

(dispersion); charge transfer excitations; transition states etc.[187] In many cases the 

results of DFT calculations for solid-state systems agree quite satisfactorily with 

experimental data.  

  

Figure 65 Stucture of model system (MS) used for the theoretical explanation of gas-phase H/D exchange 

of mitorubins and mitorubramines 
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A propyl orselynate was used as a model system (MS) and contains only the 

orsellinic part of the mitorubrins. There was indeed no need to consider the bicyclic 

azaphilone core of the compounds as gas phase H/D exchanges taking place on this 

side of the molecule concern either the R group or the amine in the case of the 

nitrogenized analogues.  

MS has been chosen with an isopropyl ester form because it possesses similar PA 

values of its O(a), O(c) and O(d) sites (Figure 65) as on the O(1), O(3) and O(4) sites (Figure 

63) of mitorubrins and nitrogenized analogues (respectively, 182.6, 225.1 and 215.7 

kcal/mol to be compared with the PA values given in Table 15). It may be noticed 

that PA values were defined for each oxygen (and nitrogen) atom of the molecule 

except for O(2) because calculations showed that protonation at this site leads to a 

prompt proton transfer to the O(3) atom. 

Table 15 Calculated proton affinities of different sites of mitorubrins (1O) and mitorubramines (1N) 

Site 
Proton affinities (kcal/mol) 

1O 1N 

O(1) 182.6 184.7 

O(3) 225.1 239.2 

O(4) 213.8
a
 214.1

a
 

O(5) 231.9 238.5 

O(6) 215.7 217.8 

O(7) or N(7) 167.2 188.7 

a
On the O(4) site, protonation results in the formation of an  

ion–dipole complex. 
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4.4.3 Explanation of gas-phase H/D exchange of 

mitorubrins and mitorubramines 

No protons are exchanged at the side chain of mitorubrin (R = CH3) or mitorubrinol 

acetate (CH2OCOCH3) because these groups do not contain labile protons. For 

mitorubrinic acid, one proton is exchanged as expected, on the hydroxyl group of the 

side chain carboxyl group (R = COOH). In the case of mitorubrinol, it could be 

expected that one proton would be exchanged on the side chain allylic hydroxyl 

group (R = CH2OH). Still, in this position no exchanges happen. Earlier was 

described the mechanism by which H/D exchange in the gas-phase occurs (refer to 

General part, 4.3.3) and that it depends on the energy of the transition state (TS) 

which is conducted by the PAs of reacting compounds. The behavior of each 

protonated form describes the reaction of the [MSH+, ND3] complex within a 

protonated canonic structure when  

(i) the ionizing proton is exchanged, or  

(ii) in the case of relay mechanism.  

However, zwitterion-like form could be involved into this complex, meaning the 

[(MS-H)-H+, NHD3+] structure. In this case, the transferred proton to ND3 comes 

from the O(a)H site to give rise to formation of salt-bridge complex, in which the 

ionizing proton at the ester site is spectator. From such an ion-dipole complex, H/D 

exchange can take place in the salt-bridge position. This can occur only if the 

formation of the complex requires relative low TS. This situation does not 

characterize the calculated transition state with O(a), since it appears slightly 

endothermic (Table 16), and rules out such salt-bridge intermediate (Figure 66 a)). 

On the other hand, as protonation takes place during ESI, at this position, due to the 

presence of water from eluting solvents, within the protonated canonic form, then 

the H/D exchange is hindered, because of the too weak PA value of the –OH site 

(184.7 kcal/mol) comparing to that of ND3. The deuteron attachment to this position 

is thus too much endothermic. 
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Table 16 Relative energies (in kcal/mol) of the ions, complexes and transitions structures involved in the 

H/D exchange process between MSH
+
 and ND3 

Site MSHH++ND3 [MSHH+,ND3] TSH/D [MSH,NHD3
+] TSH/D [MSDH+,ND2H] MSDH++ND2H 

O(a) 0.0 -16.0 0.3 -9.4 0.3 -16.0 -0.1 

O(b) 0.0a -19.7 -8.9 -16.2 -8.9 -19.7 -0.1 

 MSHH++N

D3 

[MSHH+, ND3] TSH/D [MSH, NHD3
+] TSH/D [MSHD+, NH2D] MSHD++NH2D 

O(c) 0.0 -4.9 -11.0 -16.2 -11.0 -4.9 -0.1 

 

Theoretical results obtained for the gas phase H/D exchange reaction on the three 

possible oxygen atoms, O(a), O(b) and O(c), of the protonated model system,  MSH+ are 

presented in Table 16. For each reaction (which will be further termed accordingly to 

the name of the oxygen atom, i.e. reaction a), b) or c)) energies are given relatively to 

the starting system (MSH+ + ND3). Formation of the ion-dipole [MSH+, ND3] 

complex as an solvation step allows isomerization of the complex into the [MS, 

NHD3+], which is an exothermic process for these pathways but releases more energy 

in the case of b) and c) (up to 16.2 kcal/mol for b) and c) pathways in comparison to -

9.4 kcal/mol for a) pathway). Then, the transition states, TSH/D, which structures are 

presented at the Figure 66, are located at -8.9 and -11.0 kcal/mol under the starting 

system for the b) and c) paths, respectively, in contrast to +0.3 kcal/mol above the 

entrance system for path a). Furthermore, as the barriers for the reactions b) and c) 

are crossed over, [MSDH+, ND2H] and [MSHD+, ND2H] complexes are formed 

competitively with releasing the exchanged MSDH+ and MSHD+, respectively. 

Transition state of the reaction b) leads to the H/D exchange, because this process 

occurs with assistance of the ionizing proton interaction from the Oc) site, through the 

hydrogen bond to the Ob) site, process impossible in the case of the Oa). Thus, these 

results show that the exchange is exclusively favorable at the Ob) and Oc) sites but not 

on Oa). With the help of this model system, we can therefore understand processes 

which have been taking place in the reaction of protonated mitorubrins and 

analogues with ND3 and, why one proton less as expected is exchanged on the 

systems under study. 
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Figure 66 Transition states for the H/D exchanges between MSH+ and ND3 occurring on the sites a) O(a), 

b) O(b) and c) O(c) of model system MS. 

 

Theoretical results obtained for the gas phase H/D exchange reaction of orsellinic 

acid fragment ion at m/z 151 are presented at Table 17. 

Table 17 Relative energies (in kcal/mol) of the ions, complexes and transitions structures involved in the gas-phase 

H/D exchange process between m/z 151 (M151
+ ) and ND3 on three different sites 

 

Site 151++ND3 [151+, ND3] TSH/D [152+, NHD2] 152++NHD2 

O(a) 0.0 -20.9 -8.0 -20.9 -0.2 

O(b) 0.0 -20.7 -8.6 -20.7 -0.2 

For both reactions named (a) and (b) for the O(a) and O(b) sites respectively, formation 

of ion-dipole complex [151+, ND3] is an exothermic process (-20.9 kcal/mol for (a) 

and -20.7 kcal/mol for (b)) relatively to the starting system (151+ + ND3). The release 

of energy during the H/D exchange in (a) is quite the same as in the case of (b) (-20.9 

kcal/mol for (a) and -20.7 kcal/mol for (b)), and the transition state for both path are 

exothermic, -8.0 kcal/mol for (a) and -8.6 kcal/mol for (b). Relatively high transition 

state for this stepwise process is due to relatively high PA of neutral coming from m/z 

151 acylium, which is presented on the Figure 67. 
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Figure 67 Structures of neutrals from m/z 151 and their PA 

Indeed, the PAs of such neutrals with p- and o-quinone-like forms are higher than 

that of ND3, thus 226 kcal/mol and 230 kcal/mol, respectively, obtained by the 

calculations. This result explains the final exchange on both sites leading to the H/D 

exchange on O(a) and O(b). Though, in both reactions (a) and (b), no isomerization in a 

second complex has been detected. This is probably due to its high stability of the 

complexes, which results into a fast H/D exchange in a particular transition state 

only reached by calculations. 
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Conclusion 

Identification of novel secondary metabolites has become a tendency during the last 

decades, simply because of the wide range of bioactivities that these small natural 

products exhibit. Fungal kingdom appears to be very rich and divers in area of 

secondary metabolites among of which some families are quite specific for this 

kingdom. Speaking of that, more and more novel azaphilones are identified. During 

this research, nitrogenized analogs of mitorubrins, mitorubramines have been 

identified in the Hypoxylon fragiforme, utilizing mass spectrometric approaches, 

meaning HRMS, CID with sequential MSn experiments and gas-phase H/D exchange 

in CAR experiments.  

ESI conditions in positive mode appears do not have such high influence on the 

detection of mitorubrins, and more important on their nitrogen containing 

analogues. Compounds with that kind of structures are relatively easily ionized 

under soft ionization/desorption conditions under atmospheric pressure, and their 

observation is facilitated thanks to their chemical properties (i.e., basicity). It seems 

that ESI is an ionization method of choice for the formation of protonated 

mitorubramines and their further identification. The advantage of the experimental 

control of desolvation steps in API modes in a means to favor one of the examined 

families, mitorubrins versus mitorubramines. Skimer potential allows favoring the 

one type products without dissociation (“in-source CID”). This is based on the 

thermochemistry of protonation. 

Use and advantage of HRMS is in our work was completely justified. With a mass 

accuracy of 2 ppm, and resolving power of 60 000, we have quite certainly obtained 

the elemental composition of protonated mitorubrins, but more important the 

elemental composition of protonated mitorubramines, and product ions observed in 

sequential CID. Supported by these powerful methods, we were able to determine 

new secondary metabolites, not found in nature before. 

Sequential MSn experiments, under CID conditions, give a large amount of 

information that can and is often used in the structural elucidation. In our work, MS2 
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experiment was not sufficient to determine the structures of novel secondary 

metabolites, because same decomposition pathwaysare involved for both the 

analyzed families. However, the MSn approved its advantage. In the sequential MS3 

experiments of protonated mitorubrins and mitorubramines, structural distinction 

have been obtained. The sequential CID of product ions gave the most important 

information about the structure of mitorubramines because of lot of competitive 

cleavage pathways. They enlighten the position of nitrogen atom in the protonated 

molecule, which is based on the original fragmentation pathways. Indeed, they 

involved unusual mechanisms, such as hydroxyl migration or ring contractions, 

giving the small neutral releases. In this case, nitrogen atom and its lone-pair are 

shown to play the main role, enabling in that way clear structural distinction 

between two very similar families of molecules, directly from the crude extract, 

applying just MS methods. The presence of nitrogen atom was very useful for true 

and relevant ally for the structural determination. 

Gas-phase H/D exchange is a method widely used for structural elucidation of small 

and large molecules. In our case, this technique helped us to distinguish two families 

of molecules, basically counting the number of exchanged protons with deuteron 

ones. Disadvantage (or advantage in other cases of research) is that this method 

depends on the utilized deuterium reagent (and thus the reaction rate, too), and not 

complete exchange may occur. This is advantage when the method is used for 

determination of basicity of analyzed compounds in positive ionization mode. 

However, it may pose problem when the aim of the methods is counting the number 

of labile protons, when some protons may not be exchanged. In our research, we 

have obtained one less hydrogen atom exchanged than expected, but the results was 

comparable for the both families of analyzed compounds, and thus helped us to 

distinguish them and confirm the assumptions, i.e. dihydropyridine moiety rather 

than amide possibility. This approach is very pertinent for elucidation of novel 

azaphilone structures, not revealed before. 
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Perspectives  

 Many new ideas arise from this work. Some of them are listed below: 

a) Find new secondary metabolites as a contribution to the mycochemistry 

and pharmacy. Concerning the mycochemistry, these achievements can be 

of a great importance for further development of classification of fungi by 

chemotaxonomy. 

b) Concerning the pharmaceutical science, finding new secondary metabolites 

enriches and enlarges the possibilities of new drugs discoveries. 

c) Investigation of mitorubramines’ bioactivities is a next step for 

determining of their purpose in the nature, as they have never before been 

examined in this manner. 

d) In conclusion, the HRMS and CID can be routinely applied for 

identification of new azaphilones in fungi and of their chemical structure. 
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Annex 1 – NMR spectra 

 

 

 

 

 

 

 

 

 

 



 



 



 



 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Annex 2 - High-resolution mass spectrometry and hydrogen/deuterium 

exchange study of mitorubrin azaphilones and nitrogenized analogues 
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Azaphilones represent numerous groups of wild fungal secondary metabolites that exhibit exceptional tendency to bind to
nitrogen atoms in various molecules, especially those containing the amine group. Nitrogenized analogues of mitorubrin

azaphilones, natural secondary metabolites of Hypoxylon fragiforme fungus, have been detected in the fungal methanol
extract in very low concentrations. Positive electrospray ionization interfaced with high-resolution mass spectrometry was
applied for confirmation of the elemental composition of protonated species. Collision-induced dissociation (CID) experiments
have been performed, and fragmentation mechanisms have been proposed. Additional information regarding both secondary
metabolite analogue families has been reached by application of gas-phase proton/deuterium (H/D) exchanges performed in
the collision cell of a triple quadrupole mass spectrometer. An incomplete H/D exchange with one proton less than expected
was observed for both protonated mitorubrin azaphilones and their nitrogenized analogues. By means of the density
functional theory, an appropriate explanation of this behavior was provided, and it revealed some information concerning
gas-phase H/D exchange mechanism and protonation sites. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: mitorubrins; LC-ESI-FT/MS; CID; gas-phase H/D exchange; density functional theory
* Correspondence to: Jean-Claude Tabet, Université Pierre et Marie Curie, Institut
Parisien de Chimie Moléculaire, UMR 7201-FR2769, Case Courrière 45, Bâtiment
F, 716, 4, place Jussieu, 75252 Paris CEDEX 05, France. E-mail: jean-claude.tabet
@courriel.upmc.fr

* Vesna Stankov-Jovanovic, University of Nis, Faculty of Science and Mathematics,
Department of Chemistry, Visegradska 33, 18000 Nis, Serbia. E-mail: sjvesna
@pmf.ni.ac.rs

a Université Pierre et Marie Curie, Institut Parisien de Chimie Moléculaire, UMR
7201-FR2769, Case Courrière 45, Bâtiment F, 716, 4, place Jussieu, 75252 Paris
CEDEX 05, France

b University of Nis, Faculty of Science and Mathematics, Department of Chemistry,
Visegradska 33, 18000 Nis, Serbia

9
6
9

INTRODUCTION

Azaphilones are secondarymetabolites and natural fungal pigments
which representatives have various structures and manifest a
number of biological activities such as antimicrobial, antibacterial,
nematidical, antimalarial, cytotoxic and antioxidant.[1–4] Their name
(‘nitrogen loving’) comes from their ability to react spontaneously
with the amino groups from amino acids, proteins or nucleic acids
to form nitrogenized analogues by the exchange of pyran-oxygen
by a nitrogen atom. Among the different families of azaphilones,
mitorubrins present a class that can be often found in the Hypoxylon
fragiforme fungus and which is usually used as a fingerprint of
these species.[5–7] The general structure of mitorubrins consists an
orsellinic acid moiety attached to a bicyclical azaphilone core by
an ester bond. The different members of themitorubrin family differ
by the substituent R group located at the side chain end of the
bicyclical core (Scheme 1a). By reacting with an amino group,[8] a
nitrogenized mitorubrin analogue is formed (Scheme 1b).[9]

Various structural studies of mitorubrins can be found in the
literature,[10,11] some of them use mass spectrometry techniques
mostly via electrospray ionization (ESI) and time of flight or
quadrupole mass analyzers.[12,13] Quite surprisingly, we were not
able to find any work related to a structural characterization of
nitrogenized analogues, although different synthesis routes to form
these compounds are described.[14,15] This is mostly due to the fact
that these molecules exist only as traces in natural samples, which
thus avoid any further characterization with classical analytical
J. Mass. Spectrom. 2012, 47, 969–977
methods. By studying extracts of some samples of H. fragiforme
fungus, we recently found out that they contain two classes of
compounds, one corresponding to mitorubrins and the other to
nitrogenized analogues. To our knowledge, this is the first time
that these nitrogenized analogues could be detected in this fungi
species. We have thus decided to undertake a complete structural
study of these compounds using high-resolutionmass spectrometry
(FT/MS), coupled to high-performance liquid chromatography
(HPLC). The use of HPLC was justified as we were working with
complex mixtures of mitorubrins and analogues.

Furthermore, to secure higher confidence data, we decided to
apply additional analytical techniques. The studied molecules have
Copyright © 2012 John Wiley & Sons, Ltd.



Scheme 1. General structure of (a) mitorubrin MO and (b) the nitrogenized mitorubrin derivates MN (hydrogen atoms displayed with bold letters are
possibly exchangeable).
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been indeed represented in a very low concentration in fungi
extract and were thus impossible to separate in adequate amounts
for analysis. This reduced the number of reliable and powerful
analytical methods such as NMR and IR/UV–VIS spectroscopy by
which we could strengthen our first findings. The information that
protonated nitrogenized analogues contain one exchangeable
proton (see possible exchangeable hydrogen atoms at Schemes 1a
and b)more than the oxygenized azaphilones gave us idea to apply
the gas-phase proton/deuterium (H/D) exchange method.[16,17]

The H/D exchange between selected gaseous ions and suitable
deuterated agents is a well-established mass spectrometry
method.[18] It is an ancillary and practical technique for determina-
tion of different compounds, with functions containing mobile
protons often bounded to heteroatom(s) such as alcohols, phenols,
carboxylic acids, amines, amides andmercaptans, which are present
in natural organic compound.[19,20] Gas-phase H/D exchange rate
constants depend mostly on the nature of exchangeable protons
and the used labeled reagent (i.e. the respective proton affinities
(PAs) of reagent and exchangeable site). Furthermore, the presence
of intermolecular hydrogen bonds, steric effects as well as other
entropic effects can influence the gas-phase H/D exchanges that
can, for instance, occur with the relay mechanism.[16,19]

In the present work, we are showing a mass spectrometric
study of mitorubrins and nitrogenized analogues originating from
H. fragiforme fungus. This study includes the use of FT/MS coupled
to HPLC as well as gas-phase H/D exchange reactions to validate
our findings. Some calculations based on the density functional
theory have also been performed to help understand the mechan-
isms involved in the course of the gas-phase H/D exchanges.
EXPERIMENTAL

H. fragiforme fungal samples were collected from the dead Fagus
sylvatica tree in the forest in southeastern Serbia, and fungi material
was deposited in the Herbarium Moesiacum, University of Nis
(voucher number 5530). Methanol and acetonitrile were of HPLC
grade (VWR, EC). Water was obtained from a Milli-Q gradient
system (Millipore, Brussels, Belgium). Formic acid was from SDS
(Carlo Erba Reactifs, France). ND3 (99.75%) was obtained from
Eurisotop (CEA Group, France). Standard mixtures used for the
external calibration of the MS instrument, Calmix (caffeine,
L-methionyl-arginyl-phenylalanyl-alanine acetate) and Ultramark
1621, were from Thermo Fisher Scientific (Les Ulis, France).
Samples of fungi were crushed with pestle and mortar. Ten

milligrams of the obtained powder was extracted with methanol
wileyonlinelibrary.com/journal/jms Copyright © 2012 Jo
two times for 10 min in ultrasonic bath at room temperature with
a 5-min centrifugation after each extraction. Collected supernatants
were evaporated and purified by solid-phase extraction to remove
highly nonpolar components that could be harmful to the HPLC
column. They were then eluted via a Strata Phenomenex C18
cartridge with 2 ml acetonitrile : water (40 : 60, v/v). Final concentra-
tion is estimated to be up to 0.2 mg/ml.[2] The sample was
finally analyzed by liquid chromatography coupled to ESI-mass
spectrometry (LC/MS). To this end, 5 ml of the sample was injected
into a reverse-phase C18 Symmetry (2.1 � 150.5 mm) column from
Waters (Ireland). Separation of the different species was done in
isocratic mode using acetonitrile : water (1:1, v/v) with 0.1% formic
acid at a flow rate 200 ml/min.

Accurate mass measurements were performed on an LTQ
Orbitrap XL from Thermofisher Scientific (San Jose, CA, USA),[21] with
the external calibration of the instrument, which specification of
accuracy is up to 5 ppm. Parameters for positive ESI were the
following: ESI needle 4 kV, capillary voltage 20 V, capillary tempera-
ture 275 �C, nebulizer gas N2 70 arbitrary units (a.u.), auxiliary gas
20 a.u. and tube lens offset 80 V. Mass spectra were recorded
in the 145–900 Th range. Collision-induced dissociation (CID)
experiments were done in the linear ion trap using helium as a
collision gas in the 100–500 Th range, with 1 Th isolation width
and 15% of normalized collision energy.[22] The mass resolving
power (full width at the half maximum height) was set at 6 � 104

for signal at mass m/z 400.[23]

Gas-phase H/D exchange reaction studies on azaphilone com-
pounds were undertaken on modified triple quadrupole mass
spectrometer Quattro II (Micromass, Manchester, UK). The data were
acquired using the Masslynx software (version 4.2). The ESI capillary
voltage was maintained at 3.5 kV. Compounds were ionized with
a cone voltage of 30 V, and in-source CID was performed with a
cone voltage of 60 V. Nitrogen was used as the nebulization and
desolvation gas. The source and desolvation temperatures were
kept at 80 �C and 20 �C, respectively. ND3 was introduced into the
hexapolar collision cell at a pressure of 3 � 10–3 mbar for collision-
activated reactions (CAR) on selected precursor ion.[24,25] CAR
describes multiple collision ion–molecule reactions that occur in
the radiofrequency (rf)-only quadrupole cell of triple quadrupole
between selected ion beam (from the first quadrupole filter) and
neutral reagent introduced via the helium line at the pressure, as
higher as possible.[26] These ion–molecule reactions occur at very
low energy collision conditions for exothermic processes (Elab of few
electron volts) in contrast to CID. However, for slightly endothermic
ion–molecule reactions, higher ion kinetic energies are required,
without reaching the CID threshold.[27] Under these low-energy
hn Wiley & Sons, Ltd. J. Mass. Spectrom. 2012, 47, 969–977
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collision conditions (i.e. herein as Elab=3 eV or ECM� 0.15 eV),
multiple neutral–ion interactions take place, yielding relaxation of
both ion kinetic and internal energy, resulting in relatively long-life
ion–dipole complexes. Analyzed protonatedmolecules and in-source
fragment ions were mass selected in the first quadrupole with
isolation width equal to 1 Th and then sent to a rf-only hexapolar
collision cell where they were submitted to ion–molecule reactions
with labeled reagent gas. The use of a set of lens voltage 7, 8 and 9
(250, 0 and 0 V, respectively) was crucial for successfully storing
the selected precursor ions for the CAR experiments. The reaction
product ions were mass analyzed by voltage scanning in the second
quadrupole mass analyzer.

In parallel to experiments, quantum chemistry calculations have
been performed using the Gaussian 09 program.[28] Geometry
optimizations were obtained with the B3LYP functional[29,30] and
the def2-SVP split valence basis set.[31] Single-point energies were
obtained with the same method and the Def2-TZVPE basis set.
Structures were characterized either as minima or transition
structures from vibrational analysis. PAs) were calculated for
different sites of the mitorubrin compounds using atomization
energies. Results presented were corrected by a linear factor
obtained by comparing the results with well-defined PAs.[32]
RESULTS AND DISCUSSION

H. fragiforme methanol extract was at first separated using HPLC.
The corresponding total ion current is shown in Fig. 1, and retention
times and accurate elemental compositions are listed in Table 1.

Each separated ion could further be identified via its elemental
composition obtained by the high resolution of the instrument
and given within 1 ppm of accuracy. In the first 3.5 min of
chromatographic separation, ions with an elemental composition
corresponding to nitrogenized analogues, MN (1N, 2N, 3N and 4N,
see Scheme 1) were observed, whereas ions corresponding to
mitorubrin azaphilones, MO (1O, 2O, 3O and 4O, see Scheme 1)
have a retention time larger than 3 min. A possible explanation
for the nitrogenized analogues fast elution is their high polarity
due to the presence of cyclic diene amine in comparison with
cyclic diene ether group in mitorubrin.

The separated mitorubrins and their nitrogenized analogues
have been then mass selected and studied by means of CID
experiments of MOH

+ and MNH
+ (m/z [368+R] and m/z [367+R],

respectively). The resulting CID spectra are shown in Fig. 2.
For all compounds, a common m/z 151 ion is observed. Its

formation occurs by stepwise process via isomerization of
protonated molecules into an ion–dipole complex,[33] prior to
Figure 1. Total ion chromatogram of the Hypoxylon fragiforme methanol ex

J. Mass. Spectrom. 2012, 47, 969–977 Copyright © 2012 John W
dissociation, as given in Scheme 2. Within this complex, proton
transfer may occur, leading to the formation of m/z [218+R] (or
m/z [217+R]) ion, also observed in the CID spectra.

The relative abundances of m/z 151 and m/z [218+R] (or m/z
[217+R] for nitrogenized analogues) ions vary accordingly to the
side chain group. In general, nitrogenized analogues exhibit
a stronger fragmentation than do the protonated mitorubrin
azaphilones. In the particular case of mitorubrinic acid (m/z 413),
the abundance of m/z 151 is higher than that of the
complementary m/z [218+R] ion (m/z 263). This can be explained
by the mesomeric effect of carboxylic group of the side chain,
which can decrease the PA of oxygen O(5) (see Scheme 1), and
the formation of the commonm/z 151 ion is thus strongly favored.
In case of mitorubrinic acid nitrogenized analogue (m/z 412), this
effect is decreased with the mesomeric effect assistance of
nitrogen atom at N(7), thus the complementary m/z 262 and m/z
151 fragment ions appear in comparable abundances.

Gas-phase H/D exchange reactions have further been performed
in a collision cell of triple quadrupole instrument under very low
collision energy conditions (Elab = 3 eV). Parent ions were isolated
in the first mass filter of triple quadrupole and have undergone
reactive collisions with a labeled reagent gas. ND3 was chosen as
a gas-phase labeled reagent because of its relatively high PA
(204 kcal/mol),[27] thereby expecting exchange of the majority
labile protons. The obtained spectra are presented in Fig. 3.

Expected exchangeable protons on protonated mitorubrins are
(i) the one of protonation, (ii) O(1) and O(2) atoms and (iii) those
within the side chain. At least three protons are thus possibly
exchanged. Concerning nitrogenized mitorubrin analogues, four
protons at least should be exchanged as these compounds possess
in addition a secondary amine unit with an exchangeable proton.
All precursor ions exhibit a number of exchanged protons
lower by one than expected. Hence, protonated mitorubrins
1OH

+, 3OH
+ and 4OH

+ exchange of only two protons, whereas
2OH

+ exchanges three. The corresponding nitrogenized mitorubrin
analogues exchange one proton more than the corresponding
oxygenated derivates.

Generally, ionizing proton is exchanged with a suitable labeled
reagent. However, this proton can be a spectator of the H/D
exchange process, in the case of relay mechanism, where the
exchange takes place from a labile proton distant to the former
one (vide infra). In the present case, the H/D exchange at the
N(7)H site is somewhat unexpected because of its low PA value
(Table 2), compared with ammonia. To explain this behavior,
delocalization of the N(7) atom electron lone pair, when the O(5)

atom is protonated, should be considered. Under these conditions,
the withdrawing-electron effect takes place, yielding electron
tract.

iley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Table 1. Retention time, m/z and deduced elemental composition for protonated molecules of Hypoxylon fragiforme methanol extract separated
by LC-MS and their corresponding specific fragment ions

Retention time (min) m/z Elemental
composition

Ion Relative
errora (ppm)

Product
ion (m/z)

Elemental
composition

Relative
errora (ppm)

1.82 398.1236 C21H20O7N 3NH
+ 0.5 248.0917 C13H14O4N 0.0

2.35 412.1028 C21H18O8N 2NH
+ 0.2 262.0709 C13H12O5N �0.3

3.04 440.1340 C23H22O8N 4NH
+ 0.0 290.1022 C15H16O5N �0.2

3.07 382.1286 C21H20O6 N 1NH
+ 0.1 232.0967 C13H14O3N �0.7

3.35 399.1075 C21H19O8 3OH
+ 0.1 249.0759 C13H13O5 0.4

3.94 413.0868 C21H17O9 2OH
+ 0.3 263.0548 C13H11O6 �0.8

9.11 441.1180 C23H21O9 4OH
+ �0.1 291.0862 C15H15O6 �0.3

14.40 383.1125 C21H19O7 1OH
+ �0.2 233.0807 C13H13O4 �0.8

aRelative error is obtained by comparing the observed m/z value with the calculated monoisotopic m/z value corresponding to the elemental
composition.

Figure 2. CID (normalized collision energy 15%) spectra of protonated molecules of mitorubrins (MO: 1OH
+, 2OH

+, 3OH
+ and 4OH

+) and nitrogenized
derivates (MN: 1NH

+, 2NH
+, 3NH

+ and 4NH
+).

L. Svilar et al.

wileyonlinelibrary.com/journal/jms Copyright © 2012 John Wiley & Sons, Ltd. J. Mass. Spectrom. 2012, 47, 969–977

9
7
2



Scheme 2. Proposed mechanism for the observed dissociation of protonated azaphilones and nitrogenized azaphilones via ion–dipole isomerization
(R=CH3, CH2OCOCH3, COOH, CH2OH, and X=O, NH).

Figure 3. Gas-phase H/D exchange CAR spectra (Elab = 3 eV) of selected protonated mitorubrins (1OH
+, 2OH

+, 3OH
+, 4OH

+) and the corresponding
protonated nitrogenized derivates (1NH

+, 2NH
+, 3NH

+, 4NH
+).

Table 2. Calculated proton affinities of different sites of 1O and 1N
molecules

Site Proton affinities (kcal/mol)

1O 1N

O(1) 182.6 184.7

O(3) 225.1 239.2

O(4) 213.8a 214.1a

O(5) 231.9 238.5

O(6) 215.7 217.8

O(7) or N(7) 167.2 188.7

aOn the O(4) site, protonation results in the formation of an ion–dipole
complex.

Mitorubrin azaphilones by FT/MS & H/D exchange
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delocalization from the distant N(7)H site to O(5)H. Consequently, it
results with possibility of the ND3 reagent to remove the former
proton, leading to formation of ion–dipole complex between
HND3

+ and neutral. The latter one is tautomer to the initial nitrogen
mitorubrin analogue molecular form. In this way, the N(7) atom
within the formed pyridine ring can receive deuteron from the
HDN3

+ part of the complex (see Supporting Information, Scheme S3).
To understand these unexpected features, we have undertaken a

theoretical study on a model system shown in Scheme 3. This
system contains only the orsellinic part of the mitorubrins, because
there was no need to consider the bicyclic azaphilone core of the
compounds, because gas-phase H/D exchanges take place on this
side of the molecule including either the R group, or the amine,
in the case of the nitrogenized analogues. Hence, no protons are
exchanged for R=CH3 or CH2OCOCH3 because these groups do
iley & Sons, Ltd. wileyonlinelibrary.com/journal/jms



Scheme 3. Structure of molecule 5 used as a model system for
calculations.
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not contain labile protons. For R=COOH, one proton was exchanged
as expected. In the case of R=CH2OH, one proton exchange could be
assumed. However, in this case, the mechanism would imply most
likely that protonation of 3OH

+ (or 3NH
+) is carried by oxygen

leading immediately to a loss of water, favored by its allylic position.
Thus, no proton is actually exchanged at this site because fast water
release occurs instead.
To achieve better insight inmechanism,model system 5 has been

chosen with an isopropyl ester form because it possesses similar PA
values of its O(a), O(c) and O(d) sites as on the O(1), O(3) and O(4) sites of
mitorubrins and nitrogenized analogues (respectively, 182.6, 225.1
and 215.7 kcal/mol to be compared with the PA values given in
Table 2). It may be noticed that PA values were defined for each
oxygen (and nitrogen) atom of the molecule except for O(2) because
calculations showed that protonation at this site leads to a prompt
proton transfer to the O(3) atom.
Gas-phase H/D exchange processes have been extensively

studied since now.[17,34] The general mechanism of H/D exchange
between an MH+ ion and ND3 is depicted in Scheme 4. Two cases
can be distinguished, depending on the nature of the proton
exchanged. If the PA of M is lower than that of ND3, the solvated
[MH+, ND3] form can isomerize into [M, NHD3

+], which is muchmore
Scheme 4. General mechanism of an H/D exchange process between MH+

(NH3)< PA(M).

Table 3. Relative energies (in kcal/mol) of the ions, complexes and transit
ND3 on three different sites

Site 5HH
+ + ND3 [5HH

+, ND3] TSH/D [5

O(a) 0.0 �16.0 0.3

O(b) 0.0a �19.7 �8.9

5HH
+ + ND3 [5HH

+, ND3] TSH/D [5

O(c) 0.0 �4.9 �11.0

wileyonlinelibrary.com/journal/jms Copyright © 2012 Jo
stable and can lead to formation of the [MD+, NHD2] complex
(Scheme 4a). The latter one gives labeled MD+ and NHD3

+ ions by
competitive dissociation. Reversely, when PA of M is higher than
that of ND3, the TS energy is significantly increased and becomes
close to the initial energetic level. This can be lowered by assistance
(relay mechanism)[19] (Scheme 4b), meaning that the ionizing
proton is not necessarily exchanged during this stepwise process
(vide supra).

The behavior of each protonated form describes the reaction of
the [5H+, ND3] complex within a protonated canonic structure
when (i) the ionizing proton is exchanged or (ii) a relay mechanism
takes place. However, zwitterion-like form could be involved into
assumed canonic structure [(5-H)-H+, NHD3

+]. In this case, the proton
transferred to ND3 comes from the O(a)H site to give rise to
formation of the salt–bridge complex, in which the ionizing proton
at the ester site is a spectator. From such ion–dipole complex, H/D
exchange can take place in the salt–bridge position. This can occur
only if the formation of the complex requires relatively low-energy
TS. Because the calculated transition state with O(a) appears
slightly endothermic (Table 3), previous considerations need to
be disregarded, as well as assumed salt–bridge intermediate.

On the other hand, as protonation takes place during ESI, within
the protonated canonic form, the H/D exchange is hindered
because of very low PA value of the –OH site (184.7 kcal/mol) in
comparison with that of ND3. The deuteron attachment to this
position is thus highly endothermic.

The results of theoretical calculations obtained for the gas-phase
H/D exchange reaction on the three possible oxygen atoms, O(a),
O(b) and O(c), of the protonated 5H+ molecule are presented in
Table 3. For each reaction (which will be further annotated
according to the mark of the oxygen atom, i.e. reaction (a), (b) or
(c)) energies are given to the starting system (5H+ + ND3).
Formation of the ion–dipole [5H+, ND3] complex (an ion solvation
ion and ND3, in the case of exchange of (a) PA(NH3)> PA(M) and (b) PA

ions structures involved in the H/D exchange process between 5H+ and

H, NHD3
+] TSH/D [5DH

+, ND2H] 5DH
+ + ND2H

�9.4 0.3 �16.0 �0.1

�16.2 �8.9 �19.7 �0.1

H, NHD3
+] TSH/D [5HD

+, NH2D] 5HD
+ + NH2D

�16.2 �11.0 �4.9 �0.1

hn Wiley & Sons, Ltd. J. Mass. Spectrom. 2012, 47, 969–977



Figure 4. Transition states for the H/D exchanges between 5H+ and ND3 occurring on the sites (a) O(a), (b) O(b) and (c) O(c) of model system 5.

Figure 5. Gas-phase H/D exchanges from CAR spectra (Elab = 3 eV) of fragment m/z 151 and [MH – (150)]+ ions from protonated azaphilones and
nitrogenized derivates.

Table 4. Relative energies (in kcal/mol) of the ions, complexes and
transitions structures involved in the gas-phase H/D exchange
process between m/z 151 (M151

+ ) and ND3 on three different sites

Site 151+ + ND3 [151+, ND3] TSH/D [152+, NHD2] 152+ + NHD2

O(a) 0.0 �20.9 �8.0 �20.9 �0.2

O(b) 0.0 �20.7 �8.6 �20.7 �0.2
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step) allows isomerization into the [5, NHD3
+] complex, which is an

exothermic process releasing more energy in the case of (b)
and (c) pathways (up to 16.2 kcal/mol) in comparison with the
J. Mass. Spectrom. 2012, 47, 969–977 Copyright © 2012 John W
(a) pathway (9.4 kcal/mol). The transition states energies, TSH/D,
(Fig. 4), are located at �8.9 and �11.0 kcal/mol, under the initial
energy of the system for the (b) and (c) paths, respectively, in
contrast to +0.3 kcal/mol, for path (a). Furthermore, as the barriers
for the reactions (b) and (c) are crossed over, the [5DH

+, ND2H]
and [5HD

+, ND2H] complexes are formed competitively, releasing
the exchanged 5DH

+ and 5HD
+, respectively. Transition state of

reaction (b) leads to the H/D exchange because this process
occurs with assistance of the ionizing proton interaction from
the O(c) site, through the hydrogen bond with the O(b) site. This
process is impossible in the case of O(a). These considerations
suggest that the exchange is favorable at the O(b) and O(c)

sites exclusively.
iley & Sons, Ltd. wileyonlinelibrary.com/journal/jms



Scheme 5. Structures of neutrals from m/z 151 and their PA.
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Complementary [MOH-150]
+ (or [MNH-150]

+) and common
orsellinic part (m/z 151) fragment ions formed in source have
been studied in gas-phase H/D exchange experiments, under
the same CAR condition used previously. Hence, they were
isolated in the first mass filter of triple quadrupole and
undergone the low-energy collisions. The obtained CAR spectra
are presented in Fig. 5.
In the bicyclic fragment ion of mitorubrin azaphilones, at least

two sites with labile protons are present, at the O(4) and O(5)

positions, after the rearrangement during the fragmentation
processes, whereas for the nitrogenized analogues, there is also
an N(7) site with the labile proton that could be exchanged. Thus,
1OH

+, 3O H+ and 4O H+ exchange two protons by deuterons,
whereas 2O H+ exchanges three. Concerning nitrogenized
analogues, fragment ions of 1N H+, 3N H+ and 4N H+ exchange
three protons by deuterium, whereas 2N H

+ exchanges four. Hence,
no side chain H/D exchange happens at R=CH3, CH2OH and
CH2OCOCH3, but for R=COOH, one H/D exchange takes place.
On the other hand, orsellinic part ion (m/z 151) exchanges two

protons by deuterium at the O(1) and O(2) positions, which can be
referred to the O(a) and O(b) positions of the model system. This
suggests that the protonated molecule isomerization into the
ion–dipole complex does not occur prior to CID processes.
Otherwise, if it were the case, additional H/D exchanges could
be expected through three body complex formations (Scheme 2).
Results of theoretical calculations obtained for the gas-phase

H/D exchange reaction of orsellinic acid fragment ion at m/z
151 are presented in Table 4.
For both reactions named (a) and (b), the formation of ion–dipole

complex [151+, ND3] is an exothermic process (�20.9 kcal/mol for
(a) and �20.7 kcal/mol for (b)), relatively to the starting system
(151+ + ND3). The release of energy during the H/D exchange in
(a) is almost the same as in the case of (b) (�20.9 kcal/mol for
(a) and �20.7 kcal/mol for (b)), and the transition states for both
path are exothermic, –8.0 kcal/mol for (a) and �8.6 kcal/mol for
(b). Relatively high transition state energy for this stepwise process
is due to relatively high PA of neutral coming fromm/z 151, which is
presented in Scheme 5.
The PAs of such p- and o-quinon-like neutral forms are higher

than that of ND3, 226 and 230 kcal/mol, respectively. In that way,
final exchange at both sites leading to the H/D exchange on O(a)

and O(b) could be explained, although, in both reactions, no
isomerization in the second complex has been detected. This is
probably due to the high stability of the complexes, resulting in fast
H/D exchange in the particular transition state.
CONCLUSION

Mitorubrin azaphilone secondary metabolites from the H. fragiforme
fungus were characterized applying high-resolution and gas-phase
H/D exchange mass spectrometry. Differentiation between the
wileyonlinelibrary.com/journal/jms Copyright © 2012 Jo
already known oxygenized derivatives and their nitrogenized
analogues was investigated. CID studies were performed and
showed similarity between the ion structures as well as the
fragmentation pathways for both families of mitorubrin analogues.
Concerning the H/D experiments performed by CAR, one proton
less was exchanged in all analyzed compounds. H/D exchange
mechanism involves the formation of ion–dipole complex, after
the activation process. Complex yields a product ion in dependence
of the PA values of both partners of the complex.

Theoretical studies of the gas-phase H/D exchange reaction
mechanism have been applied to explain the earlier mentioned
phenomenon. In that way, the H/D exchange has been shown
as a powerful tool for structural distinction of both the mitorubrin
metabolite groups, oxygenated and nitrogenized. Calculations
showed that a relay mechanism can take place from a phenolic
site that is adjacent to the ester group of mitorubrins or nitrogen-
ized analogues. Finally, the low PA values of the dienamine group
can explain at least partially why this proton was not exchanged.
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Distinctive gas-phase fragmentation pathway of themitorubramines,
novel secondary metabolites from Hypoxylon fragiforme

Ljubica Svilar1,2, Vesna Stankov-Jovanovic1*, Marc Stadler3, Hristo Nedev2 and
Jean-Claude Tabet2*
1University of Nis, Faculty of Science and Mathematics, Department of Chemistry, Visegradska33, 18000 Nis, Serbia
2University Pierre and Marie Curie, Paris Institut of Molecular Chemistry, UMR 7201-FR2769, Case Courrier 45, Batiment F, 716, 4,
place Jussieu, 75252 Paris cedex 05, France
3Department Microbial Drugs, Helmholtz-Centre for Infection Research, Inhoffenstrasse 8, 38124 Braunschweig, Germany

RATIONALE: Azaphilones, belonging to the class of mitorubrins usually produced in Hypoxylon fragiforme, react easily with
amino groups, giving amine derivatives, mitorubramines. These secondary metabolites exhibit a wide range of biological
activities. Finding new secondary metabolites from fungi is important, and electrospray ionization (ESI) high-resolution mass
spectrometry (HRMS) coupled with sequential MSn experiments has become a method of choice for the chemotaxonomic
classification of fungi.
METHODS: High-performance liquid chromatography of methanol extracts coupled to positive electrospray ionization, high
resolving power for accurate mass measurements and resonant excitation for selective ion collision-induced dissociation (CID)
have been conducted with the aim of resolving the structures of possible novel compounds.
RESULTS: Soft desolvation conditions in the ESI source enabled the detection of intact mitorubramines present in the extract.
HRMS provided unambiguous information about the elemental composition of the mitorubramines and their product ions,
while sequential MS3 experiments were essential for the structural discernment of already reported mitorubrins and newly
discovered mitorubramines. Indeed, specifically from the latter, a series of consecutive dissociations takes place under CID
conditions that are useful for structural elucidation.
CONCLUSIONS: A distinctive method for two families of secondary metabolites has been developed. Information
observed using HRMS and sequential MSn experiments gave unambiguous information about the structure of mitoru-
bramines, especially the position of the nitrogen atom, which was strengthened by proposed unusual fragmentation
mechanisms, such as the rearrangement yielding the release of CO2 from the hydroxyl-diketone structures. These
experiments demonstrated that the fragmentations are facilitated by the nitrogen electron lone-pair in mitorubramines,
which does not occur in mitorubrins. Copyright © 2012 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.6382
Mitorubrin azaphilones from Hypoxylon fragiforme (Scheme 1),
containing a pyrone-quinone group, have been reported, and
elucidation of their structures was performed by a range of
analyticalmethods,[1,2] such as liquid chromatography (LC)with
ultraviolet/diode-array detection (UV/DAD), nuclear magnetic
resonance (NMR), infrared (IR) and mass spectrometry (MS),
using pure, isolated compounds.[3–5] Because of their
versatile biological activities (anti-fungal activity, inhibition of
dihydrofolate reductase and geranylgeranyl transferase),[6] these
compounds represent a group of highly interesting secondary
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metabolites. Azaphilones generally react with nitrogen from
amines to form vinylogous 4-pyridone derivatives. However,
very few azaphilone vinylogous 4-pyridone derivatives have
been found to be present as natural products in biological
samples,[7–9] although some syntheses of these derivatives have
been reported.[10,11]

To the best of our knowledge, there have been no reports on
the presence of vinylogous 4-pyridone derivatives in Hypoxylon
fragiforme or other species of the Xylariaceae. Mitorubramines
(Scheme 1) have been detected in the current study in the
methanolic stromatal extract of Hypoxylon fragiforme, although
in low concentration. LC was coupled to high-resolution mass
spectrometry (HRMS) and collision-induced dissociation (CID)
to provide unambiguous information about the structures,
molecular masses and some chemical properties of this novel
group of secondary metabolites. Mass spectra obtained by soft
ionization techniques often do not provide sufficient information
about the molecular structure of interest, and consequently
further tandem mass spectrometric (MS/MS) fragmentation
must be undertaken to obtain more detailed data. CID MS/MS
is widely utilized in forming reference libraries for the
Copyright © 2012 John Wiley & Sons, Ltd.



Scheme 1. Mitorubrin and mitorubramine molecular struc-
tures with variation in the R group (1O – mitorubrin, 2O –
mitorubrinol, 3O – mitorubrinic acid, 4O – mitorubrinol
acetate, 1N – mitorubramin, 2N – mitorubraminol, 3N –
mitorubraminic acid, 4N – mitorubraminol acetate).

Gas-phase fragmentation pathway of the mitorubramines
recognition of substructures and chemotaxonomic classifica-
tion.[12,13] The fragmentation of a precursor ion from a specific
compound under CID conditions will depend on its structure,
and will be directed by its functional groups. Thus, two families
of similar molecules may react differently under CID conditions.
SequentialMSn experimentswill provide evenmore information
about the molecular structures.
261
EXPERIMENTAL

Water was obtained from a Milli-Q Gradient system (Millipore,
Brussels, Belgium). Methanol and acetonitrile were of HPLC
grade (VWR, Lutterworth, UK). Formic acid was from SDS
(Carlo ErbaReactifs, Val de Rueil, France). The fungal sample
was collected from a dead Fagus sylvatica tree in a forest in
south-eastern Serbia, and determined morphologically and by
chemotaxonomic studies. Fungal material was deposited in the
Herbarium Moesiacum, University of Nis, Nis, Serbia (HMN),
voucher number 5530.
Powdered stromata (5 mg) were extracted twice in methanol

for 10min in an ultrasonic bath, at room temperature, and centri-
fuged for 5min. The resulting supernatantswerefiltered through
a 45 mm membrane filter, and then analyzed by LC/MS. A
volume of 10 mL of approximately 100 mg/mL extract was
injected into the reversed-phase C18 column (Symmetry,
2.1�150 mm, 5 mm; Waters, Wexford, Ireland). For the separa-
tion of compounds of interest from the complex methanol
extract, a solvent system of 0.1% formic acid solution in water
and acetonitrilewas used in the following gradient: 90% ofwater
in isocratic condition during the first 5 min was followed by a
linear gradient from 10% acetonitrile to 90% acetonitrile for
55 min, and thereafter isocratic 90% acetonitrile elution for
40 min.
Detection of accurate masses was obtained in positive electro-

spray ionization (ESI) mode using a LTQ Orbitrap XL (hybrid,
2D ion trap-orbitrap) mass spectrometer (Thermo Fisher Scienti-
fic, Bremen, Germany).[14] The parameters for ionization of
compounds were adjusted to obtain the best efficiency and
desolvation of adduct ions. The electrospray needle was kept at
a voltage of 4 kV, and the sheath gas and auxiliary gases were
both N2 at flow rates of 45 and 10 arbitrary units (a. u.), respec-
tively. The capillary temperature was maintained at 275 �C,
and the capillary voltage at 50 V. The tube lens offset was
Copyright © 2012Rapid Commun. Mass Spectrom. 2012, 26, 2612–2618
maintained at 40 V. MS scanning was performed from m/z 100
to 1200. Themass resolution (full width at half maximumheight,
FWHM) was 60 000 at m/z 400. For accurate mass measure-
ments, a lock mass was used for internal calibration in real
time.[15] The ion at m/z 214,08963 corresponding to protonated
N-butylbenzene sulfonamide, which was present in the solvent
system, was used for this purpose. CID experiments were
performed by radial resonant excitation in the LTQ 2D ion trap
mass spectrometer. The normalized CID collision energy,[16]

resonant excitation amplitude of 0.85 mVp-p and 1.1 mVp-p for
sequential MS2 and MS3 experiments, respectively, was 15%
and 22%. Product ions were detected in the orbitrap mass
spectrometer with a mass resolving power of 60 000 (FWHM).
RESULTS AND DISCUSSION

The crude methanol extract was chromatographed and the total
ion chromatogram (TIC) is presented in Fig. 1, while the
corresponding data are reported in Table 1. A long separation
time was chosen, to obtain an efficient separation, especially
for the more polar components of the extract, particularly the
mitorubramines. The mitorubrins were eluted at retention times
of less than 45 min, in quite high abundance (Fig. 1). Mitorub-
ramineswere also present in quite high abundances and, because
of their higher polarity, eluted at retention times of less than
32 min. Mitorubramin and mitorubraminol acetate eluted at
similar retention times, suggesting that they are of similar polar-
ity. After 45 min of elution, unidentified non-polar compounds
(probably fatty acids and ergosterol derivatives), often present
in crude extracts of many fungi, were detected. The good separa-
tion of compounds enables us to observe mitorubramines
despite them being present only at low levels in the extracts.

The positive ion ESI spectra of all the mitorubramines gave
only peaks that corresponded to the protonated molecules.
The high-resolution mass measurements gave confident data
about their accurate molecular masses and elemental compo-
sitions, with an accuracy of better than 2 ppm. In the mass
spectra of mitorubrins, in addition to protonated molecules,
protonated dimers were also obtained. Furthermore, the
higher ionization efficiency of mitorubramines, resulting
from their higher proton affinity (PA), enabled their detection,
despite their low concentration in the samples. On the other
hand, the formation of mitorubrin protonated dimers
decreased the chromatographic peak height in that area of
the chromatogram, thus enabling the facile detection of proto-
nated mitorubramines, which do not form dimeric ions.
These soft ionization conditions allow the survival and trans-
mission of dimeric ions, decreasing the height of the mitoru-
brin chromatographic peaks, making it possible to detect the
mitorubramines by ESI-MS.

MS methods can provide a wealth of additional information
about the structures of analyzed compounds, and, for this
purpose, additional experiments were conducted. Sequential
MS2 andMS3 experiments were performed to confirm the postu-
lated structures (i.e. divinylogous secondary amine), and to gain
more information about the position of the nitrogen atom in the
postulated vinylogous 4-pyridone structures in different mitoru-
bramines. The data on ions observed in the sequential MSn

experiment are presented in Table 2. CID experiments on the pro-
tonated mitorubrins (oxygen containing) and mitorubramines
(nitrogen containing) gave product ions at m/z [218+R]+ and
wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.
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Figure 1. LC/MS TIC of Hypoxylon fragiforme crude methanol extract from ESI experiment.

Table 1. LC/MS data of crude methanol extract ofHypoxylon fragiforme: retention times of analyzed ions, their accurate molecular
masses and elemental compositions, obtained by HRMS

Compound
Retention time

(min)
Observed mass

(m/z)
Elemental composition of

molecule
Observed

ions
Error
(ppm)

Mitorubraminol (2N) 26.2 398.12496 C21H20O7N [M+H]+ 1.4
Mitorubraminic acid (3N) 29.1 412.10324 C21H18O8N [M+H]+ 1.5
Mitorubramin (1N) 31.5 382.12903 C21H20O6N [M+H]+ 1.4
Mitorubraminol acetate (4N) 31.9 440.13443 C23H22O8N [M+H]+ 1.1
Mitorubrinol (2O) 33.2 399.10773 C21H19O8 [M+H]+ 0.9

797.20892 C42H37O16 [2M+H]+ 1.6
Mitorubrinic acid (3O) 34.6 413.08719 C21H17O9 [M+H]+ 1.2

825.16754 C42H33O18 [2M+H]+ 1.6
151.03879 C8H7O3 [MH-262]+ �1.3

Mitorubrinol acetate (4O) 40.3 441.11856 C23H21O9 [M+H]+ 1.2
881.23004 C46H41O18 [2M+H]+ 1.6

Mitorubrin (1O) 43.1 383.11261 C21H19O7 [M+H]+ 0.4
765.21930 C42H37O14 [2M+H]+ 1.8
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m/z [217+R]+, respectively, which clearly correspond to the bicyc-
lic moieties. These ions are formed by loss of a common neutral
species (orsellinic acid –H2O, 150Da), derived from the orsellinic
acid that forms part of the mitorubrin and mitorubramine struc-
tures. Protonated mitorubrins and mitorubramines showed the
same behavior under CID, preventing their distinction one
fromanother. Itwas also not possible to determine the exact posi-
tion of the secondary amino group. Thus, the results obtained
from sequential MS3 experiments performed on these bicyclic
structures provide much more information and are essential for
differentiation between the two families of compounds.
An example of behavior of product ions from protonated

mitorubramines and mitorubrins under MS3 conditions is
shown in Fig. 2. It is important to note that CID spectra of
sequential MS3 experiments of mitorubramines are significantly
different from those of mitorubrin azaphilones. A peak at
m/z 203, present in both spectra, corresponds to detector noise,
and does not arise from the fragmentation pathway. The high-
resolution actually shows that this ion has a mass default, which
differs strongly from those of the other product ions and, thus, its
inconsistency with the precursor structure. For all analyzed ions,
both mitorubrins and mitorubramines, in the sequential MS3

experiments, a main and common loss of a water molecule was
observed.
The loss of water (Scheme 2) is expected, since protonation

occurs at the hydroxyl diketo ring due to the proton affinity
being highest at this position. The nitrogen atom of the
wileyonlinelibrary.com/journal/rcm Copyright © 2012 John Wile
heterocyclic moiety in the mitorubramines (or oxygen atom in
the mitorubrins) has a lower proton affinity than the oxygen of
the keto group from the hydroxy diketo ring. After the release
of thewatermolecule, a keto group is protonated, due to the pre-
sence of a vicinal hydroxyl group, in spite of the endothermic
proton transfer required. Furthermore, the formed intermediate
ion can be subjected to ring contraction, to yield the more stable
carbocation. This ring contraction results from the vicinal carbo-
cation, which is stabilized by proton migration to the ketone to
produce a protonated ketone, stabilized by long distance deloca-
lization from the nitrogen atom. The reaction can also be directed
by the two keto groups, giving the isomeric product.

In the sequentialMS3 spectra of protonatedmitorubrinamines,
additional peaks were observed, suggesting quite complicate
fragmentation pathways, favored by the presence of nitrogen.
These product ions are reported in Table 2. They correspond to
losses of 42, 43, 44 and 46 Da, which are assigned to the neutral
loss of C2H2O,C2H3O�, CO2 andHCOOH, respectively.Wehave
proposed fragmentation mechanisms by which the diagnostic
peaks in the CID spectra could be obtained. Mechanisms for
the losses of CH2CO and the CH3CO� radical, yielding the
[(217+R)-C2H2O]+ and [(217+R)-C2H3O]+� ions, are presented
in Scheme 3. Ring contraction could also occur where, instead
of proton or hydroxyl group migration, 1,2-migration of a carb-
onyl site occurs as in theWagner-Meerwein rearrangement.[17,18]

The ring contraction is assisted by electron lone-pair migration
from the hydroxyl group to the tetra-substituted carbon,
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2012, 26, 2612–2618
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Figure 2. Sequential MS3 experiments of main product ions (a) m/z 248 and (b) m/z 249 (CID
17% normalized collision energy) that were previously observed in CID of mitorubraminol
(m/z 398) and mitorubrinol (m/z 399) (22% (1.1 mVp-p) normalized collision energy).

Scheme 2. Assumed mechanism of water loss from mitorubramines from product ions at m/z
217+R, obtained in sequential MS3 experiment.
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geminal to the two carbonyl groups (Scheme 3(a)). The pro-
duced cyclopentenone system can isomerize into a protonated
cyclopentenyl system, allowing formation of an ion-dipole com-
plex (Scheme 3(b)). The ion-dipole complex thus formed com-
prises an alkyl cyclopenta-pyridine-6,7-diol and an acylium
moiety. From this intermediate, two further competitive path-
ways occur. By direct internal proton transfer from the acylium
moiety, ketene (42 Da) is released giving the alkyl cyclopenta-
pyridine-6,7-diol ion. Competitively to this, electron transfer
from the nitrogen of the tetraenic system to the acylium moiety
can occur, giving CH3CO� radical release (43 Da), and formation
of the odd-electron alkyl cyclopenta-pyridine-6,7-diol.
Losses of CO2 and HCOOH are competitive processes

independent of the CH2CO and CH3CO� radical losses, forming
the [(217+R)-CO2]

+ and [(217+R)-HCOOH]+ ions. The assumed
wileyonlinelibrary.com/journal/rcm Copyright © 2012 John Wile
mechanism of fragmentation and formation of these neutral
species is presented in Scheme 4.

First, a 1,2-hydroxyl transfer concurrently with 1,2-hydride
transfer from themethyl group takes place and yields ring open-
ing and the protonated carboxylate.[19,20] This process is followed
by proton migration from the carboxylate site to its a position
due to migration to the conjugated double bonds promoted by
the migration of the electron lone-pair of nitrogen. Its formation
results from the tri-substituted pyridinium species comprised
in particular of the p-ethanoic acid group. Proton transfer from
the hydroxyl group takes place by 1,2-proton migration. The
benzylic bond geminal to the carboxylate moiety can be cleaved
through charge migration to generate an ion-dipole complex.
This ion-dipole complex is comprised of protonated CO2 and
the heterocyclic system. Internal proton transfer from CO2H

+ to
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2012, 26, 2612–2618



Scheme 3. Proposed fragmentation mechanism for MS3 experiment of mitorubramine family
and loss of CH3CO� radical and CH2CO.

Scheme 4. Proposed fragmentation mechanisms for MS3 experiment of mitorubramine
family and loss of CO2 and HCOOH.
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the amine of the heterocyclic system initiates neutral loss of CO2

(44 Da) yielding them/z [188+R]+ ion (Scheme 4(a)). On the other
hand, assisted by double-bondmigrations, hydride transfer from
the NH site of the heterocyclic system to the protonated CO2

results in the neutral loss of formic acid (46 Da) and detection
of the m/z [171+R]+ ion (Scheme 4(b)).
Isomerization is possible for both the mitorubrins and the

mitorubramines, but only in the latter proton transfer from the
exocyclic carbon to the a-carbon can occur, owing to the presence
of a labile lone-pair of electrons on the nitrogen. After electron
delocalization the charged nitrogen is neutralized and it
promotes allylic bond cleavage. An ion-dipole complex formed
in this way can directly lose CO2, a pathway which is not possi-
ble in mitorubrins.
Formation of an ion-dipole complex and proton transfer

from the acylium to the heterocyclic nitrogen can give losses
Copyright © 2012Rapid Commun. Mass Spectrom. 2012, 26, 2612–2618
of CH2CO and CH3CO� radical. However, this process cannot
occur in mitorubrin azaphilones. In addition, electron transfer
is known to take place specifically in heterocyclic systems
with nitrogen, rather than with oxygen. The losses of CO2,
CH3CO�, CH2O and HCOOH are possible due to the pre-
sence of the vinylic amino group, which stabilizes the product
ion by its electron donor character. Such elimination does not
take place in the mitorubrins. On the other hand, the presence
of a nitrogen atom at other possible sites, e.g. an amide func-
tion instead of an ester, is ruled out because the loss of CONH
would have been observed in that case. For all these reasons,
the multi-decomposition pathways observed for mitorubra-
mines cannot take place for mitorubrins. This gives us
unambiguous evidence about the structures and presence of
these molecules in the crude extract of Hypoxylon fragiforme.
The diagnostic fragmentation pathways are of crucial
wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.

7



L. Svilar et al.

2618
importance for the structural identification of vinylogous
4-pyridone derivatives, i.e., mitorubramines, and to establish
the exact position of the nitrogen atom in the molecule, and also
for their structural distinction from their oxygen-containing
analogues.
CONCLUSIONS

A novel family of fungal secondary metabolites, mitorubra-
mines, was found in the fungus Hypoxylon fragiforme by means
of high-resolution mass spectrometry. Sequential CID experi-
ments, alongwith information on the constitution of the known
mitorubrins, providedunambiguous information on the chemi-
cal structures of the newly observed compound family. As
information derived from MS-MS experiments often proved
insufficient for structural elucidation, additional experiments,
such as CID of product ions, were performed. The sequential
CID of product ions gave the most important information
about the structure of mitorubramines, and particularly about
the position of the nitrogen atom in the molecule, based on
complicate fragmentation pathways in which the nitrogen
atom, and its lone-pair played the main role, enabling clear
structural distinction between two very similar families of
molecules, directly from the crude extract, applying just
MS methods.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.
Acknowledgements
The authors want to thank Ministry of Education and Science
Republic of Serbia (Grant No. 172047), French Grant from
Industry and SM3P Platform for financial support. Ljubica Svilar
expresses her sincere gratitude to the French Government and
Embassy of France in Serbia for the scholarship provided for her
PhD program.
REFERENCES

[1] M. Stadler, H. Wollweber, A. Muhlbauer, T. Henkel,
H. Wollweber, Y. Asakawa, T. Hashimoto, J. Rogers,
Y.-M. Ju, H.-G. Wetzstein, H.-V. Tichy. Secondary metabo-
lite profiles, genetic fingerprints and taxonomy of Daldinia
and allies. Mycotaxon 2001, 77, 379.

[2] W. Steglich, M. Klaar, W. Furtner. (+)-Mitorubrin derivatives
from Hypoxylon fragiforme. Phytochemistry 1974, 13, 2874.

[3] M. Stadler, J. Fournier, A. Granmo, E. Beltran-Tejera. The
’red-Hypoxylons’ of the temperate and subtropical northern
hemisphere. North American Fungi 2008, 3, 73.

[4] V. Hellwig, Y.-M. Ju, J. D. Rogers, J. Fournier, M. Stadler.
Hypomiltin, a novel azaphilone from Hypoxylon hypomiltum,
and chemotypes in Hypoxylon sect. Hypoxylon as inferred from
analytical HPLC profiling.Mycolog. Prog. 2005, 4, 39.
wileyonlinelibrary.com/journal/rcm Copyright © 2012 John Wile
[5] A. Muhlbauer, D. Triebel, D. Persoh, H. Wollweber, S. Seip,
M. Stadler. Macrocarpones, novel metabolites from
stromata of Hypoxylon macrocarpum, and new evidence on
the chemotaxonomy of Hypoxylon species. Mycolog. Prog.
2002, 1, 235.

[6] M. Stadler, D.-N.Quang, A. Tomita, T. Hashimoto, Y. Asakawa.
Changes in secondary metabolism during stromatal ontogeny
of Hypoxylon fragiforme. Mycolog. Res. 2006, 110, 811.

[7] N. Arai, K. Shiomi, H. Tomoda, N. Tabata, D.-J. Yang,
R. Masuma, T. Kawakubo, S. Omura. Isochromophilones
III–VI, inhibitors of acyl-CoA:cholesterolacyltransferase
produced by Penicillium multicolor FO-3216. J. Antibiot.
(Tokyo) 1995, 48, 696.

[8] T. Akihisa, H. Tokuda, K. Yasukawa, M. Ukiya, A. Kiyota,
N. Sakamoto, T. Suzuki, N. Tanabe, H. Nishino.
Azaphilones, furanoisophthalides, and amino acids from
the extracts of Monascuspilosus-fermented rice (redmold
rice) and their chemopreventive effects. J. Agric. Food Chem.
2005, 53, 562.

[9] H.-M. Ge, W.-Y. Zhang, G. Ding, P. Saparpakorn, Y.-C. Song,
S. Hannongbuac, R.-X. Tan. Chaetoglobins A and B, two
unusual alkaloids from endophytic Chaetomium globosum
culture. Chem. Commun. 2008, 5978.

[10] W.-G. Wei, Z.-J. Yao. Synthesis: studies toward chloroaza-
philone and vinylogous g-pyridones: two common natural
product core structures. J. Org. Chem. 2005, 70, 585.

[11] G. Buchi, J.-D. White, G.-N. Wogan. The structures of
mitorubrin and mitorubrinol. J. Am. Chem. Soc. 1965,
5, 87.

[12] J. Bitzer, B. Kopcke, M. Stadler, V. Hellwig, Y.-M. Ju, S. Seip,
T. Henkel. Accelerated dereplication of natural products,
supported by reference libraries. Chimia 2007, 51, 332.

[13] T. Larsen, J. Smedsgaard, K. Nielsen, M. Hansen, J. Frisvad.
Phenotypic taxonomy and metabolite profiling in microbial
drug discovery. Nat. Prod. Rep. 2005, 22, 672.

[14] Q. Hu, R. Noll, H. Li, A. Makarov, M. Hardman, G. Cooks.
The Orbitrap: a new mass spectrometer. J. Mass Spectrom.
2005, 40, 430.

[15] J. Olsen, L. de Godoy, G. Li, B. Macek, P. Mortensen,
R. Pesch, A. Makarov, O. Lange, S. Horning, M. Mann. Parts
per million mass accuracy on an Orbitrap mass spectrometer
via lock mass injection into a C-trap. Mol. Cell. Biochem. 2011,
4, 12.

[16] L. Lopez, P. Tiller, M. Senko, J. Schwartz. Automated
strategies for obtaining standardized collisionally
induced dissociation spectra on a benchtop ion trap mass
spectrometer. Rapid Commun. Mass Spectrom. 1999,
13, 663.

[17] A. Tutara, M. Balci. Bromination of an N-carbethoxy-7-aza-
2,3-benzonorbornadiene and synthesis of N-carbethoxy-7-
aza-2,3-dibromo-5,6-benzonorbornadiene: high temperature
bromination. Part 14. Tetrahedron 2002, 58, 8979.

[18] E. Nikitina, A. Safronova, A. Varlamov, F. Zubkov,
G. Aleksandrov, K. Turchin. First synthesis of 6-spiro
[5-aza-2-oxatricyclo[6.2.1.03,9]undec-3-ene-6,1’-cyclo-
hexane]. Chem. Heterocycl. Compd. 2003, 39, 130.

[19] N. Morlender-Vais, A. Mandelbaum. The role of hydrogen
migration in the mechanism of alcohol elimination from MH.
ions of ethers upon chemical ionization. J. Mass Spectrom.
1997, 31, 1124.

[20] I. Kuzmenkov, A. Etinger, A. Mandelbaum. Role of hydrogen
migration in the mechanism of acetic acid elimination from
MH+ ions of acetates on chemical ionization and collision-
induced dissociation. J. Mass Spectrom. 1999, 34, 797.
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2012, 26, 2612–2618




