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ABSTRACT
This thesis focuses on the isolation, syntheses and biosyntheses of phytoalexins and other elicited
metabolites from crucifers. Elicitation of plant defense responses increases amounts of numerous
constitutive secondary metabolites and induces the de novo production of a group of defense
chemicals called phytoalexins. The thesis is divided into four chapters, as described below.
Chapter I presents a literature review of topics related to my research work. First, structures and
activities of elicited metabolites, including phytoanticipins, phytoalexins, and oxylipins, are
discussed. Second, elicitors of plant chemical defenses, including biotic and abiotic elicitors, are
reviewed. Finally, recent progress on metabolic engineering of chemical defense pathways,
including glucosinolates, cyanogenic glycosides, and phytoalexins, is presented.
Chapter II covers my research results, which are divided into three sections. The first section
focuses on the investigation of the biosynthetic pathway of the phytoalexin rapalexin A (102).
Efforts towards the synthesis of glucorapassicin (118), a glucosinolate previously proposed as the
biosynthetic precursor of rapalexin A (102), are reported. Deprotections of N-protected derivatives
of glucorapassicin (118) under acidic and basic conditions yield Lossen- and Neber-type
rearrangement products, respectively. Based on these results, a biomimetic synthesis of rapalexin
A (102) is developed. Additional biosynthetic experiments using an N-protected derivative of
glucorapassicin (118) strongly support the hypothesis that rapalexin A (102) is biosynthetically
derived from glucorapassicin (118). The second section is about the isolation, syntheses and
antifungal activities of phytoalexins and other elicited metabolites from crucifers. Several new
phytoalexins from the crucifers Nasturtium officinale and Barbarea verna, including
cyclonasturlexin (78), an indole-fused thiazepine scaffold, and nasturlexins, a group of first nonindolyl phytoalexins, are reported. In addition, two groups of elicited metabolites, including
phytoalexin and oxylipins are isolated from elicited leaves of the wild crucifer Erucastrum
canariense. Tryptanthrin (263), a known indole alkaloid is isolated from elicited leaves of Isatis
indigotica and found to be a phytoalexin in this species. The syntheses and antifungal activities of
all new metabolites are reported. The third section presents results on the biosyntheses of new
phytoalexins in N. officinale and B. verna. First, different isotope-labelled potential precursors and
intermediates are synthesized, including glucosinolates, isothiocyanates, dithiocarbamates and
ii

nasturlexins. Next, these labelled compounds are administered to the plants and leaf extracts are
analyzed by HPLC-DAD-ESI-MS. Finally, based on deuterium incorporations into phytoalexins,
the biosynthetic precursors and intermediates of new phytoalexins are proposed.
Chapter III discusses overall results and proposes future work arising from these findings.
Chapter IV reports methods and experimental procedures used to obtain the data presented in this
thesis. Characterization data of new compounds and other supplementary materials are also
presented.
In summary, a group of novel phytoalexins are discovered and their biosynthetic intermediates are
established. In addition, the hypothesis on the biosynthetic pathway of rapalexin A (102) is also
supported.
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CHAPTER 1
1.1

INTRODUCTION

General objectives

The plant family Brassicaceae, common name crucifer, contains species used globally as oilseeds,
horticultural and condiment crops, as well as wild species of great interest as model systems
(Gupta, 2016; Warwick, 2011). Members of this family are known to produce sulfur-containing
phytoalexins and other elicited metabolites with potent antimicrobial activities, which greatly
contribute to plant disease resistance. However, in more than 3700 cruciferous species, only about
40 species have been investigated for the production of phytoalexins with more than 40 cruciferous
phytoalexins reported to date (Pedras et al., 2011). Although these metabolites contain a diversity
of functional groups, they have been shown to be biosynthetically derived from a common
precursor, (S)-tryptophan, in most cases via indole glucosinolates (Pedras et al., 2011). It was
hypothesized that 4-hydroxybenzyl glucosinolate (glucosinalbin), the corresponding 4hydroxybenzyl isothiocyanate, and their homologues could be biosynthetic precursors of phenylcontaining phytoalexins, via pathways similar to that of brassinin (Pedras and Smith, 1997).
However, such phytoalexins have not been found to date. To this end, the objectives of my research
are:
1) Investigation of the crucifers Nasturtium officinale, Barbarea verna, Erucastrum
canariense and Isatis indigotica for production of phytoalexins and other elicited
metabolites, which involves:
a. Isolation and characterization of phytoalexins and other elicited metabolites,
b. Syntheses of new phytoalexins,
c. Determination of antifungal activities of the isolated phytoalexins and elicited
metabolites.
2) Investigation of phytoalexin biosyntheses in N. officinale and B. verna, which involves:
a. Syntheses of stable isotopically labelled precursors,
b. Administration of labelled precursors to each species and determination of deuterium
incorporation into phytoalexins using HPLC-DAD-ESI-MS,
c. Proposal of biosynthetic pathways consistent with results.
3) Investigation of the biosynthetic pathway of the phytoalexin rapalexin A.
1

1.2

Brassicaceae

The plant order Brassicales contains about 4,700 species placed in 18 families (Table 1-1)
(Cardinal-McTeague et al., 2016). Due to the presence of glucosinolates and the accompanying
enzymes myrosinases, the Brassicales have become a model group for many studies on metabolic
processes, chemical defenses, and plant-insect relationships (Bekaert et al., 2012; Mithen et al.,
2010; Schranz et al., 2011). Many members of the Brassicales are economically important crops
and horticulturally valuable species. For example, the family Capparaceae contains ornamental
(Capparis sepiaria L., C. spinosa L.), medicinal (C. zeylanica L., Crateva religiosa G. Forst), and
edible plants (C. spinosa, C. zeylanica) (Sharma, 2009). Many species of the Moringaceae family
are used as medicinal plants (Moringaceae rivae Chiov., M. arborea Verdc., M. borziana Mattei)
and sources of oil (M. peregrine (Forssk.) Fiori, M. oleifera Lam.) (Padayachee and Baijnath,
2012). The family Caricaceae contains Carica papaya L. as a fruit crop of great economic
importance (Antunes Carvalho and Renner, 2012), and several Vasconcellea species that possess
important agronomic traits such as disease resistance (Sharma and Tripathi, 2016).
The family Brassicaceae (common name crucifer or mustard family) comprises over 330 genera
and about 3,700 species, being the largest family of the Brassicales order. The mustard family is
perhaps the most important family of the order. It contains global sources of vegetables such as
broccoli (Brassica oleracea L. var. italica), cauliflower (B. oleracea L. var. botrytis), cabbage (B.
oleracea L. var. capitata), and rutabaga (B. napus L. subsp. rapifera) (Schmidt and Bancroft,
2011). Canola (B. napus, B. rapa, or B. juncea) is one of the world’s most important oilseed crops,
and an economically important crop in Canada (www.canolacouncil.org). Many members of the
Brassicaceae are considered great sources of agronomic traits, including morphological and
physiological traits (Brassica species) (Gomez-Campo et al., 1999; Prakash et al., 1998), male
sterility (Brassica, Diplotaxis, Erucastrum, and Moricandia species) (Schnable and Wise, 1998;
Yamagishi and Bhat, 2014), resistance to diseases and various types of stress (Warwick, 2011).
The model plant Arabidopsis thaliana (Arabidopsis), whose genome is a reference model not only
for the family, but the whole plant kingdom (Schmid et al., 2005) also belongs to the Brassicaceae.
In addition, several other species and genera have been used as model systems, including
Boechera, Brassica, and Barbarea (Byrne et al., 2017). The chemical composition of many
2

Brassicaceae species have been extensively studied (Leite and Castilho, 2017). Major groups of
secondary metabolites include glucosinolates (Agerbirk and Olsen, 2012), flavonoids (Martínezsánchez et al., 2008), phenolics (Cartea et al., 2011), and tryptophan-derived phytoalexins (Pedras
et al., 2011).
Table 1-1. Families of the Brassicales, including genera, species and geographical distribution.
Adapted from Cardinal-McTeague et al., 2016.

a

Family

Number of genera/species

Geographical distribution

Akaniaceae

2/2

Australia, Asia

Bataceae

1/2

Tropical America, Austral-Asia

Borthwickiaceae

1/1

China

Brassicaceae

338/3700

Cosmopolitan (mostly temperate)

Capparaceae

25/450

Cosmopolitan (mostly tropical)

Caricaceae

4/34

Tropical Africa and America

Cleomaceae

10/300

Cosmopolitan

Emblingiaceae

1/1

Southwest Australia

Forchhammeriaa

1/10

North and Central America

Gyrostemonaceae

5/18

Australia

Koeberliniaceae

1/1

North, Central, and South America

Limnanthaceae

2/10

North America

Moringaceae

1/13

Africa, Madagascar, and Asia

Pentadiplandraceae

1/1

Western Africa

Resedaceae

6/85

North Africa, Eurasia, North America

Salvadoraceae

3/12

Africa to Southeast Asia

Setchellanthaceae

1/1

North America

Stixisa

1/7

India and Malaysia

Tiraniaa

1/1

Southern Vietnam

Tovariaceae

1/2

Tropical America

Tropaeolaceae

3/92

North and South America

Anomalous genera, without family designation.
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1.3

Elicited plant defense and signalling metabolites

Plants produce primary metabolites such as carbohydrates, proteins, lipids, and nucleic acids.
These organic molecules are present in all living organisms and are essential for their growth,
development, and reproduction (Dewick, 2009). In addition to primary metabolites, plants produce
secondary metabolites, which have a more restricted distribution in nature. Although the functions
of secondary metabolites in the producing plants are not known in many cases, many are known
to play important ecological functions such as mediation of plant-plant, plant-insect, plantmicrobe, or plant-predator interactions (Dewick, 2009). In the past, the term “secondary
metabolites” was used when the biological functions of secondary metabolites were not known
and these metabolites were often considered as waste products of primary metabolism (Bennett
and Wallsgrove, 1994). However, as very important ecological functions of secondary metabolites
have been discovered, the term “specialized metabolites” was coined to reflect the importance and
restricted distribution of these metabolites (Pichersky et al., 2006).
Primary building blocks of secondary metabolites originate from fundamental processes such as
photosynthesis, pentose phosphate cycle, glycolysis, and Krebs cycle. The most common building
blocks are acetate and malonate (polyketide pathway), shikimate (shikimate pathway), and
dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) (terpenoid pathway).
In addition, many secondary metabolites are derived from amino acids such as peptides, proteins,
and alkaloids (Dewick, 2009). Alkaloids constitute a diverse group of plant secondary metabolites
that possess numerous biological activities (Ziegler and Facchini, 2008). Initially, they were
defined as “cyclic compounds containing nitrogen in a negative oxidation state which are of
limited distribution in living organisms” (Pelletier, 1983). Most alkaloids are biosynthetically
derived from amino acids, including phenylalanine, tyrosine, tryptophan, lysine, histidine,
arginine, and ornithine. Other biosynthetic origins of alkaloids include purine, aminated terpenes,
and polyketides (Roberts, 2013). In many cases, secondary metabolites are produced from building
blocks of more than one biosynthetic pathway (hybrid pathway), or contain carbohydrate moieties,
increasing the structural diversity of these molecules (Dewick, 2009).
Plants use chemical defenses having a wide range of chemical structures to protect themselves
against biotic stresses (e.g. pathogen or herbivore attacks) and abiotic stresses (e.g. heavy metal
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salts, UV irradiation) (Dixon, 2001). These chemical defenses can be either constitutive
(phytoanticipins) or inducible (phytoalexins) secondary metabolites.

1.3.1 Phytoanticipins
By definition, phytoanticipins are “low molecular weight, antimicrobial compounds that are
present in plants before challenge by microorganisms or are produced after infection solely from
pre-existing constituents” (VanEtten et al., 1994). Based on biosynthetic origins and structural
types, phytoanticipins are grouped into non-traditional and traditional classes (Pedras and Yaya,
2015). Non-traditional phytoanticipins are grouped based on plant secondary biosynthetic
pathways, such as polyketides and fatty acids, terpenoids, shikimates, phenylpropanoids, and
mixed biosynthetic origin (Figure 1-1). The antifungal metabolites chrysophanol (1) from
Rhamnus frangula L. (Schneider, 2007) and falcarindiol (2) from many Apiaceae species (Minto
and Blacklock, 2008) are phytoanticipins derived from the polyketide and fatty acid pathways,
respectively. The anti-malaria drug artemisinin (3) isolated from Artemisia annua is a terpenoid
phytoanticipin (Appalasamy et al., 2014). Gallic acid (4) and the lignan pinoresinol (5) are
phytoanticipins that belong to the shikimate and phenylpropanoid pathways, respectively (Kato et
al., 1998; Werner et al., 1997). The antimicrobial flavonoid hesperidin (6), produced in several
Citrus species is a phytoanticipin of mixed origin, the shikimate and phenylpropanoid pathways
(Ortuño et al., 2011).

Figure 1-1. Examples of phytoanticipins derived from polyketide (1), fatty acid (2), terpenoid (3),
shikimate (4), phenylpropanoid (5), and mixed biosynthetic pathways (6).
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Traditional groups of phytoanticipins include benzoxazinoids, cyanogenic glycosides,
glucosinolates, and saponins (Pedras and Yaya, 2015). Benzoxazinoids constitute a group of
metabolites that are mainly found in the family Poaceae (Frey et al., 2009). Structurally, these
metabolites are arylhydroxamic acid derivatives biosynthesized from shikimate via indole-3glycerol phosphate (Figure 1-2) (Frey et al., 2009). Benzoxazinoids such as DIMBOA (8) and
DIMBOA-Glc (11) have been reported to regulate the innate immunity of maize against aphids
and fungi (Ahmad et al., 2011). These compounds also act as plant defenses against pathogens and
insects (Sicker et al., 2000). DIMBOA (8) was shown to display antifungal activity against the
maize pathogen Helminthosporium turcicum (Frey et al., 2009). Upon tissue destruction,
glycosylated precursors like DIBOA-Glc (10), DIMBOA-Glc (11), and TRIBOA-Glc (12) can be
hydrolyzed by a β-glucosidase to form the phytotoxic aglycones DIBOA (7), DIMBOA (8), and
TRIBOA (9), respectively (Wittstock and Gershenzon, 2002).

Figure 1-2. Examples of benzoxazinoids.
Cyanogenic glycosides are α-hydroxynitrile glycosides derived from amino acids (Gleadow and
Møller, 2014). Cyanogenesis, which is the release of hydrogen cyanide from cyanogenic
glycosides catalyzed by a β-glucosidase, is used by plants as a defense against herbivores
(Gleadow and Woodrow, 2002). Hydrogen cyanide has been reported to inhibit the growth of fungi
(Seo et al., 2011) and increase disease resistance (Møller, 2010). The most common cyanogenic
glycosides are dhurrin (13), lotaustralin (14), prunasin (15), and linamarin (16) (Figure 1-3)
(Gleadow and Møller, 2014). Dhurrin (13) is an antibacterial cyanogenic glycoside whose
biosynthetic pathway has been fully elucidated and engineered in A. thaliana (Gleadow and
Møller, 2014).
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Figure 1-3. Examples of cyanogenic glycosides.
Saponins are plant glycosides with soap-like characteristics found in many food crops.
Structurally, these metabolites are terpenoids or steroids containing carbohydrate moieties (Figure
1-4) (Osbourn, 1996). Many saponins are preformed at high concentration in healthy plants and
exhibit antifungal activities (Papadopoulou et al., 1999). The saponin avenacin A-1 (17) and its
derivatives displayed growth inhibition against the fungus Gaeumannomyces graminis (Mary et
al., 1986). Avenacin-deficient Avena strigosa was shown to be more susceptible to some fungal
pathogens (Papadopoulou et al., 1999). Solanine (18), the major saponin in potato, also showed
inhibitory activity against a wide range of fungal pathogens (Fewell and Roddick, 1993). Saponins
are constitutive chemical defenses against pathogens, thus, considered phytoanticipins
(Papadopoulou et al., 1999).

Figure 1-4. Examples of saponins.
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1.3.1.1

Cruciferous phytoanticipins

Glucosinolates (mustard oil glucosides) are the major phytoanticipin in the economically important
Brassicaceae family, as well as the Brassicales order (Mithen et al., 2010). Their structure contains
a thiohydroximate linked with an β-glucopyranosyl moiety through the sulfur atom and an Osulfate residue (Figure 1-5) (Agerbirk and Olsen, 2012). The side chain of glucosinolates can be
either aliphatic or aromatic. Aliphatic sidechains are biosynthetically derived from different amino
acid precursors, such as alanine, isoleucine, leucine, methionine, and valine, whereas aromatic
sidechains are formed from phenylalanine, tyrosine, or tryptophan. More than 130 glucosinolates
have been reported from the Brassicales (Olsen et al., 2016), including the hypothetical
glucorapassicin (Pedras et al., 2016; Pedras and Yaya, 2013). Since the comprehensive review of
glucosinolates was published in 2012 (Agerbirk and Olsen, 2012), several new derivatives of
benzyl glucosinolates have been identified (Montaut et al., 2015; Pagnotta et al., 2017).

Figure 1-5. Structure of glucosinolate and representative sidechains. Adapted from Hanschen et
al., 2014.
The presence of glucosinolates in crucifers, especially Brassica vegetables (cauliflower, broccoli,
cabbage) and condiments (mustard, wasabi) is of great interest due to their health-promoting
effects (Halkier and Gershenzon, 2006). By contrast, glucosinolates in B. napus L. oilseed are
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considered as anti-nutritional components and have growth inhibitory effect (Mailer et al., 2008).
Most of research on glucosinolates has been carried out in the model plant A. thaliana, especially
since the genome sequence was published (The Arabidopsis Genome Initiative, 2000).
Glucosinolates are an important part of the plant chemical defenses. These compounds are present
as constitutive metabolites in plants, but can be induced upon attack by herbivores or pathogens
(Halkier and Gershenzon, 2006). The concentration of glucosinolates can also be increased by
treatment with abiotic stress, such as UV irradiation (Mewis et al., 2012).
A crucial part of the glucosinolate defense system are myrosinases (thioglucosidases EC
3.2.1.147), enzymes produced by all crucifer species that produce glucosinolates (Winde and
Wittstock, 2011). This enzyme family, is responsible for the glucosidic C-S bond cleavage of
glucosinolates. Myrosinases are usually stored in the vacuoles of idioblasts such as myrosin cells
and guard cells, whereas the storage site of glucosinolates are the vacuoles of sulfur-rich cells (Scells) (Winde and Wittstock, 2011). Upon plant tissue disruption, e.g. due to physical wounding,
myrosinases and glucosinolates come into contact and hydrolysis occurs. The enzymes hydrolyze
the C-S bond of glucosinolates, resulting in the formation of unstable aglycones (19), which
subsequently rearrange to form different products, including isothiocyanates (20), nitriles (21),
thiocyanates (22), and epithionitriles (23) (Scheme 1-1) (Hanschen et al., 2014). A neutral pH and
the presence of epithiospecifier modifier proteins (ESM) usually facilitate the formation of
isothiocyanates (20) via Lossen rearrangement. Some isothiocyanates are not stable and react with
nucleophiles to form other products. For examples, indolyl-3-methyl isothiocyanate spontaneously
decomposes to form indole-3-carbinol (24) (Hanley and Parsley, 1990); and 4-hydroxybenzyl
isothiocyanate is transformed to the corresponding alcohol 25 (Borek and Morra, 2005). 2Hydroxyalkenyl isothiocyanates, which contain a nucleophilic hydroxyl group and a reactive
electrophilic isothiocyanate are not stable and cyclized to form the corresponding oxazolidine-2thione (26) (Agerbirk and Olsen, 2015; Kjær and Gmelin, 1957).
Nitriles (21) are usually formed under low pH, a condition that inhibits the Lossen rearrangement
(Hanschen et al., 2014). The presence of epithiospecifier proteins (ESP), nitrile specifier proteins
(NSP), or thiocyanate-forming proteins (TFP) facilitates the formation of nitriles (21) from the
unstable aglycone 19. Iron (II) has also been reported to enhance the production of nitriles
(Williams et al., 2010).
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Isothiocyanates are the most studied metabolic product of glucosinolates due to numerous
biological activities and health-promoting effects (Conaway et al., 2002; Traka and Mithen, 2009).
While isothiocyanates have been shown to display antimicrobial activity against phytopathogenic
bacteria (Morant et al., 2008), nitriles have been reported to contribute to plant defense against
herbivores (Mumm et al., 2008). The metabolic products of glucosinolates, therefore, are also
considered phytoanticipins.

Scheme 1-1. Products of glucosinolates. Enzymes: epithiospecifier modifier protein (ESM),
epithiospecifier protein (ESP), nitrile specifier protein (NSP), or thiocyanate-forming protein
(TFP). Adapted from Winde and Wittstock, 2011.
Most of the genes and enzymes of the glucosinolate biosynthetic pathway have been identified
(Sønderby et al., 2010). Intermediates in the pathway from amino acid to glucosinolate (33) include
aldoxime (27), nitrile oxide (28), glutathione conjugate (29), Cys-Gly conjugate (30),
thiohydroximic acid (31), and desulfoglucosinolate (32) (Scheme 1-2). For a long time, cysteine
was believed to be the sulfur donor of the glucosinolate pathway that is involved in the
10

transformation of the nitrile oxide 28 to the thiohydroximic acid 31 (Halkier and Gershenzon,
2006). Results from recent work, however, pointed out that glutathione is more likely the sulfur
donor (Sønderby et al., 2010).

Scheme 1-2. Biosynthesis of glucosinolates. Enzymes: cytochromes P450 (CYP79, CYP83),
glutathione S-transferases (GSTF, GSTU), -glutamyl peptidase 1 (GGP1), SUPERROOT1 C-S
lyase (SUR1), glucosyltransferase (UGT74), sulfotransferase (SOT). GSTF and GSTU are
predicted enzymes. Adapted from Sønderby et al., 2010.
Over the last few decades, there have been a number of research groups working on the syntheses
of glucosinolates. Two major synthetic approaches towards glucosinolates have been developed:
the anomeric disconnection (A) and the hydroximate disconnection (B) (Scheme 1-3) (Rollin and
Tatibouët, 2011). A glucosinolate is often obtained from a glucosyl thiohydroximate (34) via
sulfation and subsequent O-deprotection. The glucosyl thiohydroximate 34 can be synthesized by
reacting an electrophilic glucosyl donor (35) with a thiohydroxamic acceptor (31) (approach A),
or a thioglucosyl donor (36) with a nitrile oxide acceptor (28) (approach B).

Scheme 1-3. Synthetic approaches towards glucosinolates. (A): anomeric disconnection; (B):
hydroximate disconnection; PG = protecting group. Adapted from Rollin and Tatibouët, 2011.
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1.3.2 Phytoalexins
In addition to the preformed chemical defenses, plants produce inducible chemical defenses called
“phytoalexins” (Bailey and Mansfield, 1982). The term “phytoalexin” was initially used by Müller
and Borger to describe antimicrobial compounds produced de novo by plants after microbial
infection (Müller and Borger, 1940). Currently, phytoalexins are “antimicrobial secondary
metabolites produced de novo by plants as a defense response to stress” (Bailey and Mansfield,
1982). The first phytoalexin was reported by Perrin and coworkers when Pisum sativum (garden
pea) was inoculated with fungal spores and a metabolite named pisatin (41) was isolated (Perrin
and Perrin, 1962; Perrin and Bottomley, 1962). Plants from the same family often produce
phytoalexins with similar structures. For example, species from the Vitaceae family produce
phytoalexins derived from the phenylpropanoid pathway; members of the Poaceae family produces
oryzalexins, phytocassanes, and momilactones, which are diterpenoid phytoalexins (Ahuja et al.,
2012); and plants of the Brassicaceae family (crucifers) produce tryptophan-derived phytoalexins
(Pedras et al., 2011).
Like phytoanticipins, phytoalexins are biosynthesized from building blocks of different pathways,
including acetate, shikimate, terpenoid, or a combination of more than one biosynthetic pathway.
The phytoalexin 6-hydroxymellein (37), isolated from carrot cells infected with Chaetomium
globosum, is an example of a polyketide phytoalexin (Kurosaki and Nishi, 1984). Biosynthetic
studies suggested it was formed by addition of four malonyl-CoA units to acetyl-CoA before
cyclization (Kurosaki et al., 1989). Wyerone acid (38) and its methyl ester wyerone (39) were
isolated from Vicia faba (broad bean) infected with Botrytis cinerea (Letcher et al., 1970). Isotope
labelling experiments indicated that wyerone (39) is biosynthetically derived from seven acetate
units (Al-Douri and Dewick, 1986). Scopoletin (40) is a phenolic coumarin phytoalexin isolated
from many plant species. The metabolite was shown to be derived from phenylalanine via the
phenylpropanoid pathway (Gnonlonfin et al., 2012). Pisatin (41) and glycinol (42) are examples
of phytoalexins derived from the acetate-malonate and shikimate pathways (Figure 1-6)
(Hammerschmidt, 1999).
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Figure 1-6. Examples of phytoalexins derived from the acetate-malonate (37 – 39), shikimate (40),
and acetate-malonate-shikimate (41, 42) biosynthetic pathways.
There is an enormous number of phytoalexins that are derived from terpenoids (Brooks and
Watson, 1991). Rishitin (43) is the main phytoalexin identified in infected fruit of tomato plants
(McCance and Drysdale, 1975). Incorporation experiments suggested that the metabolite is derived
from mevalonate (D’Harlingue et al., 1995). Debneyol (44), capsidiol (45), phytuberol (46), and
phytuberin (47) are terpenoid phytoalexins isolated from suspended callus cultures of Nicotiana
tabacum (Watson et al., 1985). Oryzalexin A (48), phytocassane A (49), and momilactone A (50)
are representative structures from three groups of diterpenoid phytoalexins produced by Oryza
sativa L. (rice) (Figure 1-7) (Yamane, 2013).

Figure 1-7. Examples of terpenoid phytoalexins.
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Phytoalexins can be derived from more than one biosynthetic pathway. Glyceollins I-III (51-53)
are phytoalexins isolated from Glycine max (L.) Merr. (soybean). Biosynthetic studies indicated
that these metabolites are derived from the shikimate, acetate-malonate, and mevalonate pathways
(Banks and Dewick, 1983). The prenylated stilbenoids arachidins 54-56 are phytoalexins derived
from the shikimate and mevalonate pathways (Sobolev et al., 2009). Wighteone (57), a phytoalexin
isolated from the infected stems of G. wightii is a prenylated isoflavonoid derived from the acetate,
shikimate, and mevalonate pathways (Lingham et al., 1977). Xanthotoxin (58), a phytoalexin
produced in the roots of Pastinaca sativa (Johnson et al., 1973), is biosynthetically derived from
the shikimate-mevalonate or deoxy-D-xylulose pathways (Stanjek et al., 1999).

Figure 1-8. Examples of phytoalexins derived from mixed biosynthetic pathways.
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1.3.2.1

Cruciferous phytoalexins

The first cruciferous phytoalexins, including brassinin (59), 1-methoxybrassinin (60), and
cyclobrassinin (70), were isolated from B. campestris L. ssp. Pekinensis (Chinese cabbage)
inoculated with the bacterium Pseudomonas cichorii (Takasugi et al., 1986). Since then, a number
of phytoalexins have been discovered from more than 30 cruciferous species, mostly in the
Brassica genus (Pedras et al., 2011). To date, most cruciferous phytoalexins are biosynthetically
derived from (S)-tryptophan (Trp). A comprehensive review in 2011 covers the structures,
synthesis, biosynthesis, metabolism by plant fungal pathogens, and biological activities of 44
cruciferous phytoalexins (Pedras et al., 2011). Since then, three more indolyl phytoalexins have
been isolated from cruciferous species, including isocyalexin (104) from B. napus L. ssp. rapifera
(rutabaga) (Pedras and Yaya, 2012), tenualexin (100) from Diplotaxis tenuisiliqua (Pedras and
Yaya, 2014), and cyclonasturlexin (78) from N. officinale (Pedras and To, 2016). While
isocyalexin (104) was the first isocyanide natural product isolated from a plant source,
cyclonasturlexin (78) was the first indole-fused thiazepine structure reported (Figure 1-9).
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Figure 1-9. Indole phytoalexins from crucifers: brassinin (59), 1-methoxybrassinin (60), 4methoxybrassinin (61), brassitin (62), 1-methoxybrassitin (63), 1-methoxybrassenin A (64), 1methoxybrassenin B (65), wasalexin A (66), wasalexin B (67), biswasalexin A (68), biswasalexin
B (69), cyclobrassinin (70), cyclobrassinin sulfoxide (71), sinalbin A (72), sinalbin B (73), 4methoxycyclobrassinin (74), dehydrocyclobrassinin (75), 4-methoxydehydrocyclobrassinin (76),
rutalexin (77), cyclonasturlexin (78), brassilexin (79), sinalexin (80), dioxibrassinin (81),
spirobrassinin (82), 1-methoxyspirobrassinin (83), 1-methoxyspirobrassinol (84), 1methoxyspirobrassinol methyl ester (85), erucalexin (86), brassicanal A (87), brassicanal C (88),
caulilexin A (89), brassicanal B (90), caulilexin B (91), brassicanate A (92), methyl 1methoxyindole-3-carboxylate (93), camalexin (94), 6-methoxycamalexin (95), 1-methylcamalexin
(96), indole-3-acetonitrile (97), caulilexin C (98), arvelexin (99), tenualexin (100), brussalexin
(101), rapalexin A (102), rapalexin B (103), isocyalexin(104), isalexin (105) (Pedras et al., 2015,
2011, Pedras and To, 2016, 2015, Pedras and Yaya, 2014, 2012).
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The isolation of nasturlexins A (106), B (107), and tridentatol C (110) from elicited leaves of N.
officinale was very significant, as for the first time, phytoalexins derived from other amino acids
rather than (S)-Trp, were discovered (Figure 1-10) (Pedras and To, 2015). Notably, tridentatol C
(110) was previously isolated from the marine hydroid Tridentata marginata where it acted as a
chemical defense against predators (Lindquist et al., 1996). Following this finding, four additional
non-indolyl phytoalexins, nasturlexins C (108), D (109) and their sulfoxides 111 and 112, were
isolated from elicited leaves of Barbarea vulgaris and B. verna (Pedras et al., 2015), increasing
the total number of cruciferous phytoalexins reported to date to 54. Recently, the detoxification
pathways of cruciferous phytoalexins by plant fungal pathogens and corresponding enzymes and
inhibitors of these enzymes have been reviewed (Pedras and Abdoli, 2017a).

Figure 1-10. Non-indolyl cruciferous phytoalexins: nasturlexin A (106), nasturlexin B (107),
nasturlexin C (259), nasturlexin D (109), tridentatol C (110), nasturlexin C sulfoxide (111),
nasturlexin D sulfoxide (112) (Pedras et al., 2015; Pedras and To, 2016, 2015).
Most of the biosynthetic intermediates of indole phytoalexins in crucifers have been established
using isotope labelling experiments (Scheme 1-4) (Pedras et al., 2011). Since the first biosynthetic
investigation of cruciferous phytoalexins, which indicated (S)-Trp as the original precursor of
brassinin (59) (Monde and Takasugi, 1991), a number of labelling experiments have been
performed on different cruciferous species to identify precursors of these indole phytoalexins
(Pedras et al., 2011). Although glucobrassicin (113), derived from (S)-Trp (Sønderby et al., 2010)
was proposed to be the biosynthetic intermediate of indole phytoalexins (Monde et al., 1994), only
in 2010 isotope labelling showed the incorporation of this glucosinolate into indole phytoalexins
(Pedras et al., 2010).
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Glucobrassicin (113) is enzymatically transformed to 1-methoxyglucobrassicin (114) and 4methoxyglucobrassicin (115), which in turn produce 1-methoxylated- and 4-methoxylated
phytoalexins, respectively (Scheme 1-4). Labelling experiments in Thellungiella salsuginea
indicated that wasalexin A (66) and B (67) are derived from glucobrassicin (113) via

1-

methoxybrassinin (60) (Pedras et al., 2010). Brassinin (59), derived from glucobrassicin (113), is
an important phytoalexin which serves as the precursor to many other cruciferous phytoalexins.
Incorporation experiments in B. campestris (turnip) (Monde et al., 1996) and B. napus (rutabaga)
(Pedras and Okinyo, 2008) suggested that both brassicanal A (87) and brassicanate A (92) are
derived from brassinin (59). Intramolecular cyclization of brassinin (59) also resulted in the
formation of different phytoalexins. Labelling studies in B. campestris indicated that both
cyclobrassinin (70) and spirobrassinin (82) are derived from brassinin (59) (Monde et al., 1994),
whereas incorporation experiments in N. officinale revealed that brassinin (59) is the biosynthetic
precursor of cyclonasturlexin (78). Cyclobrassinin (70) is also the precursor of several
phytoalexins, such as rutalexin (77) and brassilexin (79) (Pedras et al., 2004, 1998). Labelling
experiments in Erucastrum gallicum suggested that erucalexin (86) and 1-methoxyspirobrassinin
(83) are derived from 1-methoxybrassinin (60) via sinalbin B (73) (Pedras and Okinyo, 2006a).
Biosynthetic investigation of phytoalexins in B. napus (rutabaga) suggested that rapalexin A (102)
and isocyalexin (104) are derived from a common precursor, 4-methoxyglucobrassicin (115)
(Pedras and Yaya, 2013). Incorporation results suggested that 4-methoxyindolyl-3-glycine (116)
is produced from glucosinolate 115 via a Neber-type rearrangement. Isocyalexin (104) was
proposed to be biosynthesized from amino acid 116 via oxime 117. Glucorapassicin (118) was
proposed as the biosynthetic precursor of rapalexin A (102). Although glucosinolate 118 has not
been synthesized for biosynthetic studies, recent attempted synthesis of this hypothetical
glucosinolate further supported it as a biosynthetic precursor of rapalexin A (102) (Scheme 1-4)
(Pedras et al., 2016).
Most of the biosynthetic genes and enzymes of the camalexin (94) pathway in the model plant A.
thaliana have been identified (Møldrup et al., 2013a). Intermediates of this pathway include
indole-3-acetaldoxime (119), indole-3-acetonitrile (97), and dihydrocamalexic acid (120) (Scheme
1-4). For a long time, cysteine was believed to be the sulfur donor involved in the conversion of
nitrile 97 to acid 120, based on isotope-labelled feeding experiments (Halkier and Gershenzon,
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2006). Recent biosynthetic studies, however, have pointed out that the tripeptide glutathione is the
sulfur donor of this pathway (Møldrup et al., 2013a).

Scheme 1-4. Biosynthesis of indole phytoalexins in crucifers. Two arrows indicate multiple steps.
(Pedras et al., 2011; Pedras and To, 2016; Pedras and Yaya, 2013)
19

Except for glucosinolates (Sønderby et al., 2010) and camalexin (94) (Møldrup et al., 2013a),
whose biosynthetic genes and enzymes have been extensively studied in the model plant A.
thaliana, very little is known about the biosynthetic enzymes and genes of the pathways from
glucosinolates to cruciferous phytoalexins. Recently, the first two biosynthetic enzymes of
cruciferous phytoalexins in an edible plant were identified (Klein and Sattely, 2015). The
cytochromes P450 CYP71CR1 and CYP71CR2 catalyze S-cyclization of brassinin (59) at C-3 and
C-2 to form spirobrassinol (121) and cyclobrassinin (70), respectively (Scheme 1-5). Later, a
minimum set of genes required for the biosynthesis of brassinin (59) from glucobrassicin (113)
was also identified by the same group (Klein and Sattely, 2017).

Scheme 1-5. First biosynthetic enzymes of cruciferous phytoalexins in an edible plant. Adapted
from Klein and Sattely, 2015.
The intermediates and precursors of the phytoalexins nasturlexins have also been proposed (Pedras
and To, 2018, 2015). By analogy to the biosynthesis of brassinin (59) and based on current
knowledge of cruciferous biosynthesis (Pedras et al., 2011), nasturlexin A (106) was hypothesized
to be derived from phenylalanine (122) via glucosinolate 123 and isothiocyanate 126. Similarly,
dithiocarbamates 129 and 130 could be derived from glucosinolates 124 and 125 via
isothiocyanates 127 and 128, respectively; or from meta- and para- hydroxylation of nasturlexin
A (106). Cyclization of nasturlexin A (106) and dithiocarbamates 129, 130 could produce cyclic
compounds 131, 132 and nasturlexin B (107), respectively. Nasturlexin C (108), D (109) and
tridentatol C (110) could be obtained from enzymatic oxidation of 131, 132 and 107. Further
oxidation of 108-110 yields the corresponding sulfoxides 111, 112, and 133, respectively (Scheme
1-6).
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Scheme 1-6. Proposed biosynthesis of the phytoalexins nasturlexins in Nasturtium officinale and
Barbarea verna (Pedras and To, 2018, 2015).
1.3.3 Oxylipins
Plant oxylipins (phyto-oxylipins) constitute a vast family of lipid-derived signalling compounds
generated through the oxidation of polyunsaturated fatty acids (PUFAs), such as linoleic acid
(18:2) (134) and linolenic acid (18:3) (135) (Dave and Graham, 2012). The structures of phytooxylipins are very diverse, including hydroperoxides (136), divinyl ethers (137), hydroxy- (138),
epoxy- (139), keto- (140), and oxo fatty acids (141), aldehydes (142), cis-(+)-12-oxo-phytodienoic
acid (OPDA) (143), and jasmonic acid (JA) (144) (Scheme 1-7) (Mosblech et al., 2009).
The biosynthesis of phyto-oxylipins starts with the formation of fatty acid hydroperoxide 136 from
PUFAs 134 or 135, which is catalyzed by lipoxygenases (LOXs) (Scheme 1-7) (Andreou et al.,
2009). LOXs catalyze the addition of molecular oxygen to a (1Z, 4Z)-pentadiene system of PUFAs,
which can occur at C-13 or C-9 of the fatty acids to generate 13- or 9-hydroperoxide, respectively.
Next, the hydroperoxide 136 is transformed by different enzymes, including divinyl ether synthase
(DES), peroxygenase (PXG), epoxy alcohol synthase (EAS), hydroperoxide lyase (HPL), allene
oxide synthase (AOS), allene oxide cyclase (AOC), etc. These reactions yield numerous phytooxylipins with composition depending on the presence, concentrations and compartmentalization
21

of the biosynthetic enzymes (Blee, 2002). In addition to enzymatic conversion, phyto-oxylipins
can be non-enzymatically produced through lipid peroxidation, which is caused by oxidative stress
and reactive oxygen species (Andreou et al., 2009).

Scheme 1-7. Formation of phyto-oxylipins from polyunsaturated fatty acids (PUFAs). Enzymes:
lipoxygenase (LOX), divinyl ether synthase (DES), peroxygenase (PXG), epoxy alcohol synthase
(EAS), hydroperoxide lyase (HPL), allene oxide synthase (AOS), allene oxide cyclase (AOC).
Adapted from Andreou et al., 2009 and Mosblech et al., 2009.
Phyto-oxylipins have been reported to participate in plant defense by functioning as signalling
compounds. The best-known example is JA (144), a product of the oxylipin biosynthetic pathway
(Santino et al., 2013). Phytohormones, including JA (144), salicylic acid (SA), and ethylene (ET)
mediate the plant responses to stresses. These compounds function as primary signals to regulate
plant defense system. The crosstalk between SA and ET/JA can be synergistic to induce defense
responses, or antagonistic to make plants more susceptible to attackers (Borek and Morra, 2005).
JA (144) has been shown to play a vital role in plant-insect and plant-pathogen interactions
(Santino et al., 2013). The absence of JA biosynthetic pathway in A. thaliana has been reported to
increase the plant’s susceptibility against insects (McConn et al., 1997) and pathogens (Stintzi et
22

al., 2001). In addition, plant responses to abiotic stresses are also mediated by JA (Kachroo and
Kachroo, 2009). For example, the defense response of tomato leaves against UV-B irradiation
was shown to be dependent on the JA biosynthetic pathway. Inhibiting this pathway did not lead
to the expression of defensive genes (Conconi et al., 1996). Besides JA (144), OPDA (143) and its
C16 homologue dinor-OPDA (145) also function as signalling metabolites in plant defense (Figure
1-11). These oxylipins rapidly accumulate in response to wounding and microbial attack (Dave
and Graham, 2012). Although in some cases, both OPDA (143) and JA (144) appear to induce the
same set of defense-related genes, their signalling pathways are distinct. For example, JA (144)
has been reported to induce COI1-dependent genes, whereas OPDA (143) induced genes are
COI1-independent (Okazaki and Saito, 2014).

Figure 1-11. Phyto-oxylipins that function as signalling compounds.
Many phyto-oxylipins have been shown to display direct antimicrobial activities against
pathogens. Epoxy and hydroxy fatty acids were among the first characterized antimicrobial phytooxylipins. These compounds were isolated from O. sativa inoculated with Pyricularia oryzae (rice
blast fungus) and found to inhibit the growth of the fungus (Kato et al., 1984, 1983). Two divinyl
ethers, colneleic acid (146) and colnelenic acid (147), accumulated when potato leaves were
infected with Phytophthora infestans (late-blight pathogen) (Figure 1-12). The compounds were
isolated and shown to have growth inhibition against the pathogen, suggesting their role in plant
defense (Weber et al., 1999). Aliphatic aldehydes, which are produced from 13-hydroperoxide by
HPLs, also possess antimicrobial activity and are believed to be involved in plant defenses. The
C6-aldehyde (E)-2-hexenal (148) and its corresponding alcohol were shown to inhibit the
proliferation of Pseudomonas syringae and Escherichia coli (Deng et al., 1993). In A. thaliana,
C6 volatiles, including aldehydes and alcohols are produced in wounded leaves and (E)-2-hexenal
(148) was found to induce defense-related genes (Bate and Rothstein, 1998). In potato plants, HPLderived aldehydes were shown to reduce the performance of aphids, indicating the role of these
oxylipins in plant defense against insect pests (Vancanneyt et al., 2001).
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Figure 1-12. Phyto-oxylipins involved in plant defense.
The antimicrobial activities of a series phyto-oxylipins were tested against plant pathogenic
microorganisms, including bacteria, oomycetes, and fungi (Prost et al., 2005). Most phytooxylipins were shown to inhibit the growth of some pathogenic microbes, with 41 out of 43
oxylipins were active against the tested pathogens. Interestingly, molecules previously acted as
regulators of plant defense responses such as 13-HOT (149), 13-KOT (150) and OPDA (143) were
the most inhibitory compounds (Figure 1-13). These results suggested that phyto-oxylipins can
function both on plants and pathogens as signalling and antimicrobial compounds, respectively
(Prost et al., 2005).

Figure 1-13. Phyto-oxylipins that function as both signalling and antimicrobial compounds (Prost
et al., 2005).
Some phyto-oxylipins such as divinyl ether fatty acids, OPDA (143) and dinor-OPDA (145) not
only occur as free acids but are esterified to galactolipids. These galacto-oxylipins are
monogalactosyldiacylglycerol (MGDG) or digalactosyldiacylglycerol (DGDG) containing
esterified oxylipin residues at sn1 and sn2 positions (Böttcher and Pollmann, 2009). For example,
linolipins A – D (151 – 154) were isolated from flax leaves inoculated with phytopathogenic
bacteria (Figure 1-14) (Chechetkin et al., 2013, 2009). These lipids contain esterified divinyl ether
fatty acids or α-linolenate at sn-1 and sn-2 positions. In the plant family Brassicaceae, galactooxylipins contain esterified OPDA and dinor-OPDA at sn1 and sn2 positions, collectively known
as arabidopsides (Böttcher and Pollmann, 2009).
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Figure 1-14. Structures of linolipins A – D (151 – 154) (Chechetkin et al., 2013, 2009).
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1.3.3.1

Cruciferous galacto-oxylipins

In A. thaliana and several other cruciferous species, the majority of cis-OPDA (143) and its
homologue dinor-OPDA (145) are esterified to galactolipids, forming a group of galacto-oxylipins
called arabidopsides (Böttcher and Weiler, 2007).
The first arabidopside was the MGDG 155, isolated from A. thaliana (Figure 1-15) (Stelmach et
al., 2001). Later, arabidopsides A – G (156 – 162) have been isolated and identified, mainly from
Arabidopsis species (Figure 1-15). Few other cruciferous species that produce arabidopsides
include Camelina microcarpa, Capsella rubella and Neslia paniculata (Böttcher and Pollmann,
2009). Recently, the presence of arabidopsides has been reported in more distant plant species. For
example, arabidopside D (159) was identified in leaves of Circium arvense, a species of the
Asteracea family, in response to the growth of the endophyte Chaetomium cochlioides (Hartley et
al., 2015). More recently, arabidopside A (156) and D (159), together with the phytoalexin
erucalexin (86), were isolated from leaves of the crucifer E. canariense elicited with CuCl2 (Pedras
and To, 2017). Interestingly, while the two arabidopsides were accumulated following elicitation
with either CuCl2 or mechanical wounding, erucalexin (86) was only detected in CuCl2-elicited
leaves. The production of arabidopsides A (156) and D (159) was also observed in CuCl2-elicited
leaves of N. officinale, indicating that arabidopsides are likely produced by a broader range of
plant species within the family Brassicaceae (Pedras and To, 2017).
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Figure 1-15. Structures of arabidopsides isolated to date. Adapted from Böttcher and Pollmann,
2009.
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Given their limited distribution, arabidopsides do not appear to have a general role in plants
(Böttcher and Weiler, 2007). These metabolites have been reported to rapidly accumulate in
response to wounding of leaves (Buseman et al., 2006; Kourtchenko et al., 2007), attack by
bacterial pathogens (Kourtchenko et al., 2007), and elicitation by CuCl2 (Pedras and To, 2017),
suggesting their roles as signalling metabolites. Some arabidopsides have been shown to have
direct antimicrobial activities. For example, arabidopside E (160) inhibited the growth of the
bacterial pathogen P. syringae (Andersson et al., 2006), while arabidopside E (160) and G (162)
displayed inhibitory activity against the necrotrophic fungal pathogen B. cinerea (Kourtchenko et
al., 2007). Due to their rapid and significant accumulation after wounding, arabidopsides have
been hypothesized to store and release OPDA (143) and dinor-OPDA (145) as signalling
metabolites or substrates for the biosynthesis of JA (144) (Buseman et al., 2006).
Although the biosynthesis of OPDA (143) and dinor-OPDA (145) is well-documented (Andreou
et al., 2009; Böttcher and Pollmann, 2009; Griffiths, 2015; Santino et al., 2013), little is known
about how arabidopsides are biosynthesized. It was hypothesized that the biosynthesis of
arabidopsides could occur on free fatty acid intermediates or directly on fatty acids esterified to
the galactolipids (Ibrahim et al., 2011). Nilsson et al. used stable isotope labelling with 18O-water
to probe the biosynthesis of arabidopsides in thawed leaves of A. thaliana (Nilsson et al., 2012).
Since the hydrolysis of fatty acids bound to complex lipids exchanges oxygen with surrounding
water, measuring isotope incorporations in arabidopsides, OPDA (143), and free fatty acids would
suggest how arabidopsides are formed. Incorporation results provided an evidence that the
biosynthesis of arabidopsides occurs primarily on fatty acids esterified to complex lipids (Nilsson
et al., 2012).
1.3.4 Elicitors of chemical defenses
Plant defense responses can be activated by microbial, physical, or chemical factors collectively
known as “elicitors” (Namdeo, 2007). Introduction of an elicitor to a plant can result in enhanced
or induced biosynthesis of specific compounds. Initially, the term “elicitors” was used to describe
molecules like polysaccharides and proteins, which were produced by attacking pathogens and
triggered the production of phytoalexins on the infected plant tissues (Keen, 1975). Since then, a
tremendous amount of work has reported elicitation of plant defenses by a wide range of
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molecules. Currently, ‘elicitor’ is used to describe enhancers of secondary metabolite biosynthesis
(Radman et al., 2003). Based on the origin, elicitors are classified as biotic or abiotic elicitors.
Several reviews have covered the use of elicitors in plants, plant cell cultures, bacterial and fungal
cell cultures (Angelova et al., 2006; Namdeo, 2007; Radman et al., 2003). Herein, different
elicitors used to stimulate plant chemical defenses, including phytoanticipins and phytoalexins are
reviewed.
Biotic elicitors are “elicitors of biological origin” (Radman et al., 2003). They can be complex
composition such as yeast cell wall, mycelia cell wall, fungal spores, or defined composition like
polysaccharides, oligosaccharides, peptides, proteins, lipids, and glycoproteins (Figure 1-16). To
date, the majority of research on plant biotic elicitors has involved complex composition elicitors
(Narayani and Srivastava, 2017). Both bacterial and fungal pathogens have been reported to induce
the production of numerous phytoalexins (Ahuja et al., 2012). For examples, crucifers infected
with Albugo candida and Alternaria brassicicola have been shown to produce many indole
phytoalexins (Pedras et al., 2011). The phytoalexin glyceollin was produced in the hairy roots of
soybean when the plant was inoculated with different fungal pathogens (Lygin et al., 2010). N.
tabacum (tobacco) accumulated the phytoalexin scopoletin after being infected by B. cinerea (El
Oirdi et al., 2010). Glucosinolates can also be accumulated when plants are infected by pathogens
(Halkier and Gershenzon, 2006). For instance, leaves of B. napus (oilseed rape) accumulated
several glucosinolates after inoculation with the dark leaf spot pathogen (A. brassicae) (Doughty
et al., 1991). Induction of indole glucosinolates was observed in A. thaliana elicited with the
bacterial pathogen Erwinia carotovora (Brader et al., 2001).
Abiotic elicitors are “elicitors of non-biological origin” such as heavy metal ions, UV light, and
mechanical wounding (Figure 1-16) (Namdeo, 2007). Heavy metal ions like Cu2+, Fe2+, Zn2+ have
been used as abiotic elicitors to trigger the production of phytoalexins in various plant species,
such as pisatin in pea plants (Nasu et al., 1992), oryzalexins in rice (O Kodama et al., 1988),
resveratrol in grapevine (Adrian et al., 1996), and many phytoalexins in cruciferous species
(Pedras et al., 2011). The production of glucosinolates can also be enhanced by metal ions. For
example, treatment of B. rapa var. Raapstelen with Cu2+ and Fe2+ ions increased the concentrations
of gluconapoleiferin and glucobrassicanapin (Jahangir et al., 2008).
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The abiotic elicitor UV light has been used to induce the production of plant secondary metabolites
(Schreiner et al., 2014). For example, UV-B irradiation was shown to mediate the induction of
glucoraphanin and glucobrassicin in B. oleracea var. italica (broccoli) (Mewis et al., 2012). The
concentrations of glucosinolates in leaves of Sinapis alba L. and N. officinale were significantly
affected by treatment with UV light (Reifenrath and Müller, 2007). UV irradiation has also been
reported to induce the production of phytoalexins in various plant species, such as oryzalexins,
momilactones, and phytocassanes in rice (Horie et al., 2015; Osamu Kodama et al., 1988), pisatin
in pea pods (Hadwiger and Schwochau, 1971). Many phytoalexins have been produced in crucifer
plants treated with UV light (Pedras et al., 2011). Isocyalexin is the most recent phytoalexin
isolated from a crucifer elicited with UV irradiation (Pedras and Yaya, 2012).
Wounding activates plant chemical defenses in a way similar to insects and herbivores (Savatin et
al., 2014). Resveratrol and other stilbene phytoalexins were accumulated in the imbibed cotyledons
of Arachis hypogaea (groundnut). Slicing pegs and immature pods also resulted in the
accumulation of arachidin III (Arora and Strange, 1991). Similarly, sowing cotyledons of Cicer
arietinum (chickpea) led to the accumulation of biochanin A and formononetin. Furthermore,
additional wounding of the cotyledons of this plant species induced the production of the
phytoalexins medicarpin and maackiain (Kessmann and Barz, 1986). Mechanical wounding of
cotyledons was found to increase the total glucosinolate content in B. juncea by 2.1 fold after 24
h (Augustine and Bisht, 2015). The concentrations of indole glucosinolates in the cotyledons of B.
napus, B. rapa and B. juncea increased up to 3-fold after mechanical wounding (Bodnaryk, 1992).
Many phyto-oxylipins including JA (144), OPDA (143), dinor-OPDA (145), and arabidopsides
have been reported to rapidly accumulate in response to wounding of leaves (Buseman et al.,
2006).
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Figure 1-16. Elicitors of plant secondary metabolite biosynthesis. Adapted from Baenas et al.,
2014; Namdeo, 2007; and Radman et al., 2003.
Although a tremendous amount of work has been devoted to establishing the mechanism of
elicitation of plant defense response (Baenas et al., 2014; Benhamou, 1996; Garcia-Brugger et al.,
2006; Mithöfer et al., 2004; Namdeo, 2007; Narayani and Srivastava, 2017; Radman et al., 2003;
Zhao et al., 2005), the exact mechanism is very complex and varies depending on the elicitor’s
origin, specificity, concentration, etc. (Namdeo, 2007). In higher plants, biotic and abiotic elicitors
often trigger the production of the same chemical defenses. A hypothesis was proposed by
Mithöfer et al. on the mechanism of biotic and abiotic elicitation of plant defense response
(Mithöfer et al., 2004). Reactive oxygen species (ROS) such as •OH, •O2‾, H2O2 are often
generated under both biotic and abiotic stresses. These species are strong oxidizing agents that can
attack many types of biomolecules (Wojtaszek, 1997). In plants, ROS are intermediates in the
reduction of O2 to H2O. In the presence of heavy metal ions like Cu2+, Fe2+, ROS are formed via
Fenton reaction between H2O2 and metal ions, or Haber-Weiss reaction between H2O2 and •O2‾
radical (Mithöfer et al., 2004). In the case of wounding, ROS are produced in the damaged tissue
where the level of H2O2 increases (Apel and Hirt, 2004). ROS are involved in lipid oxidation
process, which generates various oxylipins from polyunsaturated fatty acids. These oxylipins,
especially JA (144) and JA derived compounds are signalling compounds involved in multiple
defense responses to stresses as well as de novo synthesis of secondary metabolites (Ahmad et al.,
2016; Ballaré, 2011; Dave and Graham, 2012; Lim et al., 2017).
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1.3.5 Plant metabolic engineering of chemical defense pathways
Plants employ numerous metabolic pathways to biosynthesize complex metabolites. With the
development of sequencing and recombinant DNA technologies, many biosynthetic pathways of
secondary metabolites have been elucidated (Pickens et al., 2011). Antimicrobial secondary
metabolites, including phytoanticipins and phytoalexins have been shown to contribute to plant
disease resistance against a wide range of pathogens. The production of these molecules requires
a number of biosynthetic enzymes and the genes encoding these enzymes are not readily available
because the corresponding pathways have not been fully elucidated (Pickens et al., 2011).
Nevertheless, significant progress has been made towards engineering these chemical defense
pathways, either in heterologous or native hosts (Collinge et al., 2010; Glenn et al., 2013;
O’Connor, 2015; Pickens et al., 2011; Tatsis and O’Connor, 2016). Herein, recent examples of
metabolic engineering of chemical defenses in plants, including phytoanticipins and phytoalexins
are described.
1.3.5.1

Glucosinolates and cyanogenic glycosides

Geu-Flores et al. reported the first de novo engineering of a glucosinolate in a non-cruciferous
plant (Scheme 1-8) (Geu-Flores et al., 2009). Six genes involved in the biosynthesis of benzyl
glucosinolate (169), including CYP79A2, CYP83B1, SUR1, UGT74B1, AtST5a, and GGP1 were
co-expressed in Nicotiana benthamiana. As a result, the production of glucosinolate 169 was
observed. In this work, the enzyme -glutamyl peptidase 1 (GGP1) was identified and proposed to
catalyze the transformation of glutathione conjugate 165 to Cys-Gly conjugate 166. Later on,
Møldrup et al. transferred the six-step benzyl glucosinolate pathway from A. thaliana to N.
tabacum, a non-crucifer which does not produce glucosinolates (Møldrup et al., 2012). Since
Plutella xylostella (diamondback moth) often uses glucosinolates as oviposition stimuli, the
resulting tobacco plants were more attractive to the insect herbivore. As a result, the diamondback
moth larvae transferred to tobacco could not survive due to starvation and dehydration (Møldrup
et al., 2012). The study highlights the application of engineering glucosinolate biosynthetic
pathway towards the protection of crops from herbivores.

32

Scheme 1-8. The biosynthetic pathway of benzyl glucosinolate (169). Enzymes: cytochromes
P450 (CYP79A2, CYP83B1), glutathione S-transferase (GST), -glutamyl peptidase 1 (GGP1),
SUPERROOT1 C-S lyase (SUR1), glucosyltransferase (UGT74B1), sulfotransferase (AtSOT16).
The involvement of GST still needs verification. Adapted from Møldrup et al., 2012.
Following the engineering success of benzyl glucosinolate (169), the biosynthetic pathway of
glucoraphanin (171) was also engineered in tobacco (Mikkelsen et al., 2010). This metabolite is
the major glucosinolate in broccoli, possessing many health-promoting properties such as
antioxidant, anti-inflammatory, and apoptosis-inducing activities (Fahey et al., 1997). Since the
biosynthesis of glucoraphanin (171) first requires chain-elongation of the amino acid methionine
(Met) to form the key intermediate dihomo-methionine (170), this process was performed by
coupling five enzymes of the chain-elongation with eight enzymes of the glucosinolate
biosynthesis (Scheme 1-9). As a result, the glucoraphanin pathway including 14 intermediates and
13 enzymes was successfully reconstituted in tobacco, leading to the formation of the cancerpreventive glucosinolate 171 (Mikkelsen et al., 2010). Although glucoraphanin (171) was
obtained, glucosinolates derived from chain elongation of leucine (Leu) were produced as side
products in very high amounts. Later on, Crocoll et al. significantly improved the production of
the dihomo-methione intermediate 170 and decreased the amounts of side products (Crocoll et al.,
2016). The glucoraphanin pathway has been engineered not only in the heterologous plant tobacco,
but also in a microbial system. Mirza et al. reported the engineering of the chain elongation
pathway from Met to dihomo-methionine (170) in E. coli (Mirza et al., 2016). The leucine chain
elongation products, however, were still produced. Very recently, Yang et al. successfully
reconstructed the complete glucoraphanin (171) biosynthetic pathway from Met in E. coli (Yang
et al., 2017).
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Scheme 1-9. The biosynthetic pathway of glucoraphanin (171). Enzymes: branched-chain amino
transferases (BCAT3, BCAT4), methylthioalkylmalate synthase 1 (MAM1), aconitase (AC),
isopropyl malate dehydrogenase (IPM), cytochromes P450 (CYP79F1, CYP83A1), glutathione Stransferase (GSTF11), SUPERROOT1 C-S lyase (SUR1), -glutamyl peptidase 1 (GGP1),
glucosyltransferase (UGT74C1), sulfotransferase (AtST5b), flavin monooxygenase (FMO).
Adapted from Mikkelsen et al., 2010.
Indole glucosinolates, which play a pivotal role in the mediation of plant-insect and plant-pathogen
interactions are also a target for metabolic engineering (Bednarek et al., 2009). Pfalz et al. reported
the engineering of the glucobrassicin (113) biosynthetic pathway into N. benthamiana (Scheme
1-10) (Pfalz et al., 2011). Six enzymes, including CYP79B2, CYP83B1, GSTF9, GGP1, SUR1,
AtST5a, and UGT74B1, were transferred into N. benthamiana. After incubation for several days,
glucobrassicin (113) was observed in the leaf extracts. Later on, the seven-step pathway was
successfully reconstituted in the yeast Saccharomyces cerevisiae (Mikkelsen et al., 2012). This
was the first time a complete pathway of glucosinolate was reconstituted in a microbial host.

Scheme 1-10. The biosynthetic pathway of glucobrassicin (113). Enzymes: cytochromes P450
(CYP79B2, CYP83B1), glutathione S-transferase (GSTF9), -glutamyl peptidase 1 (GGP1),
SUPERROOT1 C-S lyase (SUR1), glucosyltransferase (UGT74B1), sulfotransferase (AtST5a).
Adapted from Pfalz et al., 2011.
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The biosynthesis of cyanogenic glycosides in plants is genetically simpler than that of
glucosinolates, involving only two cytochromes P450 and a UDP-glycosyltransferase genes
(Jensen et al., 2011). Dhurrin (13), mainly found in sorghum, is one of the most common
cyanogenic glycosides in forage plants (Sun et al., 2017). The complete pathway from tyrosine to
dhurrin (13), including three enzymes CYP79A1, CYP71E1, and sbHMNGT, was transferred from
Sorghum bicolor to A. thaliana, a species that does not produce cyanogenic glycosides (Scheme
1-11) (Tattersall et al., 2001). Dhurrin (13) accumulated in significant amount and did not appear
to cause any physiological problems in the resulting plants (Kristensen et al., 2005). Notably, the
transgenic plants exhibited resistance to Phyllotreta nemorum, a flea beetle and a natural pest of
crucifers. The findings provided evidence of how cyanogenic glycosides contribute to plant
defense against pests (Tattersall et al., 2001). Following this study, Franks et al. transferred the
same biosynthetic pathway to Vitis vinifera L. (grapevine) (Franks et al., 2006). Dhurrin (13)
accumulation was observed in the transgenic grapevine plants, indicating successful engineering
of the pathway. However, the resulting plants did not confer resistance against infestation by
insects. Recently, the dhurrin pathway was transferred from S. bicolor into N. tabacum (tobacco)
(Gnanasekaran et al., 2016). The three enzymes CYP79A1, CYP71E1, and UGT85B1 were able
to convert endogenous tyrosine into dhurrin (13) at low concentration.

Scheme 1-11. The biosynthetic pathway of dhurrin (13). Enzymes: cytochromes P450 (CYP79A1,
CYP71E1), UDPG-glucosyltransferase (sbHMNGT). Adapted from Tattersall et al., 2001.
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1.3.5.2

Phytoalexins

Metabolic engineering of phytoalexins for plant disease resistance has been reported in different
species (Jeandet et al., 2013). Most of the work in this area has focused on resveratrol (182), which
is a phytoalexin in some plant species, and a phytoanticipin in others (Collinge et al., 2010) due to
its health benefits and fully elucidated biosynthetic pathway (Scheme 1-12) (Halls and Yu, 2008).
The first example of engineering resveratrol (182) for improved diseases resistance was reported
by Hain et al. (Hain et al., 1993). Stilbene synthase (STS) genes isolated from Vitis vinifera
(grapevine) were transferred into N. tabacum (tobacco). The resulting transgenic plants conferred
increased disease resistance against B. cinerea, the fungal pathogen of tobacco. The finding
provided evidence that moving a phytoalexin from one species to another can improve disease
resistance (Hain et al., 1993). Following this strategy, stilbene synthase has been transferred to
other plants for disease resistance against pathogens, including lettuce, tomato, and kiwi (Jeandet
et al., 2013). In addition, the resveratrol biosynthetic pathway has also been engineered in microbes
and mammals (Halls and Yu, 2008).

Scheme 1-12. The biosynthetic pathway of resveratrol (182). Enzymes: phenylalanine ammonia
lyase (PAL), cinnamate-4-hydroxylase (C4H), tyrosine ammonia lyase (TAL), 4-coumarate-CoA
ligase (4CL), stilbene synthase (STS). Adapted from Halls and Yu, 2008.
In crucifers, the camalexin biosynthetic pathway in A. thaliana has been almost completely
elucidated (Scheme 1-13) (Møldrup et al., 2013a). Most of the metabolic engineering work has
focused on this phytoalexin, addressing gain- or loss-of-function genetic approaches (Jeandet et
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al., 2013). Although a few biosynthetic genes were unknown, Møldrup et al. successfully
engineered the complete camalexin pathway in N. benthamiana (Møldrup et al., 2013b). Notably,
it was shown that the introduction of only CYP79B2, CYP71A13, and CYP71B15 genes into N.
benthamiana was sufficient for the formation of camalexin (94). Later on, this finding was further
supported by an in vitro study (Klein et al., 2013). Incubation of Trp, Cys, NAPDH with CYP79B2,
CYP71A13, CYP71B15, and the P450 reductase ATR1 resulted in the production of camalexin.

Scheme 1-13. The biosynthetic pathway of camalexin (94). Enzymes: cytochromes P450
(CYP79B2/3, CYP71A13, CYP71B15), glutathione S-transferase (GSTF6), -glutamyl peptidase
1 (GGP1). Adapted from Møldrup et al., 2013b.
Although the biosynthetic enzymes from glucobrassicin (113) to brassinin (59) had not been
known, Klein and Sattely identified a minimum set of enzymes required to produce this
phytoalexin from glucobrassicin (113) through in vitro assays (Klein and Sattely, 2017). The two
genes BABG and DTCMT, together with eight genes of the glucobrassicin pathway, were
transferred to N. benthamiana, leading to the production of brassinin (59) in the host plant (Scheme
1-14). Furthermore, when CYP71CR1 and CYP71CR2, two previously identified biosynthetic
genes from brassinin (59) to spirobrassinol (121) and cyclobrassinin (70) were added to N.
benthamiana, the two metabolties were also produced (Klein and Sattely, 2017).
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Scheme 1-14. The biosynthetic pathway of brassinin (59). Enzymes: cytochromes P450
(CYP79B2, CYP83B1), glutathione S-transferase (GSTF9), -glutamyl peptidase 1 (GGP1),
SUPERROOT1 C-S lyase (SUR1), glucosyltransferase (UGT74B1), sulfotransferase (SOT16),
Adenylyl-sulfate kinase (APK1), brassinin-associated β-glucosidase (BABG), dithiocarbamate Smethyltransferase (DTCMT). Adapted from Klein and Sattely, 2017.
1.4

Conclusion and prospects

Plant species of the family Brassicaceae produce an array of defense metabolites with important
ecological roles, including protection of plants against insects, microbial pathogens, and other
types of stresses (Pedras, 2008). These defense and signalling metabolites include phytoalexins,
glucosinolates and their metabolic products, and oxylipins (Agerbirk and Olsen, 2012; Böttcher
and Pollmann, 2009; Pedras et al., 2011). A number of phytoalexins have shown strong antifungal
activity against a wide variety of plant pathogens, demonstrating their role in plant disease
resistance (Pedras et al., 2011). Phytoanticipins like glucosinolates and their metabolic products
have shown their defensive function in plant-insect, plant-animal, and plant-pathogen interactions
(Winde and Wittstock, 2011). Phyto-oxylipins, which are accumulated in response to different
types of stresses, have been shown to mediate plant signalling and defense responses (Böttcher
and Pollmann, 2009). Nevertheless, research on these chemical defenses in the Brassicaceae is still
limited. Most metabolic studies of phytoalexins, glucosinolates, and oxylipins have been
accomplished in the model plant A. thaliana due to its completed genome sequence (Schmid et al.,
2005). Although research on phytoalexins and glucosinolates is expanding to other species, most
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of the investigated species belong to the Brassica genus. The majority of crucifer plants, especially
wild species, have not been screened for secondary metabolite production.
Much effort has been made to investigate the biosynthesis of cruciferous phytoalexins (Pedras et
al., 2011). To date, only the biosynthetic pathway of camalexin (94) in the model plant A. thaliana
has been almost fully elucidated (Møldrup et al., 2013a). However, since A. thaliana produces
mainly camalexin (94) as a phytoalexin, the biosynthetic investigation of camalexin (94) is not
applicable to other cruciferous phytoalexins (Pedras et al., 2010). Current indole phytoalexins are
biosynthesized from (S)-Trp, in most cases via glucobrassicin (113) and its methoxylated
derivatives. Brassinin (59), which is derived from glucobrassicin (113), is a direct precursor to
many other phytoalexins, such as cyclobrassinin (70) and spirobrassinin (82). Although many of
the biosynthetic precursors of Trp-derived phytoalexins have been established, little is known
about the corresponding genes and enzymes of this pathway (Pedras et al., 2011). Recent
promising results in engineering the camalexin (94) and brassinin (59) pathways into other plant
species have highlighted the importance of discovering new phytoalexins. Considering that only
about 40 species out of 3,700 cruciferous species have been investigated, it would be of great
interest to screen additional cruciferous species for phytoalexin production. Phytoalexins with a
broader range of structures, potent antimicrobial activities, and novel biosynthetic pathways are
expected to be discovered (Pedras et al., 2011).
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CHAPTER 2
2.1

RESULTS AND DISCUSSION

Investigation of the biosynthetic pathway of rapalexin A (102)

The phytoalexin rapalexin A (102) was first isolated from B. rapa (canola) infected with the white
rust oomycete A. candida, being the first naturally occurring aromatic isothiocyanate reported
(Pedras et al., 2007). Later, it was also identified in the roots of B. napus (rutabaga) (Pedras and
Yaya, 2012). The metabolite has been proven to be strongly antifungal and resistant to metabolism
by Leptosphaeria maculans (Pedras and Sarma-Mamillapalle, 2012) and A. brassicicola (Pedras
and Abdoli, 2017b). Recently, biosynthetic intermediates of rapalexin A (102) were proposed
based on isotope feeding experiments (Scheme 2-1). The phytoalexin is derived from the amino
acid (S)-tryptophan via the glucosinolate glucobrassicin (113), a biosynthetic precursor of most of
cruciferous phytoalexins (Pedras et al., 2011). Glucobrassicin (113) is enzymatically transformed
to 4-methoxyglucobrassicin (115), which in turn is transformed to 4-methoxyindolyl-3-glycine
(116). This amino acid then undergoes several enzymatic transformations to yield the glucosinolate
glucorapassicin (118). In the last step, C-S bond cleavage of glucorapassicin (118) followed by
Lossen-type rearrangement of intermediate 186 leads to the formation of rapalexin A (102).
Except for glucorapassicin (118), the involvement of the proposed intermediates have been proven
using isotope-labelled compounds and rutabaga (Pedras and Yaya, 2013). Although glucosinolate
118 was not available for biosynthetic experiments, deuterated desulfoglucosinolate 187 was
prepared and its incorporation into rapalexin A (102) was detected (Scheme 2-1) (Pedras and Yaya,
2013). Nevertheless, additional experiments using glucorapassicin (118), the proposed direct
precursor to rapalexin A (102), would further confirm this hypothesis. In this section, efforts
towards the synthesis of glucorapassicin (118) and additional biosynthetic experiments supporting
the biosynthesis of rapalexin A (102) are reported.
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Scheme 2-1. Biosynthetic pathway of rapalexin A (102) based on labelling experiments (Pedras
and Yaya, 2013).
2.1.1 Efforts towards the synthesis of glucorapassicin (118)
In previous attempts to synthesize glucorapassicin (118), 1-t-Boc-indolyl-3-glucosinolate (190)
and 1-t-Boc-glucorapassicin (191) were prepared from indole-3-carboxaldehydes 188 and 189
using the hydroximate approach (Scheme 2-2) (Yaya, 2013). However, upon standing in aqueous
or organic solvents, compounds 190 and 191 decomposed over 24 h to yield undetermined
products, that is, glucorapassicin (118) has not been synthesized to date (Pedras and Yaya, 2013).
In this work, another protecting group, methanesulfonyl (SO2Me), was used for protecting the
indole nitrogen. Details of this synthesis and related chemistry are described in Section 2.1.1.12.1.1.4.
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Scheme 2-2. Previous attempted synthesis of glucorapassicin (118) (Pedras and Yaya, 2013),
(Yaya, 2013).
2.1.1.1

Synthesis and deprotection of 1-SO2Me-indolyl-3-glucosinolate (197)

Although the synthesis of glucorapassicin (118) requires a starting material containing a methoxy
group at C-4 of indole, to facilitate the development of the synthetic route, the preparation of
indolyl-3-glucosinolate (192) was used as a model (Scheme 2-3). Commercially available indole3-carboxaldehyde (188) was treated with methanesulfonyl chloride to give the N-protected
aldehyde 193 (Wuts and Greene, 2006), which was then oximated to afford the corresponding
oxime 194. Chlorination of oxime 194 with NCS, followed by coupling with 1-β-D-thioglucose
tetraacetate afforded thiohydroximate 195 in good yield (85%) (Pedras and Yaya, 2013). Sulfation
of 195 using HSO3Cl, followed by reaction with aq. NaHCO3 gave the tetra-O-acetyl glucosinolate
196. Previous syntheses of glucosinolates employed potassium methoxide as a deacetylating
reagent, which required in situ preparation from reactive potassium metal (Rollin and Tatibouët,
2011). In this work, reacting compound 196 with K2CO3/MeOH for 3 h afforded 1-SO2Me-indolyl3-glucosinolate (197) as a single product in 78% yield. Unlike 1-t-Boc-indolyl-3-glucosinolate
(190), which decomposed upon standing in organic solvents (Pedras and Yaya, 2013), compound
197 appeared to be stable over a period of 24 h in organic solvents, as monitored by 1H NMR
spectroscopy.
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Scheme 2-3. Synthesis and deprotection of 1-SO2Me-indolyl-3-glucosinolate (197). Reagents and
conditions: a) NaH, THF, MeSO2Cl, 83%; b) NH2OHHCl, Na2CO3, MeOH, H2O, 88%; c) NCS,
py, DCM; d) 1-β-D-thioglucose tetraacetate, Et3N, 85% (over 2 steps); e) ClSO3H, Et2O, DCM,
py; f) KHCO3, H2O, 82%; g) K2CO3, MeOH, 78%.
Since K2CO3/MeOH can be used for N-SO2Me deprotection (Wuts and Greene, 2006), compound
197 was further reacted with K2CO3 for 12 h. TLC analysis of the reaction mixture revealed 197
was converted to another product, which was isolated and characterized by MS and NMR
spectroscopy. The 1H and 13C NMR spectra (obtained in CD3OD) of this compound indicated that
the indole and β-D-glucose moieties remained intact and the SO2Me group was not present. In
addition, its molecular formula (MF) was determined to be C15H17N2O5S [M + H]+ (nine degrees
of unsaturation) by HR-ESI-MS. These data clearly indicated that the desired indolyl-3glucosinolate (192) was not present in the reaction mixture. The structure of this compound is
proposed in the next section based on results obtained from similar reactions using 4-methoxylated
derivatives.
2.1.1.2

Synthesis and transformations of 1-SO2Me-glucorapassicin (204)

The synthesis of 1-SO2Me-glucorapassicin (204) was carried out starting from commercially
available 4-hydroxyindole (198) (Scheme 2-4). Methylation of 198 afforded 4-methoxyindole
(199) (Kerschgens et al., 2012), which was formylated using Vilsmeier-Haak reaction to give
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aldehyde 189 (Pedras and Yaya, 2013). N-protection of 189 using methanesulfonyl chloride,
followed by oximation yielded oxime 201. Chlorination of 201 with NCS, followed by coupling
with 1-β-D-thioglucose tetraacetate afforded thiohydroximate 202 in excellent yield (92%).
Sulfation of thiohydroximate 202 using sulfur trioxide pyridine complex (PySO3) (Zhang et al.,
2009) gave sulfonic acid 203, which was deacetylated under basic condition (K2CO3/MeOH) to
yield 1-SO2Me-glucorapassicin (204) (Pedras et al., 2016). The structure of glucosinolate 204 was
confirmed by HR-ESI-MS and NMR spectral data. Compound 204 appeared to be stable in organic
solvents (H2O, MeOH) over a period of 24 h as monitored by 1H NMR spectroscopy.

Scheme 2-4. Synthesis of 1-SO2Me-glucorapassicin (204). Reagents and conditions: a) CH3I,
K2CO3, acetone, 88%; b) POCl3, DMF, 95%; c) NaH, MeSO2Cl, THF, 71%; d) NH2OHHCl,
Na2CO3, EtOH, H2O, 98%; e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate, Et3N, 92% (over
2 steps); g) PySO3, DCM, 91%; h) K2CO3, MeOH, 30 min, 85%.
Having synthesized 1-SO2Me-glucorapassicin (204), the direct starting material to glucorapassicin
(118), deprotection of 204 under basic condition (K2CO3/MeOH) was attempted. TLC analysis of
the reaction mixture after 15 h (Silica gel 60, MeOH-DCM, 1:4) showed complete conversion of
204 (Rf = 0.2) into a less polar product (Rf = 0.6). This product (compound A) was isolated and
characterized by MS and NMR spectroscopy. Its molecular formula was determined to be
C16H18N2O6S [M + H]+ (nine degrees of unsaturation) by HR-ESI-MS, indicating the loss of both
SO2Me and OSO3K group, from 204 (C17H21N2O12S3, [M-K]-). The 1H NMR spectrum (obtained
in CD3OD) showed seven protons in the carbohydrate region, suggesting that the β-D-glucose
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moieties remained intact. Notably, there was a significant change in the chemical shift of the
anomeric proton of glucose ( 5.25 ppm, 1H, d), compared to that of the starting material 204 (
4.22 ppm, 1H, d). The 13C NMR spectrum of A revealed a new signal at  164.0 ppm, replacing
the thiohydroximate carbon at  = 157.3 ppm.
To learn more about the structure of A, methylation with CH3I/NaH and acetylation with
Ac2O/AcOH were carried out (Scheme 2-5). The HR-ESI-MS and NMR spectral data of the
methylated product 208 suggested the presence of four methoxy groups (including one methoxy
group at C-4 of indole), and one N-methyl group, whereas the spectroscopic data of the acetylated
derivative 209 showed the presence of three acetate groups and the N-H proton was intact.
Considering the presence of only four hydroxy groups on the glucopyranosyl moiety, it appeared
that one hydroxy group was bonded to another atom other than a methyl group.
At this point, a rearrangement was believed to have occurred upon deprotection of glucosinolate
204. Previously, 4-methoxyglucobrassicin (115), an analogue of 204, was proposed to undergo a
Neber type rearrangement to form 4-methoxyindole-3-glycine (116) (Pedras and Yaya, 2013).
Based on the above structural interpretation of compound A, glucosinolate 204 likely followed the
same transformation, as described in Scheme 2-5. First, deprotection of SO2Me resulted in the
formation of azirine intermediate 205, which could lead to the formation of two possible products.
Nucleophilic attack by the hydroxyl group on C-2 of glucose gave intermediate 206 (path a), which
subsequently underwent ring-opening to yield compound 207. The structure of 207 fulfilled all
spectroscopic data of compound A and its derivatized products, 208 and 209. In addition, the
formation of compound 210 due to N-O bond formation (path b), was also taken into consideration
as the spectroscopic data of compound A also supported this structure (Pedras et al., 2016).
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Scheme 2-5. Transformations of 204 and proposed intermediates (Pedras et al., 2016).
Attempts to crystallize compound A for X-ray structure determination failed due to poor solubility
of the compound in organic solvents. By contrast, the methylated derivative 208 was successfully
crystallized in toluene and X-Ray crystallographic analysis confirmed the proposed structure
(Figure 2-1). Hence, the structure of A was unambiguously assigned as 207 (Pedras et al., 2016).
Compound 207 possesses a unique 1-deoxy-1-thioimidocarbonyl-D-glucopyranose heterocyclic
ring system, the first example of this type reported to date (Pedras et al., 2016).

Figure 2-1. Single crystal X-ray structure of the methylated compound 208 (Pedras et al., 2016).
Based on the transformations and rearrangement of 204, structure 211 was proposed to be the
product obtained from 1-SO2Me-indolyl-3-glucosinolate (197) (Section 2.1.1.1). The structure of
211 is consistent with its MS and NMR spectroscopic data.
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Treatment of glucosinolate 204 with TFA/DCM resulted in the formation of two products, which
were isolated and characterized by MS and NMR spectroscopy (Scheme 2-6). Isothiocyanate 212
and nitrile 213 (ca. 4:1 mixture, determined by 1H NMR) were confirmed as the products of this
reaction by comparing their spectroscopic data with those of synthetic standards. Interestingly,
when glucosinolate 204 was subjected to GC-FI-MS, only peaks corresponding to isothiocyanate
212 and nitrile 213 were shown on the MS spectrum, suggesting that 204 was decomposed, perhaps
due to high temperature of the GC injector. This conversion was reproduced by heating
glucosinolate 204 at 150 ºC (neat) for ca. 15 min; a mixture of 212 and 213 (ca. 4:1, determined
by 1H NMR) was obtained. Although 1-SO2Me-glucorapassicin (204) is not a naturally occurring
glucosinolate, its transformation into the corresponding isothiocyanate 212 and nitrile 213 under
different conditions is noteworthy. A number of non-enzymatic chemical and thermal degradations
of glucosinolates have been reported in the literature (Bones and Rossiter, 2006). Acidic and basic
hydrolysis of glucobrassicin (113) were shown to yield the corresponding nitrile, whereas allyl-,
benzyl- and 2-phenylethyl- glucosinolates were found to thermally degrade in a GC injector,
giving the corresponding isothiocyanates and nitriles in different ratios, depending on the
temperature (Uda et al., 1986). The transformation of the unnatural glucosinolate 204 into its
metabolic products 212 and 213 was consistent with reported literature, suggesting that there is a
chemical relationship between rapalexin A (102) and glucorapassicin (118).

Scheme 2-6. Products of transformation of 1-SO2Me-glucorapassicin (204).
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Glucosinolate 204 was stable over 24 h at room temperature, however, monitoring an aq. solution
of 204 over a period of 3 days by HPLC-DAD revealed the compound was slowly degraded into
unknown products and its half-life was determined to be ca. 20 h. A major compound was isolated
from the mixture and characterized by MS and NMR spectroscopy. Its HR-ESI-MS spectral data
suggested a MF of C17H21N2O9S2 [M-H]- (seven degrees of unsaturation), suggesting the loss of
SO3K group from 204 (C17H21N2O12S3, [M-K]-, seven degrees of unsaturation). The 1H NMR
spectrum of the compound (obtained in CD3OD and DMSO-d6) showed that the N-SO2Me group
and the thio-glucosyl moiety remained intact, while H-2 of indole was not present. Its 13C NMR
spectrum (obtained in CD3OD and DMSO-d6) indicated significant changes in the chemical shifts
of C-2, C-3, and C-11 compared to those of 204. Based on these data and additional NMR
experiments (COSY, HSQC, HMBC), structure 214 was proposed as the product of the
transformation (Scheme 2-7).

Scheme 2-7. Proposed product of transformation of 1-SO2Me-glucorapassicin (204) on standing
in aqueous solution.
2.1.1.3

Synthesis and transformations of 1-t-Boc-glucorapassicin (191)

Since deprotection of 1-SO2Me-glucorapassicin (204) under either basic or acidic condition did
not yield glucorapassicin (118), a question was asked whether 1-t-Boc-glucorapassicin (191)
would undergo the same transformations under these conditions. Following the same synthetic
route to glucosinolate 204, 1-t-Boc-glucorapassicin (191) was synthesized from aldehyde 189 in 6
steps (47% overall yield) (Scheme 2-8). Deprotection of 191 under basic condition
(K2CO3/MeOH) yielded the Neber rearrangement product 207 as the single product, as confirmed
by MS and NMR spectroscopic data. On the other hand, acidic deprotection of 191 (TFA/DCM)
yielded a mixture of two products that were isolated and characterized. HPLC-DAD, MS and NMR
data indicated that rapalexin A (102) and 4-methoxyindole-3-carbonitrile (219) (ca. 2:1 mixture,
determined by 1H NMR) were the products of this reaction.
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Scheme 2-8. Synthesis and transformations of 1-t-Boc-glucorapassicin (191). Reagents and
conditions: a) (t-Boc)2O, DMAP, THF, 92%; b) NH2OHHCl, Na2CO3, EtOH, H2O; c) NCS, py,
DCM; d) thio-β-D-glucose tetraacetate, Et3N, 88% (over 3 steps); e) PySO3, DCM, 83%; f) K2CO3,
MeOH, 70%; g) K2CO3, MeOH, 70%; h) TFA, DCM (Pedras et al., 2016).
The formation of rapalexin A (102) from 1-t-Boc-glucorapassicin (191) further supported the
biosynthetic relationship between this phytoalexin and glucorapassicin (118). A plausible
mechanism for the formation of rapalexin A (102) and nitrile 219 is shown on Scheme 2-9 (Pedras
et al., 2016). Presumably, upon treatment with TFA, C-S bond cleavage of glucosinolate 191 leads
to the formation of intermediates 220 and 221. Next, Lossen-type rearrangement of 220 and 221
yields isothiocyanates 222 and 102, whereas nitriles 223 and 219 result from sulfur extrusion from
220 and 221, respectively. Both isothiocyanate 222 and nitrile 223 were detected when monitoring
the reaction at lower temperature (-20 ºC), suggesting that deprotection and rearrangement occur
simultaneously. The transformation of 1-SO2Me-glucorapassicin (204) into isothiocyanate 212
and nitrile 213 is likely to occur via the same intermediate, but N-deprotection of methanesulfonyl
group did not occur under acidic condition (Pedras et al., 2016).
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Scheme 2-9. Proposed intermediates for the formation of isothiocyanate 102 and nitrile 219
(Pedras et al., 2016). Structures in brackets are proposed intermediates.
2.1.1.4

Synthesis of rapalexin A (102) using the Lossen-type rearrangement

Based on the formation of rapalexin A (102) after acidic treatment of glucosinolate 191, it was
proposed that isothiocyanates 222 and 102 could be obtained from thiohydroximic acids 224 and
225, respectively, via the Lossen-type rearrangement (Scheme 2-10) (Pedras et al., 2016).
Thiohydroximic acids 224 and 225 in turn could be obtained by reacting hydroxymoyl chlorides
226 and 227 with a sulfur donor. Ideally, a simpler and less inexpensive sulfur donor could be
used to couple with compounds 226 and 227 instead of β-D-thioglucose tetraacetate. Initially,
oximes 216 and 228 were chlorinated with NCS to form the hydroxymoyl chlorides 226 and 227.
Treatment of oxime 226 and 227 with TsCl, followed by reaction with different sulfur donors
(NaSH, Na2S) did not yield any desired thiohydroximic acids or isothiocyanates.

Scheme 2-10. Retrosynthesis of rapalexin A (102) using Lossen-type rearrangement.
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Using triisopropylsilanethiol (HS-Si(i-Pr)3) as a sulfur donor, the synthesis of rapalexin A (102)
from oxime 216 was finally achieved (Scheme 2-11). Oxime 216 was first chlorinated with NCS,
followed by addition of HS-Si(i-Pr)3, resulting in the formation of compound 231. The structure
of 231, which contains two indolyl moieties, two t-Boc groups, and one triisopropylsilane group,
was confirmed by MS and NMR spectroscopic data. Likely, coupling between the hydroximoyl
chloride 226 and HS-Si(i-Pr)3 formed intermediate 229. Migration of the silyl group from S- to Oof 229 led to the formation of 230, which subsequently reacted with 226 in the mixture to yield
compound 231. Intramolecular S- to O- silyl migration was previously used to synthesize Z-silyl
enol ethers (Sun et al., 2014) and α-thioketone (Sun et al., 2013). t-Boc deprotection of compound
231 with TFA promoted C-S cleavage of intermediate 232, giving the activated thiohydroximic
acid 233. Since low pH blocks the Lossen rearrangement (Hanschen et al., 2017), addition of Et3N
to the reaction mixture triggered the rearrangement and rapalexin A (102) was obtained, together
with 4-methoxyindole-3-carboxylic acid (235) (ca. 1:1 mixture) (Pedras et al., 2016).

Scheme 2-11. Possible intermediates for the formation of rapalexin A (102) from oxime 216
(Pedras et al., 2016).
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After further optimizations of reaction conditions, an one-pot synthesis of rapalexin A (102) from
oxime 216 with an overall yield of 31% was devised. As shown in Scheme 2-12, previous
preparations of rapalexin A (102) employed toxic chemicals such as thallium (III) trifluoroacetate
(Pedras et al., 2007), and required more purification steps and longer reaction time (Yaya, 2013).
Although the overall yield of the synthetic route reported here is not significantly improved, given
that oxime 216 could be easily prepared from commercially available 4-hydroxyindole (198) and
only one purification was needed from 216 to 102, this biomimetic synthesis could serve as an
alternative route to rapalexin A (102).

Scheme 2-12. Synthetic routes to rapalexin A (102): A) (Pedras et al., 2016), B) (Pedras et al.,
2007), C) (Yaya, 2013).
2.1.2 Administration of 1-SO2Me-glucorapassicin (204) to Brassica napus (rutabaga)
Since glucorapassicin (118) could not be synthesized, the potential in planta metabolism of its Nprotected derivative 204 was investigated (Scheme 2-13). Root tubers of rutabaga (B. napus) were
cut into slices and wells were made on each slice (ca. 10 well each). The slices were elicited with
UV light and wells were filled with aqueous solutions of 1-SO2Me-glucorapassicin (204) (Pedras
and Yaya, 2013). Non-elicited tissues incubated with solutions of 204 were used as controls. After
48 h of incubation, the aqueous solutions were collected and extracted with EtOAc. HPLC-DAD
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analysis of the aqueous extracts from both elicited and non-elicited tissues showed the presence of
204, indicating that the glucosinolate was in solution over a period of 48 h. The HPLC-DAD
chromatograms of the organic extracts showed several metabolites that were identified by
comparing their retention time (tR), UV, and ESI-MS with those of standard samples and with our
HPLC-DAD libraries (Figure 2-2). Several known phytoalexins were identified from the extracts
of elicited tissues, including 1-methoxybrassinin (60) (tR = 24.6 min), caulilexin C (98) (tR = 17.6
min), and isocyalexin (104) (tR = 12.9 min), consistent with a previous report (Pedras and Yaya,
2012). Notably, a metabolite at tR = 16.8 was consistently present in all elicited tissues incubated
with 204. The retention time, UV, and ESI-MS data indicated that the metabolite was 1-SO2-4methoxyindole-3-carbonitrile (213). Quantification of nitrile 213 (nmol per slice, each contains 10
wells) showed that the amount of 213 produced in elicited tissues (11 ± 5 nmol) was much higher
(ca. 11 times) than that in non-elicited tissues (1.0 ± 0.3 nmol), suggesting this metabolism was
induced in elicited tissues. However, the transformation of glucosinolate 204 into the
corresponding isothiocyanate 212 was not observed. This is likely due to the specificity of the
biosynthetic enzymes and the fact that rapalexin A (102) is often produced at a very low
concentration in rutabaga. In plants, C-S bond cleavage of glucosinolate by myrosinase yields an
unstable aglycone, which can form isothiocyanate via Lossen type rearrangement or nitrile by
releasing sulfur (Agerbirk and Olsen, 2012). The formation of isothiocyanates and nitriles depends
on many factors, such as pH, temperature, the presence of nitrile specifier proteins, epithiospecifier
proteins, and ferrous iron (Fe2+). Usually, the production of nitriles inhibits the formation of
isothiocyanates, and vice versa (Hanschen et al., 2017).

Scheme 2-13. Metabolism of glucosinolate 204 in Brassica napus.

53

mAu
80

24.6

E1

16.8 17.6

40

0

16.8

E2

24.6

17.6

40

0

E3

16.8

12.9

40

24.6

17.6

0

N1

40

0

N2

40

0

N3

40

0
0

20

10

min

Figure 2-2. HPLC-DAD chromatograms of rutabaga root extracts (Method A, detection 220 nm):
(E1-3): UV-elicited tissues, incubated with 204; (N1-3): non-elicited tissues, incubated with 204;
metabolites identified: tR = 12.9 min, isocyalexin (104); tR = 16.8 min, 1-SO2Me-4-methoxyindole3-carbonitrile (213); tR = 17.6 min, caulilexin C (98); tR = 24.6 min, 1-methoxybrassinin (60).
2.1.3 Effect of myrosinase on the transformation of 1-SO2Me-glucorapassicin (204)
In this work, the question was whether a myrosinase could catalyze the transformation of
glucorapassicin (118) into rapalexin A (102). Since glucorapassicin (118) was not available, its Nprotected derivative 204 was used as the substrate for this reaction. Commercially available
myrosinase (EC 3.2.3.1) from S. alba was used. The enzyme hydrolyzes the S-glucosidic bond of
various aliphatic and aromatic glucosinolates (www.sigmaaldrich.com). The standard substrate,
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gluconasturtiin (123), a naturally occurring glucosinolate highly abundant in some crucifer plants
(Barillari et al., 2001) was used for comparison. Following a previous procedure (Botti et al.,
1995), myrosinase was added to a phosphate buffer (pH = 7) containing glucosinolate and ascorbic
acid, as described in experimental (Section 4.8.4). At different time points, an aliquot was taken
from the reaction mixture, extracted with diethyl ether, concentrated and analyzed by HPLC-DAD.
The products were quantified by HPLC-DAD using calibration curves built on synthetic
compounds. Control experiments were performed in the absence of myrosinase. The myrosinase
activity was determined by quantifying the amounts of the corresponding isothiocyanate and
nitrile. The results are summarized in Table 2-1.
Table 2-1. Effect of myrosinases on the transformation of 1-SO2Me-glucorapassicin (204).
Entrya

Substrate
(µmol)

Myrosinasec
(mg/mL)

Gluconasturtiin (123)b
1
2.5
0.050
2
2.5
0.050
3
2.5
0
1-SO2Me-glucorapassicin (204)
4
2.5
0.050
5
2.5
0
6
0.40
3.0
7
0.40
3.0
8
0.40
3.0
9
0.40
3.0
10
0.40
0
11
0.40
0
12
0.40
0
13
0.40
0

Time
(h)

Isothiocyanated
(µmol)

Nitriled
(µmol)

Conversione
(%)

0.5
1
1

0.87
1.5
0

0
0
0

35
60
0

1
1
0
3
6
10
0
3
6
10

0.0047
0.0042
0.00039
0.0012
0.0016
0.0022
0.00038
0.0013
0.0017
0.0024

0.015
0.014
0.0028
0.0036
0.0042
0.0058
0.0018
0.0021
0.0024
0.0030

≤1
≤1
≤1
1
1.5
2.0
≤1
≤1
1
2

a

Reaction mixture contains: glucosinolate (10 mM), myrosinase, ascorbic acid (10 mM) in
phosphate buffer (pH 7.0).
b
Gluconasturtiin (123) was used as a standard substrate.
c
Solid, 240 units/g, one unit will produce 1.0 µmole of glucose per min from sinigrin (allyl
glucosinolate).
d
Amounts were quantified by HPLC-DAD using calibration curves built on synthetic compounds.
e
Conversion (%) = [moles of product/ moles of substrate] × 100. Experiments were repeated at
least twice.
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HPLC-DAD chromatograms of the organic extracts of the reaction mixture detected only
phenylethyl isothiocyanate (126) as the product of gluconasturtiin (123) (Entry 1,2) (Scheme
2-14). At a low concentration of myrosinase (0.05 mg/ mL), a significant amount of gluconasturtiin
(123) was converted to isothiocyanate 126 (35% conversion after 0.5 h and 60% after 1 h).
Isothiocyanate 126 was not observed in the control experiments (without myrosinase) (entry 3),
indicating that 126 resulted from the enzymatic reaction. By contrast, using similar concentration
of myrosinase, less than 1% of 1-SO2Me-glucorapassicin (204) was converted after 1 h (entry 4);
HPLC-DAD analysis revealed that isothiocyanate 212 and nitrile 213 were produced from
glucosinolate 204 (ca. 1:3 ratio) (Scheme 2-14). In the absence of myrosinase (entry 5), similar
amounts of 212 and 213 were produced (ca. 1:3 ratio), indicating that the transformation of 204
into the corresponding isothiocyanate 212 and nitrile 213 was not a result of catalysis by
myrosinase. Increasing concentration of myrosinase up to 3.0 mg/mL did not increase the
conversion of 204 after 3 h. A time-course analysis was performed to monitor the production of
212 and 213 in the presence and absence of myrosinase. After 10 h, the conversion of 204 into
isothiocyanate 212 and nitrile 213 was slightly higher (2% conversion) (entry 10). The production
of isothiocyanate 212 in the presence (entry 6-9) and absence of myrosinase (entry 10-13) over a
10 h period was not different. By contrast, the amount of nitrile 213 produced when myrosinase
was present was higher (ca. 1.7 times) than when the enzyme was absent. The slow transformation
of 1-SO2Me-glucorapassicin (204) into isothiocyanate 212 and nitrile 213 clearly indicated that
this glucosinolate is not a good substrate of myrosinase.

Scheme 2-14. Transformation of gluconasturtiin (123) and 1-SO2Me-glucorapassicin (204).
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2.1.4 Summary and conclusion
Work towards the synthesis of glucorapassicin (118), a previously proposed biosynthetic
intermediate to rapalexin A (102), was carried out. Two N-protected derivatives of glucorapassicin
were synthesized using the thiohydroximate disconnection approach. Deprotection of these
glucosinolates in either acidic or basic conditions did not lead to the formation of glucorapassicin
(118), but yielded rearrangement products. Basic deprotection of glucosinolates 204 and 191
yielded compound 207, a novel 1-thioimidocarbonyl-β-D-glucopyranose heterocyclic system via
a Neber-type rearrangement. On the other hand, the corresponding isothiocyanate 212 and nitrile
213, rapalexin A (102) and nitrile 219, were obtained from acidic deprotection of 204 and 191,
respectively. At no time did these reactions show the presence of glucorapassicin (118). The
presence of electron-withdrawing groups such as t-Boc and SO2Me appears to make the
glucosinolate more stable. Nevertheless, 1-SO2Me-glucorapassicin (204) and 1-t-Bocglucorapassicin (191) were shown to slowly decompose on standing in aqueous solution, yielding
various products. Upon removal of these protecting groups, the glucosinolate immediately
rearranged to form different products, depending on the reaction conditions. The results suggest
that glucorapassicin (118) is not chemically stable.
The transformations of 1-SO2Me-glucorapassicin (204) and 1-t-Boc-glucorapassicin (191) into
their corresponding isothiocyanates and nitriles under acidic media strongly support the
biosynthetic connection between glucorapassicin (118) and rapalexin A (102). Additional
experiments with 1-SO2Me-glucorapassicin (204) also showed that this unnatural glucosinolate
was not a good substrate of myrosinase and slowly transformed into the corresponding
isothiocyanate 212 and nitrile 213 upon standing on buffer solution.
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2.2

Investigation of phytoalexins and other elicited metabolites from crucifers

In this section, phytoalexins and other elicited metabolites produced by four cruciferous species,
Nasturtium officinale R. Br. (watercress), Barbarea verna (P. Mill.) Aschers (upland cress),
Erucastrum canariense Webb & Berthel., and Isatis indigotica Fort., are reported. Solutions of
CuCl2 at different concentrations were used to elicit plant defense responses as detailed in the
experimental section. The optimal concentration of CuCl2 for each species was determined by
spraying plant leaves with different concentrations of CuCl2 solutions causing tissue damage
(yellow or dark spots were observed) within 24 h of incubation. Leaves of N. officinale and E.
canariense were found to be damaged after being sprayed with 2 mM CuCl2 solution, whereas
leaves of B. verna and I. indigotica were damaged with 10 mM of CuCl2 solution. The time-course
analyses, isolation, characterization, syntheses, quantification, and antifungal activities of
metabolites obtained from the four species are described as follows.
2.2.1 Nasturtium officinale
N. officinale is a perennial crucifer grown in Europe and Asia and is commonly used in salads
(Sadeghi et al., 2014). This cultivated species is considered as “food medicine” in Italy due to
many perceived health benefits (Guarrera and Savo, 2013). The plant has also been used in Iranian
folk medicine because of numerous pharmacological activities (Sadeghi et al., 2014). The
phytochemical composition of N. officinale, including phenolic acids, flavonoids and antioxidant
compounds has been reported (Aires et al., 2013). N. officinale is a rich source of the glucosinolate
gluconasturtiin (123) and phenylethyl isothiocyanate (126) (Palaniswamy et al., 2003). To date,
the production of phytoalexins and other elicited secondary metabolites in this crucifer plant has
not been investigated.
2.2.1.1

Time-course analysis, isolation, characterization and quantification of metabolites

N. officinale plants were grown in a growth chamber as described in the experimental part (Section
4.2). For elicitation, 4-week-old plants were sprayed with a CuCl2 solution (2 mM) and incubated;
control leaves were sprayed with H2O. Leaves (ca. 1.5 g fresh weight per sample) were harvested
after 1, 2, 4, and 6 days of incubation, frozen in liquid nitrogen and ground. The resulting leaf
materials were extracted with MeOH and the extracts were filtered. The filtrates were concentrated
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and rinsed with CH2Cl2. The CH2Cl2 extracts (containing non-polar metabolites) were
concentrated, dissolved in CH3CN-MeOH (1:1) and analyzed by HPLC-DAD-ESI-MS. The
MeOH residues (containing polar metabolites) were dissolved in H2O-MeOH (1:1) and analyzed
by HPLC-DAD-ESI.
As shown in Figure 2-3, the HPLC-DAD chromatograms of the elicited leaf extracts displayed
several metabolites that were not observed in extracts of control leaves. Namely, metabolites at
retention time (tR) = 11.5, 12.4, 13.8, 18.0, 21.5, and 21.9 min were elicited metabolites not
detected in control leaves, while metabolites at tR = 24.7, 26.8, and 29.5 min were present in both
elicited and control leaves. Among these, the metabolite at tR = 18.0 min was identified as brassinin
(59) by comparison of its UV and ESI-MS with those of an authentic sample. All other metabolites
were not available in the Pedras’ group HPLC-DAD-ESI-MS libraries. To isolate these
metabolites, larger scale isolation was performed as described in experimental section (Section
4.7.1.2). Multiple fractionations of extracts of elicited leaves obtained 2 days post elicitation (ca.
230 g) by flash column chromatography (FCC) yielded metabolites at tR = 11.5, 13.8, 21.9, and
24.7 min, whereas metabolites at tR = 18.0 and 21.5 min were obtained from extracts of elicited
leaves 1 day post elicitation. Metabolites at tR = 12.4, 26.8 and 29.5 min were not isolated due to
either stability or insufficient amounts. The structure elucidation of the isolated metabolites at tR
= 11.5, 13.8, 21.9, and 24.7 min follows.
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Figure 2-3. HPLC-DAD chromatograms of extracts of leaves of Nasturtium officinale after
elicitation with CuCl2 (Method A, detection at 220 nm): (A) 1 day post elicitation; (B) 2 days post
elicitation; (C) 4 days post elicitation; (D) 6 days post elicitation; (E) control. Metabolites
identified: tR=11.5 min, nasturlexin B (107); tR=13.8 min, tridentatol C (110); tR=18.0 min,
brassinin (59); tR=21.5 min, nasturlexin A (106); tR=21.9 min, cyclonasturlexin (78); tR=24.7 min,
phenylethyl isothiocyanate (126).
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The elicited metabolite at tR = 21.5 min was obtained as a white solid (ca. 2 mg) and its MF was
determined to be C10H13NS2 (five degrees of unsaturation) by HR-EI-MS. Its 1H NMR spectral
data (500 MHz, CDCl3) suggested a phenyl moiety ( 7.34-7.21, 5H, m), an S-methyl group (
2.61, 3H, s), and four methylene protons ( 4.02-3.99, 2H, m; 2.98, 2H, t). The 13C NMR spectrum
supported these assignments, and displayed a signal at  199.4, likely corresponding to a
dithiocarbamate functional group. Based on these data, structure 106 was proposed (Figure 2-4).
The compound had not been previously reported as a natural product and was named nasturlexin
A (Pedras and To, 2015).
The elicited metabolite at tR = 13.8 min was obtained as a white solid (ca. 2 mg) and its MF was
determined to be C10H9NOS2 (seven degrees of unsaturation) by HR-EI-MS. Its 1H NMR spectrum
(500 MHz, CDCl3) displayed two doublets at δ 7.37 (2H, J = 8.5 Hz), 6.86 (2H, J = 8.5 Hz),
suggesting a para-substituted phenyl moiety, a singlet at δ 2.71, suggesting an S-methyl group, an
exchangeable proton at δ 5.30 and a singlet at δ 7.69. The

13

C NMR spectrum supported the

presence of an S-methyl group (δ 17.1), and a (-N=CS2-) carbon (δ 164.9). Based on these data,
structure 110 was proposed for this metabolite (Figure 2-4) (Pedras and To, 2015). Compound 110
was previously isolated from the marine hydroid T. marginata and named tridentatol C (Lindquist
et al., 1996).
The elicited metabolite at tR = 11.5 min was obtained as a white solid (ca. 2 mg) and its MF was
determined to be C10H11NOS2 (six degrees of unsaturation) by HR-EI-MS, indicating two
additional protons relative to tridentatol C (110). Its 1H NMR spectrum (500 MHz, CDCl3) showed
two doublets at  = 7.18 (2H, J = 8.5 Hz) and  = 6.78 (2H, J = 8.5 Hz), suggesting a parasubstituted phenyl moiety, and a singlet at δ 2.57, suggesting an S-methyl group. In addition, a
spin system of three protons at  = 5.06 (1H, dd, J = 8.5, 5.5 Hz), 4.51 (1H, dd, J = 14.5, 8.5 Hz),
and 4.31 (1H, dd, J = 14.5, 5.5 Hz) was present. The 13C NMR spectrum also displayed a signal at
 168.8, consistent with the 5-thiazolyl carbon of tridentatol C ( 164.9). Based on these data and
the structure of tridentatol C (110), structure 107 was proposed for this metabolite (Figure 2-4).
The compound had not been previously reported as a natural product and was named nasturlexin
B (107). Chiral HPLC analysis of the natural and synthetic nasturlexin B (107) indicated that the
natural product was obtained as a racemic mixture (Pedras and To, 2015).
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The elicited metabolite at tR = 18.0 min was obtained as a solid (0.2 mg) and its 1H NMR
spectroscopic data was consistent with those of brassinin (59) and confirmed by comparison with
an authentic sample. Although the metabolite at tR = 12.4 min was not obtained for structural
characterization, its retention time, UV, and ESI-MS data were identical to those of compound
130, which was later synthesized for biosynthetic studies (Section 4.6.13). Therefore, the structure
of metabolite at tR = 12.4 min was proposed as 130 (Figure 2-4). Although the two metabolites at
tR = 26.8 and 29.5 min could not be isolated from elicited leaves of N. officinale, they were isolated
and characterized as arabidopside D (159) and A (156), respectively, from elicited leaves of E.
canariense, as described in Section 2.2.3.1.

Figure 2-4. Metabolites isolated from elicited leaves of Nasturtium officinale: nasturlexin A (106),
nasturlexin B (107), tridentatol C (110), brassinin (59), methyl 4-hydroxyphenylethyl
dithiocarbamate (130).
The elicited metabolite at tR = 21.9 min was obtained as a white solid (1.5 mg) and its MF was
determined to be C11H10N2S2 (eight degrees of unsaturation) by HR-EI-MS. Its 1H NMR spectrum
(600 MHz, CDCl3) showed an S-methyl group at  2.36 (3H, s), a CH2 at  5.13 (2H, s), four
aromatic signals at  7.13 (1H, d, J = 8.0 Hz), 7.03 (2H, m), and 6.89 (1H, d, J = 7.5 Hz), and a
broad peak at  7.93, suggesting a 3,4- or 3,7- disubstituted indole fused system. The MF of this
compound was identical to that of cyclobrassinin (70), a previously reported cruciferous
phytoalexin and their ESI-MS fragment ions were also similar. Unlike cyclobrassinin (70), the H2 proton was present. Hence, a 3,4- disubstituted indole fused system was likely. Four potential
structures were proposed for this metabolite, as shown in Figure 2-5. The compound was
crystallized in DCM and X-ray crystallographic analysis finally confirmed 78 as the structure of
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this metabolite. Structure 78 represents the first indole-fused 1,3-thiazepine reported to date and
this new alkaloid was named cyclonasturlexin (78) (Pedras and To, 2016).

Figure 2-5. Cyclobrassinin (70) and potential structures of the metabolite at tR = 21.9 min (78 and
237 – 239), isolated from elicited leaves of Nasturtium officinale.
The metabolite at tR = 24.7 min, which was also present in control leaves, was obtained as a liquid
(41 mg) and its MF was determined to be C9H9NS (six degrees of unsaturation) by HR-EI-MS. Its
1

H and 13C NMR spectral data suggested a phenyl moiety, four methylene protons, and an NCS

(or SCN) functional group. Based on these data, the structure of this metabolite was assigned as
phenylethyl isothiocyanate (126); its spectroscopic data was consistent with reported literature
(Lim et al., 2008).
The HPLC-DAD chromatograms of the polar extracts of both elicited and non-elicited leaves
exhibited a major metabolite at tR = 11.0 min (method C). The structure of this metabolite was
confirmed as gluconasturtiin (123) by comparison of its retention time, UV, and ESI-MS data with
those of a synthetic sample (Section 4.6.3).

The concentrations of each metabolite produced in elicited leaves of N. officinale over a six-day
period were determined by HPLC-DAD using calibration curves built with synthetic samples
(Table 2-2). While nasturlexin A (106) was detected only one day after elicitation, nasturlexin B
(107), tridentatol C (110), and cyclonasturlexin (78) were present up to 6 days after elicitation and
produced at the highest concentrations 2 days after elicitation. The concentrations of the
glucosinolate gluconasturtiin (123) in both elicited and non-elicited leaves were also measured.
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Compared to other metabolites, glucosinolate 123 was produced in much higher concentrations (≥
100 times of nasturlexin A). The production of gluconasturtiin (123) in elicited and non-elicited
leaves did not appear significantly different.
Table 2-2. Production of isolated metabolites in the elicited leaves of Nasturtium officinale
sprayed with CuCl2 solution.
a

Metabolites

b

1 dpe

nmol/g fresh weight ± standard deviation (S.D.)
2 dpe
4 dpe
6 dpe

Nasturlexin A (106)

23 ± 8

NDc

NDc

NDc

Nasturlexin B (107)

79 ± 24

164 ± 36

45 ± 3

43 ± 3

Tridentatol C (110)

25 ± 9

142 ± 32

85 ± 14

76 ± 9

Cyclonasturlexin (78)

NDc

166 ± 42

141 ± 23

94 ± 9

Elicited leaves

3500 ± 879

2711 ± 933

2151 ± 464

3269 ± 271

Non-elicited leaves

3574 ± 428

3392 ± 521

4635 ± 374

4448 ± 573

Gluconasturtiin (123)

a

Values represent the mean and S.D. of three samples.
dpe = days post elicitation
c
ND = not detected by HPLC-DAD
b

2.2.1.2

Synthesis of nasturlexin A (106), B (107), and tridentatol C (110)

Nasturlexin A (106) was synthesized starting from phenylacetaldehyde (240) (Scheme 2-15). The
aldehyde was converted to oxime 163, which was then reduced using NaBH4/NiCl26H2O to give
amine 241. Reaction of amine 241 with CS2, followed by CH3I yielded nasturlexin A (106). The
spectroscopic data of nasturlexin A (106) was identical to those of the isolated natural product.

Scheme 2-15. Synthesis of nasturlexin A (106). Reagents and conditions: a) Na2CO3,
NH2OHHCl, MeOH, H2O, 49%. b) NiCl26H2O, NaBH4, MeOH; c) CS2, Et3N, py; d) CH3I, 43%
(from oxime 163) (Pedras and To, 2015).
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Nasturlexin B (107) and tridentatol C (110) were synthesized from (±)-octopamine hydrochloride
(242) following a reported procedure (Scheme 2-16) (Jayatilake and Baker, 1999). Treatment of
242 with CS2/CH3I, followed by heating under reflux (1,2-dichloroethane) afforded nasturlexin B
(107) in excellent yield (90%). Oxidation of nasturlexin B (107) using DDQ yielded tridentatol C
(110) in 70% yield. The spectroscopic data of 107 and 110 were identical to those of the isolated
natural products (Pedras and To, 2015).

Scheme 2-16. Synthesis of nasturlexin B (107) and tridentatol C (110). Reagents and conditions:
a) CS2, Et3N, DCE; b) CH3I, reflux, 90%; c) DDQ, dioxane, 70%.
2.2.1.3

Synthesis of cyclonasturlexin (78)

Cyclonasturlexin (78) contains a novel heterocyclic ring system, the first indole-fused 1,3thiazepine reported to date (Pedras and To, 2016). A literature search found chuangxinmycin
(244), an antibiotic natural product isolated from the soil microorganism Actinoplanes jinanensis,
exhibits the similar tricyclic indole-fused scaffold (Chi-Ping et al., 1976). Several total syntheses
of this natural product and its methyl ester (245) have been reported, using different approaches,
including intramolecular ring-closure at C3' - C4' (pathway A) (Kozikowski and Greco, 1980), C3
- C3' (pathway B) (Dickens et al., 1992), and C4 – S (pathway C) (Kato et al., 2001), (Scheme
2-17).
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Scheme 2-17. Synthetic approaches to chuangxinmycin (244)
Among these, approach C appeared highly accessible for the synthesis of cyclonasturlexin (78). A
transition metal catalyzed intramolecular cyclization of indolyl iodide and the internal
dithiocarbamate group of compound 248 could yield cyclonasturlexin (78) (Scheme 2-18).
Dithiocarbamate 248 is an analogue of the phytoalexin brassinin (59), whose synthesis is known
(Pedras and Jha, 2006). The dithiocarbamate could be obtained from the commercially available
aldehyde 188 via aldehyde 250 and amine 249 (Pedras and To, 2016).

Scheme 2-18. Retrosynthetic analysis of cyclonasturlexin (78) from indole-3-carboxaldehyde
(188).
Compound 250 was obtained in excellent yield (96%) by reacting aldehyde 188 with Tl(OCOCF3)3
in TFA, followed by reaction of the thallium intermediate with CuI/I2 in DMF (Somei et al., 1984)
(Scheme 2-19). Next, aldehyde 250 was converted to the corresponding oxime 251, which was
selectively reduced to amine 249 using NaBH3CN/TiCl3 (Pedras and Zaharia, 2000). Treatment of
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amine 249 with CS2, followed by CH3I afforded dithiocarbamate 248, the direct substrate for the
synthesis of cyclonasturlexin (78) (Pedras and To, 2016).

Scheme 2-19. Synthesis of compound 248. Reagents and conditions: a) Tl(OCOCF3)3, TFA; b)
CuI, I2, DMF, 96%; c) NH2OHHCl, Na2CO3, EtOH, H2O, 96%; d) NH4OAc, NaBH3CN, TiCl3,
MeOH, 64%; e) CS2, Et3N, py; f) CH3I, 85% (over 2 steps);
Having synthesized substrate 248, intramolecular cyclization of this compound was attempted
using Ni(0)/pyridine/ethyl crotonate (Xu et al., 2013) or Pd(PPh3)4/Et3N (Kato et al., 2001)
(Scheme 2-20). The formation of cyclonasturlexin (78) was not observed in either case. Compound
254, whose structure was confirmed by MS and NMR spectroscopic data, was identified as the
major product. Under these conditions, 248 was likely transformed to the corresponding indolyl3-isothiocyanate 255, which upon displacement of the isothiocyanate group by methanethiolate
yielded sulfide 254. N-Protection of indole with an electron-withdrawing group (SO2Me) did not
lead to cyclization, but formation of isothiocyanate 252, which was stable due to the presence of
the SO2Me group (Pedras and To, 2016).
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Scheme 2-20. Transformations of 248 and 253 to 254 and 252 (Pedras and To, 2016).
At this point, other methods for C-S cyclization were considered. Copper (I) catalyzed C-S
coupling between carbonotrithiolate and 2-iodoanilines has been employed for the synthesis of
benzothiazoles (Shi et al., 2011). Initially, a mixture of compound 248 and CuBr (3.0 eq) in DMF
was heated at 80 ºC and the reaction was monitored by HPLC-DAD. The presence of
cyclonasturlexin (78) was observed after 10 min, together with multiple unidentified products.
Next, various reaction conditions were used as summarized in Table 2-3. Although the formation
of sulfide 254 was observed in some cases (entry 1, 2, 7), different conditions afforded the desired
cyclized product cyclonasturlexin (78) (entry 1-8). The cyclization did not seem to proceed at room
temperature. At high temperature, however, cyclonasturlexin (78) was not stable under these
conditions. The best yield of cyclonasturlexin (78) obtained using DMF as a solvent was 29%
(entry 2), whereas in DMSO, the highest obtained yield was 47% (entry 7). The reaction conditions
similar to those of entry 7 but using a larger amount of substrate (40 mg) yielded cyclonasturlexin
(78) in 35% yield. The spectroscopic data of the synthetic compound were identical to those of the
isolated natural product. (Pedras and To, 2016).
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Table 2-3. Screening reaction conditions for the intramolecular cyclization of compound 248
(Pedras and To, 2016).

a
b

Entrya

Catalyst
(equivalent)

Solvent
(0.20 mL)

Temperature
(ºC)

Time
(min)

% yieldb
(248:78:254)

1
2
3
4
5
6
7
8

CuBr (3.0 eq)
CuBr (3.0 eq)
CuBr (1.0 eq)
CuBr (1.0 eq)
CuBr (3.0 eq)
CuBr (3.0 eq)
CuBr (3.0 eq)
CuBr (3.0 eq)

DMF
DMF
DMF
DMF
DMF
DMF
DMSO
DMSO

60
60
55
55
80
80
80
80

30
60
30
60
10
20
10
20

24 : 28 : 33
5 : 29 : 9
14 : 20 : 0
6 : 11 : 0
1 : 17 : 0
0 : 12 : 0
15 : 47 : 14
0 : 23 : 0

Reaction was conducted on a 10-mg scale.
Yields were calculated by HPLC-DAD using calibration curves of synthetic compounds.

2.2.1.4

Antifungal activities of metabolites

To be considered as phytoalexins, the elicited metabolites must be antimicrobial. The antifungal
activities of the elicited metabolites nasturlexin A (106), B (107), tridentatol C (110),
cyclonasturlexin (78), and the constitutive metabolite phenylethyl isothiocyanate (126), were
tested against some economically important pathogens. Two specific fungal pathogens of
crucifers, Alternaria brassicicola (Schwein.) Wiltshire and Leptosphaeria maculans (Desm.) Ces.
et de Not. [asexual stage Phoma lingam (Tode ex Fr.) Desm.], and the generalist pathogen
Sclerotinia sclerotiorum, were used. As summarized in Table 2-4, out of the five compounds
tested, cyclonasturlexin (78) was the most inhibitory, completely inhibiting the mycelial growth
of S. sclerotiorum at 0.15 mM. The compound also inhibited the growth of A. brassicicola by 87%
and 77% at 0.15 mM and 0.10 mM, respectively. The phytoalexin camalexin (94), which is
strongly antifungal, inhibited mycelial growth of A. brassicicola by 85% and 53% at 0.20 mM and
0.10 mM, respectively (Pedras et al., 2009a). Hence, cyclonasturlexin (78) can be considered as
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substantially antifungal. Tridentatol C (110) and Nasturlexin A (106) were antifungal against the
all tested species. Nasturlexin B (107) also exhibited antifungal activity against all tested
pathogens, but weaker than tridentatol C (110).
Phenylethyl isothiocyanate (126) did not inhibit the growth of A. brassicicola at the tested
concentrations, but was strongly inhibitory against L. maculans and S. sclerotiorum. Nasturlexin
A (106), B (107), tridentatol C (110), and cyclonasturlexin (78) are phytoalexins as they are
antifungal elicited secondary metabolites produced de novo under abiotic stress. Phenylethyl
isothiocyanate (126) is not considered as phytoalexin as it was also present in control leaves
(Pedras and To, 2015).
Table 2-4. Antifungal activity of metabolites isolated from Nasturtium officinale against the plant
fungal pathogens: Alternaria brassicicola, Leptosphaeria maculans, and Sclerotinia sclerotiorum.
Compound
(mM)

A. brassicicolab

Nasturlexin A (106)
0.50
69 ± 5
0.20
44 ± 5
0.10
27 ± 3
Nasturlexin B (107)
0.50
76 ± 5
0.20
43 ± 4
0.10
20 ± 5
Tridentatol C (110)
0.50
100
0.20
86 ± 7
0.10
58 ± 5
Phenylethyl isothiocyanate (126)
0.50
0
0.20
0
0.10
0
Cyclonasturlexin (78)
0.15e
87 ± 2
e
0.10
77 ± 5
0.05e
54 ± 5

% Inhibition ± S.D.a
L. maculansc
S. sclerotiorumd
100
84 ± 3
29 ± 5

100
74 ± 8
54 ± 6

94 ± 0
16 ± 3
9±3

59 ± 8
27 ± 8
13 ± 6

100
48 ± 3
19 ± 3

100
95 ± 3
77 ± 8

68 ± 8
20 ± 0
8±3

100
100
68 ± 8

93 ± 0
79 ± 0
29 ± 0

100
94 ± 5
69 ± 5
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Percentage of inhibition = 100 – [(growth on amended/growth in control) × 100]; values represent
the mean and S.D. of at least two independent experiments conducted in triplicate. Control plates
contained PDA medium and 1% DMSO.
b
Incubated for 70 h under continuous light.
c
Incubated for 130 h under continuous light.
d
Incubated for 20 h in the dark.
e
Lower concentrations were used due to the lower solubility of the compound in PDA medium.
a

2.2.2 Barbarea verna
B. verna is a biennial plant that possesses agronomical advantages such as excellent winter
hardiness and high seed yields (Andersson et al., 1999). This edible plant is considered as a
substitute for N. officinale, which can be used in salads (www.foodforests.eu). Several secondary
metabolites have been reported in the seeds and leaves of B. verna, including gluconasturtiin (123),
glucobrassicin (113) and methoxylated derivatives (Agerbirk et al., 2003). Before this work, the
production of phytoalexins and other elicited metabolites in this crucifer species has not been
reported (Pedras et al., 2015).
2.2.2.1

Time-course analysis, isolation, characterization and quantification of metabolites

B. verna plants were grown in a growth chamber as described in the experimental section (Section
4.2). For elicitation, 4-week-old plants were sprayed with a CuCl2 solution (10 mM) and incubated;
control leaves were sprayed with H2O and incubated similarly. The leaves (ca. 1.5 g fresh weight
per sample) were excised after 1, 3, and 5 days of incubation, frozen in liquid nitrogen, ground and
the resulting leaf materials were extracted as described in the experimental (Section 4.7.2.1). Nonpolar and polar extracts were obtained and analyzed by HPLC-DAD-ESI-MS.
The HPLC-DAD chromatograms of the elicited leaf extracts displayed several metabolites that
were not shown in leaf extracts of control plants (Figure 2-6). Namely, metabolites at tR = 17.2,
21.6, 25.5, 30.8, and 33.0 min were elicited metabolites not present in control leaves, while
metabolites at tR = 6.8, 8.2, and 15.0 min were detected in extracts of both elicited and control
leaves. Among these, metabolites at tR = 6.8 and 8.2 min were identified as tryptophan and
gluconasturtiin (123), respectively, based on HPLC-DAD-ESI-MS libraries of Pedras’ group.
Their identity was further confirmed by comparison of their retention times, UV and ESI-MS data
with those of authentic samples. To isolate the unknown metabolites, a larger scale experiment
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(ca. 80 g of leaves, 3 days post elicitation) was conducted. Multiple fractionation of extracts of
elicited leaves by FCC yielded metabolites at tR = 15.0, 17.2, 21.6, 25.5, and 33.0 min while the
metabolites at tR = 30.8 min was not obtained in sufficient amount for spectroscopic
characterization. The structure elucidation of the isolated metabolites follows.
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Figure 2-6. HPLC-DAD chromatograms of extracts of leaves of Barbarea verna after elicitation
with CuCl2 (method B, detection at 220 nm): (A) 1 day post elicitation; (B) 3 days post elicitation;
(C) 5 days post elicitation; (D) control. Metabolites identified: tR = 6.8 min, gluconasturtiin (123);
tR = 8.2 min, tryptophan; tR = 15.0 min, 3-phenylpropanamide (257); tR = 17.2 min, nasturlexin D
sulfoxide (112); tR = 21.6 min, nasturlexin C sulfoxide (111); tR = 25.5 min: nasturlexin D (109);
tR = 33.0 min, nasturlexin C (108).
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The elicited metabolite at tR = 25.5 min was obtained as a white solid (4 mg) and its MF was
determined to be C10H9NOS2 (seven degrees of unsaturation) by HR-EI-MS, identical to the MF
of tridentatol C (110). The 1H NMR spectral data (500 MHz, CDCl3) indicated the presence of a
meta-substituted phenyl moiety at δ 7.26 (1H, t, J = 8.0 Hz), 7.07 (1H, d, J = 8.0 Hz), 6.99 (1H,
s), 6.80 (1H, d, J = 8.0 Hz), an S-methyl group (δ 2.73, s), and a singlet at δ 7.80 (1H, s), similar
to that observed for the 5-thiazolyl proton of tridentatol C (δ 7.69). The 13C NMR spectrum was
consistent with these structural considerations. Based on these data, the structure of this metabolite
was assigned as 109 (Figure 2-7). The metabolite had not previously been reported and it was
named nasturlexin D (109) (Pedras et al., 2015).
The elicited metabolite at tR = 33.0 min was obtained as a yellowish solid (4 mg) and its MF was
determined to be C10H9NS2 (seven degrees of unsaturation) by HR-EI-MS, containing one oxygen
less relative to nasturlexin D (109). The 1H and

13

C NMR spectral data (CDCl3) supported the

presence of a phenyl moiety, an S-methyl group, and a thiazolyl ring. Based on these data, the
structure of the metabolite at tR = 33.0 min was assigned as 108 (Figure 2-7). The compound had
not been previously reported as a natural product and was named nasturlexin C (108) (Pedras et
al., 2015).
The elicited metabolite at tR = 17.2 min was obtained as a solid (ca. 0.5 mg) and its MF was
determined to be C10H9NO2S2 (seven degrees of unsaturation) by HR-EI-MS, containing an
additional oxygen relative to nasturlexin D (109). The 1H NMR spectral data of this metabolite
(500 MHz, CDCl3) were similar to those of nasturlexin D (109), indicating the presence of a metasubstituted phenyl moiety and a thiazolyl ring. A singlet at δ 3.08 (3H, s), lower field than the Smethyl substituent of nasturlexin D (δ 2.73) suggested that another functional group was present.
Based on theses data, the structure of the metabolite was assigned as 112. Similarly, the elicited
metabolite at tR = 21.6 min was obtained as a solid (ca. 1 mg) and its MF was determined to be
C10H9NOS2, containing an additional oxygen relative to nasturlexin C (108). Based on the
spectroscopic data, the structure of this metabolite was assigned as 111 (Figure 2-7) (Pedras et al.,
2015).
Although the elicited metabolite at tR = 30.8 min was not obtained in sufficient amount for
characterization, its retention time, UV, and ESI-MS data were identical to those of compound
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131, an intermediate in the chemical synthesis of nasturlexin C (Section 2.2.2.2). Hence, the
structure of this metabolite was unambiguously assigned as 131 and the metabolite was named
dihydronasturlexin C (131).

Figure 2-7. Metabolites isolated from elicited leaves of Barbarea verna: nasturlexin C (108),
nasturlexin D (109), nasturlexin C sulfoxide (111), nasturlexin D sulfoxide (112),
dihydronasturlexin C (131).
In addition to the elicited metabolites, constitutive metabolites were also obtained during the
larger-scale isolation (Figure 2-8). The metabolite at tR = 15.1 min was obtained as a solid (2 mg)
and its MF was determined to be C9H11NO (five degrees of unsaturation) by HR-EI-MS. The 1H
NMR spectrum (500 MHz, CDCl3) displayed protons due to a phenyl moiety at δ 7.32–7.22 (5H,
m), two sets of methylene protons at δ 2.98 (2H, dd, J = 8.0, 7.5 Hz) and 2.54 (2H, dd, J = 8.0, 7.5
Hz), and broad singlets at δ 5.54 (1H) and 5.37 (1H). The 13C NMR spectrum showed a signal at
δ 174.7, suggesting an amide functional group. Based on these data, 3-phenylpropanamide (257)
was proposed as the structure of this metabolite. Its spectroscopic data were identical to those of
the synthetic compound (Pedras et al., 2015). The metabolites at tR = 24.0 min (ca. 2.5 mg) and tR
= 33.0 min (ca. 1 mg) were isolated from the mixture and identified as 3-phenylpropanenitrile
(258) and phenylethyl isothiocyanate (126), respectively, by comparison of their spectroscopic
data with authentic samples and reported data (Pedras and To, 2015).
The HPLC-DAD chromatograms of the polar extracts of both elicited and non-elicited leaves
displayed a major metabolite at tR = 11.0 min (method C). The structure of this metabolite was
confirmed as gluconasturtiin (123) by comparison of its retention time, UV, and ESI-MS data with
those of synthetic gluconasturtiin (Section 4.6.3).
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Figure 2-8. Constitutive metabolites isolated from leaves of Barbarea verna: phenylpropanamide
(257), phenylpropanenitrile (258), phenylethyl isothiocyanate (126), gluconasturtiin (123).
The concentrations of each metabolite in elicited leaves of B. verna over a five-day period was
determined by HPLC-DAD using calibration curves built with synthetic samples (Table 2-5). Both
nasturlexin C (108) and D (109) were detected after 1, 3, and 5 days of incubation. Sulfoxides 111
and 112 were not detected after 1 day of incubation and produced at very low concentrations after
3 and 5 days after elicitation. Due to volatility, the detected amounts of phenylethyl isothiocyanate
(126) and 3-phenylpropanenitrile (258) did not represent accurately the amounts present in leaves.
The concentrations of the glucosinolate gluconasturtiin (123) in both elicited and non-elicited
leaves were also measured. The production of the glucosinolate in elicited and non-elicited leaves
did not appear significantly different. Compared to N. officinale, leaves of B. verna produce
gluconasturtiin (123) in much higher concentration (ca. 3-fold).
Table 2-5. Production of metabolites in the elicited leaves of Barbarea verna sprayed with CuCl2
solution.
Metabolites

µmol/ 100g fresh wt. ± S.D.a
3 dpeb
5 dpeb

1 dpeb

Nasturlexin C (108)

55 ± 25

107 ± 35

69 ± 14

Nasturlexin D (109)

36 ± 14

143 ± 32

152 ± 49

Nasturlexin C sulfoxide (111)

NDc

9±4

7±5

Nasturlexin D sulfoxide (112)

NDc

5±1

7±4

3-Phenylpropanamide (257)

NDc

15 ± 1

8±5

Elicited leaves

1296 ± 82

1164 ± 74

846 ± 124

Non-elicited leaves

1100 ± 60

1309 ± 81

1077 ± 78

Gluconasturtiin (123)

a

Values represent the mean and S.D. of three samples.
dpe = days post elicitation.
c
ND = not detected by HPLC-DAD.
b
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2.2.2.2

Synthesis of nasturlexin C (108) and D (109)

Nasturlexin C (108) was synthesized starting from commercially available 2-amino-1phenylethanol (259) (Scheme 2-21). Treatment of 259 with conc. HCl, followed by chlorination
with SOCl2 yielded the ammonium salt 260 (Reuß, 2009). Treatment of 260 with CS2, followed
by CH3I gave the cyclized product dihydronasturlexin C (131). Oxidation of 131 using DDQ
yielded nasturlexin C (108). The spectroscopic data of the synthetic nasturlexin C (108) were
identical to those of the isolated natural product (Pedras et al., 2015).

Scheme 2-21. Synthesis of nasturlexin C (108). Reagents and conditions: a) HCl, i-PrOH, 95%;
b) SOCl2, DMF, CHCl3, 98%; c) CS2, Et3N, CHCl3; d) CH3I, 83% (2 steps); e) DDQ, dioxane,
71%.
Nasturlexin D (109) was synthesized from norphenylephrine hydrochloride (261) using a route
similar to that of nasturlexin C. Chlorination of 261, followed by reaction of the ammonium salt
262 with CS2 and CH3I, yielded compound 132, which was oxidized using DDQ to yield
nasturlexin D (109), identical in all aspects to the isolated natural product.

Scheme 2-22. Synthesis of nasturlexin D (109). Reagents and conditions: a) SOCl2, DMF,
CHCl3; b) CS2, Et3N, CHCl3; c) CH3I, 40% (3 steps); d) DDQ, dioxane, 65%.
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2.2.2.3

Antifungal activities of metabolites

The antifungal activity of nasturlexin C (108), D (109), their sulfoxides 111 and 112 and the
constitutive metabolites 3-phenylpropanenitrile (258) and 3-phenylpropanamide (257) were tested
against three fungal pathogens: A. brassicicola, L. maculans, and S. sclerotiorum. As summarized
in Table 2-6, out of the six compounds tested, nasturlexin D (109) was the most inhibitory,
completely inhibiting mycelial growth of all species at 0.50 mM. Its antifungal activity was quite
close to that of tridentatol C (110), which also caused complete growth inhibition to all species at
0.50 mM. Sulfoxides 111 and 112 were less antifungal than nasturlexin C (108) and D (109). Both
sulfoxides did not show any growth inhibition against S. sclerotiorum. 3-Phenylpropanenitrile
(258) displayed very low antifungal activity, only inhibiting the growth of three species at 0.50
mM, whereas 3-phenylpropanamide (257) did not exhibit any growth inhibition against all
pathogens at the tested concentrations. These results showed that nasturlexin C (108), D (109), and
their sulfoxides 111 and 112 are phytoalexins as they are elicited secondary metabolites produced
under abiotic stress, and exhibit antifungal activity (Pedras et al., 2015).
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Table 2-6. Antifungal activity of metabolites isolated from Barbarea verna against the plant
fungal pathogens: Alternaria brassicicola, Leptosphaeria maculans, and Sclerotinia sclerotiorum.
(Pedras et al., 2015).
Compound
(mM)
Nasturlexin C (108)
0.50
0.20
0.10
Nasturlexin C sulfoxide (111)
0.50
0.25
0.10
Nasturlexin D (109)
0.50
0.20
0.10
Nasturlexin D sulfoxide (112)
0.50
0.25
0.10
3-Phenylpropanenitrile (258)
0.50
0.20
0.10
3-Phenylpropanamide (257)
0.50
0.25
0.10

A. brassicicolab

% Inhibition ± S.D.a
L. maculansc
S. sclerotiorumd

74 ± 4
43 ± 0
14 ± 0

63 ± 3
10 ± 4
0

83 ± 3
44 ± 5
28 ± 5

50 ± 4
33 ± 4
23 ± 0

46 ± 0
31 ± 5
10 ± 4

0
0
0

100
92 ± 3
68 ± 4

100
88 ± 4
23 ± 0

100
63 ± 7
36 ± 5

47 ± 3
38 ± 0
31 ± 0

26 ± 4
15 ± 0
8±0

0
0
0

14 ± 0
0
0

9±3
0
0

12 ± 0
0
0

0
0
0

0
0
0

0
0
0

Percentage of inhibition = 100 – [(growth on amended/growth in control) × 100]; values represent
the mean and S.D. of at least two independent experiments conducted in triplicate. Control plates
contained PDA medium and 1% DMSO.
b
Incubated for 70 h under continuous light.
c
Incubated for 130 h under continuous light.
d
Incubated for 20 h in the dark.
a
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2.2.3 Erucastrum canariense
The wild crucifer E. canariense is mostly found in volcanic rock and soil, rocky places and in the
Canary Island. The plant species is believed to possess agronomic attributes such as genes for
abiotic stress (Bhaskar et al., 2002). Indolyl and aliphatic glucosinolates have been identified from
leaves and roots of E. canariense (Agerbirk et al., 2008), but the production of phytoalexins and
other elicited metabolites in this species has not been investigated until recently (Pedras and To,
2017).
2.2.3.1

Time-course analysis, isolation, characterization and quantification of metabolites

E. canariense plants were grown in a growth chamber as described in the experimental section
(Section 4.2). For elicitation, 3-week-old plants were sprayed with a CuCl2 solution (2 mM) and
incubated; control leaves were sprayed with H2O and incubated similarly. The leaves (ca. 1.0 g
fresh weight per sample) were excised after 2, 8, 24, 72 h of incubation, frozen in liquid nitrogen,
ground and the resulting leaf materials were extracted as described in the experimental (Section
4.7.3.1).
The HPLC-DAD chromatograms of the elicited leaf extracts displayed several metabolites that
were not shown in control leaf extracts (Figure 2-9). The metabolite at tR = 19.6 min was observed
in elicited leaves but not present in control leaves. This metabolite was identified as erucalexin
(86), a previously reported cruciferous phytoalexin from Erucastrum gallicum (Pedras et al.,
2006b), based on HPLC-DAD-ESI-MS libraries of Pedras’ group. The metabolites at tR = 23.3,
26.1 and 28.7 min were detected in both elicited and control leaves. The amounts of metabolites
at 26.1 and 28.7 min produced in elicited leaves were much higher than those in non-elicited
leaves. To isolate these metabolites, a larger scale isolation was performed as described in
experimental. Multiple fractionations of extracts of elicited leaves by FCC yielded these
metabolites identified as follows.
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Figure 2-9. HPLC-DAD chromatograms of extracts of leaves of Erucastrum canariense after
elicitation with CuCl2 (method A, detection at 220 nm): (A) 2 h post elicitation; (B) 8 h post
elicitation; (C) 24 h post elicitation; (D) 72 h post elicitation; (E) control (72 h post spraying with
H2O). Peaks of metabolites identified after isolation: tR = 19.6 min, erucalexin (86); tR = 22.9 min,
arabidopside C (158); tR = 23.3 min, 12-oxophytodienoic acid (OPDA) (143); tR = 26.1 min,
arabidopside D (159); tR = 28.7 min, arabidopside A (156) (Pedras and To, 2017).
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The elicited metabolite at tR = 19.6 min (ca. 0.3 mg) was obtained as a solid and its MS and 1H
NMR spectral data were identical to those of synthetic erucalexin (86) (Pedras et al., 2006b),
confirming the preliminary identification by Pedras’ group HPLC-DAD-ESI-MS libraries.
Another metabolite at tR = 10.4 min was isolated from the larger-scale experiment (ca. 1 mg) and
identified as indole-3-acetonitrile (97) by comparison of its retention time, UV, and 1H NMR
spectrum with those of an authentic sample.

The elicited metabolite at tR = 28.7 min was obtained as a colourless liquid (30 mg). The compound
appeared very non-polar during HPLC-DAD analysis (C18 reverse phase, non-polar method, tR =
28.7 min), but was separated using a quite polar solvent mixture (MeOH-DCM, 1:4). Its MF was
determined to be C43H67O12 ([M + H]+, m/z 775.4697, eleven degrees of unsaturation) by HR-ESIMS. The 1H NMR spectrum (500 MHz, CD3OD) displayed two sets of protons at δ 7.97 (2H, dd,
J = 6.0, 1.5 Hz) and δ 6.21 (2H, dd, J = 6.0, 1.5 Hz), corresponding to two α,β-unsaturated ketones
(likely 2-cyclopenten-1-one). The middle region (δ 4.50 – 3.55) indicated the presence of a sugar
moiety. The upfield region showed two sets of ethyl groups attached to a sp2 carbon. The 13C NMR
spectrum suggested the presence of two ester groups (δ 175.8, 175.4), two cyclic α,β-unsaturated
ketones (δ 214.3, 214.2). Additional 2D NMR experiments (COSY, HMQC, HMBC) supported
the presence of a glycerol and a glycopyranose moiety. At this point, the metabolite was believed
to be a glycerol ester of fatty acids. However, the fatty acid sidechains and the type of carbohydrate
were still undetermined. Using an online database (http://nmrpredict.orc.univie.ac.at), the

13

C

NMR signals were used to search for possible structures. Arabidopside A (156), an oxylipin, was
one of the structures consistent with the spectroscopic data of metabolite at tR = 28.7 min
(Hisamatsu et al., 2003). The reported 1H and

13

C NMR signals were identical to those of the

metabolite at tR = 28.7 min (Table 4-1, Experimental), confirming that the isolated metabolite was
arabidopside A (156) (Pedras and To, 2017).
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Arabidopside A (156) is a monogalactosyldiacylglycerol containing OPDA (143) and dinorOPDA (145) at C-1 and C-2 of glycerol, respectively. The metabolite was first isolated from the
aerial parts of the crucifer A. thaliala (Hisamatsu et al., 2003). The location of OPDA (143) and
dinor-OPDA (145) on the glycerol moiety was confirmed by enzymatic hydrolysis and the
absolute configurations at C-2, 7'', 11'', 9''', 13''' were determined after methanolysis of 156
(Hisamatsu et al., 2003). Chiral GC analysis of the products of methanolysis revealed that the
OPDA (143) was a (10:3) mixture of (7''S, 11''S) and (7''R, 11''R), whereas the dinor-OPDA (145)
was a (10:3) mixture of (9'''S, 13'''S) and (9'''R, 13'''R) (Hisamatsu et al., 2003). In this work, the
optical rotation of arabidopside A (156) was ([α]D +85, c 1.5, MeOH), higher than the previously
reported value ([α]D +56.8, c 0.95, MeOH). The difference in optical rotation was attributed to the
difference in enantiomeric purity between arabidopside A (156) isolated from the two crucifers
(Pedras and To, 2017). Arabidopside A (156) isolated from E. canariense is likely
enantiomerically purer than the compound isolated from A. thaliala (Pedras and To, 2017).
The elicited metabolite at tR = 26.1 min was obtained as a liquid (6 mg) and its MF was determined
to be C51H80O17 ([M + H]+, m/z 965.5571, twelve degrees of unsaturation) by HR-ESI-MS. The
ESI-MS spectrum also displayed an additional fragment at m/z 641.4, corresponding to a loss of
two hexoses from the molecular ion. The NMR spectral data of this metabolite indicated the
presence of two 2-cyclopenten-1-one moieties, a glycerol, two ester groups, two ethyl groups
attached to sp2 carbons, and two glycopyranose moieties. A Scifinder search found arabidopside
D (159), whose spectroscopic data are almost identical to those of the metabolite at tR = 26.1 min
(Hisamatsu et al., 2005) (Table 4-2, Experimental).
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Arabidopside D (159) is a digalactosyldiacylglycerol containing two OPDA units at C-1 and C-2,
and two galactosyl moieties at C-3 of glycerol. The metabolite was also isolated from aerial parts
of A. thaliana (Hisamatsu et al., 2005). Methanolysis and chiral GC analysis indicated that the
OPDA (143) was a (10:3) mixture of (9''''S, 13''''S) and (9''''R, 13''''R), whereas C-2 of glycerol was
racemic (Hisamatsu et al., 2005). Several 13C NMR chemical shifts of arabidopside D (159) from
E. canariense were slightly different (ca. 1 ppm) from those of the metabolite obtained from A.
thaliana, namely, at C-2, 12''', 12'''', 1''', 1'''', 15''', 15'''', 13''', 13'''', 9''', 9'''', 14''', 14''''. Hence,
metabolite at tR = 26.1 min isolated from E. canariense is likely a diastereomer of arabidopside D
(159) isolated from A. thaliana (Pedras and To, 2017).
The metabolite at tR = 22.9 min was obtained in small amount (ca. 2 mg). Its MF was determined
to be C49H77O17 ([M + H]+, m/z 937.5286, twelve degrees of unsaturation) by HR-ESI-MS.
Additional fragments at m/z 775.4749 (equal to the MF of 156) and 613.4133 suggested the loss
of one and two hexose moieties, respectively. Due to the small amount, only the 1H NMR data was
obtained but the information was insufficient to propose a structure. A Scifinder search found
arabidopside C (158), a digalactosyldiacylglycerol isolated from A. thaliana, that has an identical
MF (Hisamatsu et al., 2005). At this point, the structure of the metabolite at tR = 22.9 min was
proposed as arabidopside C (158) (Pedras and To, 2017).
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The metabolite at tR = 23.3 min was obtained also in a small amount (ca. 2 mg). Its MF was
determined to be C18H29O3 ([M + H]+, m/z 293.2095, five degrees of unsaturation) by HR-ESIMS. The 1H NMR spectral data suggested the presence of a cyclopentenone moiety, but the
glycerol and carbohydrate moieties were not present. OPDA (143) was proposed as the structure
of this metabolite and the 1H NMR data of the OPDA (143) isolated from E. canariense was
identical to that of the synthetic compound (Nonaka et al., 2010).

Previously, two metabolites present in control and CuCl2-elicited leaf extracts of N. officinale at
tR = 26.8 and 29.5 min (HPLC-DAD, method A) could not be isolated for structural
characterization (Section 2.2.1.1). HPLC-DAD-ESI-MS analysis of these leaf extracts indicated
that the retention time, UV, and ESI-MS data of the two metabolites were identical to those of
arabidopside D (159) and A (156) isolated from E. canariense. Therefore, the two metabolites at
tR = 26.8 and 29.5 min in the HPLC-DAD chromatograms of N. officinale leaf extracts were
assigned as arabidopsides D (159) and A (156), respectively (Pedras and To, 2017).
Since arabidopsides have been reported to accumulate in response to physical wounding
(Kourtchenko et al., 2007), the production of the phytoalexin erucalexin (86) and arabidopsides in
E. canariense under abiotic stress (CuCl2) and wounding was investigated. Due to low
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concentrations, only erucalexin (86) and arabidopside A (156) were quantifiable. The calibration
curve of erucalexin (86) was built using a synthetic sample, whereas the calibration curve of
arabidopside A (156) was built using the isolated natural product. As shown in Table 2-7,
erucalexin (86) was detected in CuCl2-elicited leaves after 24 h and 72 h of incubation, but not in
wounded leaves. Arabidopside A (156) was produced very early in both CuCl2-elicited and
wounded leaves and its concentrations appeared to be lower after 24 h of incubation. The
metabolite was also detected in control leaves, but at much lower concentrations.
Table 2-7. Quantification of erucalexin (86) and arabidopside A (156) in leaves of Erucastrum
canariense after elicitation with CuCl2 and wounding (Pedras and To, 2017).
Metabolites

Concentration (nmol/g fresh weight)a
2h

8h

24 h

72 h

Erucalexin (86)

0

0

13 ± 11b

31 ± 13b

Arabidopside A (156)

62 ± 25e

119 ± 75d

206 ± 59d

73 ± 25d

156 ± 28c

72 ± 43d

100 ± 55d

96 ± 20d

3 ± 1f

0

3 ± 1f

32 ± 26f

CuCl2-elicited leaves

Wounded leaves
Arabidopside A (156)
Control leaves
Arabidopside A (156)
a

Values are mean ± S.D. of three replicates (n = 3).
Data were analyzed with one-way ANOVA; differences among treatments were analyzed with a
Tukey HSD test. Significant differences refer to a P value of <0.05.
Different letters (b-f) represent significant differences at indicated time point
2.2.3.2

Antifungal activities of metabolites

The antifungal activities of arabidopside A (156) and the phytoalexin erucalexin (86) were tested
against three fungal pathogens: A. brassicicola, L. maculans, and S. sclerotiorum. Two
phytoalexins produced in E. gallicum, 1-methoxyspirobrassinin (83) and caulilexin C (98) were
used as positive controls. As shown in Table 2-8, arabidopside A (156) displayed the lowest
inhibitory activity against all species compared to the three phytoalexins, whereas erucalexin (86)
exhibited highest growth inhibition among the tested compounds.
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Table 2-8. Antifungal activity of metabolites isolated from Erucastrum canariense against the
plant fungal pathogens: Alternaria brassicicola, Leptosphaeria maculans, and Sclerotinia
sclerotiorum (Pedras and To, 2017).
Compound
(mM)
Erucalexin (86)
0.50
0.25
0.10
1-Methoxyspirobrassinin (83)
0.50
0.25
0.10
Caulilexin C (98)
0.50
0.25
0.10
Arabidopside A (156)
0.50
0.25
0.10

A. brassicicolab

% Inhibition ± S.D.a
L. maculansc
S. sclerotiorumd

71 ± 3
49 ± 5
27 ± 3

58 ± 7
39 ± 0
12 ± 6

97 ± 6
69 ± 3
57 ± 4

36 ± 3
17 ± 3
0

44 ± 5
18 ± 5
9±4

77 ± 6
61 ± 5
26 ± 5

30 ± 5
13 ± 4
5±3

35 ± 5
17 ± 5
0

79 ± 5
60 ± 4
40 ± 6

31 ± 4
21 ± 3
7±5

41 ± 6
31 ± 3
20 ± 8

33 ± 6
28 ± 7
26 ± 8

Percentage of inhibition = 100 – [(growth on amended/growth in control) × 100]; values represent
the mean and S.D. of at least two independent experiments conducted in triplicate. Control plates
contained PDA medium and 1% DMSO.
b
Incubated for 70 h under continuous light.
c
Incubated for 130 h under continuous light.
d
Incubated for 20 h in the dark.
a

2.2.4 Isatis indigotica
I. indigotica is a biennial crucifer widely cultivated in China and used in Chinese traditional
medicine for the treatment of various diseases (Yang et al., 2014). A number of alkaloids with
various biological activities have been isolated from the roots and leaves of I. indigotica (Chen et
al., 2012; Mohn et al., 2009). However, the production of phytoalexins and other elicited
metabolites in this species has not been investigated to date.
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2.2.4.1

Time-course analysis, isolation, characterization and quantification of metabolites

Isatis indigotica plants were grown in a growth chamber as described in the experimental section.
For elicitation, 3-week-old plants were sprayed with CuCl2 solution (10 mM) and incubated in a
chamber. Control leaves were sprayed with H2O. The leaves (ca. 0.80 g fresh weight per sample)
were excised after 1, 3, and 5 days of incubation, frozen in liquid nitrogen, ground and the resulting
leaf materials were extracted as described in the experimental (Section 4.7.4.1).
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Figure 2-10. HPLC-DAD chromatograms of extracts of leaves of Isatis indigotica after elicitation
with CuCl2 (method A, detection at 220 nm): (A) 1 day post elicitation; (B) 3 days post elicitation;
(C) 5 days post elicitation; (D) control. Metabolites identified: tR = 15.4 min, tryptanthrin (263); tR
= 20.7 min, indirubin (264).
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The HPLC-DAD chromatograms of the elicited leaf extracts 1, 3, 5 days after elicitation displayed
two metabolites at tR = 15.4 and 20.7 min (HPLC-DAD method A) that were not observed in
control leaves (Figure 2-10). To isolate these metabolites, a larger scale isolation (ca. 100 g of
elicited leaves, 3 days post elicitation) was carried out as described in the experimental. Multiple
fractionations of extracts of elicited leaves by FCC yielded the elicited metabolite at tR = 15.4 and
20.7 min, as well as constitutive metabolites. The structure elucidation of the isolated metabolites
follows.
The elicited metabolite at tR = 15.4 min was obtained as a solid (14 mg) and its MF was determined
to be C15H8N2O2 (thirteen degrees of unsaturation) by HR-EI-MS (m/z [M]+ 248.0581). The 1H
NMR spectrum (500 MHz, CDCl3) displayed eight aromatic protons at δ 8.60 – δ 7.41, whereas
the 13C NMR data showed two low field signals at δ 182.7, 158.3 and twelve aromatic carbons. A
literature search using this MF found tryptanthrin (263) whose reported spectroscopic data were
identical to those of this metabolite (Li et al., 2016). Therefore, tryptanthrin (263) was assigned as
the structure of the metabolite at tR = 15.4 min (Figure 2-11).
The elicited metabolite at tR = 20.7 min was obtained as a dark solid (ca. 1 mg) and its MF was
determined to be C16H10N2O2 (thirteen degrees of unsaturation) by HR-ESI-MS (m/z [M+H]+
263.0828). The 1H NMR spectrum (500 MHz, DMSO-d6) showed two broad singlets at δ 11.0 and
10.9 and eight aromatic protons at δ 8.76 (1H, d, J = 8.0 Hz), 7.65 (1H, d, J = 7.5 Hz), 7.58 (1H,
t, J = 8.5 Hz), 7.42 (1H, d, J = 8.5 Hz), 7.25 (1H, t, J = 7.02 (2H, t, J = 7.5 Hz), 6.90 (1H, d, J =
7.5 Hz). The MF and 1H NMR spectral data suggested that the compound contains two indolyl
moieties. A solution of this compound in DCM was pink. A literature search found indirubin (264),
a dye found in the roots and leaves of I. indigotica, that have 1H NMR spectral data identical to
metabolite at tR = 20.7 min (Adachi et al., 2001). In addition, the UV-Vis spectrum of indirubin
(264) (max = 238, 290, 363, 543 nm) are also identical to that of the metabolite at tR = 20.7 min
(max = 240, 290, 360, 540 nm). Therefore, the structure of the metabolite at tR = 20.7 min was
assigned as indirubin (264) (Figure 2-11).
The metabolite at tR = 2.1 min was isolated (12 mg) during fractionation and its structure was
assigned as N-formylanthranilic acid (265) by comparing its spectroscopic data with those of a
synthetic sample. HPLC-DAD analysis of the non-polar extracts (method B) indicated that N88

formyl anthranilic acid (265) was induced under CuCl2 stress. Isatin (266) (tR = 3.8 min) was also
isolated from the leaf extract (3 mg) and its structure was confirmed by comparison of its
spectroscopic data with those of an authentic sample (Figure 2-11).

Figure 2-11. Metabolites isolated from elicited leaves of Isatis indigotica: tryptanthrin (263),
indirubin (264), N-formylanthranilic acid (265), isatin (266).
The concentrations of the two induced metabolites tryptanthrin (263) and N-formylanthranilic acid
(265) in elicited leaves of I. indigotica over a five-day period after elicitation with CuCl2 were
determined by HPLC-DAD using calibration curves built with synthetic samples (Table 2-9). Both
tryptanthrin (263) and N-formylanthranilic acid (265) were produced in larger amounts after 3
days of incubation. Due to the low peak area, isatin (266) was not quantified.
Table 2-9. Production of isolated metabolites in the elicited leaves of Isatis indigotica sprayed
with CuCl2 solution up to 5 days post elicitation.
Metabolites

a
b

µmol/ 100g fresh wt. ± S.D.a
3 dpe
5 dpe

1 dpeb

Tryptanthrin (263)

12 ± 11

32 ± 14

33 ± 15

N-Formylanthranilic acid (265)

32 ± 13

201 ± 74

165 ± 71

Values represent the mean and S.D. of three samples
dpe = days post elicitation

2.2.4.2

Antifungal activities of metabolites

The antifungal activity of tryptanthrin (263) and N-formylanthranilic acid (265) were tested against
three fungal pathogens: A. brassicicola, L. maculans, and S. sclerotiorum. As summarized in Table
2-10, N-formylanthranilic acid (265) exhibited very low inhibitory activity, while tryptanthrin
(263) was strongly antifungal against L. maculans, causing complete growth inhibition at 0.10
mM. The metabolite, however, showed very low inhibitory activity against S. sclerotiorum (only
12% inhibition at 0.50 mM). Tryptanthrin (263) has been reported to possess various biological
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activities, including antibacterial, antifungal, and antiprotozoal activities (Jahng, 2013). Given its
antifungal activity and absence in control leaves, tryptanthrin (263) is considered a phytoalexin in
this species.
Table 2-10. Antifungal activity of metabolites isolated from Isatis indigotica against the plant
fungal pathogens: Alternaria brassicicola, Leptosphaeria maculans, and Sclerotinia sclerotiorum.
Compound
(mM)

A. brassicicolab

Tryptanthrin (263)
0.50
31 ± 3
0.20
22 ± 3
0.10
20 ± 0
N-Formylanthranilic acid (265)
0.50
17 ± 4
0.20
11 ± 3
0.10
0

% Inhibition ± S.D.a
L. maculansc
S. sclerotiorumd
100
100
100

12 ± 5
0
0

6±3
0
0

0
0
0

Percentage of inhibition = 100 – [(growth on amended/growth in control) × 100]; values represent
the mean and S.D. of at least two independent experiments conducted in triplicate. Control plates
contained PDA medium and 1% DMSO.
b
Incubated for 70 h under continuous light.
c
Incubated for 130 h under continuous light.
d
Incubated for 20 h in the dark.
a

2.2.5 Discussion and conclusion
Abiotic elicitation of leaves of N. officinale, B. verna, E. canariense, I. indigotica led to the
production of several elicited metabolites. These metabolites were isolated from larger-scale
experiments and their structures were characterized. In addition, constitutive metabolites present
in leaf extracts were also isolated. The structures of all characterized metabolites in the four species
are shown in Figure 2-12.
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Figure 2-12. Phytoalexins (enclosed in gray boxes) and other secondary metabolites isolated
from cruciferous species.
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Elicited leaves of N. officinale produced four new phytoalexins, nasturlexin A (106), B (107),
tridentatol C (110), cyclonasturlexin (78), and the known phytoalexin brassinin (59) (Figure 2-12).
While brassinin (59) has been reported to be biosynthesized from (S)-Trp via glucobrassicin (113)
(Pedras et al., 2011), nasturlexins 106, 107, and 110 are likely derived from (S)-phenylalanine via
gluconasturtiin (123) (Pedras and To, 2015). To date, this is the first cruciferous species identified
having two parallel biosynthetic pathways for phytoalexins (Pedras and To, 2015). Interestingly,
tridentatol C (110), which exhibits strong antifungal activity against plant pathogens, was
previously isolated from the marine animal T. marginata (Lindquist, 2002; Lindquist et al., 1996),
where it also acted as chemical defense by deterring hydroid predators. The biosynthetic origin of
tridentatol C (110) and related metabolites in T. marginata was proposed to be (L)-tyrosine (Reuß,
2009), but not via a glucosinolate since marine organisms do not appear to produce glucosinolates
as discussed in Section 2.3.5 (Pedras and To, 2015). Among the phytoalexins isolated from N.
officinale, cyclonasturlexin (78) stands out as the most antifungal alkaloid. The metabolite could
potentially be a lead structure to develop additional compounds with significant antifungal
activities (Pedras and To, 2016).
Four new non-indolyl phytoalexins, including nasturlexin C (108), D (109), and their sulfoxides
111 and 112 were discovered in elicited leaves of B. verna (Figure 2-12), increasing the total
number of the nasturlexins to seven. Prior to this work, 46 cruciferous phytoalexins have been
isolated from more than 30 cruciferous species, with all biosynthetically derived from (S)-Trp
(Pedras et al., 2011). It is very likely that cruciferous species related to N. officinale and B. verna
might produce a wider range of phytoalexins with different ranges of antimicrobial activities
(Pedras and To, 2015).
Although nasturlexins A-D (106 – 109), tridentatol C (110), sulfoxides 111 and 112 were isolated
from cruciferous species for the first time, this class of secondary metabolites was known.
Tridentatols A – H (270, 273, 110, 268, 272, 275, 269, and 277) were isolated from the marine
hydroid T. marginata where they acted as chemical defense against predators (Lindquist, 2002;
Lindquist et al., 1996), whereas the corresponding O-methyl tridentatol A – C (271, 274, and 276)
and coriandrin (267) were identified in the liverwort Corsinia coriandrina (Figure 2-13) (Reuß,
2009; von Reuß and König, 2005). Interestingly, all the nasturlexins isolated from the crucifers
contain a saturated sidechain, whereas the corresponding metabolites from T. marginata and C.
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coriandrina are unsaturated. Isotope labelling experiments indicated that coriandrin (267) is
biosynthesized from tyrosine via a decarboxylative dehydrogenation (Reuß, 2009). The origin of
the isothiocyanate carbon of 267, however, has remained unknown.

Figure 2-13. Secondary metabolites isolated from the marine hydroid Tridentata marginata and
the liverwort Corsinia coriandrina. Coriandrin (267), tridentatol D (268), tridentatol G (269),
tridentatol A (270), O-methyl tridentatol A (271), tridentatol E (272), tridentatol B (273), O-methyl
tridentatol B (274), tridentatol F (275), tridentatol C (110), O-methyl tridentatol C (276),
tridentatol H (277).
Elicitation of leaves of E. canariense by CuCl2 led to the production of two groups of induced
metabolites, the phytoalexin erucalexin (86) and constitutive metabolites arabidopsides 156 and
169 (Figure 2-12). This is the first time that arabidopsides have been isolated from an Erucastrum
species (Pedras and To, 2017). Previously, erucalexin (86) was isolated from elicited leaves of E.
gallicum (Pedras et al., 2006b), but arabidopsides were not detected . The accumulation of these
metabolites in CuCl2-elicited and wounded leaves of E. canariense was investigated. While the
phytoalexin erucalexin (86) was only produced under CuCl2 elicitation, arabidopsides were
produced under both CuCl2 elicitation and wounding. Furthermore, erucalexin (86) displayed
much higher antifungal activity compared to arabidopside A (156) against all the tested fungal
pathogens. These results suggested that the two groups of metabolites have different roles in plant
defense response. Phytoalexins are produced de novo as a plant defense against stress (Pedras et
al., 2011), whereas arabidopsides are considered precursors of signalling and stress response
metabolites (Pedras and To, 2017). Arabidopsides were previously found in Arabidopsis species
and near relatives of the family Brassicaceae (Böttcher and Pollmann, 2009). Given that E.
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canariense is relatively distant from those species, arabidopsides are likely produced in much
broader range of cruciferous species (Pedras and To, 2017).
Three induced metabolites were isolated from CuCl2-elicited leaves of I. indigotica. Tryptanthrin
(263), an alkaloid isolated from various natural sources with numerous biological activities (Jahng,
2013), was identified as a phytoalexin. N-Formylanthranilic acid (265), an induced metabolite,
was also obtained from the elicited leaf extract (Figure 2-12). Although tryptanthrin (263) was
previously proposed to be biosynthesized from tryptophan and anthranilic acid in the yeast
Candida lipolytica (Fiedler et al., 1976), it remains unclear whether the formation of tryptanthrin
(263) in the crucifer I. indigotica follows the same pathway. The presence of 265 as an induced
metabolite suggests a potential role for this compound in the biosynthesis of tryptanthrin (263).
2.3

Investigation of the biosynthesis of new phytoalexins

Nasturlexins A – D (106 – 109), tridentatol C (110), sulfoxides 111 and 112 represent the first
group of cruciferous phytoalexins not biosynthetically derived from (S)-Trp (Pedras and To, 2015)
(Figure 2-14). Biosynthetic investigation of these recently isolated nasturlexins is necessary
groundwork to isolate the corresponding biosynthetic enzymes and genes produced in these plant
species.

Figure 2-14. Cruciferous phytoalexins (78, 106 – 112) selected for biosynthetic studies.
This section describes the biosynthetic investigation of new phytoalexins in the crucifers N.
officinale and B. verna using stable isotope labelling experiments. This work involves a retro
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biosynthetic analysis that leads to the proposal of the biosynthetic precursors of each phytoalexin,
followed by synthesis of putative labelled precursors and administration of each labelled
compound to the corresponding plant species. Stable isotopes such as 2H (D), 13C, 15N, are used
due to the availability of highly sensitive and reliable analytical instruments to determine their
incorporations (Rinkel and Dickschat, 2015). Upon careful interpretation of incorporation patterns
using HPLC-ESI-MS, biosynthetic intermediates and precursors of phytoalexins can be
uncovered.
2.3.1 Retro biosynthetic analysis and proposed intermediates
The biosynthesis of brassinin (59) from (S)-Trp has been studied in different plant species (Pedras
et al., 2011), but the pathway to cyclonasturlexin (78) is unknown. However, biosynthetic
considerations based on current knowledge of cruciferous phytoalexins suggest that
cyclonasturlexin (78) is derived from (S)-Trp via the phytoalexin brassinin (59) (Scheme 2-23).
Hence, to investigate the biosynthesis of cyclonasturlexin (78), (S)-[13C11,15N2]Trp (314a) and
[D3CS, 4,5,6,7- D4]brassinin (59a) were used (Table 2-27).

Scheme 2-23. Proposed precursors of cyclonasturlexin (78).
The biosynthetic routes and intermediates of the nasturlexins in N. officinale and B. verna have
been proposed as shown in Scheme 2-24 (Pedras et al., 2015; Pedras and To, 2018, 2015). The
biosynthetic pathway from phenylethyl glucosinolates 123 – 125 to nasturlexin A (106) and its
hydroxylated derivatives 129, 130 is likely analogous to that from glucobrassicin (113) to brassinin
(59). It involves functional group transformation of each glucosinolate to a dithiocarbamate via an
isothiocyanate (Pedras et al., 2011). The pathway from dithiocarbamates 106, 129 and 130 to the
corresponding phytoalexins nasturlexin C (108), D (109), and tridentatol C (110) has not been
determined. To establish the intermediates and precursors of the pathway to nasturlexins, different
labelled intermediates were synthesized (Table 2-27).
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Scheme 2-24. Proposed intermediates of nasturlexins 106 – 112 in Nasturtium officinale and
Barbarea verna.
The formation of dihydronasturlexin C (131) and nasturlexin C (108) from nasturlexin A (106)
may involve additional intermediates, as shown in Scheme 2-25. Previously, tridentatol D, a 4methoxylated derivative of dithiocarbamate 279 isolated from the marine hydroid T. marginata
(Lindquist, 2002) was proposed as the biosynthetic precursor of tridentatol C (110) (Sugumaran
and Robinson, 2010). Biosynthetic considerations suggest that nasturlexin A (106) can undergo
either an enzymatic hydroxylation or desaturation, forming dithiocarbamates 278 or 279,
respectively. Intramolecular cyclization of intermediates 278 or 279 could generate
dihydronasturlexin C (131) and nasturlexin C (108).

Scheme 2-25. Proposed intermediates between nasturlexin A (106) and dihydronasturlexin C
(131).
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2.3.2 Syntheses of stable isotope-labelled precursors
Stable isotope-labelled derivatives of the proposed intermediates and precursors and other related
metabolites were synthesized as described in the following section. All labelled compounds were
prepared from simple, inexpensive, and commercially available labelled starting materials, or by
deuterium/hydrogen exchange reactions of non-labelled compounds (Table 2-27). All synthetic
routes were optimized using non-labelled starting materials before applying to the labelled
substrates. Deuterium content of each labelled compound was determined by 1H NMR
spectroscopy and HR-ESI-MS, or HR-FD-MS. To distinguish, labelled compounds are referred to
by a number followed by a letter a, a' or b (Pedras and To, 2018).
[D3CS 4,5,6,7-D4]brassinin (59a) was synthesized from the readily available oxime 280a
following a previously reported procedure (Pedras and Okinyo, 2006b). Compound 280a was
reduced to the corresponding amine 281a, which was treated with CS2, followed by CD3I to yield
59a. The use of CD3I would allow the detection of incorporation of the S-methyl group into
metabolic products.

Scheme 2-26. Synthesis of [D3CS, 4,5,6,7-D4]brassinin (59a). Reagents and conditions: a) NaBH4,
NiCl26H2O, MeOH, 92%; b) CS2, Et3N, py; c) CD3I, 56%.
[2,3,4,5,6-D5]Gluconasturtiin

(123a)

was

previously

synthesized

from

[2,3,4,5,6-

D5]bromobenzene (282a) in 7 steps with an overall yield of 10% (Morrison and Botting, 2005). In
this work, glucosinolate 123a was prepared following the same route with some modifications and
the overall yield was improved to 55% (Scheme 2-27). Namely, thiohydroximate 286a was
sulfonated using pyridine sulfur trioxide (PySO3) (Zhang et al., 2009), improving the yield of this
step from 20% up to 88%. In the last step, deacetylation was carried out using K2CO3/MeOH
(Pedras et al., 2016), yielding glucosinolate 123a quantitatively.
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Scheme 2-27. Synthesis of [2,3,4,5,6-D5]gluconasturtiin (123a). Reagents and conditions: a) Mg,
Et2O; b) acrolein diethyl acetal, CuBr, THF, 75% (over 2 steps); c) HCl, H2O, acetone, 95%; d)
NH2OHHCl, Na2CO3, MeOH, H2O, 100%; e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate,
Et3N, DCM, 81% (over 2 steps); g) PySO3, DCM, 88%; h) K2CO3, MeOH, quantitative.
[2,4,6-D3,15N]-3-Hydroxyphenylethyl glucosinolate (124a) was synthesized from 3-(3hydroxy)phenylpropanoic acid (288) with an overall yield of 21% (Scheme 2-28). To prepare
glucosinolate 124a, a deuterated starting material containing a 3-hydroxyphenyl moiety was
required. However, no suitable deuterated precursors were available from commercial sources. A
deuterium/proton (D/H) exchange reaction, therefore, was an alternative to achieve highly
deuterated glucosinolate 124a (Atzrodt et al., 2007). In the first attempt, carboxylic acid 288 was
treated with DCl/D2O at 80 – 100 ºC, yielding the corresponding deuterated compound 288a with
high deuterium content at ortho and para positions to the hydroxyl group of the phenyl ring (≥
90%). However, undesired D/H exchange also occurred on the sidechain methylene groups. After
optimization of reaction conditions, an one-pot D/H exchange and esterification of compound 288
using D2SO4/CD3OD at 60 ºC was achieved (Pedras and To, 2018). Ester 289a was obtained in
excellent yield (99%), with selective deuteration at C2, C4, and C6 of the phenyl ring (≥ 92% D
at each position). Next, ester 289a was reduced by diisobutylaluminum hydride (DIBAL) to the
corresponding aldehyde (74% yield), which was then acetylated to yield aldehyde 290a. Oxime
291a was obtained by treatment of aldehyde 290a with 15NH2OHHCl and NaOAc. The use of 15N
would confirm the incorporation of nitrogen atom into target metabolites and facilitate the
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detection of [M + 4]+/- fragments in HPLC-ESI-MS analysis. One-pot chlorination and
glucosylation of oxime 291a afforded thiohydroximate 292a. Sulfation of 292a using PySO3,
followed by quantitative deacetylation of 293a yielded [2,4,6-D3,15N]-3-hydroxyphenylethyl
glucosinolate (124a) (Pedras and To, 2018). ESI-MS analysis and 1H NMR integration of 124a
indicated high deuterium percentage (≥92% D) at C2, C4, and C6 of the glucosinolate. The
isolation and syntheses of 3-hydroxyphenylethyl glucosinolate (124) and deuterated derivatives
have not been reported to date.

Scheme 2-28. Synthesis of glucosinolate 124a. Reagents and conditions: a) D2SO4, CD3OD, 60
ºC, 99%; b) DIBAL, DCM, 74%; c) AcCl, Et3N, DCM, 94%; d) 15NH2OHHCl, NaOAc, EtOH,
H2O, 92%; e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate, Et3N, DCM, 59% (2 steps); g)
PySO3, DCM, 57%; h) K2CO3, MeOH, quantitative (Pedras and To, 2018).
(E)-[2,3,4,5,6,7,8-D7]Styryl glucosinolate (298a) was synthesized from commercially available
[2,3,4,5,6,7,8-D7]-(E)-cinnamic acid (179a) in an overall yield of 33% (Scheme 2-29). One-pot
reduction and oxidation of 179a using lithium aluminum hydride (LiAlH4) and pyridinium
chlorochromate (PCC) afforded aldehyde 294a (Cha et al., 1999), which was converted to the
corresponding oxime 295a by treatment with NH2OHHCl and NaOAc. Chlorination of oxime
295a with NCS, followed by reaction of the corresponding hydroximoyl chloride with 1-β-Dthioglucose tetraacetate yielded thiohydroximate 296a in excellent yield (91%). Sulfation of 296a
using PySO3, followed by deacetylation of 297a with K2CO3/MeOH yielded glucosinolate 298a
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(Pedras and To, 2018). The synthesis of (E)-styryl glucosinolate (298) was previously reported
(Vo et al., 2013), but the corresponding deuterated compound 298a has not been prepared.

Scheme 2-29. Synthesis of (E)-[2,3,4,5,6,7,8-D7]styryl glucosinolate (298a). Reagents and
conditions: a) LiAlH4, THF; b) PCC, DCM, 41% (over 2 steps); c) NH2OHHCl, NaOAc, EtOH,
H2O, 100%; d) NCS, py, DCM; e) 1-β-D-thioglucose tetraacetate, Et3N, DCM, 91% (over 2 steps);
f) PySO3, DCM, 89%; g) K2CO3, MeOH, quantitative.
[2,3,4,5,6-D5]nasturlexin A (106a) and [2,3,4,5,6-D5]phenylethyl isothiocyanate (126a) were
synthesized from commercially available [2,3,4,5,6-D5]phenylalanine (122a) in overall yields of
70% and 68%, respectively (Scheme 2-30). Initially, trichloroisocyanuric acid (TCICA) oxidation
of amino acid 122a in MeOH in the presence of pyridine afforded [2,3,4,5,6-D5]phenylacetonitrile
(299a) (Hiegel et al., 2004). Reduction of nitrile 299a using a combination of NaBH4 and ZrCl4
gave amine 241a, which served as the direct starting material for the synthesis of dithiocarbamate
106a and isothiocyanate 126a (Itsuno et al., 1988). Treatment of amine 241a with CS2, followed
by addition of CH3I afforded [2,3,4,5,6-D5]nasturlexin A (106a) in 72% (from nitrile 299a).
Previously, the synthesis of nasturlexin A (106) was reported (Pedras and To, 2015), but 106a has
not been prepared. Reaction of 241a with thiophosgene in the presence of Na2CO3 yielded
[2,3,4,5,6-D5]phenylethyl isothiocyanate (126a) in 70% (from nitrile 299a) (Pedras and To, 2018).
Isothiocyanate 126a was previously synthesized from [2,3,4,5,6-D5]bromobenzene (282a) in six
steps with an overall yield of 62% (Morrison and Botting, 2005).
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Scheme 2-30. Synthesis of dithiocarbamate 106a and isothiocyanate 126a. Reagents and
conditions: a) TCICA, py, MeOH, 97%; b) NaBH4, ZrCl4, THF; c) CS2, Et3N, py; d) CH3I, 72%
(from nitrile 299a); e) CSCl2, Na2CO3, H2O, DCM, 70% (from nitrile 299a) (Pedras and To, 2018).
Methyl [2,3,5,6]-4-hydrophenylethyl dithiocarbamate (130a) and [2,3,5,6]-4-hydrophenylethyl
isothiocyanate (128a) were synthesized from commercially available [2,3,4,5,6-D5]nitrobenzene
(300a) in overall yields of 27% (Scheme 2-31). Vicarious nucleophilic substitution of [2,3,4,5,6D5]nitrobenzene

(300a)

with

(phenylthio)acetonitrile

afforded

[2,3,5,6-D4]-4-

nitrophenylacetonitrile (301a) in 66% yield (Makosza and Winiarski, 1980). Compound 301a was
hydrogenated to the corresponding amine 302a (92% yield) using Pd/C. Diazotization of amine
302a, followed by hydrolysis of the diazonium salt with copper catalysts afforded [2,3,5,6-D4]-4hydroxyphenylacetonitrile (303a) in 70% yield (Boers et al., 2002). Nitrile 303a was reduced by
a combination of NaBH4 and ZrCl4 to [2,3,5,6-D4]tyramine (304a) (Itsuno et al., 1988), which
served as the direct starting material for the preparation dithiocarbamate 130a and isothiocyanate
128a. Treatment of amine 304a with CS2, followed by addition of CH3I afforded methyl [2,3,5,6D4]-4-hydroxyphenylethyl dithiocarbamate (130a) (63% yield from 303a). The synthesis of
dithiocarbamate 130 was previously reported (Ashton et al., 1992), but its labelled derivative 130a
has not been synthesized. On the other hand, reaction of amine 304a with thiophosgene gave
isothiocyanate 128a in a low yield (26%), which was attributed to the presence of the phenolic
hydroxyl group. Using another method (Kim et al., 2015), amine 304a was first reacted with CS2,
followed by (t-Boc)2O to afford [2,3,5,6-D4]-4-hydroxyphenylethyl isothiocyanate (128a) in good
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yield (63% from 303a) (Pedras and To, 2018). The synthesis of isothiocyanate 128 was previously
reported (Kim et al., 2015), but its labelled derivative 128a has not been prepared.

Scheme 2-31. Synthesis of dithiocarbamate 130a and isothiocyanate 128a. Reagents and
conditions: a) PhSCH2CN, NaOH, DMSO, 66%; b) Pd/C, H2, AcOH, MeOH, 92%; c) NaNO2,
H2SO4; d) CuSO4.5H2O, Cu2O, H2O, 70%; e) ZrCl4, NaBH4, THF; f) CS2, Et3N, py; g) CH3I, 63%
(from nitrile 303a); h) CS2, Et3N, EtOH; i) (t-Boc)2O, DMAP, 63% (from 303a) (Pedras and To,
2018).
[D3CS]Methyl [2,4,6-D3,15N]-3-hydroxyphenylethyl dithiocarbamate (129a) and [2,4,6-D3,15N]3-hydroxyphenylethyl isothiocyanate (127a) were synthesized from 3-hydroxyphenylethanoic
acid (305) in overall yields of 28% and 19%, respectively (Scheme 2-32). Like the synthesis of
glucosinolate 124a, no suitable deuterated starting materials containing 3-hydroxyphenyl moiety
were commercially available. Using the same reaction condition for the H/D exchange and
esterification of 288, carboxylic acid 305 was converted to ester 306a in excellent yield (94%),
with high deuterium content at C2, C4 and C6 of the phenyl ring (≥ 92% D). DIBAL reduction of
ester 306a, followed by treatment of aldehyde 307a with 15NH2OHHCl and NaOAc yielded oxime
308a. The use of 15N would facilitate the detection of [M + 4]+/- fragments of target metabolites
and confirm the incorporation of the nitrogen atom. Next, oxime 308a was reduced by a
combination of NaBH4 and NiCl2.6H2O to the corresponding amine 309a, which served as the
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direct starting material for the preparation of dithiocarbamate 129a and isothiocyanate 127a.
Reaction of amine 309a with CS2, followed by CD3I yielded dithiocarbamate 129a in 82% yield.
The use of CD3I would confirm the incorporation of the S-methyl group into target metabolites.
Both dithiocarbamate 129 and its deuterated derivative 129a have not been synthesized to date.
Treatment of amine 309a with CS2, followed by reaction with (t-Boc)2O afforded isothiocyanate
127a in 55% yield (Pedras and To, 2018). The synthesis of isothiocyanate 127 was previously
reported (Spencer et al., 2015), but the corresponding labelled compound 127a has not been
synthesized.

Scheme 2-32. Synthesis of dithiocarbamate 129a and isothiocyanate 127a. Reagents and
conditions: a) D2SO4, CD3OD, 60 ºC, 94%; b) DIBAL, DCM, 62%; c) 15NH2OHHCl, NaOAc,
EtOH/H2O, 93%; d) NaBH4, NiCl2.6H2O, MeOH, 63%; e) CS2, Et3N, py; f) CD3I, 82%; g) CS2,
Et3N, EtOH; h) (t-Boc)2O, DMAP, 55% (Pedras and To, 2018).
Dithiocarbamates 278a, 279a, isothiocyanate 313a, nasturlexins 131a and 108a were synthesized
from commercially available [2,3,4,5,6-D5]benzaldehyde (310a) (Scheme 2-33). Henry reaction
of aldehyde 310a with nitromethane afforded nitro alcohol 311a (89% yield), which was reduced
to the corresponding amine 259a in excellent yield (97%). Treatment of amine 259a with CS2,
followed by addition of CD3I yielded [D3CS]methyl (2-hydroxy-2-[2,3,4,5,6-D5]phenylethyl)
dithiocarbamate (278a) in excellent yield (93%). Both dithiocarbamate 278 and 278a have not
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been synthesized to date. Next, amine 259a was reacted with conc. HCl, followed by chlorination
with SOCl2 to afford compound 260a. [2,3,4,5,6-D5]Dihydronasturlexin C (131a) was obtained in
82% yield by reacting 260a with CS2 and CH3I. Oxidation of 131a using DDQ afforded [2,3,4,5,6D5]nasturlexin C (108a) in good yield (71%). The synthesis of nasturlexins 131 and 108 was
previously reported (Pedras et al., 2015) but their deuterated derivatives 131a and 108a have not
been prepared. Treatment of the ammonium salt 260a with thiophosgene, followed by elimination
of isothiocyanate 312a in Et3N/dioxane at 100 °C afforded isothiocyanate 313a, as a mixture of
two isomers (ca. 5:1) (Kniežo and Kristian, 1974). The synthesis of (E, Z)-styryl isothiocyanate
(313) was previously reported (Kniežo and Kristian, 1974) but its deuterated derivative 313a has
not been prepared. Next, reaction of 313a with NaSMe/MeOH yielded a mixture of two isomers
(Kutschy et al., 1997), which were separated by FCC to give methyl [2,3,4,5,6-D5]-(E)-styryl
dithiocarbamate (279a) as a major product (62% yield) (Pedras and To, 2018). Both
dithiocarbamates 279 and 279a have not been synthesized to date.

Scheme 2-33. Synthesis of dithiocarbamates 278a and 279a, isothiocyanate 313a, nasturlexins
131a and 108a. Reagents and conditions: a) Et3N, CH3NO2, EtOH, 89%; b) Pd/C, H2, MeOH,
97%; c) CS2, Et3N, py; d) CD3I, 93%; e) HCl, i-PrOH; f) SOCl2, DMF, CHCl3, 68%; g) CS2, Et3N,
CHCl3; h) CH3I, 82%; i) DDQ, dioxane, 71%; j) CSCl2, Na2CO3, DCM, H2O, 78%; k) Et3N,
dioxane, 48%; l) NaSCH3, EtOH, 62% (Pedras and To, 2018).
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[D3SC]dihydronasturlexin D (132a) was synthesized from commercially norphenylephrine
hydrochloride (261), employing the same conditions for the synthesis of the non-labelled
compound 132 (Section 2.2.2.2). The introduction of three deuteria on the S-methyl group was
sufficient to detect [M + 3]+/- fragments of target metabolites in ESI-MS analysis.

Scheme 2-34. Synthesis of compound 132a. Reagents and conditions: a) SOCl2, DMF, CHCl3; b)
CS2, Et3N, CD3I, CHCl3, 46%.
2.3.3 Biosynthesis of phytoalexins in Nasturtium officinale
To investigate the biosynthesis of cyclonasturlexin (78), nasturlexin A (106), B (107), and
tridentatol C (110), N. officinale plants were grown as described in the experimental section
(Section 4.2). Briefly, 4-week-old plants were sprayed with CuCl2 solution (2 mM) and incubated
under fluorescent light for 24 h. Stems with 3-5 leaves were cut and immediately immersed in
tubes containing an aqueous solution of the labelled compound. Following the uptake of the
precursor solutions, the tubes were refilled with H2O and leaves were further incubated for another
24 h under continuous fluorescent light. The leaves were frozen in liquid N2 and extracted with
MeOH. The MeOH extract was filtered, concentrated and rinsed with CH2Cl2. The CH2Cl2 extract
was concentrated and analyzed by HPLC-DAD-ESI-MS. Control samples included elicited leaves
fed with non-labelled compounds or solvent, and non-elicited leaves fed with labelled compounds.
Phytoalexins and other metabolites in leaf extracts were identified by comparison of their UV and
retention times with HPLC-DAD-ESI-MS libraries and synthetic standards. The amounts of
detected metabolites were calculated using calibration curves built with synthetic standards. The
percentage of isotope incorporation into each metabolite was determined using peak intensities
obtained in ESI-MS positive or negative modes, according to equations reported for each case.
Several samples of deuterated and non-deuterated nasturlexins with different isotopic patterns
were tested by HPLC-ESI-MS to ensure that the instrument provided accurate and reliable isotope
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incorporation data. For each administration experiment, isotope incorporations were further
confirmed by HPLC-HR-ESI-MS or GC-HR-MS which showed the presence of labelled
metabolites.
Incorporation of (S)-[13C11,15N2]tryptophan (314a)

2.3.3.1

Scheme 2-35. Metabolism of (S)-[13C11,15N2]tryptophan (314a) to [13C10,
(78a) in elicited leaves of Nasturtium officinale.

15

N2]cyclonasturlexin

Aqueous solutions of (S)-[13C11,15N2]Trp (314a) were administered to elicited leaves of N.
officinale. Control experiments included elicited leaves fed with aqueous solutions of (S)-Trp
(314), and H2O. After incubation for 24 h, the leaves were extracted and analyzed as described in
Section 2.3.3. The ESI-MS spectra (positive mode) of cyclonasturlexin (78) (tR = 21.9 min) in
control samples displayed three ion peaks at m/z 234.9 [M + 1]+, 187.0 [M – SCH3]+, and 160.0
[M – HNCSCH3]+ (Figure 2-15). These peaks corresponded to the natural abundance
cyclonasturlexin (78), where M is the molecular ion of cyclonasturlexin. On the other hand, the
ESI-MS spectra of cyclonasturlexin (78) in extracts of elicited leaves fed with labelled compound
314a displayed the three peaks described above, plus three additional peaks at m/z 247.0 [M + 1 +
12]+, 199.0 [M – SCH3 + 12]+, and 170.0 [M – HNCSCH3 + 10]+. These peaks corresponded to
[13C10,

15

N2]cyclonasturlexin (78a), resulting from incorporation of ten

13

C and two

15

N of (S)-

[13C11,15N2]Trp (314a). Using the equation in Table 2-11, the percentage of isotope incorporation
was determined to be 11 ± 4%. The presence of to [13C10, 15N2]cyclonasturlexin (78a) in the leaf
extracts was further confirmed by HPLC-HR-ESI-MS ([M + H]+, calculated for CH1113C1015N2S2
247.0634, found 247.0644). These results indicated that (S)-tryptophan (314) is the original
precursor of cyclonasturlexin (78).
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Figure 2-15. ESI-MS spectra (positive mode) of cyclonasturlexin in extracts of elicited leaves fed
with: (A) (S)-tryptophan (314); (B) (S)-[13C11,15N2]tryptophan (314a).
Table 2-11. Metabolism of (S)-[13C11,15N2]Trp (314a) in elicited leaves of Nasturtium officinale.
Metabolites

% Deuteriuma; concentration (nmol/g)b

(S)-[13C11,15N2]Trp (314a) (n=13)

NDc; 0d

[13C10, 15N2]cyclonasturlexin (78a) (n=12)

11 ± 4%; 737 ± 261

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of 13C and 15N; Values represent the mean and S.D. of triplicate samples.
b
Total concentration of non-labelled and labelled metabolites (nmol/g of fresh tissue, quantified
by HPLC-DAD). Values represent the mean and S.D. of triplicate samples.
c
No deuterium detected (≤ 0.1%).
d
Not detected by HPLC-DAD-ESI-MS.
2.3.3.2

Incorporation of [D3CS 4,5,6,7-D4]brassinin (59a)

Scheme 2-36. Metabolism of [D3CS, 4,5,6,7-D4]brassinin (59a) to [D3SC, 5,6,7D3]cyclonasturlexin (78b) in elicited leaves of Nasturtium officinale.
Solutions of [D3CS 4,5,6,7-D4]brassinin (59a) were administered to elicited leaves of N. officinale.
Control experiments included elicited leaves fed with solutions of natural abundance brassinin
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(59), or with solvent, and non-elicited leaves fed with solutions of labelled brassinin (59a). After
incubation, the leaves were extracted and analyzed as described in Section 2.3.3. Brassinin (59)
(tR = 18.0 min) and cyclonasturlexin (78) (tR = 21.9 min) were detected and quantified in the leaf
extracts. The ESI-MS spectra of cyclonasturlexin (78) showed three peaks at m/z 234.9 [M + 1]+,
187.0 [M – SCH3]+, and 160.0 [M – HNCSCH3]+, corresponding to the natural abundance
cyclonasturlexin (78), plus three additional peaks at m/z 241.0 [M + 1 + 6]+, 190.0 [M – SCH3 +
3]+, 163.0 [M – HNCSCH3 + 3]+, which were not observed in control samples. These ion peaks
corresponded to [D3SC, 5,6,7-D3]cyclonasturlexin (78b), resulting from incorporation of six
deuteria of 59a. As shown in Table 2-12, the percentage of deuterium in cyclonasturlexin (78b)
was determined to be 62 ± 17% and the concentration of this metabolite was 737 ± 261 nmol/g. In
extracts of non-elicited leaves fed with 59a, cyclonasturlexin (78b) was present in trace amounts
(≤ 46 nmol/g) and the percentage of deuterium was 96 ± 3%. The concentration of brassinin (59a)
in non-elicited leaves (386 ± 79 nmol/g) was significantly higher than elicited leaves (93 ± 60
nmol/g), because a lot of brassinin (59a) in elicited leaves was metabolized into cyclonasturlexin
(78b). Taken together, these results clearly indicated that brassinin (59) is a precursor of
cyclonasturlexin (78) and the biosynthetic enzyme responsible for this step is induced upon
elicitation (Pedras and To, 2016).
Table 2-12. Metabolism of [D3C-S 4,5,6,7- D4]brassinin (59a) in elicited and non-elicited leaves
of Nasturtium officinale.
Metabolites
[D3C-S 4,5,6,7- D4]Brassinin
(59a) (n=7)
[D3SC, 5,6,7-D3]cyclonasturlexin (78b)
(n=6)

Elicited leaves
% Deuteriuma;
concentration (nmol/g)b

Non-elicited leaves
% Deuteriuma;
concentration (nmol/g)b

≥ 97%; 93 ± 60

≥ 97%; 386 ± 79

62 ± 17%; 737 ± 261

96 ± 3%; ≤ 46

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms, values represent the mean and S.D. of triplicate samples.
b
Total concentration of non-labelled and labelled metabolites (nmol/g of fresh tissue, quantified
by HPLC-DAD). Values represent the mean and S.D. of triplicate samples.
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2.3.3.3

Incorporation of [2,3,4,5,6-D5]gluconasturtiin (123a)

Scheme 2-37. Metabolism of [2,3,4,5,6-D5]gluconasturtiin (123a) to [2,3,5,6-D4]nasturlexin B
(107a) and [2,3,5,6-D4]tridentatol C (110a) in elicited leaves of Nasturtium officinale.
Aqueous solutions of [2,3,4,5,6-D5]gluconasturtiin (123a) were administered to elicited leaves of
N. officinale. Control experiments included elicited leaves fed with solutions of gluconasturtiin
(123) or H2O. After incubation, the leaves were extracted and analyzed as described in Section
2.3.3. Nasturlexin B (107) (tR = 11.5 min), tridentatol C (110) (tR = 13.8 min), and cyclonasturlexin
(78) (tR = 21.9 min) were detected in the leaf extracts and their concentrations and deuterium
percentages are reported in Table 2-13. The ESI-MS spectra (positive mode) of nasturlexin B (107)
displayed two ion peaks at m/z 225.9 [M + 1]+ and 177.9 [M – SCH3]+, corresponding to the natural
abundance nasturlexin B (107), plus two additional ion peaks at m/z 229.9 [M + 1 + 4]+ and 181.9
[M – SCH3 + 4]+, which were not observed in control samples. These two peaks corresponded to
[2,3,5,6-D4]nasturlexin B (107a), resulting from incorporation of four deuteria of glucosinolate
123a (Figure 2-16). Similarly, the ESI-MS spectra of tridentatol C (110) showed an ion peak at
m/z 224.0 [M + 1]+, corresponding to natural abundance tridentatol C, plus another peak at m/z
228.0 [M + 1 + 4]+, corresponding to [2,3,5,6-D4]tridentatol C (110a). The deuterium percentages
in nasturlexin B (107a) and tridentatol C (110a) were calculated to be 10 ± 3% and 8 ± 3%,
respectively. These incorporations were further confirmed by HPLC-HR-ESI-MS, which showed
the presence of deuterated ions corresponding to the exact mass of compounds 107a and 110a. By
contrast, no deuterium incorporation was detected in cyclonasturlexin (78), consistent with it being
derived from (S)-Trp (Section 2.3.3.1). The deuterium incorporation in nasturlexin A (106) was
not detected under these conditions (usually present within 24 h after elicitation) (Pedras and To,
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2015). These results confirmed gluconasturtiin (123) as a biosynthetic precursor of nasturlexin B
(107) and tridentatol C (110), but not of cyclonasturlexin (78).
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Figure 2-16. ESI-MS spectra (positive mode) of nasturlexin B and tridentatol C in extracts of
elicited leaves fed with: (A) and (C) gluconasturtiin (123); (B) and (D) [2,3,4,5,6D5]gluconasturtiin (123a).
Table 2-13. Metabolism of [2,3,4,5,6-D5]gluconasturtiin (123a) in elicited leaves of Nasturtium
officinale.
Metabolites

% Deuteriuma; concentration (nmol/g)b

[2,3,4,5,6-D5]Gluconasturtiin (123a) (n=5)

7 ± 1%; 2711 ± 933

[2,3,5,6-D4]Nasturlexin B (107a) (n=4)

10 ± 3%; 141 ± 38

[2,3,5,6-D4]Tridentatol C (110a) (n=4)

8 ± 3%; 64 ± 26

Cyclonasturlexin (78)

NDc; 173 ± 62

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms, values represent the mean and S.D. of triplicate samples.
b
Total concentration of non-labelled and labelled metabolites (nmol/g of fresh tissue, quantified
by HPLC-DAD). Values represent the mean and S.D. of triplicate samples.
c
No deuterium detected (≤ 0.1%)
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2.3.4 Biosynthesis of phytoalexins in Barbarea verna
To investigate the biosynthesis of nasturlexin C (108), D (109) and their sulfoxides 111 and 112,
B. verna plants were grown as described in experimental section (Section 4.2). Briefly, 5-weekold plants were sprayed with CuCl2 solution (10 mM) and incubated under fluorescent light for 24
h. Leaves were cut at the base of the petiole and immediately immersed in tubes containing an
aqueous solution of the labelled compound. Following the uptake of the precursor solutions, the
tubes were refilled with H2O and leaves were further incubated for another 24 h under continuous
fluorescent light. The leaves were frozen in liquid N2 and extracted with MeOH. The MeOH
extract was filtered, concentrated and rinsed with CH2Cl2. The CH2Cl2 extract was concentrated
and analyzed by HPLC-DAD-ESI-MS. Control samples included elicited leaves fed with nonlabelled compounds or solvent, and non-elicited leaves fed with labelled compounds. The
detection and quantification of phytoalexins, calculation of isotope incorporation, and
confirmation of incorporation by HR-MS were performed as described for the biosynthetic
experiments in N. officinale (Section 2.3.3).
2.3.4.1

Incorporation of [2,3,4,5,6-D5]gluconasturtiin (123a)

Scheme 2-38. Metabolism of [2,3,4,5,6-D5]gluconasturtiin (123a) to [2,3,4,5,6-D5]nasturlexin C
(108a) and [2,4,5,6-D4]nasturlexin D (109a) in elicited leaves of Barbarea verna.
Aqueous solutions of [2,3,4,5,6-D5]gluconasturtiin (123a) were administered to elicited leaves of
B. verna. Control samples included elicited leaves fed with non-labelled compound (123) or
solvent, or non-elicited leaves fed with labelled gluconasturtiin (123a). After incubation, the leaves
were extracted and analyzed as described in Section 2.3.3. Nasturlexin C (108) (tR = 24.8 min), D
(109) (tR = 14.6 min), and dihydronasturlexin C (131) (tR = 20.6 min) were detected in the leaf
extracts and their deuterium incorporations and concentrations were calculated as reported in Table
2-14. The ESI-MS spectra of nasturlexin C (108) showed two ion peaks at m/z 207.9 [M + 1]+,
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corresponding to natural abundance nasturlexin C (108), and m/z 213.0 [M + 1 + 5]+ that was not
observed in control samples. The ion at m/z 213.0 corresponded to [2,3,4,5,6-D5]nasturlexin C
(108a), resulting from the incorporation of five deuteria of 123a. Similarly, the ESI-MS spectra
of nasturlexin D (109) displayed two ion peaks at m/z 223.9 [M + 1]+, corresponding to natural
abundance nasturlexin D (109) and m/z 228.0 [M + 1 + 4], corresponding to [2,4,5,6-D4]nasturlexin
D (109a), that was not observed in control samples. The deuterium percentages were determined
to be 5 ± 4% for nasturlexin C (108a) and 5 ± 3% for nasturlexin D (109a), respectively. The
presence of labelled compounds 108a and 109a was further confirmed by HPLC-HR-ESI-MS.
Although phenylethyl isothiocyanate (126) was detected in the leaf extracts, its ESI-MS spectra
did not show any deuterated ions that were different from control samples. On the other hand,
analyses of the extracts of non-elicited leaves fed with [2,3,4,5,6-D5]gluconasturtiin (123a) did not
show the presence of any phytoalexins, indicating that the enzymes catalyzing these
transformations are induced upon elicitation. These results indicated that gluconasturtiin (123) is
a precursor of nasturlexin C (108) and D (109) and that the biosynthetic enzymes of these steps
are inducible.
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Figure 2-17. ESI-MS spectra (positive mode) of nasturlexin C and D in extracts of elicited leaves
fed with: (A) and (C) gluconasturtiin (123); (B) and (D) [2,3,4,5,6-D5]gluconasturtiin (123a).
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Table 2-14. Metabolism of [2,3,4,5,6-D5]gluconasturtiin (123a) in elicited and non-elicited leaves
of Barbarea verna.
Metabolites
[2,3,4,5,6-D5] Gluconasturtiin
(123a) (n=5)
[2,3,4,5,6-D5]Nasturlexin C
(108a) (n=5)
[2,4,5,6-D4]nasturlexin D
(109a) (n=4)
[2,3,4,5,6-D5]Dihydronasturlexin C
(131a) (n=5)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

1.3 ± 1.4%c; 1296 ± 82

NDd; 1100 ± 60

5 ± 4%; 13 ± 12

NDd; 0e

5 ± 3%; 26 ± 13

NDd; 0e

0.5 ± 0.9%; 9 ± 14

NDd; 0e

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms; values represent the mean and S.D. of three independent
experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of three independent experiments
conducted in triplicate.
c
Incorporations calculated from HPLC-ESI-MS (peak intensities in negative mode);
% of incorporation = {[M – 1 + n]-/([M – 1]- + [M – 1 + n]-)} × 100
Where n = number of D atoms, values represent the mean and S.D. of three independent
experiments conducted in triplicate.
d
No deuterium detected (≤ 0.1%)
e
Not detected by HPLC-DAD-ESI-MS
2.3.4.2

Incorporation of [2,4,6-D3,15N]-3-hydroxyphenylethyl glucosinolate (124a)

Scheme 2-39. Metabolism of [2,4,6-D3,15N]-3-hydroxyphenylethyl glucosinolate (124a) to [2,4,6D3, 15N]nasturlexin D (109b), [2,4,6-D3, 15N]dihydronasturlexin D (132b), and [2,4,6-D3, 15N]-3hydroxyphenylethyl isothiocyanate (127a) in elicited leaves of Barbarea verna.
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Aqueous

solutions

of

[2,4,6-D3,15N]-3-hydroxyphenylethyl

glucosinolate

(124a)

were

administered to elicited leaves of B. verna. After incubation, leaves were extracted and analyzed
as described in Section 2.3.3. Several metabolites were identified in the elicited leaf extracts and
their incorporation percentages and concentrations are reported Table 2-15. Glucosinolate 124a
(tR = 8.2 min) was detected in both elicited and non-elicited leaf extracts (≥ 99% D), indicating
that it was available for metabolism over 24 h.
The ESI-MS spectra of nasturlexin D (109) (tR = 14.6 min) displayed an ion peak at m/z 224.0 [M
+ 1]+, corresponding to natural abundance nasturlexin D (109), plus another peak at m/z 228.0 [M
+ 1 + 4]+, which was not observed in control samples. This peak corresponded to [2,4,6-D3,
15

N]nasturlexin D (109b), resulting from incorporation of three deuterium and one 15N atoms of

glucosinolate 124a. The isotope incorporation in nasturlexin D (109b) was determined to be 1.7 ±
0.7%. Dithiocarbamate 132b (tR = 11.5 min) and isothiocyanate 127a (tR = 14.9 min) were
identified in the leaf extracts by comparison of their HPLC-DAD-ESI-MS profiles with those of
synthetic standards. These two compounds were not observed in control samples (elicited leaves
incubated with solvent) and their deuterium percentages were high (85 ± 7% for 132b and ≥ 99%
for 127a), suggesting they were derived from glucosinolate 124a. The presence of labelled
compounds 109b, 132b in leaf extracts were further confirmed by HPLC-HR-ESI-MS.
Importantly, deuterium incorporation was not observed in any non-hydroxylated metabolites,
including nasturlexin C (108) (tR = 24.8 min), dihydronasturlexin C (131) (tR = 20.6 min), and
gluconasturtiin (123) (tR = 12.0 min). No phytoalexins were detected in extracts of non-elicited
leaves incubated with 124a, suggesting that the biosynthetic enzymes of these transformations
were induced upon elicitation. These results indicated that 3-hydroxyphenylethyl glucosinolate
(124) is a biosynthetic precursor of nasturlexin D (109), but not nasturlexin C (108).
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Table 2-15. Metabolism of [2,4,6-D3,15N]-3-hydroxyphenylethyl glucosinolate (124a) in elicited
and non-elicited leaves of Barbarea verna.

Metabolites
[2,4,6-D3,15N]-3hydroxyphenylethyl
glucosinolate (124a) (n=4)
Nasturlexin C (108)
[2,4,6-D3,15N]Nasturlexin D
(109b) (n=4)
Dihydronasturlexin C (131)
[2,4,6-D3,15N]Dihydronasturlexin D
(132b) (n=4)
[2,4,6-D3,15N]-3hydroxyphenylethyl
isothiocyanate (127a) (n=4)
Gluconasturtiin (123)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

≥ 99%c; 42 ± 7e

≥ 99%c; 40 ± 38e

NDd; 21 ± 10

NDd; 0f

1.7 ± 0.7%; 36 ± 14

NDd; 0f

NDd; 55 ± 57

NDd; 0f

85 ± 7%; ≤ 0.3

NDd; 0f

≥ 99%; ≤ 0.7

NDd; 0f

NDd; 2886 ± 736e

NDd; 6671 ± 532e

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = total number of D and 15N atoms.
Values represent the mean and S.D. of two independent experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
Incorporations calculated from HPLC-ESI-MS (peak intensities in negative mode);
d
No deuterium detected (≤ 0.1%).
e
Concentration calculated from one experiment conducted in triplicate.
f
Not detected by HPLC-DAD-ESI-MS.
2.3.4.3

Incorporation of [2,3,4,5,6,7,8-D7]-(E)-styryl glucosinolate (298a)

Scheme 2-40. Metabolism of [2,3,4,5,6,7,8-D7]-(E)-styryl glucosinolate (298a) in elicited leaves
of Barbarea verna.
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Although (E)-styryl glucosinolate (298) has not been reported as naturally occurring, it could be a
precursor of nasturlexin C (108) and D (109). Aqueous solutions of [2,3,4,5,6,7,8-D7]-(E)-styryl
glucosinolate (298a) were administered to elicited leaves of B. verna. After incubation, leaves
were extracted and analyzed as described in Section 2.3.3. Nasturlexin C (108) (tR = 24.8 min), D
(109) (tR = 14.6 min), and dihydronasturlexin C (131) (tR = 20.6 min) were detected and their
concentrations and deuterium incorporations are reported in Table 2-16. The ESI-MS data did not
show any deuterium incorporation into these metabolites. Glucosinolate 298a was still detected in
extracts of both elicited and non-elicited leaves fed with 298a in equal amounts (156 and 157
µmol/100 g). In addition, HPLC-DAD-ESI-MS chromatograms of extracts of elicited leaves
incubated with 298a were compared with those incubated with H2O, but no deuterated metabolites
were detected. These results indicated that (E)-styryl glucosinolate (298) was not transformed by
leaf tissues and thus it is likely not a precursor of nasturlexin C (108) and D (109).
Table 2-16. Metabolism of [2,3,4,5,6,7,8-D7]-(E)-styryl glucosinolate (298a) in elicited and nonelicited leaves of Barbarea verna.
Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

[2,3,4,5,6,7,8-D7]-(E)-styryl
glucosinolate (298a) (n=5)
Nasturlexin C (108)

≥ 99%d; 156 ± 40

≥ 99%d; 157 ± 54

NDc; 16 ± 5

NDc; 0e

Nasturlexin D (109)

NDc; 28 ± 10

NDc; 0e

Dihydronasturlexin C (131)

NDc; ≤ 0.3

NDc; 0e

Gluconasturtiin (123)

NDc; 2819 ± 507

NDc; 6171 ± 334

Metabolites

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms, values represent the mean and S.D. of two independent experiments
conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
No deuterium detected (≤ 0.1%).
d
Incorporations calculated from HPLC-ESI-MS (peak intensities in negative mode);
% of incorporation = {[M – 1 + n]-/([M – 1]- + [M – 1 + n]-)} × 100
Where n = number of D atoms, values represent the mean and S.D. of two independent experiments
in triplicate
e
Not detected by HPLC-DAD-ESI-MS
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2.3.4.4

Incorporation of [2,3,4,5,6-D5]phenylethyl isothiocyanate (126a)

Scheme 2-41. Metabolism of [2,3,4,5,6-D5]phenylethyl isothiocyanate (126a) to [2,3,4,5,6D5]nasturlexin C (108a), [2,4,5,6-D4]nasturlexin D (109a), and [2,3,4,5,6-D5]dihydronasturlexin
C (131a) in elicited leaves of Barbarea verna.
Although the incorporation of [2,3,4,5,6-D5]gluconasturtiin (123a) into phenylethyl isothiocyanate
(126a) was not determined by ESI-MS in previous experiments, isothiocyanate 126 is well-known
to be a metabolic product of gluconasturtiin (123) (Hanschen et al., 2014). It was hypothesized
that isothiocyanate 126 is an intermediate between gluconasturtiin (123) and nasturlexins (Pedras
and To, 2015). To verify this, solutions of isothiocyanate 126a were administered to elicited leaves
of B. verna. After incubation, leaves were extracted and analyzed as described in Section 2.3.3.
The incorporation percentages and concentrations of detected metabolites are reported in Table
2-17. The ESI-MS spectra of nasturlexin C (108) (tR = 24.8 min) displayed two ion peaks at m/z
208.0 [M + 1]+, and 213.0 [M + 1 + 5]+. The latter was not present in control samples and
corresponded to [2,3,4,5,6-D5]nasturlexin C (108a), resulting from incorporation of five deuteria
of isothiocyanate 126a. Similarly, the ESI-MS spectra of nasturlexin D (109) (tR = 14.6 min)
displayed two ion peaks at m/z 224.0 (M + 1]+ and 228.0 [M + 1 + 4]+, corresponding to natural
abundance nasturlexin D and [2,4,5,6-D4]nasturlexin D (109a), resulting from incorporation of
four deuteria of 126a. The percentages of deuterium were calculated to be 7 ± 8% for nasturlexin
C (108a) and 3 ± 2% for nasturlexin D (109a). ESI-MS data of dihydronasturlexin C (131) showed
low and inconsistent deuterium percentage (1.5 ± 1.6%). The presence of labelled metabolites
108a and 109a in the leaf extracts were further confirmed by HPLC-HR-ESI-MS. Analyses of
extracts of non-elicited leaves incubated with isothiocyanate 126a did not detect any phytoalexins,
indicating that the biosynthetic enzymes transforming isothiocyanate 126 to nasturlexins 108 and
109 were induced upon elicitation. These results indicated that phenylethyl isothiocyanate (126)
is a precursor of nasturlexin C (108) and D (109).
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Table 2-17. Metabolism of [2,3,4,5,6-D5]phenylethyl isothiocyanate (126a) in elicited and nonelicited leaves of Barbarea verna.

Metabolites
[2,3,4,5,6-D5]Nasturlexin C
(108a) (n=5)
[2,4,5,6-D4]Nasturlexin D
(109a) (n=4)
[2,3,4,5,6-D5]
Dihydronasturlexin C
(131a) (n=5)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

7 ± 8%; 19 ± 13

NDc; 0d

3 ± 2%; 34 ± 25

NDc; 0d

1.5 ± 1.6%; 24 ± 13

NDc; 0d

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms, values represent the mean and S.D. of two independent experiments
conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
No deuterium detected (≤ 0.1%)
d
Not detected by HPLC-DAD-ESI-MS
2.3.4.5

Incorporation of [2,4,6-D3,15N]-3-hydroxyphenylethyl isothiocyanate (127a)

Scheme 2-42. Metabolism of [2,4,6-D3,15N]-3-hydroxyphenylethyl isothiocyanate (127a) to
[2,4,6-D3,15N]nasturlexin D (109b) and [2,4,6-D3,15N]dihydronasturlexin D (132b) in elicited
leaves of Barbarea verna.
Since 3-hydroxyphenylethyl glucosinolate (124) was shown to be the precursor of nasturlexin D
(109), isothiocyanate 127 could be an intermediate between this glucosinolate and 109. Aqueous
solutions of isothiocyanate 127a were administered to elicited leaves of B. verna. After incubation,
the leaves were extracted and analyzed as described in Section 2.3.3. The incorporations and
concentrations of detected metabolites are shown in Table 2-18. The ESI-MS spectra of nasturlexin
D (109) (tR = 24.8 min) displayed two ion peaks at m/z 224.0 [M + 1]+ and 228.0 [M + 1 + 4]+.
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The latter was not observed in control samples and corresponded to [2,4,6-D3,15N]Nasturlexin D
(109b), resulting from incorporation of three deuterium and one 15N atoms of 127a. The deuterium
incorporation in nasturlexin D (109b) was low (1.5 ± 0.8%), close to the value obtained from the
administration of glucosinolate 124a (1.7 ± 0.7%). Only traces of compound 132b (tR = 11.5 min)
were detected with high incorporation percentage (72 ± 19%), suggesting that most of this
metabolite resulted from the metabolism of isothiocyanate 127a. The presence 109b and 132b in
the leaf extracts was further confirmed by HPLC-HR-ESI-MS. On the other hand, the ESI-MS
data of nasturlexin C (108) (tR = 24.8 min) and dihydronasturlexin C (131) (tR = 20.6 min) did not
show any deuterium incorporation into these metabolites, consistent with results obtained from the
administration of glucosinolate 124a (Section 2.3.4.2). Analysis of non-elicited leaves incubated
with 127a did not detect any phytoalexins, indicating that biosynthetic enzymes of these
transformations are induced upon elicitation. The results indicated that 3-hydroxyphenylethyl
isothiocyanate (127) is a biosynthetic precursor of nasturlexin D (109), but not nasturlexin C (108).
Table 2-18. Metabolism of [2,4,6-D3,15N]-3-hydroxyphenylethyl isothiocyanate (127a) in elicited
and non-elicited leaves of Barbarea verna.
Metabolites
[2,4,6-D3,15N]-3hydroxyphenylethyl
isothiocyanate (127a) (n=4)
Nasturlexin C (108)
[2,4,6-D3,15N] Nasturlexin D
(109b) (n=4)
Dihydronasturlexin C (131)
[2,4,6-D3,15N]
Dihydronasturlexin D
(132b) (n=4)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

NDc; 0d

NDc; 0d

NDc; 31 ± 27

NDc; 0d

1.5 ± 0.8%; 52 ± 36

NDc; 0d

NDc; ≤ 0.3

NDc; 0d

72 ± 19%; ≤ 0.3

NDc; 0d

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Values represent the mean and S.D. of two independent experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
No deuterium detected (≤ 0.1%)
d
Not detected by HPLC-DAD-ESI-MS
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2.3.4.6

Incorporation of [2,3,4,5,6-D5]-(E, Z)-styryl isothiocyanate (313a)

Scheme 2-43. Metabolism of [2,3,4,5,6-D5]-(E,Z)-styryl isothiocyanate (313a) in elicited leaves
of Barbarea verna.
In this experiment, the incorporation [2,3,4,5,6-D5]-(E,Z)-styryl isothiocyanate (313a) into
nasturlexin C (108) and D (109) was examined. Solutions of isothiocyanate 313a were
administered to elicited leaves of B. verna. After incubation, the leaves were extracted and
analyzed by HPLC-ESI-MS. Nasturlexin C (108) (tR = 24.8 min), D (109) (tR = 14.6 min), and
dihydronasturlexin C (131) (tR = 20.6 min) were detected in the elicited leaf extracts. ESI-MS data
did not show any deuterium incorporation into these metabolites. Isothiocyanate 313a was also
not observed in the leaf extracts. Furthermore, comparing HPLC-DAD chromatograms of elicited
leaves incubated with 313a and H2O did not reveal any new metabolites resulted from the
metabolism of 313a. Attempts to change carrier solutions, such as adding more organic solvents
or using a surfactant, did not show any deuterium incorporation into any of the phytoalexins. Given
that (E)-styryl glucosinolate (298), the hypothetical biosynthetic precursor of isothiocyanate 313
did not show incorporation into nasturlexin C (108) and D (109), isothiocyanate 313 might not be
a precursor of nasturlexin C (108) and D (109).
Table 2-19. Metabolism of [2,3,4,5,6-D5]-(E,Z)-styryl isothiocyanate (313a) in elicited leaves of
Barbarea verna.
Metabolites

% Deuteriuma; concentration (µmol/100 g)b

[2,3,4,5,6-D5]-(E,Z)-styryl
isothiocyanate (313a) (n=5)

NDc; 0d

Nasturlexin C (108)

NDc; 12 ± 9

Nasturlexin D (109)

NDc; 3 ± 2

Dihydronasturlexin C (131)

NDc; 11 ± 13

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
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Where n = number of D atoms, values represent the mean and S.D. of two independent experiments
conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
No deuterium detected (≤ 0.1%)
d
Not detected by HPLC-DAD-ESI-MS
2.3.4.7

Incorporation of [2,3,4,5,6-D5]nasturlexin A (106a)

Scheme 2-44. Metabolism of methyl [2,3,4,5,6-D5]nasturlexin A (106a) to [2,3,4,5,6D5]nasturlexin C (108a), [2,4,5,6-D4]nasturlexin D (109a), and [2,3,4,5,6-D5]dihydronasturlexin
C (131a) in elicited leaves of Barbarea verna.
Although the production of nasturlexin A (106) has not been observed in elicited leaves of B.
verna, the dithiocarbamate is produced in N. officinale and was proposed as an intermediate in the
biosynthesis of nasturlexins (Pedras and To, 2015). Aqueous solutions of [2,3,4,5,6-D5]nasturlexin
A (106a) were administered to elicited leaves of B. verna. After incubation, the leaves were
extracted and analyzed as described in Section 2.3.3. The deuterium incorporations and
concentrations of detected metabolites are shown in Table 2-20. The ESI-MS spectra of nasturlexin
C (108) (tR = 24.8 min) showed two ion peaks at 208.0 [M + 1]+ and 213.0 [M + 1 + 5]+. The latter
was not observed in control samples and resulted from incorporation of five deuterium of 106a.
Similarly, ESI-MS data also indicated dihydronasturlexin (131) (tR = 20.6 min) and nasturlexin D
(109) (tR = 14.6 min) incorporated five and four deuterium from 106a, respectively. The
percentages of deuterium were calculated to be 13 ± 4% for nasturlexin C (108a) and 13 ± 7% for
dihydronasturlexin (131a), inferring only few enzymatic transformations are required to convert
nasturlexin A (106) into these metabolites. In addition, the deuterium percentage in nasturlexin D
(109a) was lower (5 ± 1%), likely because a hydroxylation step is required to produce this
metabolite. The presence of 108a, 109a, and 131a were further confirmed by HPLC-HR-ESI-MS.
On the other hand, traces of phytoalexins 108a, 109a, and 131a with very high deuterium levels
(≥ 93%) were detected in extracts of non-elicited leaves incubated with nasturlexin A (106a),
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indicating that traces of biosynthetic enzymes were available in non-elicited leaves and these
labelled compounds resulted mostly from the metabolism of 106a. Taken together, the results
clearly indicated that nasturlexin A (106) is a precursor of nasturlexin C (108), D (109), and
dihydronasturlexin C (131), and the biosynthetic enzymes for these conversions are inducible.
Table 2-20. Metabolism of [2,3,4,5,6-D5]nasturlexin A (106a) in elicited and non-elicited leaves
of Barbarea verna.
Metabolites
[2,3,4,5,6-D5]Nasturlexin A
(106) (n=5)
[2,3,4,5,6-D5]Nasturlexin C
(108a) (n=5)
[2,4,5,6-D4]Nasturlexin D
(109a) (n=4)
[2,3,4,5,6-D5]
Dihydronasturlexin C
(131a) (n=5)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

NDc; 0d

NDc; 0d

13 ± 4%; 55 ± 14

99 ± 1%; ≤ 1

5 ± 1%; 45 ± 7

93 ± 2%; ≤ 0.4

13 ± 7%; 170 ± 117

99 ± 2%; ≤ 0.4

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms, values represent the mean and S.D. of triplicate samples.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of triplicate samples.
c
No deuterium detected (≤ 0.1%)
d
Not detected by HPLC-DAD-ESI-MS
2.3.4.8

Incorporation of [D3CS]methyl [2,4,6-D3,15N]-3-hydroxyphenylethyl
dithiocarbamate (129a)

Scheme 2-45. Metabolism of [D3CS]Methyl [2,4,6-D3,15N]-3-hydroxyphenylethyl
dithiocarbamate (129a) to [D3CS, 2,4,6-D3,15N]nasturlexin D (109c), and [D3CS, 2,4,6D3,15N]dihydronasturlexin D (132c) in elicited leaves of Barbarea verna.
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Aqueous solutions of 129a were administered to elicited leaves of B. verna. After incubation, the
leaves were extracted and analyzed as described in Section 2.3.3. The concentrations and
deuterium percentages of detected metabolites are reported in Table 2-21. The ESI-MS spectra of
nasturlexin D (109) (tR = 14.6 min) displayed two ion peaks at m/z 224.0 [M + 1]+ and 231.0 [M
+ 1 + 7]+. The latter was not observed in control samples and corresponded to [D3CS, 2,4,6D3,15N]nasturlexin D (109c), resulting from incorporation of six deuterium and one
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N atom of

129a. This result also indicated intact incorporation of the S-methyl group from dithiocarbamate
129a into nasturlexin D (109c). The deuterium percentage in nasturlexin D (109c) was determined
to be 8 ± 1%, higher than that obtained with glucosinolate 124a (1.7 ± 0.7%) and isothiocyanate
127a (1.5 ± 0.8%). This difference in incorporation was consistent because dithiocarbamate 129
is a closer intermediate to nasturlexin D (109). The presence of 109c and 132c in the leaf extracts
was further confirmed by HPLC-HR-ESI-MS. On the other hand, the ESI-MS spectra of
nasturlexin C (108) (tR = 24.8 min) and dihydronasturlexin C (131) (tR = 20.6 min) did not show
any deuterium incorporation into these metabolites, consistent with the results obtained with
glucosinolate 124a and isothiocyanate 127a. Traces of metabolites 108, 109c, 131, and 132c were
detected in non-elicited leaves fed with 129a, suggesting that the biosynthetic enzymes were
induced. These results indicated that methyl 3-hydroxyphenylethyl dithiocarbamate (129) is a
biosynthetic precursor of nasturlexin D (109), but not nasturlexin C (108).
Table 2-21. Metabolism of [D3CS]methyl [2,4,6-D3,15N ]-3-hydroxyphenylethyl dithiocarbamate
(129a) in elicited and non-elicited leaves of Barbarea verna.

Metabolites
[D3CS]methyl [2,4,6-D3,15N]-3hydroxyphenylethyl
dithiocarbamate (129a)(n=7)
Nasturlexin C (108)
[D3CS, 2,4,6-D3,15N]
Nasturlexin D (109c) (n=7)
Dihydronasturlexin C (131)
[D3CS, 2,4,6-D3,15N]
Dihydronasturlexin D
(132c) (n=7)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

NDc; 0d

NDc; 0d

NDc; 27 ± 3

NDc; ≤ 1.2

8 ± 1%; 54 ± 12

69 ± 14%; ≤ 0.4

NDc; 27 ± 13

NDc; ≤ 0.4

97 ± 1%; ≤ 0.3

95 ± 2%; ≤ 0.3
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a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Values represent the mean and S.D. of triplicate samples.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of triplicate samples.
c
No deuterium detected (≤ 0.1%)
d
Not detected by HPLC-DAD-ESI-MS
2.3.4.9

Incorporation of [D3CS]methyl (2-hydroxy-2-[2,3,4,5,6-D5]phenylethyl)
dithiocarbamate (278a)

Scheme 2-46. Metabolism of dithiocarbamate 278a in elicited leaves of Barbarea verna.
Although dithiocarbamate 278 is not produced in elicited leaves of B. verna, the compound might
be an intermediate between nasturlexin A (106) and nasturlexin C (108). To examine this
hypothesis, solutions of dithiocarbamate 278a were administered to elicited leaves of B. verna.
After incubation, the leaves were extracted and analyzed as described in Section 2.3.3. Nasturlexin
C (108) (tR = 24.8 min), D (109) (tR = 14.6 min), and dihydronasturlexin C (131) (tR = 20.6 min)
were detected in the leaf extracts, but deuterium incorporation was not observed in any of these
metabolites (Table 2-22). Comparing HPLC-DAD-ESI-MS chromatograms of extracts of elicited
leaves fed with 278a with those fed with 278 or solvent did not reveal metabolites that resulted
from the metabolism of 278a. The results indicated that dithiocarbamate 278 might not be a
biosynthetic precursor of nasturlexin C (108) and D (109).
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Table 2-22. Metabolism of [D3CS]methyl (2-hydroxy-2-[2,3,4,5,6-D5]phenylethyl)
dithiocarbamate (278a) in elicited leaves of Barbarea verna.
Metabolites

% Deuteriuma; concentration (µmol/100 g)b

[D3CS]methyl (2-hydroxy-2-[2,3,4,5,6NDc; 0d
D5]phenylethyl) dithiocarbamate (278a) (n=8)
Nasturlexin C (108)

NDc; 52 ± 28

Nasturlexin D (109)

NDc; 99 ± 25

Dihydronasturlexin C (131)

NDc; 37 ± 8

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms. Values represent the mean and S.D. of two independent
experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
No deuterium detected (≤ 0.1%).
d
Not detected by HPLC-DAD-ESI-MS.
2.3.4.10 Incorporation of methyl [2,3,4,5,6-D5]-(E)-styryl dithiocarbamate (279a)

Scheme 2-47. Metabolism of methyl [2,3,4,5,6-D5]-(E)-styryl dithiocarbamate (279a) to
[2,3,4,5,6-D5]nasturlexin C (108a) in elicited leaves of Barbarea verna.
Methyl (E)-styryl dithiocarbamate (279) has not been detected in elicited leaves of B. verna but
the compound was proposed as a potential intermediate between nasturlexin A (106) and
nasturlexin C (108) (Pedras and To, 2018). Aqueous solutions of dithiocarbamate 279a were
administered to elicited leaves of B. verna. In this experiment, HPLC-DAD-ESI-MS analysis was
performed under different conditions from those used for previous incorporation experiments
because the peaks corresponding to dithiocarbamate 279a and nasturlexin C (108) overlapped on
the HPLC-DAD-ESI-MS chromatograms. Under these conditions, dithiocarbamate 279a,
nasturlexin C (108), D (109), and dihydronasturlexin C (131) were detected at tR = 28.0, 28.6, 24.6,
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and 26.5 min, respectively. The incorporation results and concentrations of the detected
metabolites are shown in Table 2-23. Dithiocarbamate 279a (tR = 28.0 min) was still present in
both elicited and non-elicited leaves after 24 h of incubation. The ESI-MS spectrum of nasturlexin
C (108) (tR = 28.6 min) displayed two ion peaks at m/z 208.0 [M + 1]+ and 213.0 [M + 1 + 5]+.
The latter was not observed in control samples and corresponded to [2,3,4,5,6-D5]nasturlexin C
(108a), resulting from incorporation of five deuteria of 279a. The deuterium percentage in
nasturlexin C (108a) was calculated to be 4 ± 2%. The presence of labelled compound 108a was
further confirmed by GC-HR-MS. Importantly, no deuterium incorporation was observed in
nasturlexin D (109) (tR = 24.6 min) and dihydronasturlexin C (131) (tR = 26.5 min). In non-elicited
leaves, traces of nasturlexin C (108a) were detected, with high deuterium level (85 ± 14%),
indicating that 108a resulted from the metabolism of 279a. These results suggested that
dithiocarbamate 279 is a biosynthetic precursor of nasturlexin C (108).
Table 2-23. Metabolism of methyl [2,3,4,5,6-D5]-(E)-styryl dithiocarbamate (279a) in elicited and
non-elicited leaves of Barbarea verna.

Metabolites
Methyl [2,3,4,5,6-D5]-(E)styryl dithiocarbamate
(279a) (n=5)
[2,3,4,5,6-D5]Nasturlexin C
(108a) (n=5)
Nasturlexin D (109)
Dihydronasturlexin C (131)

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

≥ 98%; 8 ± 4c

≥ 98%; 7 ± 2c

4 ± 2%; 74 ± 25

NDd; 0e

NDd; 76 ± 19

NDd; 0e

NDd; 3 ± 2c

NDd; 0e

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n is the number of D atoms. Values represent the mean and S.D. of two independent
experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
Concentration calculated from one experiment conducted in triplicate.
d
No deuterium detected (≤ 0.1%).
e
Not detected by HPLC-DAD-ESI-MS.
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2.3.4.11 Incorporation of [2,3,4,5,6-D5]dihydronasturlexin C (131a)

Scheme 2-48. Metabolism of [2,3,4,5,6-D5]dihydronasturlexin C (131a) to [2,3,4,5,6D5]nasturlexin C (108a), [2,4,5,6-D4]nasturlexin D (109a), [2,3,4,5,6-D5]nasturlexin C sulfoxide
(111a) in elicited leaves of Barbarea verna.
Dihydronasturlexin C (131) was proposed to be an immediate precursor of nasturlexin C (108)
(Pedras and To, 2015). One-step enzymatic oxidation of 131 could yield nasturlexin C (108),
which in turn could yield nasturlexin D (109) or nasturlexin C sulfoxide (111). Aqueous solutions
of [2,3,4,5,6-D5]dihydronasturlexin C (131a) were administered to elicited leaves of B. verna.
After incubation, leaves were extracted and analyzed as described in Section 2.3.3.
Dihydronasturlexin C (131) (tR = 20.6 min), nasturlexin C (108) (tR = 24.8 min), nasturlexin D
(109) (tR = 14.6 min) and nasturlexin C sulfoxide (111) (tR = 10.2 min) were detected and their
concentrations and deuterium percentages are reported in Table 2-24.
The ESI-MS spectra of nasturlexin C (108) showed the presence of two ion peaks at m/z 208.0 [M
+ 1]+ and 213.0 [M + 1 + 5]+. The latter was not observed in control samples and corresponded to
[2,3,4,5,6-D5]nasturlexin C (108a), resulting from incorporation of five deuteria of 131a.
Similarly, ESI-MS data showed that 131a was incorporated into nasturlexin D (109a) and
nasturlexin C sulfoxide (111a). The deuterium percentages were determined to be 44 ± 25% for
nasturlexin C (108a), 34 ± 22% for nasturlexin D (109a), and 15 ± 10% for nasturlexin C sulfoxide
(111a). All incorporations were further confirmed by HPLC-HR-ESI-MS. Importantly, only traces
of nasturlexin C (108a) and D (109a) were detected in extracts of non-elicited leaves incubated
with 131a, indicating that the enzymes responsible for these transformations were induced upon
elicitation. The high deuterium contents in 108a (96 ± 3%) and 109a (52 ± 8%) in extracts of nonelicited leaves suggested they were mostly produced from 131a. These results strongly supported
that dihydronasturlexin C (131) is a precursor of nasturlexins C (108), D (109) and C sulfoxide
(111).
127

Table 2-24. Metabolism of [2,3,4,5,6-D5]dihydronasturlexin C (131a) in elicited and non-elicited
leaves of Barbarea verna.
Elicited leaves
Metabolites
[2,3,4,5,6-D5]
Dihydronasturlexin C
(131a) (n=5)
[2,3,4,5,6-D5]
Nasturlexin C
(108a) (n=5)
[2,4,5,6-D4]
Nasturlexin D
(109a) (n=4)
[2,3,4,5,6-D5]
Nasturlexin C sulfoxide
(111a) (n=5)

a

Non-elicited leaves

% Deuterium ;
concentration (µmol/100 g)b

% Deuteriuma;
concentration (µmol/100 g)b

72 ± 23%; 267 ± 245

99 ± 1%; 43 ± 11

44 ± 25%; 33 ± 32

96 ± 3%; ≤ 1.2

34 ± 22%; 32 ± 31

52 ± 8%; ≤ 0.4

15 ± 10%c; 24 ± 10d

NDe; 0f

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms. Values represent the mean and S.D. of three independent
experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of three independent experiments
conducted in triplicate.
c
Incorporations calculated from one experiment conducted in triplicate.
d
concentration calculated from one experiment conducted in triplicate.
e
No deuterium detected (≤ 0.1%).
f
Not detected by HPLC-DAD-ESI-MS.
2.3.4.12 Incorporation of [D3CS]dihydronasturlexin D (132a)

Scheme 2-49. Metabolism of [D3CS]dihydronasturlexin D (132a) to [D3CS]nasturlexin D (109d)
in elicited leaves of Barbarea verna.
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Although dihydronasturlexin D (132) has not been detected in elicited leaves of B. verna, it was
produced when 3-hydroxyphenyl-containing precursors were administered to leaves of B. verna.
Aqueous solutions of 132a were administered to elicited leaves of B. verna. After incubation,
leaves were extracted and analyzed as described in Section 2.3.3. The concentrations and
deuterium percentages of detected metabolites are reported in Table 2-25, Dihydronasturlexin D
(132a) (tR = 11.5 min) was detected in both elicited and non-elicited leaves, indicating the
metabolite was available for metabolism over 24 h. The ESI-MS spectra of nasturlexin D (109) (tR
= 14.6 min) displayed two ion peaks at m/z 224.0 [M + 1]+ and 227.0 [M + 1 + 3]+. The latter was
not observed in control samples and corresponded to [D3SC]nasturlexin D (109d), resulting from
incorporation of three deuteria of 132a. The deuterium percentage in nasturlexin D (109) was
calculated to be 9 ± 3%. The presence of the labelled compound 109d was further confirmed by
HPLC-HR-ESI-MS. On the other hand, the ESI-MS data of nasturlexin C (108) (tR = 24.8 min)
and dihydronasturlexin C (131) (tR = 20.6 min) did not show deuterium incorporation into these
metabolites, consistent with previous experiments using 3-hydroxylphenyl-containing precursors.
Traces of nasturlexin D (109d) with high deuterium percentage (78 ± 16%) were also observed in
non-elicited leaves administered with 132a, indicating that 109d mostly resulted from 132a. These
results further suggested that the enzymes responsible for this conversion were induced. Taken
together, the results supported that dihydronasturlexin D (132) is a precursor of nasturlexin D
(109), but not of nasturlexin C (108).
Table 2-25. Metabolism of [D3CS]dihydronasturlexin D (132a) in elicited and non-elicited leaves
of Barbarea verna.
Metabolites

Elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

Non-elicited leaves
% Deuteriuma;
concentration (µmol/100 g)b

[D3CS]Dihydronasturlexin D
(132a) (n=3)

98 ± 1%; 2 ± 1

98 ± 1%; 3 ± 2

NDc; 21 ± 12

NDc; ≤ 1.2

9 ± 3%; 29 ± 10

78 ± 16%; ≤ 0.4

NDc; 19 ± 16

NDc; ≤ 0.4

Nasturlexin C (108)
[D3CS]Nasturlexin D
(109d) (n=3)
Dihydronasturlexin C (131)
a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Values represent the mean and S.D. of two independent experiments conducted in triplicate.
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b

Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
c
No deuterium detected (≤ 0.1%).
2.3.4.13 Incorporation of [2,3,4,5,6-D5]nasturlexin C (108a)

Scheme 2-50. Metabolism of [2,3,4,5,6-D5]nasturlexin C (108a) to [2,4,5,6-D4]nasturlexin D
(109a) in elicited leaves of Barbarea verna.
Aqueous solutions of 108a were administered to elicited leaves of B. verna. After incubation,
leaves were extracted and analyzed as described in Section 2.3.3. The concentrations and
deuterium percentages of detected metabolites are reported in Table 2-26. The ESI-MS spectra of
nasturlexin D (109) (tR = 14.6 min) displayed two ion peaks at m/z 224.0 [M + 1]+ and 228.0 [M
+ 1 + 4]+. The latter was not observed in control samples and corresponded to [2,4,5,6D4]nasturlexin D (109a), resulting from incorporation of four deuteria of 108a. The deuterium
percentage in nasturlexin D (109) was determined to be 19 ± 8%. The presence of 109a was further
confirmed by HPLC-HR-ESI-MS. These results indicated that nasturlexin C (108) is a biosynthetic
precursor of nasturlexin D (109).
Table 2-26. Metabolism of [2,3,4,5,6-D5]nasturlexin C (108a) in elicited leaves of Barbarea
verna.
Metabolites

% Deuteriuma; concentration (µmol/100 g)b

[2,3,4,5,6-D5]Nasturlexin C (108a) (n=5)

67 ± 16%; 8 ± 1

[2,4,5,6-D4]Nasturlexin D (109a) (n=4)

19 ± 8%; 10 ± 5

a

Incorporations calculated from HPLC-ESI-MS (peak intensities in positive mode);
% of incorporation = {[M + 1 + n]+/([M + 1]+ + [M + 1 + n]+)} × 100
Where n = number of D atoms. Values represent the mean and S.D. of two independent
experiments conducted in triplicate.
b
Total concentration of non-labelled and labelled metabolites (µmol/100 g of fresh tissue,
quantified by HPLC-DAD). Values represent the mean and S.D. of two independent experiments
conducted in triplicate.
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2.3.5 Discussion and conclusion
All stable isotope-labelled precursors used in this work, their overall synthetic yields, and the
labelled metabolites resulting from the incorporation of these labelled precursors are summarized
in Table 2-27.
Table 2-27. Stable isotope-labelled precursors and resulting metabolites.
Labelled precursors

Labelled metabolites (% D ± S.D.)

(% synthetic yield)
Nasturtium officinale

Commercial

52%

55%
Barbarea verna

55%

21%
No transformation
33%

131

68%

19%
No transformation
22%

70%

28%
No transformation
80%

14%

48%

46%

34%
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Previous isotope labelling studies in different plant species have established biosynthetic
intermediates of cruciferous phytoalexins (Pedras et al., 2011). These indole alkaloids are
biosynthesized from (S)-Trp, in most cases, via indole glucosinolates. Brassinin (59), derived from
glucobrassicin (113), is known as a precursor to many other phytoalexins, such as cyclobrassinin
(70) and spirobrassinin (82). Considering the structure of cyclonasturlexin (78) and based on
current knowledge of cruciferous phytoalexin biosynthesis, the metabolite was proposed to derive
from (S)-Trp, via brassinin (59) (Scheme 2-51).
Using stable isotope labelling, (S)-[13C11,15N2]Trp (314a) and [D3CS 4,5,6,7-D4]brassinin (59a)
were administered to elicited leaves of N. officinale. In both cases, isotope incorporations into
cyclonasturlexin (78) were observed by HPLC-ESI-MS, clearly indicating that both metabolites
are biosynthetic precursors of 78. The incorporation of ten

13

C and two

15

N from (S)-

[13C11,15N2]Trp (314a) into [13C10,15N2]cyclonasturlexin (78a) indicated that the dithiocarbamate
carbon (marked with *) of cyclonasturlexin (78) resulted from Trp. In addition, the incorporation
of six deuteria from [D3CS 4,5,6,7-D4]brassinin (59a) into [D3CS 5,6,7-D3]cyclonasturlexin (78b)
suggested intact incorporation of the SCH3 group from 59 to 78. These results are consistent with
previous incorporation of Trp and brassinin (59) into cruciferous phytoalexins (Pedras et al., 2011,
2010; Pedras and Yaya, 2013). Furthermore, the difference in the concentrations of
cyclonasturlexin (78) and brassinin (59) in non-elicited and elicited leaves suggested the
biosynthetic enzymes responsible for transforming 59 to 78 are inducible (Pedras and To, 2016).
Recently, two new cytochromes P450 catalyzing the C-S cyclization of brassinin (59) into
cyclobrassinin (70) and spirobrassinol (121) were identified (Klein and Sattely, 2015). These
enzymes, however, were not detected in N. officinale, consistent with this work that this crucifer
species only produces cyclonasturlexin (78), but not phytoalexins 70 and 121 (Pedras and To,
2016). Taken together, the results show that elicitation of N. officinale by CuCl2 induces the
production of biosynthetic enzymes that convert Trp to cyclonasturlexin (78) via brassinin (59).
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Scheme 2-51. Two parallel biosynthetic pathways of phytoalexins in Nasturtium officinale.
Based on the biosynthetic pathway of brassinin (59), nasturlexin B (107) and tridentatol C (110)
were proposed to be derived from (S)-Phe via gluconasturtiin (123) (Scheme 2-51). To prove this,
[2,3,4,5,6-D5]gluconasturtiin (123a) was administered to elicited leaves of N. officinale and
deuterium incorporations were analyzed by HPLC-ESI-MS. The incorporation of four deuteria of
[2,3,4,5,6-D5]gluconasturtiin (123a) into [2,3,5,6-D4]nasturlexin B (107a) and [2,3,5,6D4]tridentatol C (110a) unambiguously established 123 as their biosynthetic precursor. These
results show that N. officinale is the first crucifer species having two parallel biosynthetic pathways
for phytoalexins: the Trp and Phe pathways (Scheme 2-51). By analogy to the brassinin pathway,
the dithiocarbamate carbon (marked with *) of nasturlexin B (107) and tridentatol C (110) is likely
derived from gluconasturtiin (123). Although tridentatol C (110) and its O-methylated derivatives
were previously isolated from the marine hydroid T. marginata and the liverwort Corsinia
coriandrina, respectively, the biosynthetic origin of their dithiocarbamate carbon in these
organisms is still unknown (Lindquist et al., 1996; Reuß, 2009). (Z)-Coriandrin (267), another
structurally related metabolite in C. coriandrina, was proven to be biosynthetically derived from
(L)-tyrosine (Tyr) (Scheme 2-52) (Reuß, 2009). While the nitrogen of 267 was proposed to be
derived from Tyr, the origin of its isothiocyanate carbon remains unidentified. Because both T.
marginata and C. coriandrina do not appear to produce glucosinolates, the dithiocarbamate and
isothiocyanate carbons of the metabolites in these species are likely derived from an yet
unidentified one-carbon donor (Pedras and To, 2015).
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Scheme 2-52. Biosynthesis of (Z)-coriandrin (267) in Corsinia coriandrina (Reuß, 2009).
Like nasturlexin B (107) and tridentatol C (110), nasturlexin C (108) and D (109) were expected
to be derived from phenylethyl glucosinolates. To uncover the biosynthetic intermediates from
glucosinolates to nasturlexin C (108) and D (109), putative deuterated intermediates were
administered to elicited leaves of B. verna and deuterium incorporations were determined by
HPLC-ESI-MS. The incorporation of glucosinolates 123a into nasturlexin C (108a) and D (109a),
and glucosinolate 124a into nasturlexin D (109b) indicated that nasturlexins are derived from
phenylethyl glucosinolates (Pedras and To, 2015). The low deuterium incorporation from 123a
into nasturlexin C (108a) and D (109a) was attributed to the high concentration of the natural
abundance glucosinolate 123 present in leaves of B. verna.
Based on incorporation results, the intermediates and precursors of nasturlexin C (108) and D
(109) in B. verna are proposed in Scheme 2-53. The established intermediates and precursors
agreed with the initially proposed pathway (Scheme 2-24) (Pedras and To, 2015). Glucosinolates
123 and 124 yield the corresponding isothiocyanates 126 and 127, which in turn yield
dithiocarbamate 106 and 129. Cyclization of 106 and 129 yields cyclic compounds 131 and 132,
which are further oxidized to afford nasturlexin C (108) and D (109), respectively. Hydroxylation
of nasturlexin C (108) also yields nasturlexin D (109). The incorporation results indicated that
nasturlexin C (108) is biosynthesized from non-hydroxylated intermediates, whereas nasturlexin
D (109) can be obtained from either non-hydroxylated or 3-hydroxylated intermediates.
To understand the enzyme-substrate specificity, the deuterium percentages in nasturlexin D (109)
resulting from incorporation of non-hydroxylated substrates and 3-hydroxylated ones were
compared. While glucosinolate 123a, isothiocyanate 126a, dithiocarbamate 106a, and nasturlexin
131a were incorporated with deuterium levels of 5%, 3%, 5%, and 34%, respectively, the
deuterium levels resulting from incorporation of the corresponding 3-hydroxylated substrates
124a, 127a, 129a, and 132a were 1.7%, 0.9%, 8%, and 9%, respectively. Considering that these
3-hydroxylated substrates are not naturally occurring in N. officinale, and an additional
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hydroxylation step is required to convert the non-hydroxylated substrates into nasturlexin D (109),
these results suggest that gluconasturtiin (123), phenylethyl isothiocyanate (126), nasturlexin A
(106), and dihydronasturlexin C (131) are direct precursors of nasturlexin C (108) and D (109).
On the other hand, compounds 124, 127, 129, and 132 can be considered as quasi-natural products,
which are similar to natural products, but not naturally occurring (Pedras et al., 2009b). The
hydroxylation step appeared to occur only from nasturlexin C (108) to nasturlexin D (109) as the
metabolism of 123a, 126a, 106a, and 131a did not result in any other hydroxylated derivatives.
The substrate specificity of the enzymes catalyzing the hydroxylation step could explain the
absence of the 3-hydroxylated metabolites 124, 127, 129, and 132 in elicited leaf extracts of N.
officinale.

Scheme 2-53. Biosynthetic relationship among phytoalexins in Barbarea verna. Dashed arrows
represent proposed steps.
Methyl (E)-styryl dithiocarbamate (279) was prosed to be the intermediate between nasturlexin A
(106) and dihydronasturlexin C (131) and nasturlexin C (108) (Scheme 2-25). The incorporation
of dithiocarbamate 279a into nasturlexin C (108a) indicated that this substrate was enzymatically
transformed into nasturlexin C (108a). However, compared to isothiocyanate 126a and
dithiocarbamate 106a, the deuterium incorporation of 279a into nasturlexin C (108a) is lower.
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Furthermore, while deuterium incorporation from non-hydroxylated substrates, including 123a,
126a, 106a, and 131a was detected in nasturlexin D (109a), deuterium incorporation from
dithiocarbamate 279a was not detected. It is likely that the enzyme(s) that transform nasturlexin
A (106) into nasturlexin C (108) do not release the intermediates before the end product is released.
In conclusion, various stable isotope-labelled intermediates were synthesized from simple and
commercially available starting materials. These compounds were independently administered to
elicited leaves of N. officinale and B. verna and their incorporations were analyzed by HPLC-ESIMS. Based on these results, the intermediates of the phytoalexins in N. officinale and B. verna
have been established. This work provides the first direct investigation of the biosynthetic pathway
towards the cruciferous phytoalexins nasturlexins.
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CHAPTER 3

GENERAL CONCLUSION AND FUTURE WORK

The aim of this thesis was to investigate the production, syntheses, and biosyntheses of
phytoalexins and other elicited metabolites in cruciferous species. Nasturlexins, a novel class of
phytoalexins have been isolated from the crucifers N. officinale and B. verna. These metabolites
were synthesized and their biosynthetic precursors established. In addition, the production of both
phytoalexin and galacto-oxylipins in response to abiotic and wounding elicitation of E. canariense
was investigated. The results have further clarified the roles of these two groups of elicited
metabolites in plant defense and signalling. Finally, although glucorapassicin (118) has not been
obtained, attempted syntheses and chemical transformations of its derivatives strongly supported
glucorapassicin (118) as a direct biosynthetic precursor of rapalexin A (102).
Four cruciferous species, including N. officinale, B. verna, E. canariense, and I. indigotica have
been investigated for the production of phytoalexins and other elicited metabolites.
Cyclonasturlexin (78), a new Trp-derived phytoalexin with a novel indole-fused thiazepine
structure was isolated from CuCl2-elicited leaves of N. officinale. Its structure was confirmed by
X-ray crystallographic analysis and chemical synthesis. Isotope labelling experiments proved that
cyclonasturlexin (78) is biosynthetically derived from (S)-Trp via brassinin (59) (Pedras and To,
2016). Bioassays showed that cyclonasturlexin (78) possesses strong antifungal activity against A.
brassicicola, L. maculans, and S. sclerotiorum, very close to the phytoalexin camalexin (94).
Future work could determine the antimicrobial activity of cyclonasturlexin (78) and its analogues
and bioisosteres against a broad range of plant pathogens.
A new class of cruciferous phytoalexins has been isolated from N. officinale and B. verna,
including nasturlexins A-D (106 – 109), tridentatol C (110), nasturlexin C sulfoxide (111) and D
sulfoxide (112). Their structures were confirmed by synthesis and their antifungal activities were
tested against different fungal pathogens. Unlike previously reported cruciferous phytoalexins,
nasturlexins are not biosynthetically derived from (S)-Trp, making them the first non-indolyl
phytoalexins reported from crucifers. It would be of great interest to see if these crucifers produce
additional phytoalexins using other elicitation methods (Pedras and To, 2015). Given that only less
than 40 out of about 3700 species of this plant family have been screened for phytoalexin
production, new phytoalexins with novel structures are expected to be discovered. Future research
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could investigate additional species in the Brassicaceae family for the production of phytoalexins.
In addition, screening species from the Brassicales order would expand the structural diversity of
phytoalexins (Pedras and To, 2015).
Elicitation of leaves of E. canariense by both CuCl2 and mechanical wounding resulted in the
induction of cyclic oxylipins, including arabidopsides A (156) and D (159). On the other hand, the
phytoalexin erucalexin (86) was accumulated by CuCl2 elicitation, but not mechanical wounding.
The rapid accumulation and weak antifungal activity of arabidopsides further support their
involvement in plant signalling and defense responses, whereas the strong antifungal activity of
erucalexin (86) indicates its direct role in defense against pathogens (Pedras and To, 2017). In
addition, arabidopsides A (156) and D (159) were also detected in leaves of N. officinale, which
belongs to a tribe distant from Arabidopsis. To date, galacto-oxylipins have been reported to be
present mostly in A. thaliana and related species (Böttcher and Pollmann, 2009). Considering that
both N. officinale and E. canariense are quite distant from A. thaliana, arabidopsides are likely
produced by various species of the Brassicaceae family. Future research could investigate the
production of galacto-oxylipins in other cruciferous species to further understand their roles in
plant signalling and defense.
Elicitation of leaves of I. indigotica led to the accumulation of tryptanthrin (263), an alkaloid with
potent biological activities, indirubin (264), and N-formylanthranilic acid (265). Tryptanthrin
(263) was shown to display strong antifungal activity against L. maculans, while Nformylanthranilic acid (265) was weakly antifungal. The induction of N-formylanthranilic acid
(265) might suggest its involvement in the biosynthesis of tryptanthrin (263). Given that the
biosynthesis of tryptanthrin (263) is not known in plants, future work could involve biosynthetic
investigation of this metabolite. Isotopically labelled derivatives of putative biosynthetic
precursors, as for example, (S)-Trp, anthranilic acid (Fiedler et al., 1976), indole, and Nformylanthranilic acid (265) could be administered to elicited leaves of I. indigotica to identify the
biosynthetic precursors of tryptanthrin (263).
A series of stable isotope-labelled compounds have been synthesized from simple and
commercially available starting materials. These compounds were used for labelling experiments
to probe the biosynthetic intermediates and precursors of nasturlexins. After administration of the
labelled compounds into leaves of N. officinale and B. verna, followed by HPLC-DAD-ESI-MS
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analyses, the intermediates in the biosynthesis of nasturlexins A – D (106 – 109), tridentatol C
(110), sulfoxides 111 and 112 have been proposed. In N. officinale, in parallel to the
cyclonasturlexin (78) pathway, which is originated from (S)-Trp, nasturlexin B (107) and
tridentatol C (110) are derived from (S)-Phe via gluconasturtiin (123). In B. verna, the biosynthetic
intermediates of nasturlexins C (108), D (109) and sulfoxides 111 and 112 include phenylethyl
glucosinolates, the corresponding isothiocyanates and dithiocarbamates. While nasturlexin C
(108) is produced from non-hydroxylated intermediates, nasturlexin D (109) can be formed from
either non-hydroxylated or 3-hydroxylated intermediates. Considering recent promising results in
metabolic engineering of cruciferous phytoalexins, namely camalexin (94) and brassinin (59)
(Klein and Sattely, 2017; Møldrup et al., 2013b), future work could identify biosynthetic enzymes
and genes of this pathway, which are necessary for transferring the nasturlexin biosynthetic
pathway into other plant species for improved disease resistance or into microbial hosts for better
access to these novel metabolites.
The final step in the attempted synthesis of glucorapassicin (118) resulted in two unexpected
rearrangements, the Neber- and Lossen-type rearrangements. The formation of these products
strongly suggests that glucorapassicin (118) is not chemically stable. More importantly, the
Lossen-type rearrangement of 1-SO2Me-glucorapassicin (204) and 1-t-Boc-glucorapassicin (191)
into 1-SO2Me-rapalexin A (212) and rapalexin A (102), respectively, provided evidence that
glucorapassicin (118) can undergo the same transformation to produce rapalexin A (102). As an
application of the Lossen rearrangement, an alternative one-pot synthesis of rapalexin A (102)
starting from oxime 216 was devised (Pedras et al., 2016). Future work could consider the scope
and applications of these rearrangements.
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CHAPTER 4
4.1

EXPERIMENTAL

General

Chemicals were purchased from Sigma-Aldrich Canada Ltd., Oakville, ON, or Alfa Aesar 26
Parkridge Rd, Ward Hill, USA. Isotope-labelled compounds were purchased from Cambridge Isotope
Laboratories Inc., Andover, MA, or C/D/N Isotopes Inc., Pointe-Claire, Quebec. All solvents were

HPLC grade and used as such or treated as specified for each case.
Flash column chromatography (FCC) was carried out using silica gel grade 60, mesh size 230–
400, or WP C18 prep-scale bulk packing 275 Å (J.T. Baker, NJ, USA).
Thin-layer chromatography (TLC) was performed on pre-coated silica gel TLC plates (Merck,
Kieselgel 60 F254 with 0.2 mm layer thickness) aluminum sheets. Compounds were visualized
under UV light (254/366 nm), and by dipping the plates in an aqueous solution containing
phosphomolybdic acid hydrate (4%, w/v), Ce(SO4)2 (1%, w/v) and H2SO4 (4%, v/v), followed by
heating at 260 °C.
NMR spectra were recorded on Bruker 500 MHz Avance spectrometers (for 1H, 500.3 MHz and
for 13C, 125.8 MHz) and Bruker Avance III HD 600 MHz spectrometer (for 1H, 600.2 MHz and
for 13C, 150.9 MHz). Chemical shifts () are reported in parts per million (ppm) relative to TMS;
spectra were calibrated using solvent peaks: CDCl3 (7.26 ppm for 1H, 77.23 ppm for 13C); CD3OD
(3.31 ppm for 1H, 49.15 ppm for 13C); CD3CN (1.94 ppm for 1H, 118.69 ppm for 13C); DMSO-d6
(2.50 ppm for 1H, 39.51 ppm for 13C). Coupling constants (J) are reported to the nearest 0.5 Hz.
HPLC-DAD analysis was carried out with Agilent 1100 system equipped with quaternary pump,
autosampler, diode array detectors (DAD, wavelength range 190–600 nm, bandwidth 4 nm),
degassers and Zorbax Eclipse XDB-C18 columns (5 µL particle size silica, 150 x 4.6 mm I.D.),
equipped with an in-line filter. Method A used the mobile phase H2O-CH3CN from 75:25 to 25:75,
linear gradient for 35 min, with a flow rate of 1.0 mL/min. Method B used the mobile phase H2OCH3CN from 100:0 to 50:50, linear gradient for 25 min, followed by 50:50 to 25:75, linear gradient
for 10 min, with a flow rate of 1.0 mL/ min. Method C used the mobile phased H2O (0.1% TFA)
– MeOH (0.1% TFA) from 100:0 to 50:50, linear gradient for 25 min, followed by 50:50 to 0:100,
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linear gradient for 10 min, with a flow rate of 1.0 mL/min. Method D (for incorporation experiment
of dithiocarbamate 279a) used the mobile phase H2O-MeOH from 90:10 to 70:30, linear gradient
for 10 min, followed by 70:30 to 0:100, linear gradient for 25 min, with a flow rate of 1.0 mL/min.
HPLC-ESI-MS analysis was carried out with an Agilent 1100 series HPLC system equipped with
an autosampler, binary pump, degasser, and a diode array detector connected directly to a mass
detector (Agilent G2440A MSD-Trap-XCT ion trap mass spectrometer) with an electrospray
ionization (ESI) source. Chromatographic separations were carried out at room temperature using
an Eclipse XDB-C-18 column (5 µL particle size silica, 150 mm × 4.6 mm I.D.). The mobile phase
consisted of a linear gradient of H2O (0.2% HCO2H) – CH3CN (0.2% HCO2H) from 75:25 to
25:75 in 25 min and a flow rate of 1.0 mL/min. Data acquisition was carried out in positive and
negative polarity modes in a single LC run, and data processing was carried out with Agilent
Chemstation Software.
HPLC-HR-ESI-MS was performed on an Agilent HPLC 1100 series directly connected to QSTAR
XL Systems mass spectrometer (Hybrid Quadrupole-TOF LC/MS/MS) with turbo spray ESI
source. Chromatographic separations were carried out using a Hypersil ODS C-18 column (5 µL
particle size silica, 200 mm × 2.1 mm I.D.) or a Hypersil ODS C-18 column (5 µL particle size
silica, 100 mm × 2.1 mm I.D.). The mobile phase consisted of a linear gradient of H2O (0.1%
HCO2H) – CH3CN (0.1% HCO2H) from 75:25 to 25:75 in 35 min, to 0:100 in 5 min and a flow
rate of 0.25 mL/min. Data acquisition was carried out in either positive or negative polarity mode
in a single LC run and data processing was carried out with Analyst QS Software.
HRMS data were obtained on a Jeol AccuToF GCv 4G mass spectrometer [field desorption (FD)],
or on a VG 70 SE mass spectrometer employing a solids probe [electron impact (EI)], or on a Qstar
XL MS/MS System [electrospray ionization (ESI)] by direct insertion.
GC-MS was performed on an Agilent GC 7890A directly connected to a JEOL AccuTOF GCv 4G
mass spectrometer [field ionization (FI)]. Chromatographic separations were carried out using a
DB-5MS column (0.25 µL film thickness, 30 m × 0.25 mm) with a helium flow rate of 1.0 mL/
min. Temperature was set at 50 °C for 5 min, then increased by 10 °C per minute to final
temperature of 300 °C.
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Chiral HPLC analysis was carried out with an Agilent 1100 system equipped with a quaternary
pump, autosampler, UV detector (wavelength 210, 230 nm), a degasser, and an IA Chiralpak
column (5 µL particle size silica, 2.1 mm × 150 mm I.D.). The mobile phase consisted of i-PrOH
– hexane (1:9, isocratic elution) with a flow rate of 0.10 mL/min.
Specific optical rotations [α]D were determined at ambient temperature on a Digipol DP781
polarimeter (Rudolph Instruments, Inc.) using a 1 mL, 10 cm path length cell; the units are 10-1
deg cm2 g-1 and the concentrations (c) are reported in g/100 mL. Values are the average of five
measurements.
Fourier Transform Infrared (FT-IR) spectroscopy was performed on a Bio-Rad FTS-40
spectrometer using diffuse reflectance method on samples dispersed in KBr.
4.2

Plant materials and growth conditions

Seeds of N. officinale, B. verna, and I. indigotica were purchased from Sand Mountain Herbs (321
County Road 18 Fyffe, AL 35971, www.sandmountainherbs.com). Seeds of E. canariense were
obtained from Plant Gene Resources of Canada, Saskatoon, SK. B. napus (rutabaga) roots were
purchased from Sobeys, Saskatoon, SK.
Seeds of N. officinale, B. verna, and E. canariense were sown in a perlite and nutrient free LG-3
soil (Sun Gro Horticulture Canada) in small pots (15 cm diameter) in a growth chamber at 16 h of
light/ 8 h of dark, 20 °C day/ 18 °C night, 350-360 µE m-2s-1, and with ambient humidity. For I.
indigotica, seeds were placed on a filter paper in a Petri dish and wet with distilled water. After
germination occurred (6 – 7 days), seedlings were transplanted to small pots and placed in growth
chamber under conditions described above.
4.3

Antifungal bioassays

A. brassicicola isolate UAMH 7474 and L. maculans isolate UAMH 9410 were obtained from the
University of Alberta Microfungus Collection and Herbarium and S. sclerotiorum clone #33 was
obtained from the AAFC Saskatoon Research Center. Spores of A. brassicicola and L. maculans
were spotted onto potato dextrose agar plates (PDA) and allowed to grow for seven days under
constant light at 23 ± 1 °C. Similarly, sclerotia of S. sclerotiorum were placed on PDA plates and
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allowed to germinate and grow mycelia for four days incubated in the dark. Plugs (3 mm) were
cut from the edges of mycelia and placed inverted onto 12-well plates containing compounds in
DMSO mixed into PDA. Control plates contained PDA and 1% DMSO, the solvent used to
dissolve tested compounds. The final concentrations of each metabolite in agar varied from 0.05
to 0.50 mM, with a DMSO concentration of 1%. Plates were allowed to grow at 23 ± 1 °C under
constant light up to 70 h (A. brassicicola), 130 h (L. maculans), and under dark up to 20 h (S.
sclerotiorum); the diameter of the mycelial mat was measured and compared to control mycelia
grown on plates containing DMSO. Percentage of growth inhibition was calculated using the
formula: % inhibition = 100 – [(growth on amended/growth in control) × 100].
4.4

Efforts towards the synthesis of glucorapassicin (118)

NMR spectra of new compounds 191, 200, 202, 203, 204, 207, 208, 212, 213, 215, 217, 218 are
available online at http://pubs.rsc.org/-/content/articlehtml/2016/cc/c5cc09822j
4.4.1 Synthesis and reactions of 1-MeSO2-indolyl-3-glucosinolate (197)

Scheme 4-1. Synthesis and deprotection of compound 197. Reagents and conditions: a) NaH, THF,
MeSO2Cl, 83%; b) NH2OHHCl, Na2CO3, MeOH, H2O, 88%; c) NCS, py, DCM; d) 1-β-Dthioglucose tetraacetate, Et3N, 85% (over 2 steps); e) ClSO3H, Et2O, DCM, py; f) KHCO3, H2O,
82%; g) K2CO3, MeOH, 3 h, 78%; h) K2CO3, MeOH, 12 h, 60%.
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A solution of indole-3-carboxaldehyde (188) (290 mg, 2.0 mmol) in THF (5.0 mL) was added
dropwise to a suspension of NaH (240 mg, 6.0 mmol) in THF (5.0 mL) at 0 °C. After stirring at rt
for 15 min, MeSO2Cl (310 µL, 4.0 mmol) was added dropwise and the reaction mixture was stirred
for 30 min. The reaction mixture was diluted with H2O and extracted with EtOAc. The organic
extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane, 1:3) to give
193 (368 mg, 1.65 mmol, 83%) as a white solid.
A solution of NH2OHHCl (130 mg, 1.88 mmol) and Na2CO3 (100 mg, 0.94 mmol) in H2O (3 mL)
was added to a solution of aldehyde 193 (210 mg, 0.94 mmol) in MeOH (5.0 mL). After refluxing
for 2 h, the reaction mixture was concentrated, diluted with H2O and the resulting solution was
extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated and separated by
FCC (EtOAc-hexane, 1:3) to give oxime 194 (198 mg, 0.82 mmol, 88%).
NCS (84 mg, 0.63 mmol) was added in portions to a solution of oxime 194 (150 mg, 0.63 mmol)
in pyridine (0.2 mL) and dry DCM (2.0 mL) at °C. After stirring at rt for 30 min, a solution of
thio-β-D-glucose tetraacetate (206 mg, 0.57 mmol) and triethylamine (260 µL, 1.89 mmol) in
DCM (1.0 mL) was added (Pedras and Yaya, 2013). The mixture was stirred at rt for 2 h,
concentrated to ca. one third, diluted with toluene and concentrated to dryness. The crude reaction
mixture was separated by FCC (EtOAc-hexane, 1:1) to yield 195 (320 mg, 0.53 mmol, 85% from
194) as a yellow solid, mp 96 – 97 °C.
Compound 195: 1H NMR (500 MHz, CD3OD):  8.03 (1H, d, J = 8.0 Hz), 7.92 (1H, d, J = 8.0
Hz), 7.90 (s, 1H), 7.42 (1H, t, J = 8.0 Hz), 7.34 (1H, t, J = 8.0 Hz), 5.20 (1H, t, J = 10 Hz), 5.12
(1H, d, J = 10 Hz), 5.05-5.00 (2H, m), 4.19 (1H, dd, J = 12, 5.0 Hz), 3.98 (1H, dd, J = 12, 2.0
Hz), 3.62-3.59 (1H, m), 3.34 (3H, s), 2.02 (3H, s), 1.97 (3H, s), 1.95 (3H, s), 1.94 (3H, s).
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NMR (125 MHz, CD3OD):  172.4, 171.7, 171.3, 143.0, 136.7, 129.6, 129.2, 126.8, 125.1, 123.8,
118.2, 114.2, 83.3, 76.9, 75.2, 72.3, 69.5, 62.9, 41.5, 20.9, 20.8, 20.7. HR-ESI-MS m/z [M + H]+:
calc. for C24H29N2O12S2: 601.1156, found 601.1132 (36%), 331.10 (100%), 109.03 (86%), 169.05
(63%), 271.09 (22%).
A solution of chlorosulfonic acid (115 µL, 1.7 mmol) in dry Et2O (0.52 ml) was added dropwise
over 30 min to a solution of compound 195 (100 mg, 0.17 mmol) in pyridine (0.50 ml) and dry
DCM (0.50 ml) under argon at 0 °C (Pedras and Yaya, 2013). After stirring at rt for 24 h, a solution
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of KHCO3 (100 mg) in H2O (1 ml) was added and stirring was continued for 1 h. The mixture was
diluted with H2O and extracted with CHCl3. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (MeOH-DCM, 1:9) to give compound 196 (100 mg, 0.14
mmol, 82%) as a white solid, mp 104 – 105 °C.
Compound 196: 1H NMR (500 MHz, CD3OD):  8.21 (1H, d, J = 8.0 Hz), 8.03 (1H, s), 7.92 (1H,
d, J = 8.0 Hz), 7.46 (1H, t, J = 8.0 Hz), 7.38 (1H, t, J = 8.0 Hz), 5.26-5.21 (2H, m), 5.07-5.03 (2H,
m), 4.23 (1H, dd, J = 12.5, 4.0 Hz), 4.05 (1H, dd, J = 12.5, 2.0 Hz), 3.70-3.67 (1H, m), 3.38 (1H,
s), 2.07 (3H, s), 2.00 (3H, s), 1.96 (3H, s), 1.95 (3H, s). 13C NMR (125 MHz, CD3OD):  172.5,
171.6, 171.4, 171.3, 149.3, 136.6, 130.5, 129.2, 127.0, 125.4, 124.2, 116.8, 114.1, 83.8, 77.0, 75.2,
72.0, 69.3, 62.8, 41.6, 20.8, 20.8, 20.7. HR-ESI-MS m/z [M – K]-: calc. for C24H27N2O15S3:
679.0568, found 679.0544 (100%).
K2CO3 (12 mg, 0.084 mmol) was added to a solution of compound 196 (30 mg, 0.042 mmol) in
MeOH (2.0 mL) at at -10 °C. The mixture was stirred at the same temperature for 3 h and filtered.
The filtrate was concentrated, and the crude residue was separated by FCC (MeOH-DCM, 1:4) to
give 197 (18 mg, 0.033 mmol, 78%) as a white solid, mp 112 – 113 °C.
Compound 197: HPLC tR = 9.9 min (method B). 1H NMR (500 MHz, CD3OD):  8.10 (1H, d, J
= 8.0 Hz), 8.05 (1H, s), 7.94 (1H, d, J = 8.0 Hz), 7.46-7.44 (1H, m), 7.40-7.36 (1H, m), 4.64 (1H,
d, J = 10 Hz), 3.71 (1H, dd, J = 12, 2.0 Hz), 3.59 (1H, dd, J = 12, 4.5 Hz), 3.36 (s, 3H), 3.35-3.28
(2H, m), 3.18 (1H, t, J = 9.0 Hz), 2.88-2.85 (1H, m).
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C NMR (125 MHz, CD3OD):  152.9,

136.3, 129.8, 129.8, 126.8, 125.3, 123.5, 116.0, 114.1, 86.1, 82.1, 79.6, 74.4, 70.8, 62.2, 41.5. HRESI-MS m/z [M – K]-: calc. for C16H19N2O11S3: 511.0156, found 511.0164 (100%). UV (HPLC,
CH3CN – H2O) max (nm): 220, 275.
K2CO3 (39 mg, 0.28 mmol) was added to a solution of 197 (50 mg, 0.070 mmol) in MeOH (2.0
mL) at rt. The mixture was stirred for 12 h and filtered. The filtrate was concentrated, and the crude
residue was separated by FCC (MeOH-DCM, 1:15) to give compound 211 (14 mg, 0.042 mmol,
60%) as a yellowish solid, mp 160 – 162 °C.
Compound 211: HPLC tR = 16.4 min (method B). 1H NMR (500 MHz, CD3OD):  7.47 (1H, d, J
= 8.0 Hz), 7.31 (1H, d, J = 8.0 Hz), 7.11 (1H, t, J = 8.0 Hz), 7.01-6.98 (2H, m), 5.31 (1H, d, J =
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9.5 Hz), 3.92 (1H, t, J = 9.5 Hz), 3.88-3.82 (2H, m), 3.71 (1H, dd, J = 12, 5.5 Hz), 3.57-3.54 (1H,
m), 3.50-3.46 (1H, m). 13C NMR (125 MHz, CD3OD):  162.8, 136.9, 125.2, 124.2, 123.4, 120.3,
119.1, 115.3, 112.6, 87.7, 85.1, 84.6, 75.5, 72.3, 62.6. HR-ESI-MS m/z [M + H]+: calc. for
C15H17N2O5S: 337.0852, found 337.0844 (100%), 371.31 (69%), 391.28 (58%), 319.08 (38%),
149.03 (15%). UV (HPLC, CH3CN – H2O) max (nm): 225, 280.

4.4.2 Synthesis and reactions of 1-MeSO2-glucorapassicin (204)

Scheme 4-2. Synthesis of 1-SO2Me-glucorapassicin (204). Reagents and conditions: a) CH3I,
K2CO3, acetone, 88%; b) POCl3, DMF, 95%; c) NaH, MeSO2Cl, THF, 71%; d) NH2OHHCl,
Na2CO3, EtOH, H2O, 98%; e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate, Et3N, 92% (over
2 steps); g) PySO3, DCM, 91%; h) K2CO3, MeOH, 30 min, 85%.
K2CO3 (10.4 g, 75.2 mmol) was added to a solution of 4-hydroxyindole (198) (1.00 g, 7.52 mmol)
in acetone (25 mL), followed by CH3I (565 µL, 9.02 mmol). The mixture was vigorously stirred
at 35 °C for 18 h and concentrated. H2O was added and the mixture was extracted with EtOAc.
The organic extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane,
5:95) to give 4-methoxyindole (199) (975 mg, 6.63 mmol, 88%) as a white solid (Kerschgens et
al., 2012).
A solution of 4-methoxyindole (199) (200 mg, 1.36 mmol) in DMF (0.60 mL) was added dropwise
to a solution of freshly distilled POCl3 (150 µL, 1.63 mmol) in DMF (0.40 mL) at 0 °C. After
stirring at rt for 15 min, cold H2O was added and the mixture was poured into cold aq. NaOH
(10%) and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated to ca.
147

a third, diluted with toluene and concentrated to dryness to give 4-methoxyindole-3carboxaldehyde (189) (226 mg, 1.29 mmol, 95%).
A solution of 4-methoxyindole-3-carboxaldehyde (189) (235 mg, 1.34 mmol) in THF (3.0 mL)
was added dropwise to a suspension of NaH (160 mg, 4.03 mmol) in dried THF (3.0 mL) at 0 °C.
After stirring at rt for 30 min, MeSO2Cl (310 µL, 4.03 mmol) was added dropwise and the reaction
mixture was stirred for 2 h. The reaction mixture was diluted with H2O and extracted with EtOAc.
The organic extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane,
1:3) to give 200 (240 mg, 0.95 mmol, 71%) as a white solid, mp 141 – 142 °C (Pedras et al., 2016).
Compound 200: HPLC: tR = 13.8 min (method A). 1H NMR (500 MHz, CDCl3):  10.47 (1H, s,
CHO), 8.05 (1H, s, H-2), 7.48 (1H, d, J =8.0 Hz, H-7), 7.34 (1H, t, J =8.0 Hz, H-6), 6.82 (1H, d,
J =8.0 Hz, H-5), 3.97 (3H, s, OMe), 3.24 (3H, s, SO2Me). 13C NMR (125 MHz, CDCl3):  188.3
(CHO), 154.6 (C-4), 136.3 (C-7a), 128.5 (C-6), 127.0 (C-2), 122.1 (C-3), 117.5 (C-3a), 106.0,
105.2 (C-7, C-5), 55.7 (OMe), 41.8 (SO2Me). HR-EI-MS m/z [M]+: calc. for C11H11NO4S:
253.0409, found 253.0400 (23%), 268.06 (100%), 189.08 (59%), 116.05 (28%), 299.08 (24%).
UV (HPLC, CH3CN – H2O) max (nm): 241, 312. FTIR (KBr, cm-1) vmax: 3000, 1677, 1534, 1502,
1374, 1269, 1181, 1175, 1101, 954, 779.
A solution of NH2OHHCl (88 mg, 1.26 mmol) and Na2CO3 (67 mg, 0.63 mmol) in H2O (1.0 mL)
was added to a solution of compound 200 (160 mg, 0.63 mmol) in EtOH (5.0 mL). After stirring
at 80 °C for 3 h, the reaction mixture was concentrated, diluted with H2O and the resulting solution
was extracted with EtOAc. The organic extract was dried over Na2SO4 and concentrated to give
oxime 201 (165 mg, 0.62 mmol, 98% yield), which was used for the next step without further
purification.
NCS (49 mg, 0.37 mmol) was added in portions to a solution of oxime 201 (100 mg, 0.37 mmol)
in pyridine (0.3 mL) and dry DCM (3.0 mL) at 0 °C. After stirring at rt for 30 min, a solution of
1-β-D-thioglucose tetraacetate (122 mg, 0.34 mmol) and triethylamine (150 µL, 1.11 mmol) in
DCM (1.0 mL) was added. The mixture was stirred at rt for 3 h, concentrated to ca. one third,
diluted with toluene and concentrated to dryness. The crude reaction mixture was separated by
FCC (EtOAc-hexane, 1:1) to yield 202 (215 mg, 0.34 mmol, 92% yield) as a yellow solid, mp 111
– 112 °C (Pedras et al., 2016).
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Compound 202: HPLC: tR = 17.1 min (method A). 1H NMR (500 MHz, CDCl3):  9.10 (br, 1H,
NOH), 7.56 (1H, d, J = 8.0 Hz, H-7), 7.54 (1H, s, H-2), 7.39 (1H, t, J = 8.0 Hz, H-6), 6.79 (1H,
d, J = 8.0 Hz, H-5), 5.02 (1H, dd, J = 10.0, 9.0 Hz, H-2´), 4.95 (1H, t, J = 9.5 Hz, H-4´), 4.90 (1H,
t, J = 9.0 Hz, H-3´), 4.41 (1H, d, J = 10.0 Hz, H-1), 3.98 (1H, dd, J = 12.5, 3.5 Hz, H-6´), 3.89
(3H, s, OMe), 3.57 (1H, dd, J = 12.5, 2.0 Hz, H-6´), 3.22 (3H, s, SO2Me), 2.77-2.74 (1H, m, H5´), 2.07 (3H, s), 2.03 (3H, s), 1.95 (3H, s), 1.92 (3H, s, 4 x OAc). 13C NMR (125 MHz, CDCl3):
 170.8 , 170.3, 169.4, 169.4 (4 x OAc), 154.0 (C-4), 148.8 (C=N), 135.9 (C-7a), 127.5 (C-6),
126.2 (C-2), 119.0 (C-3), 112.6 (C-3a), 106.1 (C-7), 105.1 (C-5), 81.3 (C-1´), 75.8 (C-5´), 73.9
(C-3´), 69.6 (C-2´), 67.6 (C-4´), 61.2 (C-6´), 55.9 (OMe), 41.5 (SO2Me), 20.9, 20.8, 20.7, 20.7 (4
x OAc). HR-ESI-MS m/z [M + H]+: calc. for C25H31N2O13S2: 631.1262, found 631.1244 (59%),
169.05 (100%), 109.03 (95%), 331.11 (62%). UV (HPLC, CH3CN – H2O) max (nm): 218, 254,
290. FTIR (KBr, cm-1) vmax: 1753, 1371, 1228, 1107, 1043, 963, 782.
PySO3 (239 mg, 1.50 mmol) was added to a solution of 202 (192 mg, 0.30 mmol) in dry DCM
(5.0 mL) at rt. The mixture was stirred at 40 °C for 18 h, concentrated, diluted with H2O and was
extracted with MeOH–CHCl3 (1:4). The organic extract was dried over Na2SO4, concentrated and
separated by FCC (MeOH-DCM, 1:9) to yield 203 (193 mg, 0.27 mmol, 91%) as a white solid,
mp 120 – 121 °C (Pedras et al., 2016).
Compound 203: HPLC: tR = 17.6 min (method B). 1H NMR (500 MHz, CD3OD):  7.73 (1H, s,
H-2), 7.58 (1H, d, J = 8.0 Hz, H-7), 7.43 (1H, t, J = 8.0 Hz, H-6), 6.92 (1H, d, J = 8.0 Hz, H-5),
5.03-4.95 (2H, m, H-2´,4´), 4.92-4.87 (1H, m, H-3´), 4.65 (1H, d, J = 10.0 Hz, H-1´), 3.95 (1H,
dd, J = 12.5, 3.5 Hz, H-6´), 3.94 (3H, s, OMe), 3.51 (1H, dd, J = 12.5, 2.5 Hz, H-6´), 3.39 (3H, s,
SO2Me), 2.88-2.84 (1H, m, H-5´), 2.08 (3H, s), 2.07 (3H, s), 1.94 (3H, s), 1.91 (3H, s, 4 x OAc).
C NMR (125 MHz, CD3OD):  172.4, 171.6, 171.2, 171.1 (4 x OAc), 155.4, 154.9 (C-4, C=N),
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137.2 (C-7a), 128.3, 128.0 (C-6, C-2), 120.3 (C-3), 113.0 (C-3a), 107.1, 106.0 (C-7, C-5), 82.7 (C1´), 76.8 (C-5´), 75.1 (C-3´), 71.0 (C-2´), 69.1 (C-4´), 62.5 (C-6´), 56.5 (OMe), 41.6 (SO2Me),
20.8, 20.6, 20.6 (4 x OAc). HR-ESI-MS m/z [M – H]+: calc. for C25H29N2O16S3: 709.0684, found
709.0694 (100), 187.03 (32%), 212.06 (28%), 172.01 (16%), 265.01 (12%), 667.06 (4%). UV
(HPLC, CH3CN – H2O) max (nm): 218, 255, 290. FTIR (KBr, cm-1) vmax: 1753, 1372, 1231, 1107,
780.
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K2CO3 (11 mg, 0.08 mmol) was added to a solution of compound 203 (30 mg, 0.04 mmol) in
MeOH (1.0 mL) at rt. The mixture was stirred for 30 min and filtered. The filtrate was concentrated
and the crude residue was separated by FCC (MeOH-DCM, 1:4) to give 204 (20 mg, 0.034, 85%)
as a white solid, mp 114 – 115 °C (Pedras et al., 2016).
Compound 204: HPLC: tR = 9.3 min (method B). 1H NMR (500 MHz, CD3OD):  7.73 (1H, s, H2), 7.51 (1H, d, J = 8.0 Hz, H-7), 7.36 (1H, t, J = 8.0 Hz, H-6), 6.85 (1H, d, J = 8.0 Hz, H-5), 4.22
(1H, d, J =9.5 Hz, H-1´), 3.90 (3H, s, OMe), 3.46-3.40 (2H, m, H-6´), 3.35 (3H, s, SO2Me), 3.263.19 (2H, m, H-2´, H-4´), 2.98 (1H, t, J = 9.0, H-3´), 2.32-2.29 (1H, m, H-5´).

13

C NMR (125

MHz, CD3OD):  157.3 (C=N), 155.5 (C-4), 137.0 (C-7a), 128.3 (C-2), 127.9 (C-6), 120.3 (C-3),
113.3 (C-3a), 106.9 (C-7), 105.8 (C-5), 85.5 (C-1´), 82.0 (C-5´), 79.7 (C-3´), 73.6 (C-2´), 70.9 (C4´), 62.2 (C-6´), 56.4 (OMe), 41.4 (SO2Me). HR-ESI-MS m/z [M – K]-: calc. for C17H21N2O12S3:
541.0262, found 541.0258 (61%), 212.08 (100%), 205.16 (27%). UV (HPLC, CH3CN – H2O) max
(nm) 220, 250, 290. FTIR (KBr, cm-1) vmax: 3415, 1588, 1498, 1365, 1270, 1108, 780.

Scheme 4-3. Transformation of 204. Reagents and conditions: a) K2CO3, MeOH, 67%; b) NaH,
DMF, CH3I, 86%; c) Ac2O, DMAP, pyridine, 74%.
K2CO3 (34 mg, 0.25 mmol) was added to a solution of 204 (60 mg, 0.082 mmol) in MeOH (3.0
mL). The mixture was stirred at rt for 15 h and filtered. The filtrate was concentrated and separated
by FCC (MeOH-DCM,1:9) to give 207 (20 mg, 0.055 mmol, 67 %) as a yellow solid, mp 168 –
169 °C (Pedras et al., 2016).
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Compound 207: HPLC: tR = 15.7 min (method B). 1H NMR (500 MHz, CD3OD):  7.03 (1H, t, J
= 8.0 Hz, H-6), 6.93 (1H, d, J =8.0 Hz, H-7), 6.81 (1H, s, H-2), 6.47 (1H, d, J = 8.0 Hz, H-5),
5.25 (1H, d, J = 9.5 Hz, H-1´), 3.93 (1H, t, J =9.5 Hz, H-2´), 3.90-3.82 (2H, m, H-6´, H-3´), 3.85
(3H, s, OMe), 3.73 (1H, dd, J =12.0, 5.5 Hz, H-6´), 3.59-3.55 (1H, m, H-5´), 3.51 (1H, dd, J =9.5,
8.0 Hz, H-4´).13C NMR (125 MHz, CD3OD):  164.0 (C-11), 155.4 (C-4), 138.7 (C-7a), 125.9 (C3), 124.2 (C-6), 113.9 (C-2), 113.6 (C-3a), 106.1 (C-7), 100.7 (C-5), 88.0 (C-2´), 85.1 (C-5´), 84.3
(C-1´), 75.5 (C-3´), 72.3 (C-4´), 62.6 (C-6´), 55.8 (OMe). HR-EI-MS m/z [M]+: calc. for
C16H18N2O6S: 366.0886, found 366.0877 (10%), 188.06 (100%), 173.04 (53%), 204.03 (45%),
162.08 (39%), 73.03 (38%), 147.06 (34%). UV (HPLC, CH3CN – H2O) max (nm) 226, 260, 290.
FTIR (KBr, cm-1) vmax: 3392, 2888, 1662, 1509, 1266, 735.
A solution of compound 207 (16 mg, 0.044 mmol) in DMF (1.0 mL) was added to a suspension
of NaH (11 mg, 0.26 mmol) in DMF (0.5 mL) at 0 °C. After stirring at rt for 15 min, CH3I (20 µL,
0.26 mmol) was added and the mixture was stirred for an additional 15 min. The mixture was
diluted with H2O and extracted with EtOAc. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (EtOAc-hexane, 1:2) to give 208 (16 mg, 0.038 mmol, 86%)
as a yellow solid, mp 125 – 126 °C (Pedras et al., 2016).
Compound 208: HPLC: tR = 20.0 min (method A). 1H NMR (500 MHz, CDCl3):  7.12 (1H, t, J
= 8.0 Hz, H-6), 6.87 (1H, d, J = 8.0 Hz, H-7), 6.68 (1H, s, H-2), 6.49 (1H, d, J = 8.0 Hz, H-5),
5.03 (1H, d, J = 9.5 Hz, H-1´), 3.99 (1H, t, J = 9.5 Hz, H-2´), 3.91 (3H, s, OMe), 3.72 (3H, s,
NMe), 3.69 (3H, s, OMe), 3.67-3.60 (4H, m, H-6´,6´,3´,5´), 3.58 (3H, s, OMe), 3.41 (3H, s,
OCH3), 3.33 (1H, t, J = 9.0 Hz, H-4´). 13C NMR (125 MHz, CDCl3):  158.9 (C-11), 154.5 (C4), 150.3 (C-3a), 137.7 (C-7a), 124.3 (C-3), 123.2 (C-6), 116.6 (C-2), 102.7 (C-7), 99.8 (C-5), 85.9
(C-2´), 84.3 (C-3´), 83.6 (C-1´), 81.6 (C-5´), 79.2 (C-4´), 71.5 (C-6´), 61.5 (OMe), 60.1 (OMe),
59.6 (OMe), 55.8 (OCH3), 33.3 (N-Me). HR-EI-MS m/z [M]+: calc. for C20H26N2O6S: 422.1512,
found 422.1500 (53%), 218.05 (100%), 202.07 (53%), 187.05 (17%), 252.01 (12%), 456.11 (6%).
UV (HPLC, CH3CN – H2O) max (nm) 228, 302. FTIR (KBr, cm-1) vmax: 2941, 2274, 1666, 1501,
1466, 1262, 1115, 728. XRD structure of compound 208 is available online at
https://www.ccdc.cam.ac.uk (CCDC number:1439164)
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Acetic anhydride (14 µL, 0.15 mmol) was added to a solution of compound 207 (7.0 mg, 0.019
mmol) in pyridine (0.50 mL) at rt, followed by DMAP (ca. 0.5 mg) (Filice et al., 2012). After
stirring for 1 h, the mixture was diluted with toluene and concentrated to dryness. The crude
mixture was separated by FCC (EtOAc-hexane, 1:2) to give compound 209 (9.0 mg, 0.014 mmol,
74%) as a dark solid, mp 105 – 106 °C.
Compound 209: HPLC: tR = 17.7 min (method A). 1H NMR (500 MHz, CDCl3):  8.03 (1H, br,
N-H), 7.11 (1H, t, J = 8.0 Hz, H-6), 6.93 (1H, d, J = 8.0 Hz, H-7), 6.88 (1H, d, J = 2.0 Hz, H-2),
6.51 (1H, d, J = 8.0 Hz, H-5), 5.48 (1H, t, J = 9.5 Hz, H-3´), 5.20-5.15 (2H, m, H-4´,1´), 4.264.17 (3H, m, H-6´,2´), 3.96-3.90 (1H, m, H-5´), 3.90 (3H, s, OMe), 2.11 (3H, s), 2.10 (3H, s), 2.07
(3H, s, 3 x OAc). 13C NMR (125 MHz, CDCl3):  170.7, 170.0, 169.8 (3 x OAc), 157.3 (C-11),
154.5 (C-4), 137.0 (C-7a), 125.6 (C-3), 123.9 (C-6), 112.9 (C-3a), 111.7 (C-2), 104.7 (C-7), 100.4
(C-5), 83.5 (C-1´), 82.0 (C-2´), 78.8 (C-5´), 72.1 (C-3´), 69.0 (C-4´), 62.0 (C-6´), 55.8 (OMe),
20.9, 20.8 (4 x OAc). HR-EI-MS m/z [M]+: calc. for C22H24N2O9S: 492.1202, found 492.1202
(44%), 204.04 (100%), 188.06 (68%), 101.06 (55%). HR-ESI-MS m/z [M + H]+: 493.0 (100%).
HR-ESI-MS m/z [M – H]-: 491.0 (100%). UV (HPLC, CH3CN – H2O) max (nm) 226, 264, 296.
FTIR (KBr, cm-1) vmax: 2947, 2267, 1750, 1670, 1510, 1370, 1231, 1070, 736.

Scheme 4-4. Transformation of 1-MeSO2-glucorapassicin (204) in TFA/DCM. Reagents and
conditions: a) TFA-DCM (1:4), 10 min.
1-MeSO2-glucorapassicin (204) (5 mg, 0.009 mmol) was dissolved in a mixture of TFA-DCM
(1:4, 200 µL), stirred for 10 min at rt, and the solvent was removed. The mixture was dissolved in
CHCl3, filtered, and concentrated to yield a mixture of 1-MeSO2-rapalexin (212) and 1-MeSO2-4methoxyindole-3-carbonitrile (213) (2 mg, 4:1, determined by 1H NMR and HPLC) (Pedras et al.,
2016).
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Scheme 4-5. Transformation of 1-SO2Me-glucorapassicin (204) in H2O. Reagents and conditions:
H2O, 3 days, 50%.
A solution of 1-SO2Me-glucorapassicin (204) (15 mg, 0.026 mmol) in H2O (3 mL) was left at rt
for ca. 3 days. The solution was freeze-dried and the crude mixture was separated by FCC (MeOHDCM, 1:9) to give 214 (6 mg, 0.013 mmol, 50%).
Compound 214: HPLC tR = 16.8 min (method B). 1H NMR (600 MHz, CD3OD):  7.54 (1H, d, J
= 8.0 Hz), 7.10 (1H, t, J = 8.0 Hz), 6.85 (1H, d, J = 8.5 Hz), 5.03-4.99 (1H, m), 3.98-3.95 (1H,
m), 3.96 (3H, s), 3.68-3.65 (1H, m), 3.54-3.51 (1H, m), 3.47-3.43 (2H, m), 3.40 (3H, s), 3.38-3.36
(1H, m). 13C NMR (150 MHz, CD3OD):  167.5, 166.3, 151.8, 135.5, 126.3, 114.9, 108.9, 108.2,
94.0, 85.2, 82.7, 79.7, 74.0, 71.3, 62.8, 57.3, 41.9. HR-ESI-MS m/z [M-H]-: calc. for
C17H21N2O9S2: 461.0694, found 461.0679 (100%). UV (HPLC, CH3CN–H2O) max (nm): 220, 255,
350.
4.4.3 Synthesis of 1-SO2Me-rapalexin A (212)

Scheme 4-6. Synthesis of 1-MeSO2-rapalexin A (212). Reagents and conditions: a) NaH, THF,
ClSO2Me, 74%.
A solution of rapalexin A (102) (20 mg, 0.10 mmol) in THF (1 mL) was added to a suspension of
NaH (20 mg, 0.50 mmol) in THF (1 mL) at 0 °C. After stirring at rt for 15 min, ClSO2Me (15 µL,
0.20 mmol) was added and the mixture was stirred for an additional 15 min. The reaction mixture
was diluted with H2O and extracted with DCM. The organic extract was dried over Na2SO4,
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concentrated and separated by FCC (EtOAc-hexane, 1:20) to yield 212 (21 mg, 0.074 mmol, 74%
yield) as a white solid, mp 145 – 146 °C.
Compound 212: HPLC: tR = 28.4 min (method A). 1H NMR (500 MHz, CDCl3):  7.47 (1H, d, J
= 8.5 Hz, H-7), 7.35 (1H, t, J =8.5 Hz, H-6), 7.26 (1H, s, H-2), 6.77 (1H, d, J =8.0 Hz, H-5), 4.00
(3H, s, OMe), 3.11 (3H, s, SO2Me). 13C NMR (125 MHz, CDCl3):  154.2 (C-4), 135.2 (C-7a),
127.9 (C-6), 118.8 (C-2), 116.3 (C-3), 113.8 (C-3a), 106.0, 104.8 (C-7, C-5), 55.6 (OMe), 41.1
(SO2Me). HR-EI-MS m/z [M]+: calc. for C11H10N2O3S2: 282.0133, found 282.0130 (41%), 203.03
(100%), 160.00 (12%), 116.04 (8%). UV (HPLC, CH3CN – H2O) max (nm) 252, 284. FTIR (KBr,
cm-1) vmax: 3130, 2115, 1598, 1497, 1361, 1278, 1178, 1106, 969, 776.
4.4.4 Synthesis of 1-SO2Me-4-methoxyindole-3-carbonitrile (213)

Scheme 4-7. Synthesis of 1-MeSO2-4-methoxyindole-3-carbonitrile (213). Reagents and
conditions: a) I2, NH4OH, THF, 50%.
Iodine (12 mg, 0.047 mmol) was added to a mixture of compound 200 (10 mg, 0.040 mmol) in
THF (50 µL) and NH4OH (0.50 mL) at rt (Talukdar et al., 2001). The mixture was stirred at rt for
14 h, diluted with saturated aq. Na2S2O3 and extracted with DCM. The organic extract was dried
over Na2SO4, concentrated and separated by FCC (CHCl3) to give 213 (5.0 mg, 0.020 mmol, 50%)
as a white solid, mp 167 – 168 °C.
Compound 213: HPLC: tR = 16.9 min (method A). 1H NMR (500 MHz, CDCl3):  7.89 (1H, s, H2), 7.49 (1H, dd, J =8.5, 0.5 Hz, H-7), 7.42 (1H, t, J = 8.0 Hz, H-6), 6.82 (1H, d, J =8.0 Hz, H-5),
4.01 (3H, s, OMe), 3.25 (3H, s, SO2Me). 13C NMR (125 MHz, CDCl3):  154.0 (C-4), 135.3 (C7a), 132.6 (C-2), 128.3 (C-6), 118.1 (C-3), 114.3 (C-3a), 105.8, 105.2 (C-7, C-5), 92.2 (CN), 56.1
(OMe), 41.9 (SO2Me). HR-FD-MS m/z [M]+: calc. for C11H10N2O3S: 250.0412, found 250.0420
(100%). UV (HPLC, CH3CN – H2O) max (nm) 227, 272, 296. FTIR (KBr, cm-1) vmax: 3132, 2230,
1608, 1498, 1370, 1271, 1183, 1113, 973, 782, 569.
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4.4.5 Synthesis and reactions of 1-t-Boc-glucorapassicin (191)

Scheme 4-8. Synthesis of 1-t-Boc-glucorapassicin (191). Reagents and conditions: a) (t-Boc)2O,
DMAP, THF, 92%; b) NH2OHHCl, Na2CO3, EtOH, H2O; c) NCS, py, DCM; d) 1-β-D-thioglucose
tetraacetate, Et3N, 88% (over 3 steps); e) PySO3, DCM, 83%; f) K2CO3, MeOH, 70%.
(t-Boc)2O (450 mg, 2.06 mmol) was added to a solution of 4-methoxyindole-3-carboxaldehyde
(189) (300 mg, 1.71 mmol) in THF (6.0 mL) at rt, followed by a catalytic amount of DMAP (4
mg, 0.033 mmol). After stirring at rt for 30 min, the mixture was acidified with HCl 1N (ca. 2
drops), diluted with H2O and extracted with DCM. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (EtOAc-hexane, 1:2) to yield 215 (434 mg, 1.58 mmol, 92%)
as a white solid, mp 162 – 163 °C.
Compound 215: HPLC: tR = 27.8 min (method A). 1H NMR (500 MHz, CDCl3):  10.54 (1H, s,
CHO), 8.22 (1H, s, H-2), 7.84 (1H, d, J = 8.5 Hz, H-7), 7.31 (1H, t, J = 8.5 Hz, H-6), 6.80 (1H, d,
J = 8.0 Hz, H-5), 3.99 (3H, s, OMe), 1.67 (9H, s, t-Boc). 13C NMR (125 MHz, CDCl3):  189.3
(CHO), 154.3 (C-4), 149.2 (t-Boc), 137.3 (C-7a), 128.9 (C-6), 126.3 (C-2), 121.5 (C-3), 117.4 (C3a), 108.8 (C-7), 104.7 (C-5), 85.6 (t-Boc), 55.7 (OMe), 28.2 (t-Boc). HR-FD-MS m/z [M]+: calc.
for C15H17NO4: 275.1158, found 275.1149 (100%). UV (HPLC, CH3CN – H2O) max (nm) 220,
247, 322. FTIR (KBr, cm-1) vmax: 1737, 1676, 1545, 1433, 1282, 1146, 837.
A solution of NH2OHHCl (48 mg, 0.70 mmol) and Na2CO3 (37 mg, 0.35 mmol) in H2O (1.0 mL)
was added to a solution of 215 (95 mg, 0.35 mmol) in EtOH (5.0 mL). After stirring at 60 °C for
1 h, the mixture was concentrated, diluted with H2O and extracted with EtOAc. The organic extract
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was dried over Na2SO4 and concentrated to give oxime 216 (105 mg), which was used for the next
step without further purification.
NCS (47 mg, 0.35 mmol) was added in portions to a solution of oxime 216 (105 mg), in pyridine
(0.30 mL) and DCM (3.0 mL) at 0 °C. After stirring at rt for 30 min, a solution of 1-β-D-thioglucose
tetraacetate (121 mg, 0.33 mmol) and Et3N (145 µL, 1.05 mmol) in DCM (1.0 mL) was added and
stirring was continued for 3 h. The reaction mixture was concentrated, diluted with toluene and
then concentrated to dryness. The crude was separated by FCC (EtOAc-hexane, 1:1) to yield 217
(200 mg, 0.31 mmol, 88% yield over 2 steps) as a yellow solid, mp 102 – 103 °C (Pedras et al.,
2016).
Compound 217: HPLC: tR = 23.0 min (method A). 1H NMR (500 MHz, CDCl3):  7.79 (1H, d, J
=8.5 Hz, H-7), 7.62 (1H, s, H-2), 7.30 (1H, t, J = 8.5 Hz, H-6), 6.71 (1H, d, J = 8.0 Hz, H-5),
5.06-4.87 (2H, m, H-2´,4´), 4.90 (1H, t, J = 9.5 Hz, H-3´), 4.50 (1H, d, J = 10.5 Hz, H-1´), 3.90
(1H, dd, J = 12.5, 3.0 Hz, H-6´), 3.87 (3H, s, OMe), 3.48 (1H, dd, J = 12.5, 2.0 Hz, H-6´), 2.632.61 (1H, m, H-5´), 2.04 (6H, s), 1.94 (3H, s), 1.89 (3H, s, 4 x OAc), 1.67 (9H, s, t-Boc). 13C NMR
(125 MHz, CDCl3):  170.8, 170.5, 169.3 (4 x OAc), 153.4 (C-4), 149.4, 149.2 (C=N and t-Boc),
136.3 (C-7a), 126.7, 126.2 (C-6, C-2), 118.5 (C-3), 111.3 (C-3a), 108.5 (C-7), 104.4 (C-5), 85.2
(t-Boc), 81.4 (C-1´), 75.5 (C-5´), 74.1 (C-3´), 69.7 (C-2´), 67.5 (C-4´), 60.9 (C-6´), 55.7 (OMe),
28.3 (t-Boc), 20.9, 20.8, 20.7, 20.6 (4 x OAc). HR-ESI-MS m/z [M + H]+: calc. for C29H37N2O13S:
653.2011, found: 653.2000 (100%), 691.16 (64%), 331.1048 (9%). UV (HPLC, CH3CN – H2O)
max (nm) 223, 256, 296. FTIR (KBr, cm-1) vmax: 1751, 1434, 1372, 1227, 1154, 1044, 961, 744.
PySO3 (183 mg, 1.15 mmol) was added to a solution of 217 (150 mg, 0.23 mmol) in dry DCM
(4.0 mL). After stirring at 40 °C for 18 h, the mixture was concentrated, diluted with H2O and
extracted with MeOH-CHCl3 (1:4). The organic extract was dried over Na2SO4, concentrated and
separated by FCC (MeOH-DCM, 1:9) to yield 218 (140 mg, 0.19 mmol, 83%) as a white solid,
mp 111 – 112 °C (Pedras et al., 2016).
Compound 218: HPLC: tR = 18.2 min (method B). 1H NMR (500 MHz, CDCl3):  7.81 (1H, d, J
=8.0 Hz, H-7), 7.78 (1H, s, H-2), 7.35 (1H, t, J =8.0 Hz, H-6), 6.85 (1H, d, J =8.0 Hz, H-5), 4.954.89 (3H, m, H-2´,3´,4´), 4.65-4.61 (1H, m, H-1´), 3.91 (3H, s, OMe), 3.86 (1H, dd, J = 12.5, 3.0
Hz, H-6´), 3.49 (1H, dd, J = 12.5, 2.5 Hz, H-6´), 2.70-2.67 (1H, m, H-5´), 2.07 (3H, s), 2.03 (3H,
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s), 1.92 (3H, s), 1.88 (3H, s, 4 x OAc), 1.69 (9H, s, t-Boc). 13C NMR (125 MHz, CDCl3):  172.2,
171.6, 171.1, 171.1 (4 x OAc), 156.0, 154.9 (C=N, C-4), 150.6 (t-Boc), 137.6 (C-7a), 127.9, 127.8
(C-6, C-2), 119.8 (C-3), 112.0 (C-3a), 109.4 (C-7), 105.6 (C-5), 86.3 (t-Boc), 82.6 (C-1´), 76.6 (C5´), 75.2 (C-3´), 71.0 (C-2´), 69.1 (C-4´), 62.1 (C-6´), 56.3 (OMe), 28.4 (t-Boc), 20.8, 20.7, 20.6,
20.5 (4 x OAc). HR-ESI-MS m/z [M-H]-: calc. for C29H35N2O16S2: 731.1434, found: 731.1405
(100%). UV (HPLC, CH3CN – H2O) max (nm) 224, 256, 297. FTIR (KBr, cm-1) vmax: 1750, 1372,
1227, 1059, 851, 780.
K2CO3 (26 mg, 0.19 mmol) was added to a solution of 218 (70 mg, 0.095 mmol) in MeOH (2.0
mL) at rt. After stirring for 30 min, the mixture was filtered. The filtrate was concentrated and
separated by FCC (MeOH-DCM, 1:4) to yield 191 (40 mg, 0.066 mmol, 70%) as a white solid,
mp 125 – 126 °C (Pedras et al., 2016).
Compound 191: HPLC: tR = 10.9 min (method B). UV (HPLC, CH3CN – H2O) max (nm) 225,
258, 299. 1H NMR (500 MHz, CDCl3):  7.77 (1H, d, J =8.5 Hz, H-7), 7.77 (1H, s, H-2), 7.29
(1H, t, J = 8.5, H-6), 6.79 (1H, d, J = 8.0 Hz, H-5), 4.22 (1H, d, J =10.0 Hz, H-1´), 3.89 (3H, s,
OCH3), 3.44-3.36 (2H, m, H-6´), 3.27-3.21 (2H, m, H-2´, H-4´), 2.97 (1H, t, J =9.0 Hz, H-3´),
2.21-2.20 (1H, m, H-5´), 1.68 (9H, s, t-Boc). 13C NMR (125 MHz, CDCl3):  158.1 (C=N), 155.0
(C-4), 150.7 (t-Boc), 137.6(C-7a), 128.0 (C-2), 127.5 (C-6), 120.0 (C-3), 112.5 (C-3a), 109.2 (C7), 105.5 (C-5), 85.9, 85.3 (C-1´ and t-Boc), 81.9 (C-5´), 79.7 (C-3´), 73.6 (C-2´), 70.6 (C-4´), 61.9
(C-6´), 56.3 (OMe), 28.4 (t-Boc). HR-ESI-MS m/z [M-K]-: calc. for C21H27N2O12S2: 563.1010,
found: 563.1011 (100%). FTIR (KBr, cm-1) vmax: 3385, 2974, 1742, 1435, 1372, 1276, 1153, 1063,
848, 780.

Scheme 4-9. Transformation of 1-t-Boc-glucorapassicin (191) in TFA/DCM. Reagents and
conditions: a) TFA-DCM (1:4), 10 min.
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1-t-Boc-glucorapassicin (191) (5.0 mg, 0.009 mmol) was dissolved in a mixture of TFA-DCM
(1:4, 200 µL), stirred for 10 min at rt, and the solvent was removed. The mixture was dissolved in
CHCl3, filtered, and concentrated to give a mixture of rapalexin (102) and 4-methoxyindole-3carbonitrile (219) (2 mg, 2:1, determined by 1H NMR and HPLC), identical in all respects to
authentic samples (Pedras et al., 2016).
4.4.6 One-pot synthesis of rapalexin A (102) using Lossen type rearrangement

Scheme 4-10. Synthesis of rapalexin A (102) using Lossen type rearrangement. Reagents and
conditions: a) NCS, py, DCM; b) HS-Si(i-Pr)3, Et3N; c) TFA; d) DCM, Et3N, 31% (overall).
NCS (26 mg, 0.19 mmol) was added in portions to a solution of oxime 216 (55 mg, 0.19 mmol)
and pyridine (150 µL) in DCM (1.5 mL) at 0 °C. After stirring at rt for 30 min,
triisopropylsilanethiol (50 µL, 0.23 mmol) was added, followed by Et3N (80 µL, 0.57 mmol). After
stirring for an additional 30 min, the mixture was diluted with toluene and concentrated to dryness.
The residue was dissolved in TFA/DCM (30%, 1.5 mL) and the resulting mixture was stirred for
1 h at rt. Solvent was removed, and the residue was dissolved in DCM (2 mL) and Et3N (80 µL).
After 1 h, the reaction mixture was concentrated and separated by FCC to afford rapalexin A (102)
(12 mg, 0.059 mmol, 31%) and 4-methoxyindole-3-carboxylic acid (235) (10 mg, 0.052 mmol,
27%), identical in all respects to authentic samples (Pedras et al., 2016).
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4.5.1 Nasturlexin A (106)

Scheme 4-11. Synthesis of nasturlexin A (106). Reagents and conditions: a) Na2CO3,
NH2OHHCl, MeOH, H2O, 49%. b) NiCl26H2O, NaBH4, MeOH; c) CS2, Et3N, py; d) CH3I, 43%
(from oxime 163).
A solution of Na2CO3 (175 mg, 1.65 mmol) and NH2OHHCl (230 mg, 3.30 mmol) in H2O (5 mL)
was added to a solution of phenylacetaldehyde (220 mg, 1.65 mmol) in MeOH (10 mL) at rt. After
stirring at 40 °C for 2 h, solvent was removed. The mixture was diluted with H2O and extracted
with EtOAc. The organic extract was dried over Na2SO4, concentrated, and separated by FCC
(EtOAc-hexane, 1:3) to give phenylacetaldoxime (163) (110 mg, 0.81 mmol, 49%).
NaBH4 (85 mg, 2.2 mmol) was added in portions to a solution of phenylacetaldehyde oxime (163)
(60 mg, 0.44 mmol) and NiCl26H2O (106 mg, 0.44 mmol) in MeOH (2 mL) at 0 °C. The mixture
was stirred for 5 min, diluted with water, and extracted with CHCl3. The organic extract was dried
over Na2SO4 and concentrated to give amine 241 (50 mg), which was used for the next step without
purification.
CS2 (25 μL, 0.41 mmol) was added to a solution of amine 241 in pyridine (1.5 mL) at rt, followed
by Et3N (170 μL, 1.23 mmol). After stirring for 15 min, CH3I (50 μL, 0.82 mmol) was added and
stirring was continued for an additional 15 min. The mixture was diluted with toluene,
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concentrated to dryness and the crude reaction mixture was separated by FCC (EtOAc-Hex, 1:9)
to afford nasturlexin A (106) (41 mg, 0.19 mmol, 43% from oxime 163) as a white solid, mp 49 –
50 °C [lit 50-51 °C, (Gaspari et al., 2005)] (Pedras and To, 2015).
Compound 106: HPLC tR = 21.5 min (method A). 1H NMR (500 MHz, CDCl3):  7.34 (2H, t, J =
7.5 Hz), 7.27–7.21 (m, 3H), 6.94 (1H, s), 4.02–3.99 (2H, m), 2.98 (2H, t, J = 7.0 Hz), 2.61 (3H,
s) and a minor rotamer at 7.65 (s), 3.73–3.69 (m), 2.96 (t), 2.69 (s). 13C NMR (125 MHz, CDCl3):
 199.4, 138.4, 129.1, 129.0, 127.1, 48.2, 34.5, 18.3. HR-EI-MS m/z [M]+: calc. for C10H13NS2:
211.0489, found 211.0493 (74%), 163.04 (27%), 104.06 (100%). HPLC-ESI-MS m/z [M + H]+:
212.1 (51%), 164.1 (100%). UV (HPLC, CH3CN–H2O) max (nm): 253, 272.

4.5.2 Nasturlexin B (107) and tridentatol C (110)

Scheme 4-12. Synthesis of nasturlexin B (107) and tridentatol C (110). Reagents and conditions:
a) CS2, Et3N, DCE; b) CH3I, reflux, 90%; c) DDQ, dioxane, 70%.
CS2 (40 µL, 0.60 mmol) was added to a solution of (±)-octopamine hydrochloride (242) (95 mg,
0.50 mmol) in 1,2-dichloroethane (3 mL) at rt, followed by Et3N (0.21 mL, 1.5 mmol) and CH3I
(45 µL, 0.72 mmol). After stirring at 80 °C in a sealed vial for 1 h, the solvent was concentrated
and the crude reaction mixture was separated by FCC (EtOAc-Hex, 1:3) to afford nasturlexin B
(107) (103 mg, 0.45 mmol, 90%) as a white solid, mp 137-138 °C (Pedras and To, 2015).
Compound 107: HPLC tR = 11.5 min (method A). 1H NMR (500 MHz, CDCl3):  7.14 (2H, d, J
=8.5 Hz), 6.76 (2H, d, J =8.5 Hz), 5.03 (1H, dd, J =8.5, 5.5 Hz), 4.48 (1H, dd, J =14.5, 8.5 Hz),
4.31 (1H, dd, J =14.5, 5.5 Hz), 2.57 (3H, s). 13C NMR (125 MHz, CDCl3):  168.8, 156.3, 132.4,
128.6, 116.0, 71.9, 56.3, 15.7. HR-EI-MS m/z [M]+: calc. for C10H11NOS2: 225.0282, found
225.0284 (100%), 152.03 (62%), 87.01 (78%). HPLC-ESI-MS m/z [M + H]+: 225.9 (100%), 178.0
(30%). UV (HPLC, CH3CN–H2O) max (nm): 220, 290.
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A mixture of nasturlexin B (107) (47 mg, 0.21 mmol) and DDQ (52 mg, 0,23 mmol) in 1,4-dioxane
(2 mL) was stirred at 100 °C in a sealed vial for 5 h. The solvent was concentrated and the crude
mixture was separated by FCC (EtOAc-hexane, 1:3) to afford tridentatol C (110) (33 mg, 0.15
mmol, 70%) as a white solid, mp 144 – 145 °C (Pedras and To, 2015).
Compound 110: HPLC tR = 13.8 min (method A). 1H NMR (500 MHz, CDCl3):  7.69 (1H, s),
7.37 (2H, d, J = 8.5 Hz), 6.86 (2H, d, J = 8.5 Hz), 5.30 (1H, s), 2.71 (3H, s). 13C NMR (125 MHz,
CDCl3):  164.9, 156.3, 139.1, 136.9, 128.2, 123.8, 116.3, 17.1. HR-EI-MS m/z [M]+: calc. for
C10H9NOS2: 223.0126, found 223.0120 (100%), 190.03 (84%). HPLC-ESI-MS m/z [M + H]+:
224.1 (100%). UV (HPLC, CH3CN–H2O) max (nm): 315.

4.5.3 Nasturlexin C (108)

Scheme 4-13. Synthesis of nasturlexin C (108). Reagents and conditions: a) HCl, i-PrOH, 95%;
b) SOCl2, DMF, CHCl3, 98%; c) CS2, Et3N, CHCl3; d) CH3I, 83% (2 steps); e) DDQ, dioxane,
71%.
Conc. HCl (290 µL, 2.89 mmol) was added dropwise to a solution of 2-amino-1-phenylethanol
(259) (360 mg, 2.63 mmol) in isopropanol (4.0 mL) at 0 °C. The mixture was precipitated in Et2O
and filtered to yield the corresponding ammonium salt (430 mg, 2.49 mmol, 95%) (Reuß, 2009).
A solution of SOCl2 (270 µL, 3.73 mmol) and DMF (2 drops) in CHCl3 (2 mL) was added to a
solution of the ammonium salt (430 mg, 2.49 mmol) in CHCl3 (6 mL) at 0 °C. After stirring at rt
for 12 h, the mixture was concentrated and the residue was rinsed with Et2O to give compound
260 (470 mg, 2.45 mmol, 98%) as a white solid.
CS2 (28 µL, 0.46 mmol) was added to a suspension of 260 (45 mg, 0.23 mmol) in CHCl3 (1.0 mL)
at rt, followed by Et3N (96 µL, 0.69 mmol). After stirring for 15 min, CH3I (28 µL, 0.46 mmol)
was added and the mixture was heated at 60 °C for 3 h. H2O was added and the mixture was
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extracted with CHCl3. The organic extract was dried over Na2SO4, concentrated, and separated by
FCC (EtOAc-hexane, 1:9) to give 131 (40 mg, 0.19 mmol, 83%) as a yellow oil.
Compound 131: HPLC tR = 20.6 min (method A), 30.8 min (method B). 1H NMR (500 MHz,
CDCl3):  7.36-7.27 (m, 5H), 5.10 (1H, dd, J = 8.5, 6.0 Hz), 4.56 (1H, dd, J = 8.5, 5.0 Hz), 4.36
(1H, dd, J = 15.0, 6.0 Hz), 2.61 (3H, s). 13C NMR (125 MHz, CDCl3):  166.1, 141.1, 129.0, 128.1,
127.3, 72.3, 57.0, 15.5. HR-FD-MS m/z [M]+: calc. for C10H11NS2: 209.0333, found 209.0331
(100%). HPLC-ESI-MS m/z [M + H]+: 210.0 (100%). UV (HPLC, CH3CN–H2O) max (nm): 220,
260.
DDQ (36 mg, 0.16 mmol) was added to a solution of dihydronasturlexin C (131) (33 mg, 0.16
mmol) in 1,4-dioxane (0.50 mL) at rt. The mixture was stirred at 100 °C for 6 h in a sealed vial.
H2O was added and the mixture was extracted with DCM. The organic extract was dried over
Na2SO4, concentrated and separated by FCC (EtOAc-hexane, 1:9) to give nasturlexin C (108) (24
mg, 0.11 mmol, 71%) as a yellowish solid, mp 34-36 °C (Pedras et al., 2015).
Compound 108: HPLC tR = 23.6 min (method A), 32.4 min (method B). 1H NMR (500 MHz,
CDCl3):  7.81, (1H, s, H-4), 7.51 (2H, d, J = 8.0 Hz, H-2´,6´), 7.40 (2H, dd, J = 8.0, 7.5 Hz, H3´,5´), 7.32 (1H, t, J = 7.5 Hz, H-4´), 2.74 (3H, s, SCH3). 13C NMR (125 MHz, CDCl3):  165.7
(C-2), 138.9 (C-1´), 138.1(C-4), 131.4 (C-5), 129.3 (C-3´,5´), 128.3(C-4´), 126.6 (C-2´,6´), 16.9
(SCH3). HR-EI-MS m/z [M]+: calc. for C10H9NS2: 207.0176, found 207.0177 (100%), 174.03
(95%), 134.02 (53%). HPLC-ESI-MS m/z [M]+: 208.0 (100%). UV (HPLC, CH3CN – H2O) max
(nm): 310. FTIR (KBr) vmax (cm-1): 2916, 2848, 1446, 1392, 1030.
4.5.4 Nasturlexin D (109)

Scheme 4-14. Synthesis of nasturlexin D (109). Reagents and conditions: a) SOCl2, DMF, CHCl3;
b) CS2, Et3N, CHCl3; c) CH3I, 40% (3 steps); d) DDQ, dioxane, 65%.
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SOCl2 (360 µL, 5.0 mmol) was added to a suspension of norphenylephrine hydrochloride (261)
(95 mg, 0.5 mmol) in CHCl3 (3.0 mL) at rt, followed by DMF (ca. 2 drops). After stirring for 18
h, the solvent was removed and the crude mixture was rinsed with Et2O to give compound 262.
CS2 (60 µL, 1.0 mmol) was added to a suspension of 262 in CHCl3 (3.0 ml) at rt, followed by Et3N
(210 µL, 1.5 mmol). After stirring for 15 min, CH3I (60 µL, 1.0 mmol) was added and stirring was
continued for 1 h at rt. The mixture was refluxed for 2 h and the solvent was removed. H2O was
added and the mixture was extracted with CHCl3. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (EtOAc-hexane, 1:3) to give compound 132 (45 mg, 0.20
mmol, 40% yield from 261).
Compound 132: HPLC tR = 11.5 min (method A). 1H NMR (600 MHz, CD3CN):  7.15 (1H, t, J
= 8.0 Hz), 6.79 (1H, d, J = 8.0 Hz), 6.75 (1H, s), 6.72-6.70 (1H, m), 5.09 (1H, dd, J = 8.5, 5.0
Hz), 4.45 (1H, dd, J = 15.0, 8.5 Hz), 4.29 (1H, dd, J = 15.0, 5.0 Hz), 2.55 (3H, s). 13C NMR (125
MHz, CD3CN):  166.1, 158.6, 144.8, 131.4, 119.7, 116.1, 115.0, 73.0, 57.4, 16.0. HR-FD-MS
m/z [M]+ calc. for C10H11NOS2: 225.0282, found 225.0277 (100%). UV (HPLC, CH3CN–H2O)
max (nm): 220, 280.
A mixture of DDQ (19 mg, 0.084 mmol) and 132 (17 mg, 0.076 mmol) in dioxane (0.5 mL) was
stirred at 100 °C in a sealed vial. After 2 h, solvent was removed, and the crude mixture was
separated by FCC (EtOAc-hexane, 1:3) to give nasturlexin D (109) (11 mg, 0.049 mmol, 65%) as
a yellowish solid, mp 125 – 126 °C.
Compound 109: HPLC tR = 14.6 min (method A), 24.9 min (method B). 1H NMR (500 MHz,
CD3CN):  7.85 (1H, s, H-4), 7.24 (1H, t, J = 8.0, Hz, H-5´), 7.04 (1H, d, J = 8.0 Hz, H-6´), 6.99
(1H, s, H-2´), 6.78 (1H, d, J = 8.0 Hz, H-4´), 2.70 (3H, s, SCH3). 1H NMR (500 MHz, CDCl3): δ
7.80 (1H, s, H-4), 7.26 (1H, t, J = 8.0 Hz, H-5´), 7.07 (1H, d, J = 8.0 Hz, H-6´), 6.99 (1H, s, H2´), 6.80 (1H, d, J = 8.0 Hz, H-4´), 5.28 (1H, br, OH) 2.73 (3H, s, SCH3). 13C NMR (125 MHz,
CDCl3):  166.0 (C-2), 156.3 (C-3´), 138.5 (C-1´), 138.3 (C-4), 132.8 (C-5), 130.6 (C-5´), 119.2
(C-2´), 115.4 (C-4´), 113.5 (C-6´), 16.9 (SCH3). HR-EI-MS m/z (%): calc. for C10H9S2NO:
223.0125, found 223.0122 (100%), 190.03 (89%), 150.01 (30%). UV (HPLC, CH3CN–H2O) max
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(nm): 314. FTIR (KBr) vmax (cm-1): 3090, 1594, 1449, 1384, 1302, 1243, 1168, 829 (Pedras et al.,
2015).

4.5.5 Cyclonasturlexin (78)

Scheme 4-15. Synthesis of cyclonasturlexin (78). Reagents and conditions: a) Tl(OCOCF3)3, TFA;
b) CuI, I2, DMF, 96%; c) NH2OHHCl, Na2CO3, EtOH, H2O, 96%; d) NH4OAc, NaBH3CN, TiCl3,
MeOH, 64%; e) CS2, Et3N, py; f) CH3I, 85% (over 2 steps); g) CuBr, DMSO, 35%.
A suspension of thallium (III) trifluoroacetate (1,350 mg, 2.48 mmol) in TFA (4 mL) was added
to a solution of indole-3-carboxaldehyde (188) (300 mg, 2.07 mmol) in TFA (2 mL). After stirring
at 30 °C for 2 h, the mixture was concentrated and a suspension of CuI (1,573 mg, 8.26 mmol) and
I2 (1,577 mg, 6.21 mmol) in DMF (10 mL) was added (Somei et al., 1984). After stirring at rt for
3 h, EtOAc was added and the mixture was filtered through celite. The filtrate was washed 3 times
with saturated aq. Na2S2O3 solution. The organic extract was dried over Na2SO4 and concentrated
to give 4-iodoindole-3-carboxaldehyde (250) (539 mg, 2.00 mmol, 96%) as a brown solid.
A solution of NH2OHHCl (102 mg, 1.48 mmol) and Na2CO3 (78 mg, 0.74 mmol) in H2O (2 ml)
was added to a solution of 4-iodoindole-3-carboxaldehyde (250) (200 mg, 0.74 mmol) in EtOH.
After stirring at 80 °C for 2 h, the mixture was concentrated, diluted with H2O, and extracted with
EtOAc. The organic extract was dried over Na2SO4 and concentrated to give 4-iodoindole-3-oxime
(251) as a brown solid (215 mg, 0.72 mmol, 96%).
NaCNBH3 (164 mg, 2.6 mmol) was added to a mixture of oxime 251 (150 mg, 0.52 mmol) and
NH4OAc (400 mg, 5.2 mmol) in MeOH (5 mL) at rt. To this suspension, a solution of TiCl 3 (in
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3% HCl, 20% wt.) was added dropwise over 2 min (Pedras et al., 2006a). The reaction was
immediately poured into ice cold water, basified with NH4OH and extracted with CHCl3. The
organic extract was dried over Na2SO4, concentrated and separated by FCC (MeOH-DCMNH4OH, 20:80:1) to give 4-iodoindole-3-methylamine (249) (90 mg, 0.33 mmol, 64%).
CS2 (40 µL, 0.66 mmol) was added to a solution of 4-iodoindole-3-methylamine (249) (90 mg,
0.33 mmol) and Et3N (140 µL, 0.99 mmol) in pyridine (1.0 mL) at rt (Pedras and Jha, 2006). After
stirring for 15 min, CH3I (40 µL, 0.66 mmol) was added and stirring was continued for additional
15 min. The mixture was acidified with H2SO4 5% and extracted with EtOAc. The organic extract
was dried over Na2SO4 and separated by FCC (EtOAc-Hex, 1:3) to give compound 4-iodobrassinin
(248) (102 mg, 0.28 mmol, 85%) as a white solid, mp 123 – 124 °C.
Compound 248: HPLC: tR = 23.4 min (method A). 1H NMR (500 MHz, CDCl3):  8.36 (1H, br),
7.61 (1H, d, J =7.5 Hz), 7.45 (1H, br), 7.38 – 7.37 (2H, m), 6.90 (1H, t, J =8.0 Hz), 5.16 (2H, d,
J =5.0 Hz), 2.61 (3H, s) and peaks of rotamer at δ 8.45 (br), 7.89 (br), 7.57 (d), 7.24 (d), 4.91 (d),
2,72 (s). 13C NMR (125 MHz, CDCl3):  197.3, 136.7, 131.6, 127.9, 127.6, 124.2, 112.0, 111.7,
84.5, 42.0, 18.2 and rotamer peaks at δ 200.4, 131.7, 126.7, 124.2, 111.1, 41.6, 19.2. HR-EI-MS
m/z [M]+: calc. for C11H11IN2S2: 361.9408, found 361.9405 (3%), 255.96 (100%), 235.04 (57%),
106.99 (97%). UV (HPLC, CH3CN – H2O) max (nm): 223, 250, 275. FTIR (KBr, cm-1) vmax 3314,
1505, 1418, 1339, 1247, 1091, 923.
A mixture of 4-iodobrassinin (248) (40 mg, 0.11 mmol) and CuBr (47 mg, 0.33 mmol) in DMSO
(0.8 mL) was stirred at 80 °C for 10 min. The reaction was immediately poured into cold H2O and
extracted with EtOAc. The organic extract was washed with H2O, dried over Na2SO4 and separated
by FCC using DCM to give cyclonasturlexin (78) (9.0 mg, 0.038 mmol, 35%) as a white solid, mp
178 – 180 °C. (Pedras and To, 2016). All intermediates were characterized by 1H NMR and all
data were consistent with their structures.
Compound 78: HPLC: tR = 21.9 min (method A). 1H NMR (600 MHz, CDCl3):  7.93 (1H, br),
7.13 (1H, d, J = 8.0 Hz, H-7), 7.04 – 7.01 (2H, m, H-6,2), 6.89 (1H, d, J = 7.5 Hz, H-5), 5.13 (2H,
s, CH2), 2.36 (3H, s, SCH3). 13C NMR (150 MHz, CDCl3):  158.7 (br, C=N), 136.7 (C-4), 128.0
(C-3a), 124.7 (C-7a), 123.4 (C-6), 121.0 (C-2), 119.2 (C-5), 113.2 (C-3), 110.7 (C-7), 49.9 (CH2),
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16.1 (SCH3). HR-EI-MS m/z [M]+: calc. for C11H10N2S2: 234.0285, found 234.0282 (17%), 161.03
(100%). HPLC-ESI-MS m/z [M + H]+: 234.9 (93%), 187.0 (100%), 160.0 (24%). UV (HPLC,
CH3CN – H2O) max (nm): 215, 300. FTIR (KBr, cm-1) vmax 3171, 1570, 1426, 1347, 1194, 977.
XRD structure of compound 78 is available online at https://www.ccdc.cam.ac.uk (CCDC number:
1456343).

4.5.6 4-Iodo-3-[(methylthio)methyl]indole (254)

Scheme 4-16. Synthesis of compound 254. Reagents and conditions: a) Pd(PPh3), Et3N, THF,
83%.
Pd(PPh3)4 (2.0 mg, 0.0014 mmol) was added to a solution of 4-iodobrassinin (248) (10 mg, 0.028
mmol) and Et3N (20 µL, 0.14 mmol) in THF (0.3 mL). The mixture was stirred at 60 °C in a sealed
vial for 2 h. Solvent was removed and the crude mixture was separated by FCC using DCM to
give compound 254 (7.0 mg, 0.023 mmol, 83%) as a white solid, mp 106 – 107 °C (Pedras and
To, 2016).
Compound 254: HPLC: tR = 23.2 min (method A). 1H NMR (600 MHz, CDCl3):  8.08 (1H, br),
7.61 (1H, d, J = 7.0 Hz), 7.33 (1H, d, J = 8.0 Hz), 7.20 (1H, d, J = 2.5 Hz), 6.86 (1H, t, J = 8.0
Hz), 4.15 (2H, s), 2.11 (3H, s). 13C NMR (150 MHz, CDCl3):  137.3, 131.9, 127.5, 125.1, 123.8,
113.9, 111.7, 85.1, 29.5, 15.3. HR-EI-MS m/z [M]+: calc. for C10H10NSI: 302.9579, found
302.9559 (23%), 255.99 (100%), 129.06 (24%). UV (HPLC, CH3CN – H2O) max (nm): 228, 286.
FTIR (KBr, cm-1) vmax 3412, 1316, 1333, 744.
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4.5.7 1-SO2Me-4-iodoindole-3-methylisothiocyanate (252)

Scheme 4-17. Synthesis of 1-SO2Me-4-iodoindole-3-methylisothiocyanate (252). Reagents and
conditions: a) NaH, THF, ClSO2Me; b) NH2OHHCl, Na2CO3, EtOH, H2O; c) TiCl3, NH4OAc,
NaBH3CN, 35% yield from aldehyde 250; d) CS2, Et3N, py; e) CH3I, 89% (over 2 steps); f) CuBr,
DMF, 78%.
A solution of 4-iodoindole-3-carboxaldehyde (250) (230 mg, 0.85 mmol) was added to a
suspension of NaH (170 mg, 4.25 mmol) in THF (3.0 mL) at 0 °C. After stirring at rt for 15 min,
ClSO2Me (330 µL, 4.25 mmol) was added. The reaction was stirred for additional 15 min and
concentrated. H2O was added, and the mixture was extracted with DCM. The organic extract was
dried over Na2SO4 and concentrated to give crude aldehyde 315 (297 mg, 0.85 mmol).
A solution of NH2OHHCl (117 mg, 1.70 mmol) and Na2CO3 (90 mg, 0.85 mmol) in H2O (4 mL)
was added to a solution of aldehyde 315 (297 mg, 0.85 mmol) in EtOH (10 mL). The mixture was
stirred at 60 °C for 1 h and concentrated. H2O was added, and the mixture was extracted with
EtOAc. The organic extract was dried over Na2SO4 and concentrated to give the crude oxime 316
(300 mg, 0.82 mmol).
NaBH3CN (268 mg, 4.25 mmol) was added to a solution of oxime 316 (300 mg, 0.82 mmol) and
NH4OAc (630 mg, 8.2 mmol) in MeOH (8 mL) at rt, followed by addition of TiCl3 solution (20%
in HCl 3%, 5.5 mL, 8.5 mmol) (Pedras et al., 2006a) . The mixture was immediately poured into
iced cold H2O, basified with NH4OH and extracted with CHCl3. The organic extract was dried
over Na2SO4, concentrated and separated by FCC (MeOH-DCM-NH4OH, 20:80:1) to give 1amine 317 (104 mg, 0.28 mmol, 35% yield from 250) as a white solid.
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CS2 (34 µL, 0.56 mmol) was added to a solution of amine 317 (104 mg, 0.28 mmol) in pyridine
(2.0 mL), followed by Et3N (117 µL, 0.84 mmol). After stirring at rt for 15 min, CH3I (35 µL, 0.56
mmol) was added and stirring was continued for additional 15 min. The mixture was diluted with
EtOAc and washed with H2SO4 5%. The organic extract was dried over Na2SO4, concentrated and
separated by FCC (EtOAc-hexane, 1:3) to give dithiocarbamate 253 (110 mg, 0.25 mmol, 89%)
as a white solid, mp 154 – 155 °C (Pedras and To, 2016). All intermediates were characterized by
1

H NMR and all data were consistent with their structures.

Compound 253: HPLC: tR = 26.1 min (method A). 1H NMR (600 MHz, CDCl3):  7.95 (1H, dd,
J = 7.0, 0.5 Hz), 7.79 (1H, d, J = 6.5 Hz), 7.67 (1H, s), 7.43 (1H, br), 7.08 (1H, t, J = 6.5 Hz),
5.20 (2H, d, J = 4.5 Hz), 3.13 (3H, s), 2.64 (3H, s). 13C NMR (125 MHz, CDCl3):  198.7, 135.9,
135.3, 130.9, 128.6, 126.6, 117.2, 113.5, 85.0, 41.7, 41.4, 18.4. HR-FD-MS m/z [M]+: calc. for
C12H13IN2O2S3: 439.9184, found 439.9192 (100%). UV (HPLC, CH3CN – H2O) max (nm): 222,
266. FTIR (KBr, cm-1) vmax 3175, 1506, 1369, 1169, 938, 782, 543.
A mixture of 1-SO2Me-4-iodobrassinin (253) (10 mg, 0.023 mmol) and CuBr (10 mg, 0.069 mmol)
in DMF (0.2 mL) was stirred at rt for 24 h. The mixture was diluted with EtOAc and washed with
H2O. The organic extract was dried over Na2SO4 and concentrated to give 252 (7.0 mg, 0.018
mmol, 78%) as a white solid, mp 120 – 122 °C (Pedras and To, 2016).
Compound 252: HPLC: tR = 28.6 min (method A). 1H NMR (500 MHz, CDCl3):  7.94 (1H, d, J
= 8.5 Hz), 7.79 (1H, d, J = 7.5 Hz), 7.61 (1H, s), 7.09 (1H, t, J = 8.0 Hz), 5.19 (2H, s), 3.17 (3H,
s). 13C NMR (125 MHz, CDCl3):  135.9, 135.4, 134.0, 130.2, 127.0, 126.5, 116.9, 113.4, 84.7,
41.5, 41.4. HR-FD-MS m/z [M]+: calc. for C11H9IN2O2S2: 391.9150, found 391.9164 (100%). UV
(HPLC, CH3CN – H2O) max (nm): 222, 264. FTIR (KBr, cm-1) vmax. 2928, 2054, 1549, 1365,
1173, 984, 755, 542.
4.6

Syntheses of labelled and natural abundance precursors for biosynthetic studies

NMR spectra of new compounds 106a, 108a, 124, 124a, 127a – 131a, 279a, 292, 292a, 293, 293a,
313a are available online at https://onlinelibrary.wiley.com/doi/full/10.1002/jlcr.3591
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4.6.1 [D3CS, 4,5,6,7-D4]Brassinin (59a)

Scheme 4-18. Synthesis of [D3CS, 4,5,6,7-D4]brassinin (59a). Reagents and conditions: a) NaBH4,
NiCl26H2O, MeOH, 92%; b) CS2, Et3N, py; c) CD3I, 56%.
[4,5,6,7-D4]Indole-3-oxime (280a) was obtained from [4,5,6,7-D4]indole as previously reported
(Yaya, 2013). NaBH4 (23 mg, 0.60 mmol) was added in portions to a mixture of [4,5,6,7D4]indole-3-oxime (280a) (20 mg, 0.12 mmol) and NiCl26H2O (29 mg, 0.12 mmol) in MeOH
(1.0 mL) at 0 °C. After stirring for 10 min, the mixture was diluted with H2O, basified with
NH4OH, and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated and
separated by FCC (MeOH-DCM-NH4OH, 20:80:1) to give [4,5,6,7-D4]indole-3-methylamine
(281a) (17 mg, 0.11 mmol, 92%).
CS2 (11 μL, 0.18 mmol) was added to a solution of [4,5,6,7-D4]indole-3-methylamine (281a) (17
mg, 0.11 mmol) and Et3N (50 μL, 0.36 mmol) in pyridine (0.5 mL) at rt. After stirring for 15 min,
CD3I (11 μL, 0.18 mmol) was added and stirring was continued for additional 10 min. The mixture
was diluted with H2SO4 5% and extracted with EtOAc. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (EtOAc-hexane, 1:4) to give 59a as a white solid (15 mg,
0.062 mmol, 56%). All intermediates were characterized by 1H NMR and all data were consistent
with their structures.
Compound 59a: HPLC: tR = 18.0 min (method A). 1H NMR (500 MHz, CDCl3):  8.19 (1H, br),
7.25 (1H, d, J = 1.5 Hz), 7.03 (1H, br), 5.06 (2H, d, J = 4.5 Hz), and rotamers at 7.68 (br), 7.21
(br), 4.79 (d). HR-FD-MS m/z [M]+: calc. for C11H52H7N2S2: 243.0881, found 243.0875 (100%).
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4.6.2

[2,3,4,5,6-D5]Gluconasturtiin (123a)

Scheme 4-19. Synthesis of glucosinolate 123a. Reagents and conditions: a) Mg, Et2O; b) acrolein
diethyl acetal, CuBr, THF, 75% (over 2 steps); c) HCl, H2O, acetone, 95%; d) NH2OHHCl,
Na2CO3, MeOH, H2O, 100%; e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate, Et3N, DCM,
81% (over 2 steps); g) PySO3, DCM, 88%; h) K2CO3, MeOH, quantitative.
[2,3,4,5,6-D5]Bromobenzene (282a) (210 µL, 2.0 mmol) was dissolved in dry Et2O (1.0 mL) and
one fifth of the solution was added to a mixture of Mg (96 mg, 4.0 mmol), iodine (1 mg) in dry
Et2O (0.5 mL) at rt. After the reaction was initiated, the remaining solution was added dropwise
over 15 min and stirring was continued for 15 min. The Grignard reagent was added dropwise to
a solution of acrolein diethyl acetal (150 µL, 1.0 mmol), CuBr (8 mg, 0.05 mmol) in dry THF (2.0
mL) at rt. After stirring for 5 h, saturated aq. NH4Cl solution was added and the mixture was
extracted with Et2O. The organic extract was dried over Na2SO4, concentrated and separated by
FCC using hexane to give compound 283a as a mixture of 2 isomers (126 mg, 0.75 mmol, 75%).
Conc. HCl (ca. 1 drop) was added to a solution of compound 283a (88 mg, 0.53 mmol) in H2O
(0.4 mL) and acetone (2.0 mL) at rt. After stirring at 60 °C for 1 h, the solvent was concentrated,
H2O was added, and the mixture was extracted with DCM. The organic extract was dried over
Na2SO4 and concentrated to give aldehyde 284a (69 mg, 0.50 mmol, 95%) as a liquid.
A solution of NH2OHHCl (54 mg, 0.78 mmol) and Na2CO3 (41 mg, 0.39 mmol) in H2O (1 mL)
was added to a solution of aldehyde 284a (53 mg, 0.39 mmol) in MeOH (2.0 mL). After stirring
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for 30 min at 40 °C, the solvent was concentrated, H2O was added, and the mixture was extracted
with DCM. The organic extract was dried over Na2SO4 and concentrated to give oxime 285a
(60mg, 0.39 mmol, 100%), which was used for the next step without further purification.
NCS (46 mg, 0.34 mmol) was added in portions to a solution of oxime 285a (53 mg, 0.34 mmol)
and pyridine (0.20 mL) in DCM (2.0 mL) at rt. After stirring for 2 h, a solution of 1-β-Dthioglucose tetraacetate (111 mg, 0.31 mmol) and Et3N (140 µL, 1.02 mmol) in DCM (1.0 mL)
was added and stirring was continued for additional 2 h. Solvent was removed, the mixture was
diluted with toluene and concentrated. The crude mixture was separated by FCC (EtOAc-hexane,
1:1) to afford 286a as a solid (130 mg, 0.25 mmol, 81%).
PySO3 (185 mg, 1.16 mmol) was added to a solution of 286a (120 mg, 0.23 mmol) in dry DCM
(3.0 mL) and the mixture was stirred at 40 ºC for 15 h. Solvent was concentrated, H2O was added,
and the mixture was extracted with MeOH-CHCl3 (1:4). The organic extract was dried over
Na2SO4, concentrated and separated by FCC (MeOH-DCM, 1:20) to give 287a as a solid (120 mg,
0.20 mmol, 88%).
K2CO3 (5 mg, 0.034 mmol) was added to a solution of 287a (10 mg, 0.017 mmol) in MeOH (0.5
mL) at rt. After stirring for 15 min, the mixture was neutralized with acetic acid (1 drop). The
mixture was filtered, and the filtrate was concentrated to give [2,3,4,5,6-D5]gluconasturtiin (123a)
(quantitative yield). Spectroscopic data was in agreement with reported literature (Morrison and
Botting, 2005). All intermediates were characterized by 1H NMR and HRMS and all data were
consistent with their structures.
Compound 123a: HPLC tR = 12.0 min (method C). 1H NMR (500 MHz, D2O):  4.91 (1H, d, J =
10 Hz), 3.86 (1H, dd, J = 12.5, 2.0 Hz), 3.69 (1H, dd, J = 12.5, 5.5 Hz), 3.53-3.44 (4H, m), 3.153.02 (4H, m). HR-ESI-MS m/z [M-K]-: calc. for C15H152H5NO9S2: 427.0899, found 427.0900
(100%). HPLC-ESI-MS m/z [M-K]-: 426.9 (100%). UV (HPLC, CH3CN–H2O) max (nm): 230.
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4.6.3 Gluconasturtiin (123)

Scheme 4-20. Synthesis of gluconasturtiin (123). Reagents and conditions: a) Mg, Et2O; b)
acrolein diethyl acetal, CuBr, THF, 73% (over 2 steps); c) HCl, H2O, acetone, 100%; d)
NH2OHHCl, Na2CO3, MeOH, H2O, 96%; e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate,
Et3N, DCM, 87% (over 2 steps); g) PySO3, DCM, 93%; h) K2CO3, MeOH, quantitative.
Bromobenzene (210 µL, 2.0 mmol) was dissolved in dry Et2O (1.0 mL) and one fifth of the
solution was added to a mixture of Mg (96 mg, 4.0 mmol), iodine (1 mg) in dry Et2O (0.5 mL) at
rt. After the reaction was initiated, the remaining solution was added dropwise over 15 min and
stirring was continued for 15 min. The Grignard reagent was added dropwise to a solution of
acrolein diethyl acetal (150 µL, 1.0 mmol), CuBr (8 mg, 0.05 mmol) in dry THF (2.0 mL). After
stirring at rt for 4 h, saturated aq. NH4Cl solution was added and the mixture was extracted with
Et2O. The organic extract was dried over Na2SO4, concentrated and separated by FCC using
hexane to afford compound 283 as a mixture of 2 isomers (118 mg, 0.73 mmol, 73%) as a liquid.
Conc. HCl (ca. 1 drop) was added to a solution of 283 (140 mg, 0.86 mmol) in H2O (1.0 mL) and
acetone (5.0 mL) at rt. After stirring at 60 °C for 1 h, the solvent was concentrated, H2O was added,
and the mixture was extracted with DCM. The organic extract was dried over Na2SO4 and
concentrated to give 3-phenyl-propanal (284) (114 mg, 0.86 mmol, 100%).
A solution of NH2OHHCl (32 mg, 0.46 mmol) and Na2CO3 (24 mg, 0.23 mmol) in H2O (0.5 mL)
was added to a solution of 3-phenylpropanal (284) (30 mg, 0.23 mmol) in MeOH (1.0 mL). After
stirring for 30 min at 40 °C, the solvent was concentrated, H2O was added and the mixture was
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extracted with DCM. The organic extract was dried over Na2SO4 and concentrated to give oxime
285 (32 mg, 0.22 mmol, 96%), which was used for the next step without further purification.
NCS (12 mg, 0.087 mmol) was added in portions to a solution of oxime 285 (13 mg, 0.087 mmol)
and pyridine (0.1 mL) in DCM (1.0 mL) at rt. After stirring for 2 h, a solution of 1-β-D-thioglucose
tetraacetate (29 mg, 0.078 mmol) and Et3N (35 µL, 0.26 mmol) in DCM (0.5 mL) was added and
stirring was continued for additional 2 h. Solvent was removed, the mixture was diluted with
toluene and concentrated. The crude mixture was separated by FCC (EtOAc-hexane, 1:1) to afford
286 as a solid (35 mg, 0.068 mmol, 87%).
PySO3 (16 mg, 0.10 mmol) was added to a solution of 286 (10 mg, 0.02 mmol) in dry DCM (0.75
mL) and the mixture was stirred at 40 °C for 18 h. Solvent was concentrated, H2O was added, and
the mixture was extracted with MeOH-CHCl3 (1:4). The organic extract was dried over Na2SO4,
concentrated and separated by FCC (MeOH-DCM, 1:20) to give 287 as a solid (11 mg, 0.019
mmol, 93%).
K2CO3 (2.0 mg, 0.017 mmol) was added to a solution of 287 (5.0 mg, 0.0085 mmol) in MeOH
(0.5 mL) at rt. After stirring for 15 min, the mixture was neutralized with acetic acid (1 drop). The
mixture was filtered, and the filtrate was concentrated to give gluconasturtiin (123) (quantitative
yield). Spectroscopic data was in agreement with reported literature (Vo et al., 2013). All
intermediates were characterized by 1H NMR and HRMS and all data were consistent with their
structures.
Compound 123: HPLC tR = 12.0 min (method C). 1H NMR (500 MHz, D2O):  7.43-7.31 (5H, m),
4.91 (1H, d, J = 10 Hz), 3.86 (1H, dd, J = 12.5, 1.0 Hz), 3.69 (1H, dd, J = 12.5, 5.0 Hz), 3.533.44 (4H, m), 3.12-3.00 (4H, m). 13C NMR (500 MHz, D2O):  163.3, 140.5, 128.7, 128.7, 126.5,
81.6, 80.0, 76.9, 71.8, 69.0, 60.5, 33.8, 32.5. HR-ESI-MS m/z [M-K]-: calc. for C15H20NO9S2:
422.0585, found 422.0597 (100%). HPLC-ESI-MS m/z [M-K]-: 421.9 (100%). UV (HPLC,
CH3CN–H2O) max (nm): 230.
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4.6.4 [2,4,6-D3, 15N]-3-Hydroxyphenylethyl glucosinolate (124a)

Scheme 4-21. Synthesis of glucosinolate 124a. Reagents and conditions: a) D2SO4, CD3OD, 99%;
b) DIBAL, DCM, 74%; c) AcCl, Et3N, DCM, 94%; d) 15NH2OHHCl, NaOAc, EtOH, H2O, 92%;
e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate, Et3N, DCM, 59% (2 steps); g) PySO3, DCM,
57%; h) K2CO3, MeOH, quantitative.
D2SO4 (D, 99%, 0.60 mL) was added to a suspension of 3-(3-hydroxyphenyl)propanoic acid (288)
(150 mg, 0.90 mmol) in CD3OD (D, 99.8%, 0.90 mL). The mixture was stirred at 60 °C in a sealed
vial, diluted with H2O and extracted with DCM. The organic extract was dried over Na2SO4 and
concentrated to yield ester 289a (165 mg, 0.89 mmol, 99%).
DIBAL (1.5 M in toluene) (1.08 mL, 1.62 mmol) was added dropwise to a solution of ester 289a
(150 mg, 0.81 mmol) in dry DCM (4.0 mL) at -78 °C. After stirring for 10 min, the reaction mixture
was neutralized with HCl 1N and extracted with DCM. The organic extract was dried over Na2SO4,
concentrated and fractionated by FCC (EtOAc-hexane, 1:3) to yield [2,4,6-D3]-3-(3hydroxyphenyl)propanal (92 mg, 0.60 mmol, 74%).
Acetyl chloride (25 µL, 0.35 mmol) was added dropwise to a solution of [2,4,6-D3]-3-(3hydroxyphenyl)propanal (48 mg, 0.31 mmol) and Et3N (43 µL, 0.31 mmol) in DCM (2.0 mL) at
rt. After stirring for 30 min, HCl 1N was added and the reaction mixture was extracted with DCM.
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The organic extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane,
1:3) to give aldehyde 290a (56 mg, 0.29 mmol, 94%).
A solution of 15NH2OHHCl (15N, 98%, 27 mg, 0.39 mmol) and NaOAc (32 mg, 0.39 mmol) in
H2O (1 mL) was added to a solution of aldehyde 290a (50 mg, 0.26 mmol) in EtOH (1.0 mL) at 0
°C. After stirring for 1 h, the reaction mixture was diluted with H2O and extracted with EtOAc.
The organic extract was dried over Na2SO4 and concentrated to yield oxime 291a (50 mg, 0.24
mmol, 92%).
NCS (35 mg, 0.26 mmol) was added in portions to a solution of oxime 291a (50 mg, 0.24 mmol)
and pyridine (0.15 mL) in DCM (1.5 mL) at rt. After stirring for 30 min, a solution of 1-β-Dthioglucose tetraacetate (62 mg, 0.17 mmol) and Et3N (100 µL, 0.72 mmol) in DCM (0.5 mL) was
added and stirring was continued for 3 h. The mixture was diluted with 5% H2SO4 and extracted
with DCM. The organic extract was dried over Na2SO4, concentrated and fractionated by FCC
(EtOAc-hexane, 1:1) to yield thiohydroximate 292a (60 mg, 0.10 mmol, 59%) as a white solid,
mp 155-156 °C.
Compound 292a: 1H NMR (600 MHz, CDCl3):  7.31 (1H, s), 5.25 (1H, t, J = 9.5 Hz), 5.09-5.04
(2H, m), 5.00 (1H, d, J = 10.0 Hz), 4.16-4.08 (2H, m), 3.74-3.71 (1H, m), 2.99 (2H, t, J = 7.5 Hz),
2.90-2.85 (1H, m), 2.80-2.74 (1H, m), 2.30 (3H, s), 2.06 (3H, s), 2.03 (3H, s), 2.00 (3H, s), 1.94
(3H, s). HR-ESI-MS m/z [M + H]+: calc. for C25H292H315NO12S: 574.1798, found 574.1790 (78%),
331.10 (100%).
PySO3 (52 mg, 0.33 mmol) was added to a solution of thiohydroximate 292a (37 mg, 0.065 mmol)
in dry DCM (2.0 mL). After stirring at 40 °C for 18 h, the reaction mixture was diluted with H2O
and extracted with MeOH-CHCl3 (1:4). The organic extract was dried over Na2SO4, concentrated
and fractionated by FCC (MeOH-DCM, 5:95) to yield compound 293a (24 mg, 0.037 mmol, 57%)
as a white solid, mp 138-139 °C.
Compound 293a: 1H NMR (600 MHz, CD3OD):  7.32 (1H, s), 5.35 (1H, t, J = 9.0 Hz), 5.28 (1H,
d, J = 10.0 Hz), 5.01 (1H, t, J = 9.5 Hz), 4.97 (1H, dd, J = 9.5, 9.0 Hz), 4.13 (1H, dd, J = 12.5,
5.5 Hz), 4.09 (1H, dd, J = 12.5, 2.5 Hz), 3.96-3.93 (1H, m), 3.15-3.01 (4H, m), 2.27 (3H, s), 2.03
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(3H, s), 2.01 (3H, s), 1.97 (3H, s), 1.87 (3H, s). HR-ESI-MS m/z [M-H]-: calc. for
C25H272H315NO15S2: 652.1216, found 652.1236 (100%).
K2CO3 (12 mg, 0.087 mmol) was added to a solution of compound 293a (19 mg, 0.029 mmol) in
MeOH (1.0 mL) at rt. After stirring for 30 min, the mixture was neutralized with AcOH (ca. 1
drop), filtered and concentrated to yield a mixture of glucosinolate 124a (D ≥ 97%, determined by
1

H NMR) and sodium acetate (quantitative) (Pedras and To, 2018).

Compound 124a: HPLC tR = 8.2 min (method B). 1H NMR (600 MHz, D2O):  7.28 (1H, s), 4.86
(1H, d, J = 9.5 Hz), 3.87-3.85 (1H, m), 3.71-3.68 (1H, m), 3.52-3.43 (2H, m), 3.10-3.06 (4H, m).
HR-ESI-MS m/z [M-K]-: calc. for C15H172H315NO10S2: 442.0693, found 442.0698 (100%). UV
(HPLC, CH3CN – H2O) max (nm): 220, 275.

4.6.5 3-Hydroxyphenylethyl glucosinolate (124)

Scheme 4-22. Synthesis of glucosinolate 124. Reagents and conditions: a) H2SO4, MeOH, 99%;
b) DIBAL, DCM, 70%; c) AcCl, Et3N, DCM, 87%; d) NH2OHHCl, NaOAc, EtOH, H2O, 94%.
e) NCS, py, DCM; f) 1-β-D-thioglucose tetraacetate, Et3N, DCM, 79% (2 steps). g) PySO3, DCM,
55%; h) K2CO3, MeOH, quantitative.
H2SO4 (ca. 2 drops) was added to a solution of 3-(3-hydroxyphenyl)propanonic acid (288) (200
mg, 1.20 mmol) in MeOH (5.0 mL) at rt and the mixture was stirred at 60 °C for 15 min. Solvent
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was removed, H2O was added and the mixture was extracted with DCM. The organic extract was
dried over Na2SO4 and concentrated to give ester 289 (215 mg, 1.19 mmol, 99%).
DIBAL (1.5 M in toluene) (0.44 mL, 0.66 mmol) was added dropwise to a solution of compound
289 (60 mg, 0.33 mmol) in DCM (3.0 mL) at -78 °C. After stirring for 10 min, HCl 1N was added
and the mixture was extracted with DCM. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (EtOAc-hexane, 1:3) to give 3-(3-hydroxyphenyl)propanal
(35 mg, 0.23 mmol, 70%).
Acetyl chloride (10 µL, 0.13 mmol) was added dropwise to a solution of 3-(3hydroxyphenyl)propanal (18 mg, 0.12 mmol) and Et3N (17 µL, 0.12 mmol) in DCM (1.0 mL) at
rt. After stirring for 30 min, HCl 1N was added and the mixture was extracted with DCM. The
organic extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane, 1:3)
to give compound 290 (20 mg, 0.10 mmol, 87%).
A solution of NH2OHHCl (18 mg, 0.26 mmol) and NaOAc (21 mg, 0.26 mmol) in H2O (0.5 mL)
was added to a solution of aldehyde 290 (32 mg, 0.17 mmol) in EtOH (0.5 mL) at 0 °C and the
mixture was stirred for 1 h. Solvent was removed, H2O was added, and the mixture was extracted
with EtOAc. The organic extract was dried over Na2SO4, concentrated to give oxime 291 (33 mg,
0.16 mmol, 94%).
NCS (23 mg, 0.17 mmol) was added in portions to a solution of oxime 291 (32 mg, 0.15 mmol)
and pyridine (0.10 mL) in DCM (1.0 mL) at rt. After stirring for 30 min, a solution of 1-β-Dthioglucose tetraacetate (37 mg, 0.10 mmol) and Et3N (63 µL, 0.45 mmol) in DCM (0.5 mL) was
added and stirring was continued for 3 h. The mixture was diluted with H2SO4 5% and extracted
with DCM. The organic extract was dried over Na2SO4, concentrated and separated by FCC
(MeOH-DCM, 1:20) to give compound 292 (45 mg, 0.079 mmol, 79%) as a white solid, mp 156157 °C. All intermediates were characterized by 1H NMR and all data were consistent with their
structures.
Compound 292: 1H NMR (600 MHz, CDCl3):  7.33-7.30 (1H, m), 7.07 (1H, d, J = 7.0 Hz), 6.966.95 (2H, m), 5.25 (1H, t, J = 9.5 Hz), 5.09-5.04 (2H, m), 5.00 (1H, d, J = 10.0 Hz), 4.15 (1H, dd,
J = 12.5, 5.5 Hz), 4.09 (1H, dd, J = 12.5, 2.0 Hz), 3.74-3.71 (1H, m), 2.99 (2H, t, J = 7.5 Hz),
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2.90-2.85 (1H, m), 2.80-2.74 (1H, m), 2.30 (3H, s), 2.05 (3H, s), 2.02 (3H, s), 2.00 (3H, s), 1.94
(3H, s). 13C NMR (125 MHz, CDCl3):  170.8, 170.4, 169.8, 169.6, 169.4, 151.5, 151.0, 142.3,
129.8, 126.0, 121.7, 119.8, 80.0, 76.1, 73.9, 70.2, 68.1, 62.3, 34.2, 33.0, 21.4, 20.8, 20.8, 20.7.
HR-ESI-MS m/z [M + H]+: calc. for C25H32NO12S: 570.1640, found 570.1658 (90%), 331.11
(100%).
PySO3 (29 mg, 0.18 mmol) was added to a solution of 292 (20 mg, 0.035 mmol) in dry DCM (1.5
mL). After stirring at 40 °C for 18 h, H2O was added, and the mixture was extracted with MeOHCHCl3 (1:4). The organic extract was dried over Na2SO4, concentrated and separated by FCC
(MeOH-DCM, 1:20) to give 293 (12 mg, 0.019 mmol, 55%) as a white solid, mp 135-136 °C.
Compound 293: 1H NMR (600 MHz, CD3OD):  7.33 (1H, t, J = 8.0 Hz), 7.20 (1H, d, J = 8.0
Hz), 7.09 (1H, t, J = 2.0 Hz), 6.96-6.94 (1H, m), 5.36 (1H, t, J = 9.0 Hz), 5.29 (1H, d, J = 10.0
Hz), 5.01 (1H, t, J = 9.5 Hz), 4.97 (1H, dd, J = 9.5, 9.0 Hz), 4.14 (1H, dd, J = 12.5, 6.0 Hz), 4.09
(1H, dd, J = 12.5, 2.5 Hz), 3.97-3.94 (1H, m), 3.15-3.03 (4H, m), 2.28 (3H, s), 2.03 (3H, s), 2.02
(3H, s), 1.97 (3H, s), 1.87 (3H, s).
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C NMR (150 MHz, CD3OD):  172.4, 171.6, 171.4, 171.4,

171.1, 159.1, 152.6, 144.0, 130.7, 127.4, 123.1, 120.8, 80.8, 76.9, 75.1, 71.4, 69.7, 63.6, 35.2, 34.0,
21.1, 20.7, 20.7. HR-ESI-MS m/z [M-H]-: calc. for C25H30NO15S2: 648.1062, found 648.1061
(100%).
K2CO3 (5 mg, 0.036 mmol) was added to a solution of 293 (8 mg, 0.0012 mmol) in MeOH (0.50
mL) at rt. After stirring for 30 min, the mixture was neutralized with AcOH (ca. 1 drop), filtered
and concentrated to give glucosinolate 124 (quantitative) (Pedras and To, 2018).
Compound 124: HPLC tR = 8.2 min (method B). 1H NMR (600 MHz, D2O):  7.27 (1H, t, J = 8.0
Hz), 6.92 (1H, d, J = 8.0 Hz), 6.85 (1H, s), 6.80 (1H, d, J = 8.0 Hz), 4.85 (1H, d, J = 9.5 Hz), 3.85
(1H, d, J = 12.5 Hz), 3.69 (1H, dd, J = 12.5, 5.0 Hz), 3.51-3.43 (2H, m), 3.09-3.00 (4H, m). 13C
NMR (125 MHz, D2O):  163.4, 155.6, 142.5, 130.1, 120.8, 115.5, 113.5, 81.6, 80.1, 77.0, 71.8,
69.0, 60.5, 33.7, 32.5. HR-ESI-MS m/z [M-K]-: calc. for C15H20NO10S2: 438.0534, found 438.0537
(100%). UV (HPLC, CH3CN – H2O) max (nm): 220, 275.
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4.6.6 [2,3,4,5,6,7,8-D7]-(E)-Styryl glucosinolate (298a)

Scheme 4-23. Synthesis of glucosinolate 298a. Reagents and conditions: a) LiAlH4, THF; b) PCC,
DCM, 41%; c) NH2OHHCl, NaOAc, EtOH, H2O, 100%; d) NCS, py, DCM; e) 1-β-D-thioglucose
tetraacetate, Et3N, DCM, 91% (over 2 steps); f) PySO3, DCM, 89%; g) K2CO3, MeOH,
quantitative.
A suspension of LiAlH4 in dry THF (0.75 mL) was added dropwise to a solution of trans[2,3,4,5,6,7,8-D7]cinnamic acid (D, 98%, 150 mg, 0.97 mmol) in dry THF (0.75 mL) at 0 °C. After
stirring at rt for 30 min, the reaction mixture was added dropwise to a vigorously stirred suspension
of PCC (420 mg, 1.94 mmol) in dry DCM (2.5 mL). The mixture was stirred for 2 h and filtered
through celite. The filtrate was concentrated and separated by FCC (EtOAc-hexane, 1:9) to give
trans-[D7]cinnamaldehyde (294a) (55 mg, 0.40 mmol, 41%).
A solution of NH2OHHCl (27mg, 0.38 mmol) and NaOAc (31 mg, 0.38 mmol) in H2O (1.0 mL)
was added to a solution aldehyde 294a (35 mg, 0.25 mmol) in EtOH (1.0 mL) at rt. After stirring
for 1 h, the mixture was concentrated, diluted with H2O and extracted with EtOAc. The organic
extract was dried over Na2SO4 and concentrated to give oxime 295a (39 mg, 0.25 mmol, 100%).
NCS (68 mg, 0.51 mmol) was added in portions to a solution of oxime 295a (39 mg, 0.25 mmol)
and pyridine (0.10 mL) in DCM (1.0 mL) at 0 °C. After stirring at rt for 30 min, a solution of 1-βD-thioglucose

tetraacetate (82 mg, 0.22 mmol) and Et3N (105 µL, 0.75 mmol) in DCM (1.0 mL)

was added and stirring was continued for 4 h. The mixture was diluted with H2SO4 5% and
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extracted with DCM. The organic extract was dried over Na2SO4, concentrated and separated by
FCC (EtOAc-hexane, 1:1) to give thiohydroximate 296a (101 mg, 0.20 mmol, 91%) as a yellowish
solid.
Compound 296a: 1H NMR (500 MHz, CDCl3):  8.06 (1H, s), 5.22 (1H, t, J = 9.0 Hz), 5.15-5.08
(2H, m), 5.05 (1H, d, J = 10.0 Hz), 4.25 (1H, dd, J = 12.0, 5.5 Hz), 4.12 (1H, dd, J = 12.0, 2.0
Hz), 3.74-3.72 (1H, m), 2.06 (3H, s), 2.02 (3H, s), 2.02 (3H, s), 2.00 (3H, s). HR-ESI-MS m/z [M
+ H]+: calc. for C23H212H7NO10S: 517.1868, found 517.1880 (28%), 331.10 (100%).
PySO3 (80 mg, 0.60 mmol) was added to a solution of thiohydroximate 296a (64 mg, 0.12 mmol)
in dry DCM (3.0 mL) and the mixture was stirred at 40 °C for 18 h. Solvent was concentrated,
H2O was added, and the mixture was extracted with MeOH-CHCl3 (1:4). The organic extract was
dried over Na2SO4, concentrated and separated by FCC (MeOH-DCM, 1:9) to give compound
297a (64 mg, 0.11 mmol, 89%) as a solid.
Compound 297a: 1H NMR (500 MHz, CD3OD):  5.40-5.34 (2H, m), 5.09-5.04 (2H, m), 4.25
(1H, dd, J = 12.5, 6.0 Hz), 4.12 (1H, dd, J = 12.5, 2.0 Hz), 4.02-3.98 (1H, m), 2.04 (3H, s), 2.01
(3H, s), 1.97 (3H, s), 1.92 (3H, s). HR-ESI-MS m/z [M-H]-: calc. for C23H192H7NO13S2: 595.1279,
found 595.1301 (100%).
K2CO3 (28 mg, 0.20 mmol) was added to a solution of 297a (40 mg, 0.067 mmol) in MeOH (2.0
mL) at rt. After stirring for 1 h, the mixture was neutralized with acetic acid (ca. 1 drop) and
filtered. The filtrate was concentrated to give [2,3,4,5,6,7,8-D7]-(E)-styryl glucosinolate (298a) in
a quantitative yield. All intermediates were characterized by 1H NMR and HRMS and all data were
consistent with their structures.
Compound 298a: HPLC tR = 12.1 min (method C). 1H NMR (500 MHz, D2O):  5.04 (1H, d, J =
9.5 Hz), 3.88 (1H, dd, J = 12.5, 2.0 Hz), 3.70 (1H, dd, J = 12.5, 5.0 Hz), 3.56-3.44 (4H, m). 13C
NMR (125 MHz, D2O):  161.1, 134.6, 82.7, 80.5, 77.1, 72.0, 69.2, 60.6. HR-ESI-MS m/z [M-K]: calc. for C15H112H7NO9S2: 427.0857, found 427.0868 (100%). HPLC-ESI-MS m/z [M-K]-: 427.0
(100%); [M + H]+: 429.1 (16%), 349.1 (100%), 187.2 (83%), 511.1 (12%). UV (HPLC, CH3CN–
H2O) max (nm): 220, 280.
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4.6.7 (E)-Styryl glucosinolate (298)

Scheme 4-24. Synthesis of (E)-styryl glucosinolate (298). Reagents and conditions: a)
NH2OHHCl, NaOAc, EtOH, H2O, 100%; b) NCS, py, DCM; c) 1-β-D-thioglucose tetraacetate,
Et3N, DCM, 88% (2 steps); d) PySO3, DCM, 76%; e) K2CO3, MeOH, quantitative.
A solution of NH2OHHCl (110 mg, 1.58 mmol) and NaOAc (130 mg, 1.58 mmol) in H2O (2 mL)
was added to a solution of trans-cinnamaldehyde (294) (138 mg, 1.05 mmol) in EtOH (3.0 mL) at
rt. After stirring for 1 h, the mixture was concentrated, diluted with H2O and extracted with EtOAc.
The organic extract was dried over Na2SO4 and concentrated to give oxime 295 (155 mg, 1.05
mmol, 100%).
NCS (68 mg, 0.51 mmol) was added in portions to a solution of oxime 295 (75 mg, 0.51 mmol)
and pyridine (0.20 mL) in DCM (2.0 mL) at 0 °C. After stirring at rt for 30 min, a solution of 1-βD-thioglucose tetraacetate

(167 mg, 0.46 mmol) and Et3N (215 µL, 1.53 mmol) in DCM (1.0 mL)

was added and stirring was continued for 4 h. The mixture was diluted with H2SO4 5% and
extracted with DCM. The organic extract was dried over Na2SO4, concentrated and separated by
FCC (EtOAc-hexane, 1:1) to give thiohydroximate 296 (229 mg, 0.45 mmol, 98%) as a yellowish
solid. Spectroscopic data was in agreement with reported literature (Vo et al., 2013).
PySO3 (230 mg, 1.45 mmol) was added to a solution of thiohydroximate 296 (150 mg, 0.29 mmol)
in dry DCM (5.0 mL) and the mixture was stirred at 40 °C for 18 h. Solvent was concentrated,
H2O was added, and the mixture was extracted with MeOH-CHCl3 (1:4). The organic extract was
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dried over Na2SO4, concentrated and separated by FCC (MeOH-DCM, 1:9) to give compound 297
(130 mg, 0.22 mmol, 76%) as a solid. Spectroscopic data was in agreement with reported literature
(Vo et al., 2013).
K2CO3 (17 mg, 0.12 mmol) was added to a solution of 297 (24 mg, 0.041 mmol) in MeOH (2.0
mL) at rt. After stirring for 1 h, the mixture was neutralized with acetic acid (1 drop) and filtered.
The filtrate was concentrated to give (E)-styryl glucosinolate (298) in a quantitative yield.
Spectroscopic data was in agreement with reported literature (Vo et al., 2013). All intermediates
were characterized by 1H NMR all data were consistent with their structures.
Compound 298: HPLC tR = 12.1 min (method C). 1H NMR (500 MHz, D2O):  7.67-7.65 (2H, m),
7.51-7.46 (3H, m), 7.36 (1H, d, J = 16.0 Hz), 6.96 (1H, d, J = 16.0 Hz), 5.04 (1H, d, J = 9.5 Hz),
3.89-3.86 (1H, m), 3.72-3.68 (1H, m), 3.56-3.47 (4H, m).
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C NMR (150 MHz, D2O):  161.2,

139.3, 134.9, 130.0, 129.2, 127.7, 117.9, 82.8, 80.5, 77.1, 72.1, 69.2, 60.7. HPLC-ESI-MS m/z [MK]-: 420.0 (100%); [M + H]+: 422.1 (11%), 342.0 (100%), 180.1 (98%), 504.1 (17%). UV (HPLC,
CH3CN–H2O) max (nm): 220, 280.

4.6.8 [2,3,4,5,6-D5]Nasturlexin A (106a)

Scheme 4-25. Synthesis of dithiocarbamate 106a and isothiocyanate 126a. Reagents and
conditions: a) TCICA, py, MeOH, 97%; b) NaBH4, ZrCl4, THF; c) CS2, Et3N, py; d) CH3I, 72%
(from 299a); e) CSCl2, Na2CO3, H2O, DCM, 70% (from 299a).
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TCICA (136 mg, 0.59 mmol) was added in small portions, over a 10 min period, to a solution of
(R,S)-[2,3,4,5,6-D5]phenylalanine (D, 99.4%) (122a) (100 mg, 0.59 mmol) and pyridine (95 µL,
1.18 mmol) in MeOH (1.0 mL) at rt. After stirring for 30 min, the reaction mixture was filtered,
the precipitate was rinsed with MeOH and the MeOH wash combined with the filtrate. The filtrate
was concentrated and fractionated by FCC (DCM) to yield [2,3,4,5,6-D5]phenylacetonitrile (299a)
(70 mg, 0.57 mmol, 97%) as a liquid.
NaBH4 (179 mg, 4.7 mmol) was added in portions to a vigorously stirred suspension of ZrCl4 (130
mg, 0.56 mmol) in THF (1.5 mL) at rt, followed by a solution of [2,3,4,5,6-D5]phenylacetonitrile
(299a) (57 mg, 0.47 mmol) in THF (0.5 mL). After stirring for 5 h, the mixture was diluted with
cold H2O, basified with NH4OH and extracted with EtOAc. The organic extract was dried over
Na2SO4 and concentrated to give crude [2,3,4,5,6-D5]phenylethyl amine (241a) (60 mg, 0.47
mmol), which was used without purification.
CS2 (42 µL, 0.71 mmol) was added to a solution of amine 241a (60 mg, 0.47 mmol) in pyridine
(1.5 mL) at rt, followed by Et3N (195 µL, 1.41 mmol). After stirring for 30 min, CH3I (44 µL, 0.71
mmol) was added and stirring was continued for an additional 30 min. The mixture was diluted
with toluene and concentrated to dryness. The crude mixture was fractionated by FCC (EtOAchexane, 1:9) to give [2,3,4,5,6-D5]nasturlexin A (106a) (73 mg, 0.34 mmol, 72% from nitrile 299a;
D ≥ 99%, determined by HR-FD-MS) as a yellowish solid, mp 44-45 °C (Pedras and To, 2018).
All intermediates were characterized by 1H NMR and HRMS and all data were consistent with
their structures.
Compound 106a: HPLC tR = 21.5 min (method A). 1H NMR (500 MHz, CDCl3):  6.92 (1H, s),
4.03-3.99 (2H, m), 2.98 (2H, t, J = 7.0 Hz), 2.61 (3H, s), and a minor rotamer at 7.59 (s), 3.723.70 (m), 2.96 (t), 2.69 (s). HR-EI-MS m/z [M]+: calc. for C10H8D5NS2: 216.0803, found 216.0810
(100%). HPLC-ESI-MS m/z [M + H]+: 217.1 (90%), 169.1 (100%). UV (HPLC, CH3CN–H2O)
max (nm): 253, 272.

4.6.9

[2,3,4,5,6-D5]Phenylethyl isothiocyanate (126a)

CSCl2 (37 µL, 0.48 mmol) was added to a mixture of amine 241a (20 mg, 0.16 mmol), Na2CO3
(34 mg, 0.32 mmol) in H2O (0.5 mL) and DCM (0.5 mL) at rt. After stirring for 15 min, the mixture
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was diluted with H2O and extracted with DCM. The organic extract was dried over Na2SO4,
concentrated, and fractionated by FCC (hexane, 1:9) to give isothiocyanate 126a as an oil (19 mg,
0.11 mmol, 70% from nitrile 299a; D ≥ 99%, determined by HR-FD-MS. All spectroscopic data
was in agreement with reported data (Morrison and Botting, 2005).
Compound 126a: HPLC tR = 24.7 min (method A). 1H NMR (500 MHz, CDCl3):  3.73 (2H, t, J
= 7.0 Hz), 3.00 (2H, t, J = 7.0 Hz). HR-FD-MS m/z [M]+: calc. for C9H42H5NS: 168.0770, found
168.0774 (100%). UV (HPLC, CH3CN–H2O) max (nm): 220, 250.

4.6.10 Phenylethyl isothiocyanate (126)

Scheme 4-26. Synthesis of phenylethyl isothiocyanate (126). Reagents and conditions: a) TCICA,
py, MeOH, 93%; b) NaBH4, ZrCl4, THF; c) CSCl2, Na2CO3, H2O, DCM, 67% (2 steps).
TCICA (25 mg, 0.11 mmol) was added in small portions, over a 5 min period, to a solution of
(R,S)-phenylalanine (122) (20 mg, 0.12 mmol) and pyridine (20 µL, 0.24 mmol) in MeOH (0.20
mL) at rt. After stirring for 30 min, the reaction mixture was filtered, the precipitate was rinsed
with MeOH and the MeOH wash combined with the filtrate. The filtrate was concentrated and
fractionated by FCC (DCM) to yield phenylacetonitrile (299) (13 mg, 0.11 mmol, 93%) as a liquid.
NaBH4 (65 mg, 1.7 mmol) was added to a suspension of ZrCl4 (95 mg, 0.41 mmol) in THF (1.0
mL) at rt. To this mixture, a solution of phenylacetonitrile (299) (40 mg, 0.34 mmol) was added.
After stirring for 3 h, the solvent was concentrated, NH4OH was added and the mixture was
extracted with EtOAc. The organic extract was dried over Na2SO4 and concentrated to give a crude
of phenylethylamine (241) (45 mg), which was used for the next step without purification.
CSCl2 (260 µL, 3.4 mmol) was added to a solution of Na2CO3 (72 mg, 0.68 mmol) in H2O (1.0
mL) at rt, followed by a solution of amine 241 in DCM (0.3 mL). The mixture was stirred for 10
min, acidified with HCl 1N, and extracted with DCM. The organic extract was dried over Na2SO4,
concentrated, and separated by FCC using hexane to give isothiocyanate 126 (37 mg, 0.22 mmol,
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67% yield over 2 steps) as an oil. Spectroscopic data was in agreement with reported literature
(Lim et al., 2008). All intermediates were characterized by 1H NMR and all data were consistent
with their structures.
Compound 126: HPLC tR = 24.7 min (method A). 1H NMR (500 MHz, CDCl3):  7.36-7.22 (5H,
m), 3.73 (2H, t, J = 7.0 Hz), 3.00 (2H, t, J = 7.0 Hz). 13C NMR (125 MHz, CDCl3):  137.2, 131.0
(br), 129.0, 129.0, 127.4, 46.5, 36.7. HR-EI-MS m/z [M]+: calc. for C9H9NS: 163.0456, found
163.0452 (51%), 91.06 (100%). UV (HPLC, CH3CN–H2O) max (nm): 220, 250.

4.6.11 Methyl [2,3,5,6-D4]-4-hydroxyphenylethyl dithiocarbamate (130a)

Scheme 4-27. Synthesis of dithiocarbamate 130a and isothiocyanate 128a. Reagents and
conditions: a) PhSCH2CN, NaOH, DMSO, 66%; b) Pd/C, H2, AcOH, MeOH, 92%; c) NaNO2,
H2SO4; d) CuSO4.5H2O, Cu2O, H2O, 70%; e) ZrCl4, NaBH4, THF; f) CS2, Et3N, py; g) CH3I, 63%
(from nitrile 303a); h) CS2, Et3N, EtOH; i) (t-Boc)2O, DMAP, 63% (from 303a).
A solution of [2,3,4,5,6-D5]nitrobenzene (300a) (D, 99%, 306 µL, 3.0 mmol) and
(phenylthio)acetonitrile (392 µL, 3.0 mmol) in DMSO (3.0 mL) was added dropwise over a 3 min
period to a vigorously stirred suspension of powdered NaOH (1.20 g, 30 mmol) in DMSO (3.0
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mL) at rt. After stirring for 30 min, the reaction mixture was poured into cold HCl 1N (100 mL),
extracted with CHCl3 and the organic extract was washed with H2O, dried over Na2SO4 and
concentrated. The crude residue was separated by FCC (Et2O-hexane, 1:1) to yield [2,3,5,6-D4]4-nitrophenylacetonitrile (301a) (327 mg, 1.97 mmol, 66%) as the major product, and [2,3,5,6D4]-2-nitrophenylacetonitrile (55 mg, 0.33 mmol, 11%).
Pd/C (70 mg) was added (under argon) to a solution of [2,3,5,6-D4]-4-nitrophenylacetonitrile
(301a) (200 mg, 1.20 mmol) and acetic acid (345 µL, 6.0 mmol) in MeOH (5.0 mL) at rt. The
mixture was stirred under H2 (balloon) for 1 h and filtered. The filtrate was concentrated, diluted
with H2O, basified with NaOH 1M and extracted with CHCl3. The organic extract was dried over
Na2SO4 and concentrated to yield [2,3,5,6-D4]-4-aminophenylacetonitrile (302a) (150 mg, 1.10
mmol, 92%).
A solution of NaNO2 (77 mg, 1.11 mmol) in H2O (0.5 mL) was added dropwise to a suspension
of [2,3,5,6-D4]-4-aminophenylacetonitrile (302a) (100 mg, 0.74 mmol) in H2SO4 25% (1.0 mL) at
0 °C. After stirring for 10 min, urea (22 mg, 0.37 mmol) was added and stirring was continued for
another 10 min. The reaction mixture was added to a vigorously stirred solution of CuSO4.5H2O
(5.55 g, 22.2 mmol) in H2O (30 mL) at rt, followed by the addition of Cu2O (212 mg, 1.48 mmol).
After stirring for 1 h, the mixture was extracted with EtOAc, dried over Na 2SO4 and fractionated
by FCC (MeOH-DCM, 2:98) to yield [2,3,5,6-D4]-4-hydroxyphenylacetonitrile (303a) (71 mg,
0.52 mmol, 70%) as a yellow solid.
NaBH4 (304 mg, 8.0 mmol) was added in portions to a suspension of ZrCl4 (224 mg, 0.96 mmol)
in THF (2.0 mL) at rt, followed by a solution of [2,3,5,6-D4]-4-hydroxyphenylacetonitrile (303a)
(110 mg, 0.80 mmol) in THF (2.0 mL). After stirring at rt for 24 h, the mixture was filtered, the
filtrate was concentrated and fractionated by FCC (MeOH-DCM-NH4OH, 20:80:1) to give
[2,3,5,6-D4]tyramine (304a) (104 mg) as a white solid.
CS2 (10 µL, 0.17 mmol) was added dropwise to a suspension of [2,3,5,6-D4]tyramine (304a) (20
mg, 0.14 mmol) in pyridine (0.30 mL) at 0 °C, followed by Et3N (40 µL, 0.28 mmol). After stirring
at rt for 30 min, CH3I (10 µL, 0.17 mmol) was added and stirring was continued for additional 15
min. The mixture was diluted with toluene and concentrated to dryness. The crude mixture was
fractionated by FCC (EtOAc-hexane, 1:2) to yield dithiocarbamate 130a (22 mg, 0.097 mmol,
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63% from 303a; D ≥ 98%, determined by HR-FD-MS) as a yellow solid, mp 76-77 °C (Pedras and
To, 2018). All intermediates were characterized by 1H NMR and HRMS and all data were
consistent with their structures.
Compound 130a: HPLC tR = 12.4 min (method A). 1H NMR (500 MHz, CDCl3):  7.06 (1H, br),
5.61 (1H, br), 3.95-3.91 (2H, m), 2.88 (2H, t, J = 7.0 Hz), 2.59 (3H, s), and a minor rotamer at
7.76 (br), 3.65-3.62 (m), 2.85 (t), 2.68 (s). HR-EI-MS m/z [M]+: calc. for C10H92H4NOS2:
231.0690, found 231.0691 (100%). HPLC-ESI-MS m/z [M + H]+: 232.1 (100%), 125.2 (44%),
184.1 (25%). UV (HPLC, CH3CN-H2O) max (nm): 222, 252, 270.

4.6.12 [2,3,5,6-D4]-4-Hydroxyphenylethyl isothiocyanate (128a)
CS2 (13 µL, 0.21 mmol) was added to a mixture of [2,3,5,6-D4]tyramine (304a) (10 mg, 0.071
mmol) in EtOH (0.30 mL) at rt, followed by Et3N (10 µL, 0.071 mmol). After stirring for 30 min,
the mixture was cooled to 0 °C. A solution of (t-Boc)2O (15 mg, 0.071 mmol) in EtOH (0.20 mL)
was added, followed by a catalytic amount of DMAP (ca. 0.5 mg). After stirring for 4 h, the
mixture was concentrated and separated by FCC (EtOAc-hexane, 1:4) to give isothiocyanate 128a
(9.0 mg, 0.049 mmol, 63% from 303a; D ≥ 97%, determined by 1H NMR) as an oil (Pedras and
To, 2018).
Compound 128a: HPLC tR = 14.5 min (method A). 1H NMR (500 MHz, CDCl3):  4.84 (1H, s),
3.68 (2H, t, J = 7.0 Hz), 2.92 (2H, t, J = 7.0 Hz). HR-EI-MS m/z [M]+ calc. for C9H5D4NOS:
183.0656, found: 183.0649. UV (HPLC, CH3CN-H2O) max (nm): 224, 280.
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4.6.13 Methyl 4-hydroxyphenylethyl dithiocarbamate (130)

Scheme 4-28. Synthesis of dithiocarbamate 130 and isothiocyanate 128. Reagents and conditions:
a) PhSCH2CN, NaOH, DMSO, 65%; b) Pd/C, H2, AcOH, MeOH, 95%; c) NaNO2, H2SO4; d)
CuSO4.5H2O, Cu2O, H2O, 70%; e) ZrCl4, NaBH4, THF, 88%; f) CS2, Et3N, py; g) CH3I, 93%; h)
CS2, Et3N, EtOH; i) (t-Boc)2O, DMAP, 73%.
A solution of nitrobenzene (300) (307 µL, 3.0 mmol) and (phenylthio)acetonitrile (392 µL, 3.0
mmol) in DMSO (3.0 mL) was added dropwise over 3 min to a vigorously stirred suspension of
NaOH (1.20 mg, 30 mmol) in DMSO (3.0 mL) at rt. After stirring for 30 min, cold HCl 1N was
added and the mixture was extracted with CHCl3. The organic layer was washed with cold H2O,
dried over Na2SO4 and separated by FCC (Et2O-hexane, 1:1) to give 4-nitrophenylacetonitrile
(301) (315 mg, 1.94 mmol, 65%) as a major product, and 2-nitrophenylacetonitrile (93 mg, 0.57
mmol, 19%) as a minor product.
Pd/C (17 mg) was added (under argon) to a solution of 4-nitrophenylacetonitrile (301) (50 mg,
0.31 mmol) and acetic acid (90 µL, 1.55 mmol) in MeOH (2.0 mL) at rt. The mixture was stirred
under H2 (balloon) for 1 h. After filtration, solvent was removed and H2O was added. The mixture
was basified with NaOH 1N and extracted with CHCl3. The organic layer was dried over Na2SO4
and concentrated to give 4-aminophenylacetonitrile 302 (39 mg, 0.30 mmol, 95%), which was
used for next steps without further purification.
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A solution of NaNO2 (16 mg, 0.23 mmol) in H2O (0.25 mL) was added dropwise to a suspension
of 4-aminophenylacetonitrile (302) (20 mg, 0.15 mmol) in H2SO4 25% (0.5 mL) at 0 °C. After
stirring for 10 min, urea (5 mg, 0.08 mmol) was added and stirring was continued for another 10
min. The reaction mixture was added to a vigorously stirred solution of CuSO4.5H2O (1.13 g, 4.5
mmol) in H2O (9 mL) at rt, followed by the addition of Cu2O (43 mg, 0.30 mmol). After stirring
for 1 h, the mixture was extracted with EtOAc, dried over Na2SO4 and fractionated by FCC
(MeOH-DCM, 2:98) to yield 4-hydroxyphenylacetonitrile (303) (14 mg, 0.11 mmol, 70%) as a
yellow solid.
NaBH4 (285 mg, 7.5 mmol) was added in portions to a suspension of ZrCl4 (210 mg, 0.90 mmol)
in THF (2.0 mL) at rt, followed by a solution of 4-hydroxyphenylacetonitrile (303) (100 mg, 0.75
mmol) in THF (2.0 mL). After stirring at rt for 24 h, the mixture was filtered, the filtrate was
concentrated and separated by FCC (MeOH-DCM-NH4OH, 20:80:1) to give tyramine (304) (90
mg, 0.66 mmol, 88%) as a white solid.
CS2 (11 µL, 0.18 mmol) was added to a mixture of tyramine (304) (21 mg, 0.15 mmol) in pyridine
(0.30 mL) at 0 °C, followed by Et3N (42 µL, 0.30 mmol). After stirring for 30 min, CH3I (11 µL,
0.18 mmol) was added and stirring was continued for another 15 min. The mixture was diluted
with toluene and concentrated to dryness. The crude mixture was separated by FCC (EtOAchexane, 1:2) to dithiocarbamate 130a (32 mg, 0.14 mmol, 93%) as a yellow solid. Spectroscopic
data was in agreement with reported literature (Ashton et al., 1992). All intermediates were
characterized by 1H NMR and all data were consistent with their structures.
Compound 130: HPLC tR = 12.4 min (method A). 1H NMR (500 MHz, CDCl3):  7.08 (2H, d, J
= 8.5 Hz), 6.87 (1H, br), 6.80 (2H, d, J = 8.5 Hz), 3.98-3.94 (2H, m), 2.91 (2H, t, J = 7.0 Hz),
2.61 (3H, s), and a minor rotamer at 7.56 (br), 3.69-3.66 (m), 2.87 (t), 2.69 (s). HPLC-ESI-MS m/z
[M + H]+: 228.0 (93%), 121.2 (10%), 180.1 (75%). UV (HPLC, CH3CN-H2O) max (nm): 222, 252,
270.
4.6.14 4-Hydroxyphenylethyl isothiocyanate (128)
CS2 (27 µL, 0.45 mmol) was added to a mixture of tyramine (304) (20 mg, 0.15 mmol) in EtOH
(0.30 mL) at rt, followed by Et3N (20 µL, 0.15 mmol). After stirring for 30 min, the mixture was
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cooled down to 0°C. A solution of (t-Boc)2O (33 mg, 0.15 mmol) in EtOH (0.25 mL) was added,
followed by a catalytic amount of DMAP (ca. 1 mg). The mixture was stirred at rt for 4 h,
concentrated and separated by FCC (EtOAc-hexane, 1:4) to give 128 (19 mg, 0.11 mmol, 73%) as
an oil. The spectroscopic data was in agreement with reported literature (Kim et al., 2015).
Compound 128: HPLC tR = 14.5 min (method A). 1H NMR (500 MHz, CDCl3):  7.08 (2H, d, J
= 8.0 Hz), 6.81 (2H, d, J = 8.0 Hz), 5.17 (1H, s), 3.67 (2H, t, J = 7.0 Hz), 2.91 (2H, t, J = 7.0 Hz).
C NMR (125 MHz, CDCl3):  154.8, 130.6, 130.2, 129.4, 115.8, 46.8, 35.8. UV (HPLC, CH3CN-
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H2O) max (nm): 224, 280.
4.6.15 [D3CS]Methyl [2,4,6-D3,15N]-3-hydroxyphenylethyl dithiocarbamate (129a)

Scheme 4-29. Synthesis of dithiocarbamate 129a and isothiocyanate 127a. Reagents and
conditions: a) D2SO4, CD3OD, 60 ºC, 94%; b) DIBAL, DCM, 62%; c) 15NH2OHHCl, NaOAc,
EtOH, H2O, 93%; d) NaBH4, NiCl26H2O, MeOH, 63%; e) CS2, Et3N, py; f) CD3I, 82%; g) CS2,
Et3N, EtOH; h) (t-Boc)2O, DMAP, 55%.
D2SO4 (D, 99%, 0.40 mL) was added to a suspension of 3-(3-hydroxyphenyl)ethanoic acid (305)
(150 mg, 0.99 mmol) in CD3OD (D, 99.8%, 0.60 mL). The mixture was stirred at 60 °C for 1 h in
a sealed vial. H2O was added, and the mixture was extracted with DCM. The organic extract was
dried over Na2SO4 and concentrated to give ester 306a (160 mg, 0.93 mmol, 94%).
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DIBAL (25% wt. in toluene, 2.16 mL, 3.80 mmol) was added dropwise to a solution of ester 306a
(260 mg, 1.52 mmol) in dry DCM (5.0 mL) at -78 °C. After 15 min, the mixture was quenched
with HCl 1N and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated
and fractionated by FCC (EtOAc-hexane, 1:2) to yield [2,4,6-D3]phenylacetaldehyde (307a) (131
mg, 0.94 mmol, 62%) as the major product, plus a minor product, [2,4,6-D3]-2-phenylethanol (52
mg, 0.37 mmol, 24%), resulting from overreduction.
A solution of 15NH2OHHCl (15N, 98%, 99 mg, 1.41 mmol) and NaOAc (116 mg, 1.41 mmol) in
H2O (2.0 mL) was added to a solution of aldehyde 307a (131 mg, 0.94 mmol) in EtOH (2.0 mL)
at rt. After stirring for 1 h, the mixture was concentrated, diluted with H2O and extracted with
EtOAc. The organic extract was dried over Na2SO4 and concentrated to give oxime 308a (135 mg,
0.87 mmol, 93%).
NaBH4 (233 mg, 5.88 mmol) was added in portions to a mixture of oxime 308a (130 mg, 0.84
mmol) and NiCl26H2O (238 mg, 1.0 mmol) in MeOH (3.0 mL) at 0 °C. After stirring for 15 min,
the mixture was filtered through celite, the filtrate was concentrated and fractionated by FCC
(MeOH-DCM-NH4OH, 20:80:1) to yield amine 309a (75 mg, 0.53 mmol, 63%).
CS2 (10 µL, 0.16 mmol) was added to a solution of amine 309a (11 mg, 0.078 mmol) in pyridine
(0.30 mL) at rt, followed by Et3N (32 µL, 0.23 mmol). After stirring for 15 min, CD3I (10 µL, 0.16
mmol) was added and stirring was continued for another 15 min. The mixture was diluted with 5%
H2SO4 and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated and
fractionated by FCC (EtOAc-hexane, 1:3) to yield dithiocarbamate 129a (15 mg, 0.064 mmol,
82%; D ≥ 92%, determined by 1H NMR) as a gummy material (Pedras and To, 2018). All
intermediates were characterized by 1H NMR and HRMS and all data were consistent with their
structures.
Compound 129a: HPLC tR = 12.9 min (method A). 1H NMR (500 MHz, CDCl3):  7.19 (1H, s),
6.90 (1H, td, J = 90, 5.5 Hz), 3.81 (1H, br), 4.01-3.97 (2H, m), 2.95-2.92 (2H, m) and a minor
rotamer at 7.65 (br), 7.47 (br), 3.7-3.69 (m). HR-FD-MS m/z [M]+: calc. for C10H72H615NOS2:
234.0786, found 234.0797 (100%). UV (HPLC, CH3CN-H2O) max (nm): 220, 250, 270.
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4.6.16 [2,4,6-D3,15N]-3-Hydroxyphenylethyl isothiocyanate (127a)
CS2 (33 µL, 0.55 mmol) was added to a solution of amine 309a (15 mg, 0.11 mmol) in EtOH (0.20
mL) at rt, followed by Et3N (15 µL, 0.11 mmol). After stirring for 1 h, the mixture was cooled to
-10 °C and a solution of (t-Boc)2O (24 mg, 0.11 mmol) and DMAP (ca. 0.5 mg) in EtOH (0.10
mL) was added. Stirring was continued for 2 h at -10 °C, then 2 h at rt. The reaction mixture was
concentrated and fractionated by FCC (EtOAc-hexane, 1:3) to give isothiocyanate 127a (11 mg,
0.060 mmol, 55%; D ≥ 93%, determined by 1H NMR) (Pedras and To, 2018).
Compound 127a: HPLC tR = 14.9 min (method A). 1H NMR (500 MHz, CDCl3):  7.21 (1H, s),
3.71 (2H, td, J = 7.0, 2.5 Hz), 2.94 (2H, td, J = 7.0, 3.5 Hz). HR-FD-MS m/z [M]+: calc. for
C9H62H315NOS: 183.0564, found 183.0564 (100%). UV (HPLC, CH3CN-H2O) max (nm): 220,
275.
4.6.17 Methyl (3-hydroxyphenethyl)dithiocarbamate (129)

Scheme 4-30. Synthesis of dithiocarbamate 129 and isothiocyanate 127. Reagents and conditions:
a) H2SO4, MeOH, 70 ºC, 100%; b) DIBAL, DCM, 70%; c) NH2OHHCl, NaOAc, EtOH, H2O,
93%; d) NaBH4, NiCl26H2O, MeOH, 60%; e) CS2, Et3N, py; f) CH3I, 61%; g) CS2, Et3N, EtOH;
h) (t-Boc)2O, DMAP, 60%.

192

H2SO4 (ca. 3 drops) was added to a solution of 3-(3-hydroxyphenyl)ethanoic acid (305) (800 mg,
5.26 mmol) in methanol (10 mL). The mixture was stirred at 70 °C for 15 min and concentrated.
H2O was added, and the mixture was extracted with DCM. The organic extract was dried over
Na2SO4 and concentrated to give ester 306 (870 mg, 5.26 mmol, 100%).
DIBAL (25% wt. in toluene, 1.64 mL, 2.88 mmol) was added dropwise to a solution of ester 306
(190 mg, 1.15 mmol) in dry DCM (4.0 mL) at -78 °C. After 10 min, the mixture was quenched
with HCl 1N and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated
and fractionated by FCC (EtOAc-hexane, 1:2) to yield 3-hydroxyphenylacetaldehyde (307) (110
mg, 0.81 mmol, 70%) as the major product, plus a minor product, 2-phenylethanol (41 mg, 0.30
mmol, 26%), resulting from overreduction.
A solution of NH2OHHCl (84 mg, 1.22 mmol) and NaOAc (100 mg, 1.22 mmol) in H2O (2.0 mL)
was added to a solution of aldehyde 307 (110 mg, 0.81 mmol) in EtOH (2.0 mL) at rt. After stirring
for 1 h, the mixture was concentrated, diluted with H2O and extracted with EtOAc. The organic
extract was dried over Na2SO4 and concentrated to give oxime 308 (113 mg, 0.75 mmol, 93%).
NaBH4 (200 mg, 5.25 mmol) was added in portions to a mixture of oxime 308 (113 mg, 0.75
mmol) and NiCl26H2O (214 mg, 0.90 mmol) in MeOH (3.0 mL) at 0 °C. After stirring for 15 min,
the mixture was filtered through celite, the filtrate was concentrated and fractionated by FCC
(MeOH-DCM-NH4OH, 20:80:1) to yield amine 309 (61 mg, 0.45 mmol, 60%).
CS2 (22 µL, 0.36 mmol) was added to a solution of amine 309 (25 mg, 0.18 mmol) in pyridine
(0.50 mL) at rt, followed by Et3N (75 µL, 0.54 mmol). After stirring for 15 min, CH3I (22 µL, 0.36
mmol) was added and stirring was continued for another 15 min. The mixture was diluted with 5%
H2SO4 and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated and
fractionated by FCC (EtOAc-hexane, 1:3) to yield dithiocarbamate 129 (24 mg, 0.11 mmol, 61%)
as a gummy material. All intermediates were characterized by 1H NMR and all data were consistent
with their structures.
Compound 129: HPLC tR = 12.9 min (method A). 1H NMR (500 MHz, CDCl3):  7.18 (1H, t, J =
7.5 Hz), 7.06 (1H, br), 6.78-6.68 (3H, m), 5.59 (1H, br), 3.98-3.95 (2H, m), 2.91 (2H, t, J = 7.0
Hz), 2.59 (3H, s) and a minor rotamer at 7.74 (br), 5.70 (br), 3.69-3.65 (m), 2.87 (t), 2.68 (s). 13C
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NMR (125 MHz, CDCl3)  199.4, 156.1, 140.2, 130.2, 121.3, 115.8, 114.1, 48.0, 34.2, 18.3, and
a minor rotamer at 202.2, 156.2, 139.2, 130.4, 121.1, 114.4, 47.4, 34.7, 19.2. HR-FD-MS m/z [M]+:
calc. for C10H13NOS2: 227.0439, found 227.0445 (100%). UV (HPLC, CH3CN-H2O) max (nm):
220, 250, 270.
4.6.18 3-Hydroxyphenylethyl isothiocyanate (127)
CS2 (39 µL, 0.65 mmol) was added to a solution of amine 309 (18 mg, 0.13 mmol) in EtOH (0.30
mL) at rt, followed by Et3N (18 µL, 0.13 mmol). After stirring for 2 h, the mixture was cooled to
-10 °C and a solution of (t-Boc)2O (28 mg, 0.13 mmol) and DMAP (ca. 0.5 mg) in EtOH (0.10
mL) was added. Stirring was continued for 2 h at -10 °C, then 2 h at rt. The reaction mixture was
concentrated and fractionated by FCC (EtOAc-hexane, 1:3) to give isothiocyanate 127 (14 mg,
0.078 mmol, 60%). Spectroscopic data was in agreement with reported literature (Spencer et al.,
2015).
Compound 127: HPLC tR = 14.9 min (method A). 1H NMR (600 MHz, CDCl3):  7.21 (1H, t, J =
8.0 Hz), 6.79 (1H, d, J = 7.0 Hz), 6.75 (1H, dd, J = 8.5, 2.5 Hz), 6.70 (1H, s), 3.72 (2H, t, J = 7.0,
2.5 Hz), 4.78 (1H, br), 2.94 (2H, t, J = 7.0 Hz). 13C NMR (150 MHz, CDCl3) 156.0, 139.0, 131.0,
132.3, 121.5, 116.0, 114.4, 46.4, 36.5HR-FD-MS m/z [M]+: calc. for C9H9NOS: 179.0405, found
179.0413 (100%). UV (HPLC, CH3CN-H2O) max (nm): 220, 275.
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4.6.19 [D3CS]Methyl [2,3,4,5,6-D5]-(2-hydroxy-2-phenylethyl)dithiocarbamate (278a)

Scheme 4-31. Synthesis of compounds 278a, 131a, 108a, 313a, 279a. Reagents and conditions:
a) Et3N, CH3NO2, EtOH, 89%; b) Pd/C, H2, MeOH, 97%; c) CS2, Et3N, py; d) CH3I, 93%; e) HCl,
i-PrOH; f) SOCl2, DMF, CHCl3, 68%; g) CS2, Et3N, CHCl3; h) CH3I, 82%; i) DDQ, dioxane, 71%;
j) CSCl2, Na2CO3, DCM, H2O, 78%; k) Et3N, dioxane, 48%; l) NaSCH3, EtOH, 62%.
Et3N (25 µL, 0.18 mmol) was added to a solution of [2,3,4,5,6-D5]benzaldehyde (310a) (D, 99.7%,
184 µL, 1.80 mmol) and CH3NO2 (192 µL, 3.60 mmol) in EtOH (0.40 mL) at rt. After stirring for
18 h, the reaction mixture was neutralized with AcOH (ca. 1 drop), diluted with H2O and extracted
with Et2O. The organic extract was dried over Na2SO4, concentrated and fractionated by FCC
(EtOAc-hexane, 1:4) to yield compound 311a (275 mg, 1.60 mmol, 89%) as an yellow oil.
A solution of 311a (100 mg, 0.58 mmol) in MeOH (1.5 mL) was added to a flask containing Pd/C
(33 mg) (under argon) at rt. The reaction mixture was stirred under H2 (balloon) for 3 h and filtered.
The filtrate was concentrated to give amine 259a (80 mg, 0.56 mmol, 97%), which was used for
the next step without further purification.
CS2 (9 µL, 0.15 mmol) was added to a solution of 259a (20 mg, 0.14 mmol) in pyridine (0.50 mL)
at 0 °C, followed by Et3N (60 µL, 0.42 mmol). After stirring for 15 min, CD3I (9 µL, 0.15 mmol)
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was added and stirring was continued for 30 min. The mixture was diluted with EtOAc and washed
with H2SO4 5%. The organic extract was dried over Na2SO4 and concentrated to give compound
278a (30 mg, 0.13 mmol, 93%, D ≥ 99%, determined by HR-FD-MS). All intermediates were
characterized by 1H NMR and HRMS and all data were consistent with their structures.
Compound 278a: HPLC tR = 12.4 min (method A). 1H NMR (600 MHz, CDCl3):  7.45 (1H, br),
5.06 (1H, dd, J = 8.5, 3.0 Hz), 4.37-4.33 (1H, m), 3.69-3.64 (1H, m), 2.48 (1H, s), and a rotamer
at 8.06 (br), 4.99 (br), 3.79 (br), 3.55 (br), 2.41 (br). HR-FD-MS m/z: calc. for C10H52H8NOS2:
235.0941, found 235.0934. HPLC-ESI-MS m/z [M + H]+: 218.2 (100%), 167.2 (7%). HPLC-ESIMS m/z [M-H]-: 270.0 (100%), 234.0 (45%), 183.0 (100%). UV (HPLC, CH3CN – H2O) max
(nm): 250, 270.
4.6.20 [2,3,4,5,6-D5]Dihydronasturlexin C (131a)
Conc. HCl (87 µL, 0.87 mmol) was added dropwise to a solution of amine 259a (80 mg, 0.56
mmol) in isopropanol (1.0 mL) at 0 °C. The mixture was precipitated in Et2O and filtered to give
the corresponding ammonium salt (84 mg, 0.47 mmol). A solution of SOCl2 (65 µL, 0.90 mmol)
and DMF (10 µL) in CHCl3 (0.5 mL) was added to a suspension of the ammonium salt (80 mg,
0.45 mmol) in CHCl3 (2.0 mL) at 0 °C. After stirring at rt for 12 h, the reaction mixture was
concentrated and the residue was rinsed with Et2O to yield compound 260a (74 mg, 0.38 mmol,
68%) as a white solid.
CS2 (46 µL, 0.76 mmol) was added to a suspension of 260a (74 mg, 0.38 mmol) in CHCl3 (1.5
mL) at rt, followed by Et3N (160 µL, 1.14 mmol). After stirring for 15 min, CH3I (47 µL, 0.76
mmol) was added and the reaction mixture was stirred at 60 °C for 3 h in a sealed vial. H2O was
added and the reaction mixture was extracted with CHCl3. The organic extract was dried over
Na2SO4, concentrated, and fractionated by FCC (EtOAc-hexane, 1:9) to yield [2,3,4,5,6D5]dihydronasturlexin (131a) (67 mg, 0.31 mmol, 82%; D ≥ 99%, determined by HR-FD-MS) as
a yellow oil (Pedras and To, 2018). All intermediates were characterized by 1H NMR and HRMS
and all data were consistent with their structures.
Compound 131a: HPLC tR = 20.6 min (method A), 30.8 min (method B). 1H NMR (500 MHz,
CDCl3):  5.09 (1H, dd, J = 8.5, 6.0 Hz), 4.54 (1H, dd, J = 15.0, 8.5 Hz), 4.35 (1H, dd, J = 15.0,
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6.0 Hz), 2.59 (3H, s). HR-FD-MS m/z [M]+: calc. for C10H62H5NS2: 214.0647, found 214.0645
(100%). HPLC-ESI-MS m/z [M + H]+: 215.1 (100%), 167.1 (4%). UV (HPLC, CH3CN–H2O) max
(nm): 220, 260.

4.6.21 [2,3,4,5,6-D5]Nasturlexin C (108a)
DDQ (32 mg, 0.14 mmol) was added to a solution of 131a (25 mg, 0.12 mmol) in 1,4-dioxane
(0.50 mL) at rt. The mixture was heated to 100 °C and stirred for 6 h in a sealed vial. H2O was
added and the mixture was extracted with DCM. The organic extract was dried over Na2SO4,
concentrated and separated by FCC (EtOAc-hexane, 1:9) to give [2,3,4,5,6-D5]nasturlexin C
(108a) (18 mg, 0.085 mmol, 71%; D ≥ 99%, determined by HR-FD-MS) as a yellowish solid, mp
30-31 °C (Pedras and To, 2018).
Compound 108a: HPLC tR = 23.6 min (method A), 32.4 min (method B). 1H NMR (500 MHz,
CDCl3):  7.81, (1H, s, H-4), 2.74 (3H, s). HR-FD-MS m/z [M]+: calc. for C10H42H5NS2: 212.0490,
found 212.0494 (100%). HPLC-ESI-MS m/z [M]+: 213.1 (100%). UV (HPLC, CH3CN – H2O)
max (nm): 310.

4.6.22 [2,3,4,5,6-D5]-(E, Z)-Styryl isothiocyanate (313a)
CSCl2 (117 µL, 1.53 mmol) was added to a mixture of compound 260a (100 mg, 0.51 mmol) and
Na2CO3 (162 mg, 1.53 mmol) in H2O (2.0 mL) and DCM (2.0 mL) at rt. After stirring for 1 h, the
reaction mixture was diluted with H2O and extracted with DCM. The organic extract was dried
over Na2SO4, concentrated and fractionated by FCC (EtOAc-hexane, 1:4) to yield isothiocyanate
312a (80 mg, 0.40 mmol, 78%).
A solution of isothiocyanate 312a (30 mg, 0.15 mmol) and Et3N (63 µL, 0.45 mmol) in dioxane
(0.30 mL) was stirred at 100 °C for 6 h in a pressure tube. The reaction mixture was diluted with
H2O and extracted with DCM. The organic extract was dried over Na2SO4, concentrated and
fractionated by FCC (hexane) to yield [2,3,4,5,6-D5]-(E,Z)-styryl isothiocyanates (313a) (8.0 mg,
0.048 mmol, 48%) as a mixture of two isomers (E/Z, ca. 5:1; D ≥ 99%, determined by HR-FDMS) plus isothiocyanate 312a (10 mg, 0.050 mmol, 33% recovered) (Pedras and To, 2018). All
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intermediates were characterized by 1H NMR and HRMS and all data were consistent with their
structures.
Compound 313a: HPLC tR = 28.7 min (E isomer), 27.2 (Z isomer) (method A). 1H NMR (500
MHz, CDCl3):  6.68 (1H, d, J = 14.0 Hz), 6.58 (1H, d, J = 14.0 Hz), 6.17 (1H, d, J = 8.5 Hz),
6.14 (1H, d, J = 8.5 Hz). HR-FD-MS m/z [M]+: calc. for C9H22H5NS: 166.0613, found 166.0608
(100%). UV (HPLC, CH3CN – H2O) max (nm): 220, 240, 300, 310.

4.6.23 Methyl [2,3,4,5,6-D5]-(E)-styryl dithiocarbamate (279a)
Sodium thiomethoxide (8.0 mg, 0.12 mmol) was added to a solution of isothiocyanate 313a (10
mg, 0.060 mmol) in EtOH (1.5 mL) at rt. After stirring for 15 min, the mixture was diluted with
H2O and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated and
separated by FCC (EtOAc-hexane, 5:95) to give methyl [2,3,4,5,6-D5] -(E)-styryl dithiocarbamate
(279a) (8.0 mg, 0.037 mmol, 62%; D ≥ 99%, determined by HR-FD-MS) and [2,3,4,5,6-D5] -(Z)styryl dithiocarbamate (279a´) (2.0 mg, 0.0093 mmol, 16%; D ≥ 99%, determined by HR-FD-MS)
as a minor product (Pedras and To, 2018).
Compound 279a (E): white solid, mp 117-118 °C. HPLC tR = 23.1 min (method A). 1H NMR (500
MHz, CDCl3):  8.47 (1H, br), 8.13 (1H, br), 6.28 (1H, d, J = 13.5 Hz), 2.72 (3H, s), and a minor
rotamer at 9.13 (br), 7.38 (br), 6.21 (br). HR-FD-MS m/z [M]+: calc. for C10H62H5NS2: 214.0647,
found 214.0650 (100%). UV (HPLC, CH3CN – H2O) max (nm): 220, 290, 340.
Compound 279a´ (Z): HPLC tR = 24.5 min (method A). 1H NMR (500 MHz, CDCl3):  8.75 (1H,
br), 7.55 (1H, br), 5.97 (1H, br), 2.70 (3H, s) and a minor rotamer at 9.25 (br), 6.85 (br), 5.87 (br).
HR-FD-MS m/z [M]+: calc. for C10H62H5NS2: 214.0647, found 214.0655 (100%). UV (HPLC,
CH3CN – H2O) λmax (nm): 220, 230, 360.
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4.6.24 Methyl (2-hydroxy-2-phenylethyl)dithiocarbamate (278)

Scheme 4-32. Synthesis of dithiocarbamate 278. Reagents and conditions: a) CS2, py, Et3N; b)
CH3I, 90%.
CS2 (60 µL, 1.0 mmol) was added to a solution of 2-amino-1-phenylethanol (259) (137 mg, 1.0
mmol) in pyridine (3.0 mL) at 0 °C, followed by Et3N (420 µL, 3.0 mmol). After stirring at rt for
15 min, the mixture was cooled to 0 °C, CH3I (60 µL, 1.0 mmol) was added and stirring was
continued for 30 min at rt. The mixture was diluted with EtOAc and washed with H2SO4 5%. The
organic extract was dried over Na2SO4 and concentrated to give compound 278 (205 mg, 0.90
mmol, 90%) as a white solid.
Compound 278: HPLC tR = 12.4 min (method A). 1H NMR (600 MHz, CDCl3):  7.56 (1H, br),
7.40-7.31 (5H, m), 5.03 (1H, dd, J = 8.5, 3.0 Hz), 4.34-4.30 (1H, m), 3.67-3.63 (1H, m), 2.63 (3H,
s), and a minor rotamer at 8.3 (br), 4.96 (br), 3.77 (br), 3.53 (br), 2.67 (br). 13C NMR (150 MHz,
CDCl3):  200.3, 141.2, 128.9, 128.5, 126.0, 72.5, 53.9, 18.5. HR-FD-MS m/z [M]+: calc. for
C10H13NOS2: 227.0439, found 227.0441. HPLC-ESI-MS m/z [M + H]+: 210.1 (100%), 162.1 (9%).
HPLC-ESI-MS m/z [M-H]-: 261.9 (5%), 226.0 (37%), 178.0 (100%). UV (HPLC, CH3CN – H2O)
max (nm): 250, 270.

4.6.25 (E,Z)-Styryl isothiocyanate (313)

Scheme 4-33. Synthesis of isothiocyanate 313 and dithiocarbamate 279. Reagents and conditions:
a) CSCl2, Na2CO3, DCM, H2O, 92%; b) Et3N, dioxane, 100 °C, Et3N, dioxane, 56%; c) NaSCH3,
EtOH, 51%.
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CSCl2 (175 µL, 2.28 mmol) was added to a mixture of compound 260 (prepared in Scheme 4-13)
(145 mg, 0.76 mmol) and Na2CO3 (242 mg, 2.28 mmol) in H2O (2.0 mL) and DCM (2.0 mL) at
rt. After stirring for 1 h, the mixture was diluted with H2O and extracted with DCM. The organic
extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane, 1:4) to give
isothiocyanate 312 (138 mg, 0.70 mmol, 92%).
A solution of isothiocyanate 312 (32 mg, 0.16 mmol) and Et3N (67 µL, 0.48 mmol) in dioxane
(0.40 mL) was stirred at 100 °C in a pressure tube (Kniežo and Kristian, 1974). After 6 h, the
mixture was diluted with H2O and extracted with DCM. The organic extract was dried over
Na2SO4, concentrated and separated by FCC (hexane) to give (E,Z)-styryl isothiocyanate (313) (10
mg, 0.062 mmol, 56%) as a mixture of two isomers (E:Z, 5:1), and isothiocyanate 312 (11 mg,
0.056 mmol, 35%) was recovered. All intermediates were characterized by 1H NMR and HRMS
and all data were consistent with their structures.
Compound 313: HPLC tR = 28.7 min (E isomer), 27.2 (Z isomer) (method A). 1H NMR (500 MHz,
CDCl3):  7.62-7.61 (2H, m), 7.41-7.38 (2H, m), 7.36-7.29 (6H, m), 6.67 (1H, d, J = 14.0 Hz),
6.58 (1H, d, J = 14.0 Hz), 6.17 (1H, d, J = 8.5 Hz), 6.14 (1H, d, J = 8.5 Hz). 13C NMR (125 MHz,
CDCl3):  134.3, 133.9, 133.8, 131.8, 129.2, 129.1, 128.9, 128.8, 128.1, 126.5, 115.6, 113.6. HRFD-MS m/z [M]+: calc. for C9H7NS: 161.0299, found 161.0302 (100%). UV (HPLC, CH3CN –
H2O) max (nm): 220, 240, 300, 310.

4.6.26 Methyl-(E)-styryl dithiocarbamate (279)
Sodium thiomethoxide (5.0 mg, 0.074 mmol) was added to a solution of isothiocyanate 313 (6.0
mg, 0.037 mmol) in EtOH (1.0 mL) at rt. After stirring for 15 min, the mixture was diluted with
H2O and extracted with EtOAc. The organic extract was dried over Na2SO4, concentrated and
separated by FCC (EtOAc-hexane, 5:95) to give methyl-(E)-styryl dithiocarbamate (279) (4.0 mg,
0.019 mmol, 51%) as a major product and methyl-(Z)-styryl dithiocarbamate (279´) (2.0 mg,
0.0096 mmol, 26%) as a minor product (Pedras and To, 2018).
Compound 279 (E): white solid, mp 115-116 °C. HPLC tR = 23.1 min (method A). 1H NMR (500
MHz, CDCl3):  8.44 (1H, br), 8.13 (1H, br), 7.37-7.22 (5H, m), 6.28 (1H, d, J = 14.0 Hz), 2.72
(3H, s), and a minor rotamer at 9.07 (br), 6.21 (br). 13C NMR (125 MHz, CDCl3):  195.9, 135.5,
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129.0, 127.6, 126.6, 126.2, 116.1, 18.6. HR-FD-MS m/z [M]+: calc. for C10H11NS2: 209.0333,
found 209.0326 (100%). UV (HPLC, CH3CN – H2O) max (nm): 220, 290, 340.
Compound 279´ (Z): HPLC tR = 24.5 min (method A). 1H NMR (500 MHz, CDCl3):  8.74 (1H,
br), 7.55 (1H, br), 7.43-7.40 (2H, m), 7.32-7.29 (3H, m), 5.97 (1H, br), 2.70 (3H, s) and a minor
rotamer at 9.25 (br), 6.85 (br), 5.87 (br). HR-FD-MS m/z [M]+: calc. for C10H11NS2: 209.0333,
found 209.0328 (100%). UV (HPLC, CH3CN – H2O) λmax (nm): 220, 230, 360.
4.6.27 [D3CS]Dihydronasturlexin D (132a)

Scheme 4-34. Synthesis of compound 132a. Reagents and conditions: a) SOCl2, DMF, CHCl3; b)
CS2, Et3N, CD3I, CHCl3, 46%.
A solution of SOCl2 (362 µL, 5.0 mmol) and DMF (10 µL) in CHCl3 (1.0 mL) was added dropwise
to a suspension of norphenylephrine hydrochloride (261) (95 mg, 0.50 mmol) in CHCl3 (2.0 mL)
at rt. After stirring for 24 h, solvent was removed and the mixture was washed with Et2O and
concentrated to give the chlorinated derivative 262.
CS2 (60 µL, 1.0 mmol) was added to a suspension of 262 in CHCl3 (3.0 mL) at rt, followed by
Et3N (210 µL, 1.5 mmol). After stirring for 15 min, CD3I (60 µL, 1.0 mmol) was added and stirring
was continued for 1 h. H2O was added and the mixture was extracted with CHCl3. The organic
extract was dried over Na2SO4, concentrated and separated by FCC (EtOAc-hexane, 1:3) to give
compound 132a (52 mg, 0.23 mmol, 46%) as a solid.
Compound 132a: HPLC tR = 11.5 min (method A). 1H NMR (600 MHz, CD3CN):  7.15 (1H, t, J
= 8.0 Hz), 6.79 (1H, d, J = 8.0 Hz), 6.75 (1H, t, J = 2.0 Hz), 6.72-6.70 (1H, m), 5.08 (1H, dd, J =
8.5, 5.0 Hz), 4.44 (1H, dd, J = 15.0, 8.5 Hz), 4.29 (1H, dd, J = 15.0, 5.0 Hz). 13C NMR (150 MHz,
CD3CN):  165.8, 158.6, 144.8, 131.3, 119.7, 116.0, 114.9, 73.1, 57.4. HR-FD-MS m/z [M]+ calc.
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for C10H82H3NOS2: 228.0470, found 228.0461 (100%). UV (HPLC, CH3CN-H2O) max (nm): 220,
280.
4.7

Time-course analysis and isolation of metabolites

4.7.1 Nasturtium officinale
4.7.1.1

Time-course analysis of elicited metabolites

For elicitation with CuCl2, 4-week-old plants were sprayed with an aq. CuCl2 solution (2 mM) and
control plants were sprayed with H2O. The leaves (ca. 1.5 g fresh weight per sample) were excised
1, 2, 4 and 6 days after elicitation, frozen in liquid nitrogen, ground and the resulting leaf materials
were shaken in MeOH (5 mL) for 1 h. The extracts were filtered, concentrated and rinsed with
DCM, the DCM extracts were concentrated, dissolved in MeOH-CH3CN (1:1) and analyzed by
HPLC-DAD using method A. The residue (polar extract) was dissolved in MeOH-H2O (1:1) and
analyzed by HPLC-DAD using method B (Pedras and To, 2015).
4.7.1.2

Isolation and characterization of metabolites

For isolation of nasturlexin B (107), tridentatol C (110), phenylethyl isothiocyanate (126) and
cyclonasturlexin (78), 4-week-old plants were sprayed with aq. CuCl2 solution (2 mM) and
incubated for 48 h in a growth chamber. Elicited leaves (ca. 230 g) were collected, frozen, ground
in liquid nitrogen and rinsed with hexane (2 × 500 mL). The hexane extract was concentrated to
yield a crude (420 mg), which was fractionated by FCCs (MeOH-DCM, gradient 2:98 – 20:80) to
yield different fractions. Fraction 1 was further separated by FCC (hexane) to give phenylethyl
isothiocyanate (126) (41 mg). Fraction 3 was separated using FCCs (MeOH-DCM, 1:99), then
EtOAc-hexane (10:90) to give cyclonasturlexin (78) (1.5 mg). The remaining leaf solids were
dissolved in MeOH (1 L) and shaken for 1 h. The MeOH extract was filtered, concentrated, and
rinsed with DCM. The DCM extract was concentrated and fractionated by multiple FCCs using
MeOH-DCM (0:100 – 20:80), then EtOAc-hexane (5:95 – 100:0) to give nasturlexin B (107) (2
mg) and tridentatol C (110) (ca. 2 mg).
For isolation of nasturlexin A (106) and brassinin (59), which were produced only within 24 h
after elicitation, 4-week-old plants were sprayed with aq. CuCl2 solution (2 mM) and incubated
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for 24 h in a growth chamber. Elicited leaves (ca. 155 g) were collected, frozen, ground in liquid
nitrogen and rinsed with hexane (2 × 300 mL). The leaf solids were shaken in MeOH (1 L), filtered,
concentrated and partitioned in H2O-EtOAc. The organic extract was dried over Na2SO4 and
concentrated to give a dark green residue (ca. 1.2 g), which was fractionated by FCC (MeOH –
DCM, gradient 0:100 – 20:80) to give five fractions. Fraction 2 (94 mg) was separated using
multiple FCCs (EtOAc-hexane, 25:75), (acetone-hexane, 20:80), and DCM to give nasturlexin A
(106) (ca. 2 mg) and brassinin (59) (0.2 mg) (Pedras and To, 2015).
The spectroscopic data for nasturlexin A (106), nasturlexin B (107), tridentatol C (110),
cyclonasturlexin (78), and phenylethyl isothiocyanate (126) were identical to the synthetic
compounds reported in Section 4.5 and 4.6.10.
Nasturlexin A (106)

HPLC tR = 21.5 min (method A). 1H NMR (500 MHz, CDCl3):  7.34 (2H, t, J = 7.5 Hz), 7.27–
7.21 (m, 3H), 6.94 (1H, s), 4.02–3.99 (2H, m), 2.98 (2H, t, J = 7.0 Hz), 2.61 (3H, s) and a minor
rotamer at 7.65 (s), 3.73–3.69 (m), 2.96 (t), 2.69 (s). 13C NMR (125 MHz, CDCl3):  199.4, 138.4,
129.1, 129.0, 127.1, 48.2, 34.5, 18.3. HR-EI-MS m/z [M]+: calc. for C10H13NS2: 211.0489, found
211.0493 (74%), 163.04 (27%), 104.06 (100%). HPLC-ESI-MS m/z [M + H]+: 212.1 (51%), 164.1
(100%). UV (HPLC, CH3CN–H2O) max (nm): 253, 272.
Nasturlexin B (107)

HPLC tR = 11.5 min (method A). 1H NMR (500 MHz, CDCl3):  7.14 (2H, d, J =8.5 Hz), 6.76
(2H, d, J =8.5 Hz), 5.03 (1H, dd, J =8.5, 5.5 Hz), 4.48 (1H, dd, J =14.5, 8.5 Hz), 4.31 (1H, dd, J
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=14.5, 5.5 Hz), 2.57 (3H, s). 13C NMR (125 MHz, CDCl3):  168.8, 156.3, 132.4, 128.6, 116.0,
71.9, 56.3, 15.7. HR-EI-MS m/z [M]+: calc. for C10H11NOS2: 225.0282, found 225.0284 (100%),
152.03 (62%), 87.01 (78%). HPLC-ESI-MS m/z [M + H]+: 225.9 (100%), 178.0 (30%). UV
(HPLC, CH3CN–H2O) max (nm): 220, 290.
Tridentatol C (110)

HPLC tR = 13.8 min (method A). 1H NMR (500 MHz, CDCl3):  7.69 (1H, s), 7.37 (2H, d, J = 8.5
Hz), 6.86 (2H, d, J = 8.5 Hz), 5.30 (1H, s), 2.71 (3H, s). 13C NMR (125 MHz, CDCl3):  164.9,
156.3, 139.1, 136.9, 128.2, 123.8, 116.3, 17.1. HR-EI-MS m/z [M]+: calc. for C10H9NOS2:
223.0126, found 223.0120 (100%), 190.03 (84%). HPLC-ESI-MS m/z [M + H]+: 224.1 (100%).
UV (HPLC, CH3CN–H2O) max (nm): 315.
Cyclonasturlexin (78)

HPLC: tR = 21.9 min (method A). 1H NMR (600 MHz, CDCl3):  7.93 (1H, br), 7.13 (1H, d, J =
8.0 Hz, H-7), 7.04 – 7.01 (2H, m, H-6,2), 6.89 (1H, d, J = 7.5 Hz, H-5), 5.13 (2H, s, CH2), 2.36
(3H, s, SCH3). HR-EI-MS m/z [M]+: calc. for C11H10N2S2: 234.0285, found 234.0282 (17%),
161.03 (100%). HPLC-ESI-MS m/z [M + H]+: 234.9 (93%), 187.0 (100%), 160.0 (24%). UV
(HPLC, CH3CN – H2O) max (nm): 215, 300.
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4.7.2 Barbarea verna
4.7.2.1

Time-course analysis of elicited metabolites

For elicitation with CuCl2, 4-week-old plants were sprayed with an aq. CuCl2 solution (10 mM)
and control plants were sprayed with H2O. The leaves (ca. 1.5 g fresh weight per sample) were
excised 1, 3 and 5 days after elicitation, frozen in liquid nitrogen, ground and the resulting leaf
materials were shaken in MeOH (5 mL) for 1 h. The extracts were filtered, concentrated and rinsed
with DCM, the DCM extracts were concentrated, dissolved in MeOH-CH3CN (1:1) and analyzed
by HPLC-DAD using method B (Pedras et al., 2015). The residue (polar extract) was dissolved in
MeOH-H2O (1:1) and analyzed by HPLC-DAD using method C.
4.7.2.2

Isolation and characterization of metabolites

For isolation of metabolites, 4-week-old plants were sprayed with aq. CuCl2 solution (10 mM) and
incubated for 3 days in a growth chamber. Elicited leaves (ca. 80 g) were collected, frozen, ground
in liquid nitrogen and rinsed with hexane. The leaf solids were re-extracted with DCM and
concentrated. The DCM extract (380 mg) was fractionated by FCC (MeOH-DCM, 0:100 – 20:80)
to give several fractions. Fraction 1 was separated by FCC (EtOAc-hexane, 5:95) to give phenyl
ethyl isothiocyanate (126) (2.5 mg) and phenylpropanenitrile (258) (1 mg). Fraction 2 was
separated by FCC (EtOAc-hexane, 10:90) to give nasturlexin C (108) (4 mg). Fraction 3 was
separated by multiple FCCs (EtOAc-hexane, MeOH-DCM) to yield nasturlexin D (109) (4 mg),
nasturlexin C sulfoxide (111) (1 mg), nasturlexin D sulfoxide (112) (0.5 mg), and 3phenylpropanamide (257) (2 mg) (Pedras et al., 2015).
The spectroscopic data for nasturlexin C (108), nasturlexin D (109) were identical to the synthetic
compounds reported in Section 4.5. The spectroscopic data of phenylpropanenitrile (258) were
identical to those of the commercially available compound. The spectroscopic data of 3phenylpropanamide (257) were identical to the reported literature (Pedras et al., 2015).
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Nasturlexin C (108)

HPLC tR = 23.6 min (method A), 33.0 min (method B). 1H NMR (500 MHz, CDCl3):  7.81, (1H,
s, H-4), 7.51 (2H, d, J = 8.0 Hz, H-2´,6´), 7.40 (2H, dd, J = 8.0, 7.5 Hz, H-3´,5´), 7.32 (1H, t, J =
7.5 Hz, H-4´), 2.74 (3H, s, SCH3).

13

C NMR (125 MHz, CDCl3):  165.7 (C-2), 138.9 (C-1´),

138.1(C-4), 131.4 (C-5), 129.3 (C-3´,5´), 128.3(C-4´), 126.6 (C-2´,6´), 16.9 (SCH3). HR-EI-MS
m/z [M]+: calc. for C10H9NS2: 207.0176, found 207.0177 (100%), 174.03 (95%), 134.02 (53%).
HPLC-ESI-MS m/z [M]+: 208.0 (100%). UV (HPLC, CH3CN – H2O) max (nm): 310.
Nasturlexin D (109)

HPLC tR = 14.6 min (method A), 25.5 min (method B). 1H NMR (500 MHz, CD3CN):  7.85 (1H,
s, H-4), 7.24 (1H, t, J = 8.0, Hz, H-5´), 7.04 (1H, d, J = 8.0 Hz, H-6´), 6.99 (1H, s, H-2´), 6.78
(1H, d, J = 8.0 Hz, H-4´), 2.70 (3H, s, SCH3). 1H NMR (500 MHz, CDCl3): δ 7.80 (1H, s, H-4),
7.26 (1H, t, J = 8.0 Hz, H-5´), 7.07 (1H, d, J = 8.0 Hz, H-6´), 6.99 (1H, s, H-2´), 6.80 (1H, d, J =
8.0 Hz, H-4´), 5.28 (1H, br, OH) 2.73 (3H, s, SCH3). 13C NMR (125 MHz, CDCl3):  166.0 (C-2),
156.3 (C-3´), 138.5 (C-1´), 138.3 (C-4), 132.8 (C-5), 130.6 (C-5´), 119.2 (C-2´), 115.4 (C-4´),
113.5 (C-6´), 16.9 (SCH3). HR-EI-MS m/z (%): calc. for C10H9S2NO: 223.0125, found 223.0122
(100%), 190.03 (89%), 150.01 (30%). UV (HPLC, CH3CN–H2O) max (nm): 314.
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Nasturlexin C sulfoxide (111)

HPLC tR = 21.1 min (method B). 1H NMR (500 MHz, CDCl3):  8.06 (1H, s, H-4), 7.58 (2H, d, J
= 7.0 Hz, H-2´,6´), 7.47-7.41 (3H, m, H-3´,4´,5´), 3.04 (3H, s, SCH3).

13

C NMR (125 MHz,

CDCl3):  175.1 (C-2), 144.6 (C-1´), 139.9 (C-4), 130.6 (C-5), 129.6 (3´,5´), 129.5 (C-4´), 127.2
(C2´,6´), 43.5 (SCH3). HR-EI-MS m/z [M]+: calc. for C10H9S2NO: 223.0125, found 223.0123
(29%), 207.9884 (100%), 176.01 (89%), 132.04 (37%). UV (HPLC, CH3CN –H2O) max (nm):
222, 302. FTIR (KBr) vmax (cm-1): 2918, 2849, 1447, 1326, 1143, 1062 (Pedras et al., 2015).
Nasturlexin D sulfoxide (112)

HPLC tR = 16.8 min (method B). 1H NMR (500 MHz, CD3CN):  8.15 (1H, s, H-4), 7.30 (1H, t,
J = 8.0, H-5’), 7.17 (1H, d, J = 8.0 Hz, H-6’), 7.11(1H, s, H-2’), 6.87 (1H, d, J = 8.0 Hz, H-4’),
2.96 (3H, s, SCH3). 1H NMR (500 MHz, CDCl3): δ 8.10 (1H, s, H-4), 7.32–6.90 (4H, m, H2’,4’,5’,6’), 3.08 (3H, s, SCH3). 13C NMR (125 MHz, CDCl3):  173.6 (C-2), 157.4 (C-3’), 145.0
(C-1’), 140.1 (C-4), 131.4 (C-5), 130.8 (C-5’), 118.6 (C-2’), 117.0 (C-4’), 114.5 (C-6’), 43.3
(SCH3). HR-EI-MS m/z [M]+: calc. for C10H9S2NO2: 239.0074, found 239.0089 (43%), 223.98
(100%), 191.98 (77%), 148.01 (39%), 69.00 (31%). UV (HPLC, CH3CN–H2O) max (nm): 244,
302. FTIR (KBr) vmax (cm-1): 3279, 2918, 2850, 1731, 1597, 1583, 1449, 1060 (Pedras et al., 2015).
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4.7.3 Erucastrum canariense
4.7.3.1

Time-course analysis of elicited metabolites

For elicitation with CuCl2, 3-week-old plants were sprayed with aq. CuCl2 solution (2 mM) and
plants were kept in growth chamber. Control leaves were sprayed with H2O. The leaves (ca. 1.0 g
fresh weight per sample) were excised 2, 8, 24, 72, 120 h after elicitation, frozen in liquid N2,
ground and the resulting leaf materials were individually extracted with MeOH (5 mL). The
extracts were filtered, the filtrates were concentrated and rinsed with DCM. The DCM extracts
were concentrated, dissolved in CH3CN – MeOH (1:1) and analyzed by HPLC-DAD using method
A and by HPLC-DAD-ESI-MS using method C (Pedras and To, 2017).
For wounding, each fresh leaf was crushed with tweezers (avoiding mid veins) and incubated in
the same growth chamber under identical conditions. At 2, 8, 24, 72, 120 h after wounding, leaves
were excised and extracted as described above for the elicitation experiments with CuCl2 (Pedras
and To, 2017).
4.7.3.2

Isolation and characterization of metabolites

For isolation of the unknown metabolites detected in elicited extracts, a larger scale experiment
was carried out and leaves were extracted as follows. After spraying with CuCl2 and incubated for
one day in a growth chamber, elicited leaves (ca. 140 g) were collected, frozen in liquid N2, ground
and rinsed with hexane (2 × 300 mL). The leaf materials were extracted first with DCM and
filtered, and the filtrate was concentrated (120 mg) and combined with the hexane extract (25 mg)
to afford the NP extract (190 mg). The leaf materials were re-extracted with MeOH, filtered and
the filtrate was concentrated to afford the P-DCM extract (880 mg) (Pedras and To, 2017).
The NP extract was fractionated using multiple chromatography on silica gel (FCC, MeOH-DCM
or EtOAc-hexane), followed by reverse phase (FCC, gradient elution, CH3CN – H2O, 30:70 to
100:0) to afford arabidopside A (156) (4.0 mg), OPDA (143) (2.0 mg), erucalexin (86) (0.3 mg),
and indole-3-acetonitrile (97) (1 mg). The P-DCM extract was partitioned in H2O – DCM, the
DCM extract was concentrated and subjected to multiple silica gel chromatography (FCC, MeOH
– DCM or EtOAc-hexane), followed by reverse phase chromatography (FCC, gradient elution,
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CH3CN – H2O, 50:50 to 100:0) to afford arabidopside A (156) (30 mg), arabidopside D (159) (6.0
mg), and arabidopside C (158) (2.0 mg) (Pedras and To, 2017).
The spectroscopic data of erucalexin (86) and indole-3-acetonitrile (97) were identical to those of
the synthetic standards (Pedras et al., 2006b).
Arabidropside A (156)

HPLC tR = 28.7 min (method A). MF: C43H66O12. HR-ESI-MS m/z: 792.4932 [M + NH4]+ (50%),
775.4697 [M + H]+ (16%), 613.4102 (100%). UV (HPLC, CH3CN–H2O) max (nm): 220. Optical
rotation [α]D +85 (c 1.5, MeOH).
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Table 4-1. 1H (500 MHz) and 13C (125 MHz) NMR (CD3OD) spectroscopic data assignment of
metabolite at tR = 28.7 min and data published for arabidopside A (156) (Hisamatsu et al., 2003).
Data recorded with reference to the solvent signals: 1H, δH 3.35; 13C, δC 49.8 ppm.
Metabolite tR = 28.7 min
C#
1

13C

64.76

1H

J (Hz)

4.48 dd

12.0, 3.0

4.25 dd

12.0, 6.5

2

72.63

5.30-5.32 m

3

69.51

4.03 dd

11.0, 5.5

Arabidopside A
13C

64.78

J (Hz)

4.48 dd

12.0, 3.1

4.25 dd

12.0, 6.5

72.67

5.30 m

69.53

4.03 dd

11.0, 5.5

3.78 dd

11.0, 5.7

106.16

4.27 d

7.6

73.19

3.53 m

3.74-3.82 m
7.5

1H

1'

106.12

4.27 d

2'

73.15

3.54-3.57 m

3'

75.64

3.50 dd

10.0, 3.5

75.69

3.51 dd

9.7, 3.3

4'

70.99

3.87 d

3.0

71.03

3.87 d

3.3

5'

77.59

3.54-3.57 m

77.62

3.53 m

6'

63.26

3.74-3.82 m

63.29

3.80 dd

11.4, 7.0

3.76 dd

11.4, 5.3

3.74-3.82 m
1'', 1'''
2’’, 2’’’

175.76

175.81

175.39

175.44

35.76

2.34-2.41 m

35.78

35.67
3'', 3'''

26.75

35.69
1.61-1.71 m

26.76

26.61
4'', 4'''

31.07

29.40

1.66 m

26.62
1.30-1.55 m

31.08

31.04
5'', 5'''

2.38 m

1.38 m

31.03
1.30-1.55 m

29.40

29.16

1.38 mm

29.17

6'''

31.54

1.30-1.55 m

31.53

1.38 m

7'''

30.88

1.30-1.55 m

30.88

1.38 m

6'', 8'''

32.62

1.78-1.86 m

32.61

1.81 m
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6'', 8'''

32.51

1.18-1.28 m

32.50

1.26 m

7'', 9'''

46.58

3.07-3.13 m

46.61

3.10 m

46.52
8'', 10'''

9'', 11'''

10'', 12'''

11'', 13'''

46.55

171.01

7.97 dd

4.0, 2.0

171.03

7.96 dd

5.9, 1.9

170.87

7.97 dd

4.0, 2.0

170.88

7.97 dd

5.9, 1.9

133.72

6.21 dd

6.0, 1.5

133.73

6.21 dd

5.9, 1.9

133.66

6.21 dd

6.0, 1.5

133.66

6.21 dd

5.9, 1.9

214.30

214.37

214.21

214.28

51.78

2.51-2.58 m

51.79

51.76
12'', 14'''

13'', 15'''

51.79

25.74

2.45-2.51 m

25.76

2.47 m

25.74

2.18-2.26 m

25.76

2.21 m

129.09

5.40-5.49 m

129.09

5.45 m

129.04
14’’, 16’’’

134.60

129.03
5.40-5.49 m

134.63

134.55
15'', 17'''

22.57

15.24

5.45 m

134.57
2.09-2.16 m

22.57

22.57
16'', 18'''

2.56 m

2.12 m

22.57
1.02 t

7.5

15.47

15.24

15.23
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1.02 t

7.5

Arabidopside D (159)

HPLC tR = 26.1 min (method A). MF: C51H80O17. HR-ESI-MS m/z: 982.5772 [M + NH4]+ (56%),
965.5571 [M + H]+ (15%),803.5019 (13%), 641.4404 (100%), 623.4343 (11%). UV (HPLC,
CH3CN–H2O) max (nm): 220. Optical rotation [α]D +56 (c 0.35, MeOH).
Table 4-2. 1H (600 MHz) and 13C (150 MHz) NMR (CD3OD) spectroscopic data assignment of
metabolite at tR = 26.1 min and data published for arabidopside D (159) (Hisamatsu et al., 2005).
Data recorded with reference to the solvent signals: 1H, δH 3.35; 13C, δC 49.8 ppm.
Metabolite tR = 26.1 min
C#
1

13Ca

64.8

1H

J (Hz)

4.25-4.29 m

Arabidopside D
13C

64.9

4.46-4.48 m
2

72.6

5.29 br

3

69.6

3.98 dd

5.4, 10.8

106.1

4.28 d

2'

73.2

3'

J (Hz)

4.26 dd

6.6, 12.0

4.47 dd

2.4, 12.0

71.4

5.29 m

68.6

3.98 dd

3.75-3.78 m
1'

1H

5.4, 10.8

3.76 m
6.5

106.0

4.29 d

7.2

3.51-3.57 m

73.1

3.53 dd

7.8, 12.6

75.5

3.51-3.57 m

75.5

3.52 dd

4'

70.9

3.92-3.94 m

71.0

3.92 d

5'

75.4

3.76-3.78 m

75.4

3.78 m

6'

68.6

3.70-3.73 m

68.6

3.72 dd
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2.4

4.8, 11.4

3.92-3.94 m

3.93 m

1''

101.4

(under H2O )

101.2

4.77 d

3.6

2''

71.0

3.82-3.84 m

71.0

3.83 dd

3.6, 10.2

3''

72.3

3.76-3.78 m

72.1

3.77 dd

3.0, 10.2

4''

71.9

3.92-3.94 m

71.8

3.94 d

3.0

5''

73.4

3.88-3.89 m

73.3

3.89 m

6''

63.7

3.76-3.78 m

63.5

3.76 m

3.76-3.78 m

3.76 m

12''', 12''''

214.3

215.2

1''', 1''''

175.8

176.8

175.5
10''', 10''''

171.0

7.96 br

171.2

7.96 dd

16''', 16''''

134.6

5.42-5.47 m

135.7

5.45 m

11''', 11''''

133.7

6.21 d

134.1

6.21 dd

15''', 15''''

129.1

5.42-5.47 m

126.9

5.45 m

13''', 13''''

51.8

2.52-2.55 m

49.8

2.54 m

9''', 9''''

46.6

3.09 br

44.8

3.09 m

2''', 2''''

35.9

2.36-2.37 m

36.0

2.37 m

8''', 8''''

35.7

1.76-1.85 m

35.6

1.83 m

5.5 Hz

1.19-1.27 m
32.6

1.38 br

31.5

1.36 m

4’’’, 4’’’’

31.5

1.38 br

31.3

1.36 m

7''', 7''''

31.0

1.38 br

30.9

1.36 m

5''', 5''''

29.4

1.38 br

29.3

1.36 m

3''', 3''''

26.8

1.64 br

26.8

1.65 m

14''', 14''''

25.8

2.47-2.49 m

24.7

2.50 m

2.19-2.25 m

a

22.6

2.10-2.14 m

18''', 18''''

15.2

1.02 t

2.1, 5.8

1.23 m

6''', 6''''

17''', 17''''

2.1, 5.8

2.24 m
7.5

22.3

2.13 m

15.3

1.02 t

Bolded signals are ± 1 – 2 ppm apart from those of arabidopside D.
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7.5

Arabidopside C (158)
HPLC tR = 22.9 min (method A). MF: C49H76O17. HR-ESI-MS m/z: 954.5452 [M + NH4]+ (100%),
937.5286 [M + H]+ (3%), 775.4749 (3%), 613.4133 (35%). UV (HPLC, CH3CN–H2O) max (nm):
220.
12-Oxophytodienoic acid (OPDA) (143)
HPLC tR = 23.3 min (method A). MF: C18H29O3. HR-ESI-MS m/z: 293.2095 [M + H]+ (100%).
UV (HPLC, CH3CN–H2O) max (nm): 220.

4.7.4 Isatis indigotica
4.7.4.1

Time-course analysis of elicited metabolites

For elicitation with CuCl2, 3-week-old plants were sprayed with aq. CuCl2 solution (10 mM) and
plants were kept in growth chamber. Control leaves were sprayed with H2O. The leaves (ca. 0.8 g
fresh weight per sample) were excised 1, 3, 5 days after elicitation, frozen in liq. N2, ground and
the resulting leaf materials were individually extracted with MeOH (5 mL). The extracts were
filtered, the filtrates were concentrated and rinsed with DCM. The DCM extracts were
concentrated, dissolved in CH3CN – MeOH (1:1) and analyzed by HPLC-DAD using method A
and by HPLC-DAD-ESI-MS using method C.
4.7.4.2

Isolation and characterization of metabolites

For isolation of metabolites, 3-week-old plants were sprayed aq. CuCl2 solution (10 mM) and
plants were kept in growth chamber. After 2 days, elicited leaves (ca. 100 g) were frozen in liquid
N2, ground and rinsed with hexane (2 × 300 mL). The leaf materials were shaken in MeOH for 1
h and filtered. The filtrate was concentrated and partitioned in EtOAc-H2O. The organic extract
was concentrated to give a crude EtOAc extract (ca. 1.9 g). The EtOAc was fractionated using
FCC (gradient MeOH-DCM, 0:100 – 20:80) to give several fractions. Fraction 3-5 were combined
and separated by multiple FCCs (gradient EtOAc-hexane, 10:90 – 100:0), then (MeOH-DCM,
10:90) to give tryptanthrin (263) (14 mg) as a dark solid, N-formyl anthranilic acid (265) (12 mg)
as a white solid, and isatin (266) (3 mg) as a yellow solid.
214

Tryptanthrin (263)

HPLC tR = 15.5 min (method A). 1H NMR (500 MHz, CDCl3):  8.60 (1H, d, J = 8.0 Hz), 8.40
(1H, dd, J = 8.0, 1.0 Hz), 8.01 (1H, d, J = 8.0 Hz), 7.89 (1H, d, J = 7.5 Hz), 7.85-7.82 (1H, m),
7.78-7.75 (1H, m), 7.67-7.64 (1H, m), 7.41 (1H, t, J = 7.5 Hz) (Li et al., 2016). 13C NMR (125
MHz, CDCl3):  182.7, 158.3, 146.8, 146.5, 144.5, 138.5, 135.3, 130.9, 130.4, 127.7,127.4, 125.6,
123.9, 122.1, 118.1. HR-EI-MS m/z [M]+: calc. for C15H8N2O2: 248.0586, found 248.0581 (100%),
220.06 (42%), 192.07 (28%). HPLC-ESI-MS m/z [M + H]+: 249.0 (100%). UV (HPLC, CH3CN–
H2O) max (nm): 250, 310, 400.
Indirubin (264)

HPLC tR = 20.7 min (method A). 1H NMR (500 MHz, DMSO-d6):  δ 11.0 (1H, br), 10.9 (1H,
br), δ 8.76 (1H, d, J = 8.0 Hz), 7.65 (1H, d, J = 7.5 Hz), 7.58 (1H, t, J = 8.5 Hz), 7.42 (1H, d, J =
8.5 Hz), 7.25 (1H, t, J = 7.02 (2H, t, J = 7.5 Hz), 6.90 (1H, d, J = 7.5 Hz). HR-ESI-MS m/z [M+H]+
calc. for C16H11N2O2: 263.0815, found 263.0828 (100%). UV (HPLC, CH3CN–H2O) max (nm):
240, 290, 360, 540.
N-Formyl anthranilic acid (265)
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HPLC tR = 2.1 min (method A). 1H NMR (500 MHz, CD3CN):  10.9 (1H, br), 8.64 (1H, d, J =
8.5 Hz), 8.47 (1H, s), 8.06 (1H, d, J = 8.0 Hz), 7.59 (1H, t, J = 8.0 Hz), 7.17 (1H, t, J = 8.0 Hz).
HR-EI-MS m/z [M]+: calc. for C8H7NO3: 165.0426, found 165.0412 (23%), 137.04 (42%), 119.03
(100%), 92.03 (58%). UV (HPLC, CH3CN–H2O) max (nm): 230, 265, 390 (Ansari et al., 2012).
4.8

Biosynthetic experiments

4.8.1 Administration of precursors to Nasturtium officinale
Four-week old plants were sprayed with aq. CuCl2 solution (2 mM) and incubated under
fluorescent light for 24 h. Stems with 3-5 leaves were cut and immediately immersed in Falcon
tubes (6.0 mL) containing an aqueous solution of the labelled compound (5 mL, 5 × 10-4 M
dissolved in H2O for [13C11,15N2]Trp (314a) and [2,3,4,5,6-D5]gluconasturtiin (123a) or H2OMeOH, 1:9, v/v, for [D3CS 4,5,6,7- D4]brassinin (59a). After uptake of each solution, the tubes
were refilled with H2O and leaves were further incubated for another 24 h under continuous
fluorescent light. The leaves were frozen in liquid N2, ground and extracted with MeOH under
shaking for 1 h. The MeOH extract was filtered, concentrated and rinsed with CH2Cl2. The CH2Cl2
extract was concentrated and analyzed by HPLC-DAD-ESI-MS. Control samples included elicited
leaves fed with non-labelled compounds or H2O, and non-elicited leaves fed with labelled
compounds. (Pedras and To, 2016).
4.8.2 Administration of precursors to Barbarea verna
Five-week-old plants were sprayed with aq. CuCl2 solution (10 mM) and incubated under
fluorescent light for 24 h. Leaves were cut at the base of the petiole and immediately immersed in
Eppendorf tubes (1.5 mL) containing an aqueous solution of the labelled compound (1.5 mL, 5 ×
10-4 M dissolved in H2O for glucosinolates or H2O-MeOH, 1:9, v/v, for other compounds. After
uptake of each solution, the tubes were refilled with H2O and leaves were further incubated for
another 24 h under continuous fluorescent light. The leaves were frozen in liquid N2, ground and
extracted with MeOH under shaking for 1 h. The MeOH extract was filtered, concentrated and
rinsed with CH2Cl2. The CH2Cl2 extract was concentrated and analyzed by HPLC-DAD-ESI-MS.
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Control samples included elicited leaves fed with non-labelled compounds or H2O, and nonelicited leaves fed with labelled compounds.

4.8.3 Administration of 1-SO2Me-glucorapassicin (204) to Brassica napus
Rutabaga roots were cut into ca. 1.5 cm-thick slices. 10 wells were made per slice with a corkborer. The slices were incubated in dark for 24 h and exposed under UV light for 90 min. A solution
of 1-SO2Me-glucorapassicin (204) (4 × 10-4 M) in H2O-MeOH-Tween 80 (90:10:0.05) was added
to the wells (ca. 0.5 ml per well) and the slices were incubated for additional 48 h at 23 ± 1 °C,
while keeping the wells filled with distilled water. The aqueous solutions in the wells of each slice
were collected and extracted with EtOAc. The organic extract was dried over Na2SO4,
concentrated, and analyzed by HPLC-DAD-ESI-MS (Pedras and Yaya, 2013).
4.8.4 Effect of myrosinase on the transformation 1-SO2Me-glucorapassicin (204)
A solution of glucosinolate (10 mM) in a phosphate buffer (400 µL, 0.05 M, pH 7) was added to
a solution of myrosinase (0.05 or 3 mg/mL) and ascorbic acid (10 mM) in the same buffer (2.60
mL) at rt. At different time points, a 300 µL aliquot was extracted with diethyl ether. The organic
extract was dried over Na2SO4, concentrated, dissolved in CH3CN and analyzed by HPLC-DAD
using method A. The aqueous extract was analyzed by HPLC-DAD using method B. The amounts
of products were quantified using calibration curves built from synthetic standards.
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