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Abstract

The search for antifungal secondary metabolites fcouciferous plants exhibiting
resistance to pathogenic fungi led to the investigeof Eruca sativa(rocket). Chemical
analysis of extracts showed arvelexgi)(as the only inducible component. Bioassay
guided isolation (FCC, PTLC) and characterizatNMR, MS) led to the identification
of two phytoanticipins, 4-methylthiobutyl isothicmyate {660 and bis(4-
isothiocyanatobutyl)disulfidele7). Compoundsl66 and167 inhibited the germination
of spores ofCladosporium cucumerinum TLC biodetection assays.

Next, isotopically labeled compounds containfiigand>*S at specific sites were
synthesized for use in studying of the biosynthptthway of crucifer phytoalexins and
indolyl glucosinolates. Among the synthesized prsots, [4'5',6',7°H,]indolyl-3-
[**S]acetothiohydroxamic acidl744d), the first sulfur-34 containing indolyl derivagv
was synthesized. In addition, non-isotopically ladecompounds (containing 1-methyl,
1-boc and 1-acetyl groups), that is, substrated tmeprecursor-directed biosynthesis,
were also prepared.

With the precursors in hand, the biosynthetic paty(®) and biogenetic
relationship between phytoalexins was investigatesing the tuberous crucifers,
Brassica napud.. ssprapifera (rutabaga) and. rapa (turnip), and detached leaves of
Erucastrum gallicum(dog mustard). The biosynthetic relationship betvendolyl
glucosinolates and phytoalexins was investigatedutabaga and turnip. The indolyl
moiety of the phytoalexins cyclobrassini@8), rutalexin 33), spirobrassinin 34),
brassicanate A 4@), and rapalexin A §3), as well as indolyl glucosinolates
glucobrassicin 10), 4-methoxyglucobrassicinl$6), and neoglucobrassicii49 was
confirmed to derive fronL-tryptophan 78). The 1-methoxy-containing phytoalexins,
erucalexin 88) and 1-methoxyspirobrassiniB) were shown to derive from indolyl-3-
acetaldoxime X12) through 1-methoxyindolyl-3-acetaldoximé&1@). The 1-methoxy
substituent of neoglucobrassicin was also showdetave from 1-methoxyindolyl-3-
acetaldoximeX16).

The incorporation of indolyl-3-acetothiohydroxamiacid (@74) into the
phytoalexins cyclobrassinin, rutalexin, brassicanat rapalexin A, and spirobrassinin,

and into the glucosinolate glucobrassicin is regobfor the first time. On the other hand,



incorporation of 174 into 4-methoxyglucobrassicin and neoglucobrassiwes not
detected under current experimental conditions.ld@yassinin was incorporated into
spirobrassinin among the NH-containing phytoaleximghereas sinalbin B 3(Q)
[biosynthesized from 1-methoxybrassinit8)] was incorporated into erucalexin and 1-
methoxyspirobrassinin. The efficient metabolism [$C?Hs]brassicanal A into
[SC’Hs]brassicanate A suggested a biogenetic relationshéween these two
phytoalexins, whereas absence of incorporation nafolyl-3-acetonitrile 49) into
rutabaga phytoalexins or indolyl glucosinolatesicated that49 is not a precursor of
these secondary metabolites under the current iex@etal conditions.

The rutabaga and turnip tubers separately metaubliz-methylindolyl-3-
acetaldoxime 170 and 1-methylindolyl-3-acetothiohydroxamic acid7§ into 1-
methylglucobrassicin 201); however, no 1-methyl-containing phytoalexins ever
detected in the extracts. Rutabaga tissues metabloli-{ert-butoxycarbonyl)indolyl-3-
methylisothiocyanate 180) into 1-tert-butoxycarbonyl)brassinin181) and 1-{ert-
butoxycarbonyl)spirobrassinin196), whereas 1l-acetylbrassiniri84) was the only
detectable metabolic product of 1-acetylindolyl-8thylisothiocyanate1@3 in both
rutabaga and turnip root tissues.

In conclusion, indolyl-3-acetothiohydroxamic acid/§) seems to be the branching
point between brassinin and glucobrassicin. Theywmithetic pathway of NH-containing
crucifer phytoalexins was mapped and follows thguseceL-tryptophan, indolyl-3-
acetaldoxime, indolyl-3-acetothiohydroxamic acidadsinin (possibly through indolyl-
3-methylisothiocyanate), and other phytoalexins.e Tihiosynthetic pathway of 1-
methoxy-containing phytoalexins follows a similagsence through 1-methoxyindolyl-
3-acetaldoxime (biosynthesized from indolyl-3-atdkagime).
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CHAPTER 1

1. Introduction

1.1 General objectives

Plants belonging to the family Brassicaceae bidwmsize de nove indolyl
phytoalexins of diverse chemical structures in oase to various forms of stress
(Pedras et al., 2007b). This family is also knowrptoduce phytoanticipins including
indolyl glucosinolates (Fahey et al., 2001), a €lassecondary metabolites that is a part
of the complex chemical defense system that thémetspuse to protect themselves
against various forms of stress including microlagthck (Halkier and Gershenzon,
2006). Many crucifers are susceptible to pathogémgal diseases such as blackspot,
blackleg, clubroot, stem rot, and root rot amongeds, leading to massive yield losses
and low food production for the growing world pogtibn. Some crucifers (wild and
cultivated) that are resistant to devastation byes®f the fungal diseases have been
identified (Conn et al., 1988; Gugel et al., 19B6fol et al., 1997; Pedras and Zaharia,
2000). Some of the resistant crucifers produce gaigkins with unique structural
characteristics, and possessing remarkable an#fuagtivity against a variety of
pathogens (Pedras et al., 2007b; 2007c). Suchtaesispecies may provide a good
genetic source for controlling the devastatingaftd the various fungal pathogens. The
identification and structural characterization bk tvarious phytoalexins provides an
opportunity for the synthesis of precursors to gttlteir biosynthetic pathway(s). An
understanding of the biosynthetic pathway(s) ofoedary metabolites produced by
resistant crucifers may facilitate the transfer soich pathway(s) to the susceptible
species, allowing them to produce similar secondastabolites that may confer

resistance to pathogens (Dixon, 2005). Due to enwmental impact of synthetic



chemical compounds, such genetic manipulationsigeoan alternative to protecting

crop plants against various pathogens, in additodesign and synthesis of safe crop

protecting agents (Pedras et al., 2007f; Pedrasiasdain, 2006).

Objectives of my research were:

1)

(2)

3)

Investigation of the antifungal secondary metabslibf Eruca sativa
(rocket).

Investigation of the biosynthetic pathways of playgxins produced in
Erucastrum gallicun{dog mustard).

Investigation of the biosynthetic pathway(s) of @ajexins and indolyl
glucosinolates produced Brassica napus. ssprapifera (rutabaga), and

B. rapa(turnip).

The research above included:

1)

(2)

Syntheses of isotopically labeletH(and>*S) precursors for the study of
biosynthetic pathway(s) and biogenetic relationshigd crucifer
phytoalexins and indolyl glucosinolates.

Syntheses of non-natural indolyl-based pregsarsas probes for the
biosynthetic pathway(s) of crucifer phytoalexins danindolyl

glucosinolates.

1.2 Plant secondary metabolites

Plants, like all other living organisms, possessnary metabolic pathways by

which they synthesize and utilize essential comgdsusuch as sugars, amino acids,

common fatty acids, and nucleotides for their ndrrgeowth, development and

reproduction. These chemical compounds are gepenaferred to as primary

metabolites. Plants also have secondary metabalioways by which they produce

compounds (secondary metabolites) that are notngakdor their basic metabolic

processes, but are necessary for their survivéityatdecondary metabolite production

may be activated during particular stages of graavith development, their importance is

of an ecological nature as they can mediate intierasuch as plant-plant, plant-insect,



plant-microbial and plant-animal. There are threegppal building blocks for secondary
metabolites: (i) shikimic acid, the precursor of npaaromatic compounds including
aromatic amino acids and various polyphenols,afiino acids giving rise to alkaloids
and peptide antibiotics, (iii) acetate, precursérpolyacetylenes, polyphenols, and
isoprenoids (Mann, 1994). Some of these precua@slso utilized in the biosynthesis
of certain primary metabolites such as proteins fatty acids. Secondary metabolic
pathways are products of the genetic make-up optbducing organisms (Mann, 1994).
Their production and distribution is limited withen group of closely related species,
thus making them important chemotaxonomic markEos. example, the plant genus
Potentilla with more than 300 species in the family Rosaceag characterized by the
occurrence of certain polyphenolic and triterpenadmpounds. The common
occurrence of ellagic acid and its derivative$otentillais thought to be of taxonomic
importance in this genus (Tomczyk, 2006; Xue et2005). The plant genudsgularia

in the family Compositae comprises of about 10Qckse The species withinigularia
were chemotaxonomically characterized by the pmseaf typical pyrrolizidine
alkaloids and sesquiterpenoids. Moreover, manyrgenghin Compositae are known to
contain bisaboline sesquiterpenoids (Tan et alQ7R0Classification of the genera
Stemonaand Croomia within the plant family Stemonaceae was not cotephlecause
some specialists thought that they should be segmhrdJiang et al.,, 2006).
Chemotaxonomic investigation of the two gen&tmonaand Croomiarevealed that
they both produce stemona alkaloids that are amiyd in the family Stemonaceae in
the plant kingdom. It was therefore proposed thattivo genera belong to the same
family as they had been placed and should not parated (Jiang et al., 2006). These
examples reveal the importance of secondary metebah the chemotaxonomy of plant

kingdom.

1.2.1 Plant chemical defenses

Plants are continuously challenged by biotic andotab factors in their
environment, both above and below the ground. Plamist therefore adapt to their
environment for their survival. Part of this adaja involves the evolutionary

production of a diverse array of secondary met#&mlio counter the various forms of



challenges. The term allelopathy has been useefé¢o to chemical interaction between
plants and their environment. This term is derifredh the Latin wordsllelon ‘of each
other’ andpathos‘to suffer’ (Weir et al. 2004). Use of the terme&bpathy has been
extended from plant-plant interaction to microbesmbe, plant-microbe, and plant-
insect or plant-herbivore chemical communicatione{f\ét al. 2004). Allelochemicals
occur in aerial and sub aerial parts of the pldrgy are delivered into the rhizosphere
through volatile emissions, root exudation, foliaaching and decomposing residue.
These compounds can affect the growth and develojpofeother neighboring plants,
they act as feeding deterrents against herbivares,they have antimicrobial activities.
Due to the environment impact and human health exmscabout synthetic pesticides
and fungicides, the naturally occuring allelocheatscare receiving special attention for
their applicability in agronomy (Dayan et al., 2000

One of the strongest known allelochemicalss3,4-dihydroxyphenylalanine (L-
DOPA, 1) (Nishihara et al., 2004), a non-protein aminalaoid a precursor of alkaloids,
phenylpropanoids, flavonoids, lignin, and melarfatin, 1994). L-DOPA is exuded by
the roots oMucuna pruriengvelvet beans), a tropical leguminous plant tresd found
among other uses, control of weeds (Nishihara,e2085). Velvet beans were found to
be allelopathic toLactuta sativa(lettuce). Chemical analysis showed that L-DOPA
exuding from velvet bean roots inhibited lettucalicke growth (Hachinohe and
Matsumoto, 2005; Nishihara et al, 2005), and soybeat growth (Soares et al., 2007).
L-DOPA was also shown to suppress carrot cell gnoby 60% (Hachinohe and
Matsumoto, 2005). Studies on the absorption, teamasion, and metabolism of L-DOPA
using susceptible (lettuce) and toleraitlfinochloa crus-galli barnyardgrass) plants
suggested that L-DOPA s itself the active spesisctive toxin and not its metabolic
products (Hachinohe et al., 2004).

HOD/\(COZH
NH
HO 2



Some invasive weeds use allelochemicals to disptaber competing plant
species. Acroptilon repens(Russian knapweed) an@entaurea maculosgspotted
knapweed) are two examples of successful exotictplen North America that replace
native plant species (Bais et al., 2003; Sterntitale 2003). Chemical analysis of the
root exudates of Russian knapweed vyielded 7,8-levome @) as the allelopathic
compound (Stermitz et al., 2003). 7,8-Benzoflaveves isolated from soil samples
collected from areas infested with Russian knapyé®s concentration a2 from the
soil samples supported the previous claims tha the active allelopathic compound
that these plants use to invade the native plaetiep (Alford et al., 2007). In bioassays,
7,8-benzoflavone caused mortality in plant spesigsh asGaillardia aristata Linaria
dalmaticg and Arobidopsis thaliana(Stermitz et al., 2003). The spotted knapweed,
another successful invasive weed of North Amerlamt species exudes from its roots
a mixture of (-)-catechin3] and (+)-catechin4) (Bais et al., 2002; 2003; Perry et al.,
2005). (-)-Catechin exhibited allelopathic activity inhibiting growth and germination
of other native plant species, whereas (+)-catewalais inactive (Bais et al., 2002). The
allelopathic activity of (-)-catechin was confirméy its isolation together with (+)-
catechin from soil collected from spotted knapweaeddded fields (Bais et al., 2002;
2003; Perry et al., 2005). Interestingly, (+)-caiac(4) exhibited antibacterial activity
against root-infesting pathogens, a property thacdtechin did not have. These
observations suggested the biological significanteoot exudation of the racemic
mixture of catechins (Bais et al., 2002). One otiseample of successful invasive weed
is Mikania micrantha (bittervine), a native to South and Central Ameribat has
become a serious problem in Southeast Asia andi®aegions (Shao et al., 2005).
Bittervine suppresses the growth of crops and tire@s neighborhood leading to their
eventual death. Chemical analysis of aerial exdratbittervine led to the isolation and
identification of three compounds, dihydromikaneli@), deoxymikanolide®), and 2,3-
epoxy-1-hydroxy-4,9-germcradiene-12,8:15,6-diolide All the three compounds were
found to inhibit seed germination and radicle ektran of other plant species. The three
compounds were therefore thought to be responsdsigahe allelopathic activity of
bittervine (Shao et al., 2005).



Many Oryza sativa(rice) varieties inhibited growth of several plaspecies
including weeds when they were grown together unfield and/or laboratory
conditions. These observations have suggestegtbhably rice produces and releases
allelochemicals into the neighboring environmenistag the inhibitory effect on other
plant species (Kato-Noguchi, 2004; Kato-Noguchi &mol, 2004; Kong et al., 2006).
Chemical investigation of rice root exudates ledh isolation of momilactone B) as
the possible allelopathic candidate. Momilactonevés previously isolated from rice
leaves, husks and straw as growth inhibitor, Katgdhi and co-workers (2002) later
isolated momilactone B from rice root exudates tfa first time. Bioassays revealed
that momilactone B was an active allelopathic conmabthat inhibited the growth of
lettuce, Lepidium sativur(cress), andMedicago sativaalfalfa) (Kato-Noguchi et al.,
2002; 2004; Kato-Noguchi and Ino, 2004).




Plant secondary metabolites may also act as feealngoviposition deterrents
against specialized or generalized herbivores (Argtyal., 2003; Harvey et al., 2005).
One such plant species is t8allicarpa accuminatgalahualte), a shrub or small tree
that was suspected to have allelopathic activityer@ical investigation of alahualte leaf
extracts led to the isolation and characterizatba number of secondary metabolites
(Anaya et al., 2003). Laboratory testing of someh&f secondary metabolites showed
that methyl isopimaric acidd), akhdarenol X0), anda-amyrin (L1) had strong insect
anti-feedant activity againsteptinotarsa decemlineatgColorado potato beetle). These
tests suggested that these compounds protect #kahgainst herbivory by these beetles
(Anaya et al., 2003). The fresh water plaviicranthemum umbrosuntbaby tears)
exhibited feeding deterrence to crayfish, a propdéniat was thought to be due to
allelopathic compounds produced by this plant gsedchemical analysis of whole plant
extract led to the isolation of two compounds, etém(12), and3-apopicropodophyllin
(13). In anti-feedant bioassays, the two compourddsand 13, exhibited remarkable
activity against crayfish, suggesting that they e allelopathic components of baby
tears (Lane and Kubanek, 2006).

H5CO OCH;
OCH;
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A number of plants also respond to various formstoéss including microbial
attack by producingle novosecondary metabolites that are generally refetoeds
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phytoalexins. The term phytoalexin was proposecdefer to defensive substances that
plants produce during infection (Bailey and Mansffid 982). The term was coined from
Greek words meaning, “warding-off agents in planf®ailey and Mansfield, 1982).
Mdiller and co-workers established that infectingapm Solanum tuberosumtuber
tissues with an incompatible race PBhytophthora infestansnduces resistance to
subsequent infection by inoculation with a comgatitace ofP. infestansor a tuber-
infecting Fusarium (Hammerschmidt, 1999). Based on these observatibng/as
hypothesized that the tuber tissues responded eo ithompatible interaction by
producing compounds (phytoalexins) that inhibitedter growth of the pathogen as
well as protecting the tissues against later imdaciHammerschmidt, 1999). Following
the proposal of phytoalexin concept in 1940, thst fantifungal compound that fit the
definition of a phytoalexin, (+)-pisatirid) was isolated a few years later frdfrsum
sativum(pea) pods inoculated with fungal sporedaiiliania fructiocola Soon after, a
closely related compound, (-)-phaseollirbf was isolated from fungus-inoculated pods
of Phaseolus vulgarigbeans) (Bailey and Mansfield, 1982). It was fartlestablished
that phytoalexin production was not only eliciteg biotic factors, but also abiotic

factors such as mercuric or copper chloride spBayi€y and Mansfield, 1982).

Figure 1.1  Chemical structures of (+)-pisatif©i4) and (-)-phaseollinl).

Since isolation of the first two phytoalexins, mawityers have been isolated and
identified from different plant families (Bailey dnMansfield, 1982). With the
progresses in isolation, characterization and wtdeding of phytoalexins, a working
definition for the term phytoalexin has been chahde “low molecular weight

antimicrobial compounds produced by plants in raspoto infection or stress” (Ku



1995). Besides microbial attack, phytoalexin acclatmn may result from response to
stress by elicitors such as inorganic salts, oligrans, ethylene, fatty acids, chitosan
oligomers, and polypeptides (Kul995). The localization of phytoalexin productian
the site of infection suggests the significant naeyed by these compounds in response

to pathogen invasion (Dixon et al., 1994).

1.3 Cruciferous chemical defenses

Brassicaceae (syn. Cruciferae) is a plant familptaining a large number of
economically important crops generally referredagocrucifers. The cruciferous crops
comprise cabbage®i@assica oleraceaear. capitatg, a variety of vegetables such as
broccoli B. oleraceaevar. botrytis), and kales B. oleraceaevar. acephald among
others. The crucifer family also comprises a nundfexconomically important oilseeds
canola and rapesee®.(napusand B. rapg, and condiments such as mustarBs (
juncea B. carinatg Sinapis alba and wasabiWWasabiae japonigathat are cultivated
and consumed worldwide (Pedras et #98; 2000). Most of the cultivated crucifers are
susceptible to a number of fungal diseases ledadingassive yield losses. The disease
resistance of cruciferous plants (like in many otplant species) can be attributed to
complex metabolic processes involving both indudeldytoalexins) and constitutive
(phytoanticipins) chemical defenses (Pedras andrfSen, 1998; Pedras et 2000).

A number of wild crucifers have been reported thilit resistance to a variety of
crucifer pathogens. For examplgamelina sativa(false flax),Capsella bursa-pastoris
(Shepherd’s purse) ariffuca sativa(rocket) were reported to exhibit resistance agjain
Alternaria brassicae(Conn et al., 1988)Erucastrum gallicum(dog mustard) was
reported to exhibit resistance agaifstierotinia sclerotioruma fungal pathogen that
causes stem rot disease of crucifers and many pthet families (Lefol et al., 1997).
Resistance of hlaspi arvensédstinkweed/pennycress) against blackleg diseaselsa
been reported (Gugel et al., 1990). The blacklegakie of crucifers is caused by the
fungus Leptosphaeria maculan®esm.) Ces et de Not. [asexual st&f@ma lingam
(Tode ex Fr.) Desm.]. Some cultivated crucifersehbeen reported to exhibit resistance
to the devastating effect of fungal pathogens.dxample Sinapis albawhite mustard)
exhibited resistance to economically important as&s of crucifers such as Alternaria



blackspot and Phoma blackleg that are caused bfutiyal pathogené. brassicaeand

L. maculanf. lingam respectively (Pedras and Zaharia, 2000).

1.3.1 Phytoalexins

Crucifer phytoalexins were the first sulfur-coniam phytoalexins reported
(Takasugi et al., 1986). Brassinibg}, 1-methoxybrassininl@), and cyclobrassinir2g)
were isolated from Chinese cabbadg& (CampestrisL. ssp. pekinensiy following
inoculation with the bacteriur®seudomonas cichoriiTakasugi et al., 1986)(gure
1.2). Since this first isolation, close to 40 crucifenytoalexins have been reported
(Figures 1.9. Several of these phytoalexins have been isolateticharacterized from
more than one plant species, and their elicitabigrdiverse pathogens and/or abiotic
factors has been demonstrated (Pedras et al., P0D@bsidering the early development
and wide use of dithiocarbamate fungicides andigdss, it is interesting to note that
crucifers are the only plants reported to produz@mounds containing as toxophore a
dithiocarbamate or thiocarbamate grod, (17, 18, 19, 20) (Pedras et al., 2007b). A
general structural characteristic among the crugifgitoalexins includes the presence of
an indole ring or derivative with substitution at3Cand additional nitrogen or sulfur
atoms Figure 1.2). The only non-sulfur containing crucifer phytoales are methyl 1-
methoxyindole-3-carboxylatet{), caulexin B 48), indolyl-3-acetonitrile 49), caulexin
C (50), arvelexin b1), and isalexin%2) (Figure 1.2). The synthesis and biosynthesis of
crucifer phytoalexins was recently reviewed (Pedragal., 2007b). Of the 40 crucifer
phytoalexins isolated, erucalexi8g isolated from dog mustard) is the first phytoalex
to have a carbon substituent at C-2, whereas &kkrophytoalexins have carbon
substituents at C-3 (Pedras et al., 2006a; 200i@knycelial growth inhibition assays,
erucalexin displayed remarkable potency agaiR$iizoctonia solaniwhereas its
regioisomer 1-methoxyspirobrassini@5) displayed higher inhibitory effect o
sclerotiorum(Pedras et al., 2006a; Pedras et al., 2007b).il&dok A 42), B (48) and
C (50) were isolated from cauliflower florets and diggd antifungal activity against
Leptosphaeria maculan®k. solaniand S. sclerotiorumin mycelial growth inhibition
assays (Pedras et al., 2006b; 2007b). Caulilexia2\is the first known phytoalexin to
possess a disulfide bridge and to date it is thetnpotent phytoalexin again§.
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sclerotiorum(Pedras et al., 2006b; 2007b). Rapalexin$3 and B 64) isolated from

B. rapa(canola) represent the first known naturally odogr aromatic isothiocyanates
(Pedras et al.,, 2007a; 2007b). BdB and 54 inhibited the germination oAlbugo
candidazoospores on impregnated cellulose membraneslerapad was more potent
than B (Pedras et al., 2007a). Wasalexins23) @nd B @4) were first isolated from
wasabi (Pedras et al., 1999; 2007b), they werentlgcésolated fromThellungiella
halophila (Pedras and Adio, 2007), whereas wasalexin A was &olated from
stinkweed (Pedras et al., 2003a). Wasalexin A disga antifungal activity against
isolates ofL. maculansin mycelial growth inhibition assays (Pedras et 2D03a;
2007b), as well as inhibition df. maculansspore germination (Pedras et al., 1999;
2007b). Arvelexin %1), first isolated from stinkweed, displayed highantifungal
activity againstR. solanithan against.. maculansand S. sclerotiorumin mycelial
growth inhibition assays (Pedras et al., 2003a6B0@007b). Sinalbins A30Q) and B
(31) were first isolated from white mustard (Pedrad Zaharia, 2000; 2007b). Sinalbin
A displayed higher activity than sinalbin B inmaculansspore germination inhibition
assays (Pedras and Zaharia, 2000; 2007b). Theglbyios rutalexin 33), brassicanate
A (43) and isalexin §2) were isolated from rutabaga tubers for the firse (Pedras et
al., 2004; 2007b). At the same concentration, lrasate A completely inhibited
mycelial growth ofL. maculansR. solaniand S. sclerotiorumwhereas isalexin only
displayed moderate antifungal activity agaibstmaculangPedras et al., 2004; 2007b).
Brassicanals A39) and C 41) displayed high antifungal activity agairist maculans
but moderate activity againB solaniandS. sclerotiorumn mycelial growth inhibition
assays (Pedras et al., 2006b; 2007b). The two congso also inhibited conidial
germination ofBipolaris leersiae(Monde et al., 1991a; Pedras et al., 2007b). Other
phytoalexins that inhibite®. leersiaeconidial germination include, brassicanal 40)(
(Monde et al., 1990a; Pedras et al., 2007b), linag4i7), 1-methoxyspirobrassinoBf),
1-methoxyspirobrassinol methyl eth&7) (Monde et al., 1995b; Pedras et al., 2007b),
dehydro-4-methoxycylobrassinir33) (Monde et al., 1994b; Pedras et al., 2007b),
dioxybrassinin 25) (Monde et al., 1991a; Pedras et al., 2007b), thaxgbrassenins A
(21 and B 22) (Monde et al., 1991b; Pedras et al., 2007b), fhoxg/brassinin18), 1-
methoxybrassitin 20) (Takasugi et al., 1988; Pedras et al., 2007b)d ah

11



methoxybrassinin19) (Monde et al., 1990b; Pedras et al., 2007b). dim&ungal and
antibacterial properties of camalexi#4) against many fungi and bacteria have been
investigated (Pedras et al., 2007b). For examg@matexin displayed mycelial growth
and spore germination inhibition of fungi maculans and A. brassicag as well as
mycelial growth inhibition of phytopathogenic batdse Pseudomona syringaeP.
cichorii, Erwinia carotovora and Xanthomonas campestr{Pedras et al., 1998b). The
antifungal and antibacterial activity of 6-methoaytalexin 45) was investigated with a
similar range of phytopathogens as that of camal@d) (Pedras et al., 2007b), whereas
1-methxylcamalexin46) was found to inhibit germination &. cucumerinunspores
(Jimenez et al., 1997; Pedras et al., 2007b). Médtimethoxyindole-3-carboxylatel )
inhibited L. maculansand Phoma wasabiaanycelial growth; it also inhibited spore
germination of C. cucumerinumon TLC plates (Pedras et al.,, 2007b; Pedras and
Sorensen, 1998). Cyclobrassini8) and spirobrassinir3é) displayed strong inhibitory
effects on mycelial growth oA. brassicaeand spore germination &. cucumerinum
but the two phytoalexins exhibited moderate anghlractivity against. maculansR.
solani S. sclerotiorumBotrytis cinereaFusarium nivale andPithium ultimum(Dahyia
and Rimmer, 1988). The antifungal activity of cymassinin 28) and spirobrassinin
(34) against other fungal species has also been igagstl (Pedras et al., 2007b). The
structural difference between brassilex@&6)(and sinalexin Z7) is the presence of 1-
methoxy group i27. The two phytoalexins displayed complete inhilmtiof mycelial
growth in R. solaniand S. sclerotiorum but moderate antifungal activity agairst
brassicaeandL. maculansat same concentrations (Pedras and Zaharia, 280H)lexin
(27) also inhibitedC. cucumerinumspore germination in TLC biodetection assays
(Pedras and Smith, 1997). Production of 1-methamtaining phytoalexins in elicited
stinkweed and white mustard indicates the rolequdyy these phytoalexins as a part of
defense response to pathogen invasion. Since sheeldew (Pedras et al., 2007b) one
new phytoalexin, brussalexin A% was isolated fronB. oleraceavar. gemmifera
(Brussels sprouts) (Pedras et al., 2007c). Brusisakeis the first phytoalexin known to
contain an allyl thiolcarbamate group, a skeletalcture that does not seem to fit with
the presently known biosynthetic pathway of crucifdytoalexins isolated to date

(Figure 1.2 (Pedras et al., 2007b). In mycelial growth intidn assays, brussalexin A
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displayed higher inhibitory effect againSt sclerotiorumthan against other pathogens

Alternaria brassicicolaL. maculansandR. solani(Pedras et al., 2007c).
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Figure 1.2 Structure of cruciferous phytoalexins: brassini6)( brassitin 17), 1-

methoxybrassinin 18), 4-methoxybrassinin 10), 1-methoxybrassitin 20), 1-

methoxybrassenin A2(), 1-methoxybrassenin B2), wasalexin A 23), wasalexin B
(24), dioxibrassinin 25), brassilexin 26), sinalexin 27), cyclobrassinin 48),

cyclobrassinin sulfoxide 20), sinalbin A @80), sinalbin B 81), dehydro-4-
methoxycyclobrassinin  3@), rutalexin B83), (9-spirobrassinin 34), (R)-1-

methoxyspirobrassinin  3p), 1-methoxyspirobrassinol  36), (2R,3R)-1-

methoxyspirobrassinol methyl eth&7), erucalexin 88), brassicanal A39), brassicanal
B (40), brassicanal C4(), caulilexin A @2), brassicanate A4@), camalexin 44), 6-

methoxycamalexin 45), 1-methylcamalexin 46), methyl 1-methoxyindole-3-
carboxylate 47), caulilexin B @8), indolyl-3-acetonitrile 49), caulilexin C B0),

arvelexin pl), isalexin §2), rapalexin A §3), rapalexin B %4), brussalexin A §5)

(Pedras et al., 2007b; 2007c).

1.3.2 Phytoanticipins

Constitutive chemical defenses exist in healthynislan their biologically active
form, or as inactive precursors that are activatedesponse to tissue damage or
pathogen attack. The activation of these chemietdres involves plant enzymes that
breakdown the preformed compounds to release baallbg active products (Osbourne,
1996). The preformed compounds have been refeares tphytoanticipins in order to
distinguish them from phytoalexins (biosynthesiziednov9, the name phytoanticipins
was coined by Mansfield (VanEtten et al., 1994)ytBanticipins were thus defined as
“low molecular weight antimicrobial compounds thate present in plants before
challenge by microorganism or are produced aftéection solely from preexisting
constituents” (VanEtten et al., 1994). A large nemkof phytoanticipins exhibit
antifungal activity and these include phenols arénwlic glycosides, unsaturated
lactones, sulfur compounds, saponins, cyanogenycogides, and glucosinolates
(Osbourne, 1996).

Since the isolation of the first two glucosinolagsigrin (66) and sinalbin §7)
(Figure 1.3 from black B. nigra) and white §. albg mustard seeds, respectively, in the
1980s, about 120 glucosinolates have been isolabed characterized (Fahey et al.,
2001; Halkier and Gershenzon, 2006). The importasfcthese nitrogen- and sulfur-

containing compounds has increased following tlikstovery as potential cancer-
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preventing agents, crop-protection compounds, aofdimigants in agriculture (Halkier
and Gershenzon, 2006; Sarwar et al., 1998). Althajlgcosinolates have been reported
almost exclusively from the order Capparales, whecimtain 15 families including
Brassicaceae, some glucosinolates have been iddtata the genu®rypetesfrom the
family Euphorbiaceae that is completely unrelatedother glucosinolate containing
families (Halkier and Gershenzon, 2006). Structyraglucosinolates arep-D-
thioglucosideN-hydroxysulfates also know ag){N-hydroximinosulfate esters d&
glucopyranosyl! thiohydroximates with a side chain(3) (Figure 1.3 Fahey et al.,
2001; Halkier and Gershenzon, 2006).

X S—B—D-Glc S—B—D-Glc R._S—B—D-Glc
R ORI N
~0S0; K HO ~0S0; K

N-oso; k'
56 57 58

Figure 1.3  Chemical structures of sinigri(b6), sinalbin (57), and glucosinolates
(58).

Glucosinolates are derived from one of the eighihamacids and are classified by
their precursor amino acids and types of modiftratio the side chain (Halkier and
Gershenzon, 2006). Those derived from alanine,ineudsoleucine, methionine, or
valine are called aliphatic glucosinolates, thoseveéd from phenylalanine and tyrosine
are called aromatic glucosinolates, and those éérikom tryptophan are called indolyl
glucosinolates (Halkier and Gershenzon, 2006).tiAdl three classes of glucosinolates,
i.e. aliphatic, aromatic and indolyl glucosinolates/e been isolated from Brassicaceae
family (Fahey et al., 2001). Glucosinolates havernbesed as taxonomic markers to
support evolution based classification schemesdyrat al., 2001; Mithen et al., 1987).
Methyl glucosinolate, for example, does not oceuBrassicaceae, but is found in the
closely related Capparaceae. Glucosinolates haylyapsylated R-groups appear to be
majorly produced by the families Resedaceae andngaceae (Fahey et al., 2001).

Glucosinolate producing plants also possess thiogidases known as

myrosinases that occur in a cell compartment (myralls) different from the
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glucosinolates (vacuole) (Bones and Rossiter, 2@6abb and Abel, 2006; Rask et al.,
2000). Upon tissue damage, myrosinases are releagkdhey hydrolyze the glucose
moiety of the respective glucosinolates locatetha vacuoles to yield glucose and an
unstable aglycone50) that can rearrange to form isothiocyanat@g),(thiocyanates
(61), nitriles 62), oxazolidine-2-thione@3), and other products that possess biological
(including antifungal) activity Kigure 1.4, Bones and Rossiter, 2006; Halkier and
Gershenzon, 2006; Rask et al., 2000). Some of tHegeadation products are also
responsible for distinctive flavor of the membefsBoassicaceae family (Rask et al.,
2000).

R-N=C=S
6C
D-Glc B N
RYS—B—D—GJC I > R-S-C=N
I v T o1
0S0O; Myrosinase ~0SO0,
i _ \ R—C=N

58 5g \ 62

O(_NH
T
S
63

Figure 1.4  Products of degradation and rearrangement of giootates %8) (Bones
and Rossiter, 2006; Halkier and Gershenzon, 20@éhlesand Abel, 2006).

A number of studies have been carried out to determvhether glucosinolates
and/or their degradation products play a significesle in plant defense. Studies
correlating glucosinolate contents of differentrpplgenotypes to their disease resistance
levels have been performed. It was reported thatpithogen resistance of various
Brassicaspecies does not correlate with the glucosindiatels (Doughty et al., 1991,
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Giamoustaris and Mithen, 1992; Mithen and Magra#92). On the other hand, Li and
co-workers (1999) noted a correlation between gahenduced production of indole
glucosinolates on oilseed rape and its resistam& sclerotiorumThese observations
suggested that glucosinolates have a role in m@rdisease resistance (Li et al., 1999).
Similarly, the level of indolyl glucosinolates irased in the model plait thaliana
upon inoculation with the plant pathogdfrwinia carotovora the increase was
attributed to the induction of indolyl glucosin@atbiosynthetic pathway by this
pathogen (Brader et al., 2001). Since the concemtraf the phytoalexin camalexid4)
from A. thalianadid not increase significantly when compared te #tcumulation of
indolyl glucosinolates, these results suggested itmgortance of glucosinolates in
defense against the plant bacteridm carotovora (Brader et al.,, 2001). The
antimicrobial activities of some glucosinolate detation products against various plant
pathogens (inhibition of pathogen growth or productof spores) have been
investigated and compared with those of parentogimolates (Brader et al.,, 2001;
Manici et al., 1997; 2000; Mayton et al., 1996;\@r et al., 1999; Mithen et al., 1986).
From a comparative study of the antifungal actiatyseveral isothiocyanate breakdown
products, it was shown that aromatic isothiocyamatee more potent than aliphatic
isothiocyanates against various fungal pathogengereral trend was noted in which
the fungal toxicity of aliphatic isothiocyanatescrkased with increasing side chain
length (Manici et al., 1997; Mithen et al., 198@r8ar et al., 1998). Although these
studies showed that the various breakdown prodfaggucosinolates had antimicrobial
activity, additional evidence for their significartle in protecting plants against various
pathogens was shown in the model plantthaliana (Tierens et al., 2001). In their
investigation, Tierens and co-workers found thahethylsulphinylbutyl isothiocyanate
(64), a degradation product of 4-methylsulphinylbwgllcosinolate §5), accumulated in
A. thalianawild type leaves but was absent in glucosinolaietentgsm1-1mutant. 4-
Methylsulphinylbutyl isothiocyanate displayed antimobial activity against a number
of fungi and bacteria in growth inhibition bioassayierens et al., 2001). Manici and
co-workers established that 3-methylsulfinylpropgthiocyanateg6) could completely
inhibit the growth of the plant pathogelRgsarium culmorunR. solani S. sclerotiorum

Diaporthe phaseolonn, and Phythium irregulare whereas the parent compound
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glucoiberin (3-methylsulfinylpropyl glucosinolaté7) was inactive towards these fungi
(Manici et al., 1997; 2000).
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Volatiles from macerated leaves of genotypes of ¢hecifers, black mustard
(Brasssica nigraand Indian mustardB( junced, were shown to inhibit fungal growth
and sporulation in two plant pathogertdelminthosporium solanand Verticillium
dahliae (Mayton et al., 1996; Olivier et al., 1999). Whasecultivars of black and Indian
mustard predominantly produce allyl glucosinolaimigrin (66) (Daxenbichler et al.,
1991, Olivier et al., 1999), GC analyses of thercerated leaf volatiles showed that
allyl isothiocyanate 8) (enzymatic hydrolysis product &6) was the major volatile
component and that its production significantlyiedrin different genotypes (Olivier et
al., 1999). The fungicidal activity of the genotgpavestigated was reported to correlate
with the production of allyl isothiocyanat&8g); for example, genotypes producing
higher amounts of allyl isothiocyanate also exleitbihigher fungitoxicity (Olivier et al.,
1999). Allyl isothiocyanate obtained from commefsi@urces or derived from. juncea
was shown to exhibit fungitoxicity again&tennicilium expansunstrains that were
resistant to the synthetic fungicide thiabendaz6® (Mari et al, 2002). It was shown
that allyl isothiocyanate could reduce the incideraf blue mould caused bk.
expansunby as much as 90% (Mari et al, 2002), thus makiagpotential biofungicide
that can be used to control the devastating effgfctisis pathogen. Allyl isothiocyanate
also showed remarkable fungitoxity towards maculans an economically important

pathogen of crucifers (Mithen et al., 1986).
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Mithen and co-workers (1986) investigated the angll activity of
glucobrassicin {0) and its degradation products agaihst maculans From these
investigations, it was reported that a mixture déicgbrassicin and myrosinase
significantly inhibited fungal growth in the cules compared to glucobrassicin alone
(Mithen et al., 1986). Antifungal bioassays wersoatonducted with indole-3-methanol
(71), indolyl-3-acetonitrile 49) and 3,3'-diindolylmethan&®) (Mithen et al., 1986), the
degradation products of glucobrassini®)((Hanley et al., 1990). The three compounds
49, 71 and 72 reportedly showed stronger antifungal activityiagbl.. maculansthan
the parent glucobrassiciry@), and indole-3-methanol7{) had the greatest activity
(Mithen et al., 1986). 2-Phenylethyl glucosinoléi8) is the dominant glucosinolate of
canola roots (Gardiner et al. 1999). In antimicabbibioassays using phenylethyl
isothiocyanate 714), a degradation product of phenylethyl glucosit®ld/3), 74
inhibited the growth of a range of fungi, oomyceaesl bacteria (Smith and Kirkegaard,
2002). The results obtained supported the possipfdication of these compounds in

biofumigation to control soil pathogens.
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Besides antimicrobial activity, several studiesénatiown that glucosinolates and
their degradation products play a significant roteplant-insect interaction. These
activities include stimulation of insect feedingdaoviposition, direct plant defense by
acting as feeding deterrents (including mammalsdshpi and indirect defense by
providing cues to natural enemies of the herbivqiasker et al., 2006; Halkier and
Gershenzon, 2006; Rask et al., 2000). Glucosimolared their volatile degradation
products that protect plants against some herlsvoray also attract specialized
herbivores or serve as oviposition stimulants (@sland Tjallingii, 2002; Mewis et al.,
2002). Sinigrin(56) for example acted as a feeding detterenfAdgrthosiphon pisum
(pea aphid), but attractdBrevicoryne brassica¢cabbage aphids) to a non-host plant
(Gabrys and Tjallingii, 2002). Non-host plants teshwith extracts from host plants
stimulated oviposition behavior of cabbage webwaokrtellula hundalis(Mewis et al.,
2002). Chemical analysis of the host plant (whitestard) extracts revealed that it
predominantly contained aromatic glucosinolatesalbin 67) and benzyl glucosinolate
(79), unlike the less preferred plants that contaihegher amounts of aliphatic and
indolyl glucosinolates (Mewis et al., 2002). Stimtibn of oviposition in cabbage root
fly (Delia radicunm) was attributed to indolyl glucosinolate, glucatsi@in ({0)
(Roessingh et al., 1992), whereas both aliphakergll glucosinolates 3-butenyl7)
and 4-pentenyl glucosinolate§7f and glucobrassicin7(Q) stimulated oviposition
behavior in turnip root fly[. floralis) (Simmonds et al., 1994). Both flies possessed
chemoreceptors that responded to different glucteties, the response was correlated to
the number of eggs laid (Roessing et al., 1992;n8inds et al., 1994). Sinigrirb§),
sinalbin (67), and allyl isothiocyanate68) triggered oviposition-probing behavior of
turnip sawfly @thalia rosag, these findings indicated that both glucosindatad their
degradation products play a significant role in tHogling and oviposition among
insects (Baker et al., 2006). The volatile isothatates derived from short chain
aliphatic glucosinolates may serve to attract itsséom a distance and help them to
locate the host plant, whereas glucosinolates witeaf surface waxes (e.g. indolyl
glucosinolates) may serve as stimulants for egmépgGiamoustaris and Mithen, 1995;
Renwick, 2002).
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Various studies have demonstrated that plants nespo insect herbivory by
accumulating higher levels of glucosinolates presoignto increase the plants resistance
to subsequent attacks (Agrawal et al., 2002; M&wed., 2005; Traw, 2002; van Dam et
al., 2005). The levels of sinigrid§) and glucobrassicin7Q) were found to increase by
19 and 16%, respectively, in black mustard whenofethy white butterfly (Traw, 2002).
Some plants use glucosinolate degradation prodiactprotect themselves against
specialist herbivores. For example, allyl isothaecste 68), but not allyl glucosinolate
sinigrin (66) reduced the growth and survival of the crucifpealist, Pieris rapae
(white butterfly) (Agrawal and Kurashige, 2003).tl&dugh glucosinolates and their
degradation products may be advantageous to sis¢tiatbivores (e.g. host-recognition
and feeding stimulation), they are deleterious @megalists. Sinigrin and its allyl
isothiocyanate degradation product were found toldikally toxic to the crucifer
generalistSpodoptera eridanigsouthern armyworm), whereas the specidfikttella
xylostella (cabbage moth) was only affected by allyl isoth@tate (Li et al., 2000).
Developing plant lines with increased levels ofogisinolates resulted in greater damage
by the specialists, while reducing grazing leveystie generalists (Giamoustaris and
Mithen, 1995). The Brassicaceae specialists seenmedrespond to particular
glucosinolates, suggesting that the plant glucdateoprofile is more important for
plant-insect interaction rather than the total ghioolate concentration (Giamoustaris
and Mithen, 1995). The specialists adapted to qadar crucifers have developed
mechanisms for overcoming the toxic effect of ghinolates, including rapid excretion,
inhibition of hydrolysis, or sequestering the glsicmlates (Barker et al., 2006; Halkier
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and Gershenzon, 2006; Renwick, 2002). The inséets dequester glucosinolates use
them for their own protection by dettering predatsuch as birds, lizards and ants
(Halkier and Gershenzon, 2006).

1.4 Biosynthetic studies in crucifers

Cruciferous plants produce phytoalexins and phyto@ms of diverse chemical
structures. These secondary metabolites play aimgbeotecting plants against various
pathogens and have other biological activities|ugiog cytotoxicity and oviposition
stimulation, as described in previous sections Kidaland Gershenzon, 2006; Pedras et
al., 2007b). Understanding of the biosynthetic patys of these secondary metabolites
is of vital importance, as this will facilitate theansfer of genes from a resistant to a
susceptible species (Dixon, 2005). Such genetiapn&ations will allow the susceptible
species to produce secondary metabolites that noaferc resistance to pathogens
(Dixon, 2005).

1.4.1 Syntheses of precursors

Biosynthetic investigations can involve adminigtratof precursors (labeled or
non-labeled) to enzyme preparationsiorvivo feeding experiments employing cell
cultures or plant stems, roots, or leaves. Labeéirgeriments using stable isotopes,
radioisotopes, or non-natural substrates allowshferquantification of incorporation and

mapping of biosynthetic pathways.

141.1 L-Tryptophan and tryptamine

This section covers the synthesis Lof4'-’H]tryptophan {83 and [2',4',5',6',7'-
Hs]tryptamine 793).
[4'-*H] Tryptophan (79a)

The L-[4-*H]tryptophan {88 was synthesized fronL-tryptophan ¥8) by

photochemical hydrogen-deuterium exchange rea¢Bocheme 1.1Monde et al., 1994;

Saito et al, 1984; Shizuka et al., 1988). Thusdiation of a solution df-tryptophan in
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’H,0 resulted in incorporation 6H into the indole nucleus to gite[4'-?H]tryptophan
(Saito et al, 1984; Shizuka et al., 1988).

NH; NH,
: 20 :
COH 4 CO,H
|
y — (L
N
H 7 H
78 78a

Scheme 1.1 Reagents and conditions: i,fH-O, fH 5.5 (Saito et al., 1984; Shizuka
et al., 1988).

[2',4' 5',6',7'-*H ] Tryptamine (79a)

[2',4'5',6', 7%H, Tryptamine {98 was prepared from [2',4',5',6'?Hs|tryptophan
(78b) in one step using catalytic amount of 2-cyclomex&-one in cyclohexanol
(Scheme 1.2Pedras et al., 2004).

H COLH °H
2h 2 . 2 NH,
\ 2H ! » \ 2H
2 N
H , H 2H H
H 2H
78b 79a

Scheme 1.2 Reagents and conditions: i}k€;,0, GHsO (Pedras et al., 2004).

1.4.1.2 Thiohydroxamic acids and [4',5',6',7H]glucobrassicin
(70a)

Thiohydroximic acids are proposed intermediates tire biosynthesis of
glucosinolates (Halkier and Gershenzon, 2006; GaribAbel, 2006). Thiohydroxamic

acids g0) contain different atoms: C, S, N, and O and caordinate with metal ions to

form colored complexes that have been utilized @tection and quantification of
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different metals (Chimiak et al., 2002). Thiohydaaxic acids also play a significant role
in bacterial ion-transport systems (Hwu and Ts&gQ0]1 Mizukami and Nagata, 1966).
Thiohydroxamic acids80) exist in equilibrium with thiohydroximic acid81) (Figure
1.5). Whereas the thion8Q) exist predominantly in the solid state, both tl@0) and
thiol (81) tautomers exist in solution, although the thisbmer does not occur in

significant concentrations (Chimiak et al., 2004ztvkami and Nagata, 1966).

S SH
—_— W
R— ~—— R
/N_ORZ N_OR3
Rq
80 81

Figure 1.5  Thiohydroxamic acids80) and thiohydroximic acids8Q): R = alkyl,
aryl; Ry = R, = Ry = H (Chimiak et al., 2002).

Unsubstituted thiohydroxamic acids (R R, = H) decompose by extrusion of
sulfur to yield nitriles and water (Walter and Seheann, 1971) whereas N-substituted
derivatives (R = aryl; R= aryl; R = H) are reportedly stable (Brydan and Ryan, 1966)
A number of methods have been developed for syistioéshiohydroxamic acids based
on thioacylation of hydroxylamine and its N- or (B derivatives, for example,
thioacylation of hydroxylamines with dithiocarboiylacids, dithiocarboxylic acid
esters, thionocarboxylic acid esters, or thioadylowdes, and also by reaction of
hydroximic acid chlorides or nitrile oxides with drpgen sulfide (Chimiak et al., 2002;
Walter and Schaumann, 1971).

Dithiocarboxylates&3) obtained by reaction of Grignard reage®® (vith carbon
disulfide are treated with hydroxylamine to gives trespective thiohydroxamic acids
(80) (Scheme 1.3 This method was used to prepare benzohydroxaaonkt(Walter and
Schaumann, 1971). Reaction of hydroxylamine witihidcarboxylates§3) gives low
yields of thiohydroxamic acids, but N- and O-detives have been prepared in fairly
good yields (Chimiak et al., 2002). This reactias lbeen used in preparation of alkyl
and aromatic thiohydroxamic acids (Walter and Soten, 1971). Thiohydroxamic
acids can be prepared in good yields fr&iinioacylthioglycolic acids§6) (Walter and
Schaumann, 19715¢heme 1.8 The Sthioacylthioglycolic acidsg6) can be prepared
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by reaction of the dithiocarboxylate83f with chloroacetic acid (Jensen and Pedersen,
1961; Ramadas et al., 198%cheme 1.8 S Thioacylthioglycolic acids&6) have been
prepared from dithioacid8%) which are obtained from reaction of aldehyd&$ (vith
ammonium polysulfide (Jensen and Pedersen, 196haBas et al., 1983). Treatment of
dithioacids 85) with chloroacetic acid yieldS-thioacylthioglycolic acidsg6) (Scheme
1.3). Reaction of th&-thioacylthioglycolic acids§6) with hydroxylamines or their N-
and O-derivatives gives the respective thiohydragascids in good yields of 70-80%
(Chimiak et al., 2002; Jensen and Pedersen, 196fMaRa et al., 1983; Walter and
Schaumann, 1971).

CS, S NH,OH S
R-Mgx ——>= R4 _, ——= RH
S ng HN—-OH
82 83 8C
-+
S 1) CICH,CO, Na

=

S MgX 2)H
s NH,OH S
83 | . r{ —R
SCH,COOH HN-OH

-+

(NH,),S, S 1) CICH,CO, Na
R-CHO—— > R " 86 80

SH 2)H
84 85

Scheme 1.3 Thioacylation of hydroxylamine with dithiocarborye 83) and S
thioacylthioglycolic acid 86); R = alkyl or aryl (Chimiak et al., 2002; Jensand
Pedersen, 1961; Ramada et al., 1983).

Thioacylation of hydroxylamine with thionocarboxyliacid esters 87) give
thiohydroxamic acids80) in low yields compared to dithiocarboxylic acidters 88)
(Chimiak et al., 2002)Scheme 1.% Thiocarboxylic acid chlorides89) have not found
wide application in preparation of thiohydroxamicids because they are labile

compounds and are not easily accessible (Chimiak,62002) $cheme 1.1
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S NH,OH S
R% —2> R‘{
X HN-OH
87 X = OMe, OEt 80
88 X = Salkyl or S-aryl
89X =Cl

Scheme 1.4 Thioacylation of hydroxylamine with thiocarboxyliacid esters &7),
dithiocarboxylic acid esters38), and thiocarboxylic acid chloride89): R = alkyl or
aryl (Chimiak et al., 2002; Walter and Schaumar@7,1}.

Nucleophilic attack of hydroximic acid chloride80f by hydrosulfide ion yields
thiohydroxamic acids in low vyields. Elimination afydrogen chloride by hydroximic
acid chlorides gives nitrile oxide®91) that can react with sodium hydrogen sulfide to
yield the respective thiohydroxamic acids in goeelds (Chimiak et al., 2002; Walter
and Schaumann, 19719c¢heme 1.h

Cl NaSH SH S
e = R | — rd
N_OH N_OH HN—OH
90 8C
l -HCI
+
H
e + -0 /
R—C=N-0O
NaSH SH
< [ ———= R _
N—-O
+ —
L R—C—N—OJ
91

Scheme 1.5 Preparation of thiohydroxamic acid®0f from hydroximic acid chlorides
(90) and nitrile oxides 91); R = alkyl or aryl (Chimiak et al., 2002; Waltend
Schaumann, 1971).

Direct thionation of hydroxamic acids with Lawessoreagent have been carried
out on N-alkyl derivatives9@ R? = alkyl) to yield N-alkylthiohydroxamic acid<4)
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(Przychodzen, 2006; Przychodzen et al., 2008¢héme 1.h Lawesson’s reagent
thionation of unsubstituted hydroxamic aci®8 R = H) does not appear in literature
reports, perhaps due to instability of the resgltimohydroxamic acids80) under these
conditions. The most recently developed synthesithiohydroxamic acids uses the
concept of counterattack reagent. In these prapagtprimary nitro compound9%)
are treated with potassium hydride, followed by drarthyldisilathiane
[(CH3)3SiSSI(CH)s] to give thiohydroxamic acids8Q) in 56-92% Scheme 1.5 This
synthesis is a “one-flask” reaction and can bequaréd in the presence of additional
functional groups such as esters, acetals, aranessulfides that are stable under the
reaction conditions (Hwu et al., 2005; Hwu and T<890; Chimiak et al., 2002).

O

S
Rl
J( _R? L.R. N RJ_/< ,
N g N-R
OH OH
92 R = alkyl )
93 RE=H 94R" = alkyl
KH >
R3-CH,NO, > R
(CH3)3SiSSi(CH3)3 HN—OH
95 8C

S
=N
L.R. (Lawesson's Reagent) = HscOOP\S,ﬁOOCHs

S

Scheme 1.6 Preparation of thiohydroxamic acid80f and N-alkyl thiohydroxamic
acids 04); R' = alkyl, phenyl, benzyl, R= alkyl, R = alkyl, benzyl, CHCH,CO,Et,
(Chimiak et al., 2002; Hwu and Tsay, 1990).

The sodium salts of 2-(3-indolyl)acetothiohydroxtma ©99) and 3-
phenylpropanothiohydroximatd @0) have been prepared from their respective nitriles
(96) in unreported yieldsScheme 1.7Reed et al., 1993). The nitrile35f are converted
to imidate hydrochlorides9{) using methanolic hydrochloric acid. Reactior@@fwith
hydrogen sulfide gives the thioate38) (Marvel et al., 1955), which are treated with
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hydroxylamine hydrochloride in the presence of sodmethoxide to yield the desired
thiohydroximate salts (Mizukami and Nagata, 196éedRet al., 1993).

+ B -+
HCI NH, €1 s S NH,OH S Na
C=N——> —_— _— \
R CHsOH R OCH; Pyridine R  OCH;3 R N-OH
96R =IndoleorR= 97 98 98 R = Indole
Benzyl 100R = Benzyl

Scheme 1.7 Synthesis of sodium 2-(3-indolyl)acetothiohydroaie ©9) and sodium
3-phenylpropanothiohydroximatel0 from their respective nitriles (Mizukami and
Nagata, 1966; Reed et al., 1993).

[4',5',6', 7"?H4]Glucobrassicin 7108) was prepared from [4,5,6°Fk]indole (1053
as shown inScheme 1.8(Pedras et al., 2002). Firstly, [4,5,6HJlindole was
synthesized starting fronfHg]toluene (013 (Pedras et al., 1998). Treatment of nitric
acid with PHgtoluene in acetic anhydride gave [3,4,5:6]2-nitrotoluene {023 which
was converted to nitrobenzyloromidelO3a with N-bromosuccinimide. The
nitrobenzylbromidel03awas allowed to react with potassium cyanide te {B,4,5,6-
’H,)2-nitrophenylacetonitrile  104g. Catalytic reduction of [3,4,5844]2-
nitrophenylacetonitrile yielded [4,5,6°H4]indole (1053. Next, [4,5,6,72H,]indole was
transformed to [4,5,6,7H,]indole-3-carboxaldehydel 068 which was allowed to react
with nitromethane to give [4,5,62H,]-3-(2"-nitrovinyl)indole (1073. The [4,5,6,7Ha)-
3-(2-nitrovinyl)indole was transformed to 1-ace§|5,6,72H]-3-(2"-nitrovinyl)indole
(1089 which was reacted with titanium (IV) chloride atreethylsilane, the resulting
hyroxymoyl intermediate was then treated with b{fiD-glucose tetraacetate to give
glycosyl thiohydroximatd 09a TheO-sulfation of109afollowed by removal of acetate
groups from110agave [4',5',6', 7H.]glucobrassicin 708 (Scheme 1.8Pedras et al.,
2002).
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- > —_— —
2H 2H 2H NO, 2H NO, 2H NO,
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101e 102¢ 103¢ 104¢
NO iv
2H 2 ZH 2H l
’H 2y 7o ’H
N\ vi, vii N\ v N\
-
2H N 24 N H N
oy 1 2 H 2y N
107¢e Ry =H . .
108aR; = Ac 106¢ 105¢
viil, ix, X, Xi R3O0
R3O OR
3
2H S © OR3
2H \
\ N-or, 109¢ Ry = Ac, R = H, Rs= Ac
) N 110aR; = Ac, R = SQK", Rs= Ac
H R, 70aR; = H, R = SQK", Rs= H

H

Scheme 1.8 Reagents and conditions: i) HN@A\c,O; ii) NBS; iii) KCN; iv) Hy, 10%
Pd/C; v) DMF/POd; vi) CHsNO,, NH,OAC; vii) Ac,0O, DMAP; viii) TiCly, EGSIH; ix)
1-thiof3-D-glucose tetraacetate, sBt x) HSQCI, pyridine, KHCQ; xi) CHsOK,
CH3OH (Pedras et al., 2002).

1.4.1.3 Synthesis of indolyl-3-acetaldoximes

This section covers the synthesis of [4',5',6Hz}indolyl-3-acetaldoxime {124
and [1",1",1"?H3]1-methoxyindolyl-3-acetaldoximel. { 63).

[4'5',6',7"-°H]Indolyl-3-acetaldoxime (112a)
[4'5',6',7°H4]Indolyl-3-acetaldoxime X128 was prepared from [4,5,6,7-
’H,Jindole-3-carboxaldehydel(6g as shown inScheme 1.9(Pedras et al., 2002).
Firstly [4,5,6,7H,]indole-3-carboxaldehyde was transformed to [4"5"H,]indolyl-
3-methoxyethylene 1119 which was hydrolyzed to give [4',5',6'?F]indolyl-3-
acetaldehyde. Treatment of [4'5',6°H4]indolyl-3-acetaldehyde with hydroxylamine
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hydrochloride and sodium acetate yielded [4',3":844]indolyl-3-acetaldoxime {123
Scheme 1.9(Pedras et al., 2002).

H cHo °H _ 2 N
’H i °H OCH 2H
N L N S iy i \ NoH
2 N 2 N
H , H H , H 2H H
H H 2H
106a 111a 112a

Scheme 1.9 Reagents and conditions: i) BuLi, JPHCI)CH,OCHg; ii) HCI, (CH3),CO;
iii) HONH,-HCI, NaOAc (Pedras et al., 2002).

[1",1",1"- ?H3]1-Methoxyindolyl-3-acetaldoxime (116a)

[1",1",1"-°H3]1-Methoxyindolyl-3-acetaldoximel(Ll6g was synthesized in 6 steps
beginning from tryptamineScheme 1.1P (Pedras and Montaut, 2004). TNg amino
group of tryptamine was acetylated with acetic ahmigle in pyridine to provideNy-
acetyltryptamine 13 that was reduced with sodium cyanoborohydridglatial acetic
acid to vyield Np-acetyl-2,3-dihyroindolyl-3-ethylamine 1{4). Sodium tungstate
catalyzed oxidation o114 with hydrogen peroxide followed by methylation tbe 1-
hydroxyindolyl intermediate with hexadeuterated elinylsulphate (Somei and
Kawasaki, 1989) vielded [1",1",H3]Ny-acetyl-1-methoxytryptaminel {58). The Ny-
acetyl group was hydrolyzed with sodium hydroxide grovide [1",1",1"2Hs]1-
methoxytryptamine which was oxidized with hydrogesroxide (Burckard et al., 1965)
to yield [1",1",1"?H3]1-methoxyindolyl-3-acetaldoximél 168 (Scheme 1.1
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Scheme 1.1.10 Reagents and conditions: i) NaBgEN, AcOH,; ii) NaWO,-2H,0,
H,0,, CH:OH; iii) (C*H30)%S0,, K,COs, CHOH; iv) NaOH, CHOH, reflux; vii)
NaWO,-2H0, H,O,, CH;OH, (Pedras and Montaut, 2004).

1414 Synthesis of labeled brassinins, cyclobmaiss, and (#)-
[3,3,32H]dioxibrassinin (25b)

This section covers the synthesis of [4'5'6Hglbrassinin 163, [3,3,3-
Hs]brassinin 16b), [2-**C]brassinin {60), [4',5',6',7'*H.]cyclobrassinin 28a), [3,3,3-
Hs]cyclobrassinin 28b), and §)-[3,3,3Hs]dioxybrassinin 25b).

[4'5',6',7'-’H]Brassinin (16a), [4',5',6',7'?H,]cyclobrassinin (28a)

[4'5',6',7°H4]Cyclobrassinin 283 was synthesized from [4',5',6'?H4]brassinin
(168 as shown inScheme 1.11(Pedras et al., 1998). [4,56H]indole-3-
carboxaldehydel(06g was allowed to react with hydroxylamine hydroclide to yield
a mixture of E)- and @)-oximes that were reduced with Devarda’s alloyyteld
[4'5',6',7'?H]indole-3-methanaminel(79. Reaction ofl17awith carbon disulfide in
the presence of pyridine and triethylamine follovsdmethylation with methyl iodide
gave [4',5',6', 7*H ]brassinin 16a) in 80% (Pedras et al., 1998). Treatment of [&"5"-
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’H,]brassinin with pyridinium bromide perbromide folled by triethylamine gave
[4'5',6',7"2H,]cyclobrassinin in 40%Scheme 1.1)1

2
H 2
i CHO H NH,
H o2
i, i H o
N b N\ ii, iv
2 N
H , H 2H H
H 2H
106a 117a

Scheme 1.11 Reagents and conditions: i) HOMHCI, EtOH; ii) NaOH, Devarda’s
alloy, CHOH, 70%; iii) EEN, CS; iv) ICH3, 80%; v) pyridine/HBr/Bs 40% (Pedras et
al., 1998).

[3,3,3%H3]Brassinin (16b) and [3,3,3H;]cyclobrassinin (28b)

[3,3,3°H3]Brassinin (6b) and [3,3,3?H:]cyclobrassinin 28b) were synthesized as
shown onScheme 1.1ZMonde et al., 1994). [3,334;]Brassinin (6b) was synthesized
as described for [4'5',6']brassinin (6a), but starting from indole-3-
carboxaldehyde106) (Scheme 1.1 [3,3,3Hs]Cyclobrassinin 28b) was prepared in
25% yield from [3,3,3Hs]brassinin Scheme 1.12(Monde et al., 1994).
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Scheme 1.12Reagents and conditions: i) HOMHCI, EtOH; ii)) NaOH, Devarda’s
alloy, CHOH: iii) Py, E&N, CS; iv) IC?Hs, rt, 18 h 34%:; v) pyridine/HBI/Br 25%
(Monde et al., 1994).

[2-**C]Brassinin (16c)

[2-1C]Brassinin 16¢) was synthesized from [2Clindole (LO5b) as shown in
Scheme 1.13Pedras et al., 2002). Formylation off&]indole gave [22’Clindole-3-
carboxaldehyde1Q6b) which was used to prepare [&]brassinin {6¢) as described
for 16a(Pedras et al., 2002).

CHO

NH,
©\/\> i ©\/\g* i, iii ©f</:
N N N
H H H
105k 106k 117k
liv,v
* :14C NH
< S/>VSCH3
N
H
16¢

Scheme 1.13Reagents and conditions: i) PQCDMF; ii) HONH,-HCI, NaOAc; iii)
NaBHz;CN, TiCl;, NH4OAc; iii) Pyridine, EtN, CS; iv) ICH;3 (Pedras et al., 2002).
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(8-[3,3,3°H;]Dioxibrassinin (25a)

(+)-[3,3,3°Hs]Dioxibrassin @58 was synthesized starting from isatiil®
(Scheme 1.14 Addition of nitromethane to isatin followed bydrogenation yielded 3-
hydroxyindolyl-3-methanaminel{9). Reaction of amind19 with carbon disulfide in
the presence of pyridine and triethylamine, followky deuterated methyl iodide
(IC?Hs) yielded [3,3,3?Hs]dioxybrassinin 25a) in 78% (Monde et al., 1994).

i, ii, iii NHz'HCI \-f(
O—> 0O — » oS
N N N
H H H
11¢ 11¢ 25¢

Scheme 1.14 Reagents and conditions; i) @¥O,; ii) H,, Pd/AcOH; iii) HCI; iv)
Pyridine, EN, CS, IC?*Hs, 78% (Monde et al., 1994; Pedras et al., 2003b).

1.4.2 Biosynthesis

The biosynthetic pathways of crucifer phytoalexam&l glucosinolates have been
mapped via feeding experiments employing synth@ecursors labeled with stable and
radio-isotopes, as well as non-natural compoundslk{iet and Gershenzon, 2006;
Pedras et al., 2007b).

1421 Phytoalexins

The biosynthesis of phytoalexins was previouslyiewed by Pedras and co-
workers (2003b and 2007Bigure 1.6).
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L-Tryptophan 78), a precursor of majority of crucifer phytoalexins
biosynthesized from anthranilic aciti?Q) via the shikimate pathway (Dewick, 1998). In
plants, anthranilic acidl@Q) is transformed to indolelQ5 which is conjugated with-
serine 122 to producel-tryptophan (Dewick, 1998; Shraudolf, 1966). Biahasis of
phytoalexins fromL-tryptophan proceeds through indolyl-3-acetaldoxi(®&2 that
appears to be the metabolic branching point innasiecondary pathways such as indole

phytoalexins and indole glucosinolates (Pedrag @0Q7b) Figures 1.6andl1.7).

NH,
COOH \
. ©j\§ S
N
H

12C 10¢

Figure 1.7  Biosynthetic pathway of-tryptophan {8) and indolyl-3-acetaldoxime
(112 from anthranilic acid20).

Cytochrome P450 enzymes from the CYP79 family tdadalyze conversion df-
tryptophan to indolyl-3-acetaldoxime have beenatad from different plant sources
such as white mustard and the model phanthaliana(Hansen and Halkier, 2005; Hull
et al., 2000; Mikkelsen et al., 2000; Naur et @003b). The enzymes CYP79B1
(isolated from white mustard), CYP79B2, and CYP79B®lated fromA. thaliang
have been proposed to catalykiehydroxylation of L-tryptophan toN-hydroxyd-
tryptophan that decarboxylates to give indolyl-8tatdoxime (Hansen and Halkier,
2005; Hull et al.,, 2000; Mikkelsen et al.,, 2000; udaet al., 2003b). These
transformations have been extensively studied ia thosynthetic pathways of
glucosinolates and are described in the next se¢Hansen and Halkier, 2005; Hull et
al., 2000; Mikkelsen et al., 2000; Naur et al., 200

The biosynthesis of the crucifer phytoalexins, bir@a (16), cyclobrassinin Z8)
and spirobrassinin3d) was investigated in turnip roots using isotopicébeled £°C

and H) precursors. The origin of indole group was conéid through deuterium
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labeling experiments using[4'-?H]tryptophan (Monde et al., 1994Figure 1.8). The
occurrence of a molecular rearrangement in theyhtbgtic pathway front-tryptophan
(78) to brassinin 16) was investigated by administration BL-[**C-2]tryptophan to
turnip root tissues. Thé®*C NMR of isolated spirobrassinin revealed a 4-fold
enhancement of the imino carbon NMR signal. Theselts suggested that a molecular
rearrangement df-tryptophan leads to indolyl-3-methylisothiocyanéit23) which is an
intermediate in the biosynthetic pathway of brassifi6), and that the thiocarbonyl
carbon of brassinin originates from C-2 lofiryptophan Figure 1.8) (Monde et al.,
1994). Administration oL-[3,3,3°Hs]methionine indicated that the methyl groups of
brassinin, cyclobrassinin and spirobrassinin derifeom L-methionine. Additional
experiments employing a mixture &f[3,3,3*Hs]methionine andL-[**S]methionine
revealed intact incorporation of-methionine into brassinin. The origin of the
thiocarbonyl sulfur fronL-cysteine was confirmed after incubation of turtiigsues with
L-[**S]cysteine; high radioactivities of the isolatedadsinin and spirobrassinin
supported the conclusion that the thiocarbonylusuditom originates fronk-cysteine
(Monde et al., 1994)Hgure 1.8). The biogenetic relationship between the phytoake
brassinin {6), dioxibrassinin 25), cyclobrassininZ8), and spirobrassinir84) in turnip
root tissues was investigated with [3,3t&]brassinin 16b), [3,3,3?Hs]dioxibrassinin
(25a), and [3,3,3*Hs]cyclobrassinin 28b) (Figure 1.9. Labeled brassinin was
effectively incorporated into cyclobrassinin and irgprassinin, but neither
cyclobrassinin nor dioxibrassinin were incorporaiadspirobrassinin. Incubation of
Japanese radish rooRgphanus sativugar. hortensi$ with [3,3,3?Hs]brassinin further
confirmed the intermediacy of brassinin in the prdketic pathway of cyclobrassinin
(Monde et al., 1995). These experiments therefexealed that brassinirlg) is an
advanced precursor in the biosynthetic pathway ahynother crucifer phytoalexins
(Monde et al., 1994; 1995; Pedras et al., 2004).
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Figure 1.8  Biosynthesis of cruciferous phytoalexins: the ooewce of molecular
rearrangement, and biogenetic relationship betwdmassinin {6) and other
phytoalexins.

The biogenetic relationship between the phytoaléxassinin {6) and the indole
glucosinolate glucobrassicin7@ was subject of discussion. Glucobrassicir0) (
appeared to be biogenetically related to brassjhB) (Figure 1.9 since both are
biosynthesized fronk-tryptophan (Goetz and Schraudolf, 1983; Ketaet al., 1962;
Kutatek and Kralova, 1972). GlucobrassicirQ) is also known to undergo enzymatic
hydrolysis by myrosinases, Lossen-type rearrangeroérthe resulting intermediate
yields indolyl-3-methylisothiocyanatelZ3 Agerbik et al., 1998; Hanley et al., 1990;
Hanley and Parsley, 1990; Latxague et al., 1991praposed intermediate between
tryptophan and brassinin (Monde et al., 1994).
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Figure 1.9  Plausible biogenetic relationship between brassinfl6) and
glucobrassicin{0).

The preparation of indolyl-3-methylisothiocyanatd2d was unsuccessful
(Kutschy et al., 1998) due to its instability (Haylet al., 1990; Hanley and Parsley,
1990). Monde and co-workers (1994), however, attethpto trap the putative
isothiocyanatel23 in the biosynthesis of brassinin. Monde and cokers (1994)
reported that homogenizing turnip roots in the @nege of sodium methanethiolate
yielded brassinin16) and a compound that was identified as PRCH,-NH-CS-SCH,
which was named phenylethylbrassinir24). These metabolites were not isolated in the
absence of sodium mathanethiolate (Monde et al94)19The putative role of
isothiocyanate in the biosynthesis of brassinin Wwather demonstrated with benzyl
isothiocyanatel25 (Figure 1.10. Administration ofLl25to turnip tubers in the absence
of sodium methanethiolate yielded a new metabdhtge was named benzylbrassinin
(126 (Monde et al., 1994).

H
NCS N\H/SCHg

12t 12€
Figure 1.10 Biosynthesis of benzylbrassinih26) (Monde et al., 1994).
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The potential intermediacy of glucobrassicit®)(in the biosynthesis of brassinin
(16) was investigated with [4',5',6' #4]glucobrassicin 708) using brown mustards(
junceg leaves elicited withL. maculans and with UV-irradiated turnip root slices.
[4'5',6',7"?°H4]Glucobrassicin 708 was not incorporated into any of the phytoalexins
produced by either plant tissue, but was ratheabwized to indole-3-carboxaldehyde
(1069 and methyl indole-3-carboxylat&Z1g by turnip root slices (Pedras et al., 2001,
2003b) Figure 1.11). On the other hand, [4',5',6'2Ft]indolyl-3-acetaldoxime {123
was efficiently incorporated into brasslexin26@), cyclobrassinin 488 and
spirobrassinin34b) in turnip root slicesKigure 1.11). These results suggested that the
biosynthetic pathway of brassinin possibly brandbef®re formation of glucobrassicin,
and that indolyl-3-acetaldoxime or other relatet@imediate is the common biosynthetic
precursor between phytoalexins and glucosinold&edr@s et al., 2003b).

S/B_D_Glc
\ _
N~0SO; K R
N \ 10€R=CHO

H 121 R = COOCH

N
H
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\ Ny—SCH;
N~OH \>/SCH3 \. g
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N N N
H H N
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112 28

I

Figure 1.11 Biosynthesis of cruciferous phytoalexins: lack wicorporation of
[4'5',6',7"*Ha]glucobrassicin 7{0a8), and incorporation of [4'5',6',#44]indolyl-3-
acetaldoximeX129 (Pedras et al., 2003b).

[3,3,32Hs]Dioxibrassinin @53 and [3,3,3*Hs]cyclobrassinin 28b) were not
incorporated into [3,3,3Hs]spirobrassinin 34a suggesting that cyclobrassinin and
spirobrassinin derive from brassinid6f via a common intermediate (Monde et al.,
1994). The contribution of such an intermediate vpamebed with a non-natural

precursor, 2-methylbrassiniiq7, Figure 1.12. In feeding experiments, turnip tissues
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metabolized 2-methylbrassininld7) to two metabolites,129 and 130, that were
suggested to form through a pinacol-type rearramegeérof the diol intermediat&28
These results suggested that a similar diol intdrate could be involved in the
biosynthesis of cyclobrassini2g) and spirobrassinir3é) from brassinin 16) (Monde
et al., 1994).

N
S SCH;
I

7
- - N
SCH;

N\[(SCHa HO /Y 12¢
S S +
©\/\§0H3—’—> o, |~
N N OH
" ) X
127 12¢ ©5§( N SCH;
CHs

Figure 1.12 Probing for the common intermediate in the biokgsts of
cyclobrassininZ8) and spirobrassinirB4) from brassinin16) (Monde et al., 1994).

In other biosynthetic investigations [4',5',6°H4]brassinin {68 was incorporated
into rutalexin 83a), brassicanal A3J9a), and brassicanate A3a) in rutabaga root slices
(Pedras et al. 200&jgure 1.13. The occurrence of brassicanal A and brassicahate
rutabaga root tubers suggested a possible biogeradttionship between these two
metabolites. Interestingly, the percent incorporatf brassinin {6a) into brassicanate
A (4339 was much higher than that for brassicanal 3®g (Pedras et al., 2004).
Additional deuterium incorporation experiments i@ee cyclobrassinin28a) to be an
advanced biogenetic precursor of brassiledfa (Pedras et al., 1998; 2007b) and
rutalexin 8338 (Pedras et al., 2004; 2007b). Rutalex38)(was isolated from rutabaga
for the first time and its characterization waswdision of the structure of a compound

that was previously misassigned as cyclobrassi(i3® (Pedras et al., 2004).
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The biosynthesis of brassilexin2Ga) from indolyl-3-acetaldoxime 1(123),
brassinin {6a), and cyclobrassinin2B8a was also established in feeding experiments
with turnip root slices and in leaves Bf carinata andB. juncea(Pedras et al., 1998;
2001, 2007b) Kigure 1.13. The sequence of the biosynthetic pathway of dileasn
(26), rutalexin 83), brassicanal A 39), and brassicanate A43) was therefore
established (Pedras et al., 1998; 2001; 20(Higu¢e 1.13.

M H N

112 / 16 \ 28 ¢ H

l CN CHO COOCH; o) N,CHs
N N N N—s
H H H N

4¢ 3¢ 43 33 1

Figure 1.13 Biosynthetic sequence of brassilex26q), rutalexin 83a), brassicanal A
(399, and brassicanate A3a) from indolyl-3-acetaldoximel(l2g (Pedras et al., 2002;
2004).

Efficient metabolism of [4',5',6', 7HJ]indolyl-3-acetaldoxime {123 to indolyl-3-
acetonitrile 498 (Figure 1.13 by B. juncea leaves suggested that under these
experimental condition$12 but not glucobrassicirZ(), is the key intermediate in the
biosynthesis ofi9 (Pedras et al., 2002).

The biosynthesis of camalexiad), the principle phytoalexin of the model plaat
thaliana is shown inFigure 1.14 Camalexin was first proposed to be biosynthesized
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through condensation of indole-3-carboxaldehyd®6) with cysteine followed by
cyclization and decarboxylation (Browne et al., 1p9The thiazole ring of camalexin
was established to originate from cysteine base@ omore efficient incorporation of
[*°S]cysteine than*fS]methionine, thus supporting the initial hypotlsasy Browne and
co-workers (1991). Additional experiments showingarporation of cysteine labeled
with ?H, *C, or *C and™N into camalexin supported the previous conclusi@mok
and Hammerschmidt, 1997). The efficient incorporatiof radioactivity from
[**Clanthranilate than®H]tryptophan showed that anthranilic acii2() but not L-
tryptophan 78 was the precursor of camalexin (Tsuji et al., 39%ook and
Hammerschmidt, 1997). Further biosynthetic expenitme@singA. thalianacell cultures
showed that the biosynthetic pathway of camalexassiply diverges from that of
tryptophan at the indole step. The efficiency otoirporation of {*Clindole into
camalexin was twice that of'C]anthranilate, suggesting that indole is a clgsecursor
to camalexin than anthranilic acid, whereas tryptopis not a precursor (Zook, 1998).
Contrary to these report#) vivo labeling experiments showed thatd-2]indolyl-3-
acetaldoxime was incorporated into camalexi@irthaliana(Glawischnig et al., 2004,
Pedras et al., 2007Ixigure 1.14. Additional experiments using. thalianaleaves
showed incorporation of 6-fluoroindolyl-3-acetalitoe, 6-fluorotryptophan and*c-
labeled tryptophan into camalexin and derivativ€edagyischnig et al., 2004). The
fluorinated or **C-labeled tryptophan was incorporated albeit withv |efficiency
(Glawischnig et al., 2004), hence the previous mggion that tryptophan is not a
precursor of camalexin (Tsuji et al., 1993; Zoold dflammerschmidt, 1997) did not
hold. It was also established that the enzymes @BR7and CYP79B3 catalyze the
conversion ofL-tryptophan 78) to indolyl-3-acetaldoxime1(l?) in the biosynthetic
pathway of camalexin iA. thaliana(Glawischnig et al., 2004). Dihydrocamalexic acid
(132 was shown to accumulate in infected root cultuségphytoalexin deficientA.
thaliana mutant pad3 (Bednarek et al.,, 2005). In other biosyntheticdss, -
dihydrocamalexic acid182) was converted to camalexi®4) on incubation with
CYP71B15 (PAD3) (Schuhegger et al., 2006). Thesalt® suggested that CYP71B15
catalyzes the oxidative decarboxylation of dihydimalexic acid 132), the last step in

the biosynthetic pathway of camalexin (Pedras.e2@D7b; Schuhegger et al., 2006). In
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the most recent report, involvement of CYP71A13yemz in camalexin biosynthesis
was demonstrated. It was established that CYP7lial@quired for camalexin4{)
production. Incubation of CYP71A13 with indolyl-8etaldoxime {12 indicated that
CYP71A13 catalyzes the dehydration ®12 to indolyl-3-acetonitrile 49) in the
biosynthesis of camalexin (Nafisi et al., 2007).e3& results rather suggested that
indolyl-3-acetonitrile 49) is an intermediate in the biosynthesis of camialgX4)
(Nafisi et al., 2007). The conversion of indolyk8etonitrile 49) to dihydrocamalexic
acid (32 is neither understood nor established.
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Figure 1.14 Biosynthetic intermediates of camalexdd). Enzymes involved in the
biosynthetic pathway: i) CYP71A13; ii)) CYP71B15 (P3) (Pedras et al., 2007b;
Schuhegger et al., 2006).

The phytoalexins brassicanal B9 and brassicanate A4§) are examples of
phytoalexins that have only one sulfur atom. Preslyp a trapping experiment was
performed to establish the potential intermediatesthe biosynthetic pathway of
brassicanal A39) (Figure 1.15. Addition of aniline to UV-irradiated turnip roslices
resulted in production of a new compouh@6 (Figure 1.15. Compound136 was
suggested to be the aniline trapped biosynthetiernmediate 2-mercaptoindole-3-
carboxaldehydelB35 since its biological methylation leads to bragsal A (Monde et
al., 1996). The proposed intermedidt&s was suggested to derive from hydrolysis of
dehydrocyclobrassinin 183, which in turn would be formed from enzymatic
dehydrogenation of cyclobrassini28]. Dehydrocyclobrassinin183 has not been
isolated, although the 4-methoxy-dervativ@2)( is known (Monde et al.,, 1996).
Biosynthetic investigations employing rutabaga roslices revealed [4'5',6',7'-

’H,]brassinin incorporation into brassicanal 208 and brassicanate Al3a), whereas
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incorporation of [4',5',6', 7H4]cyclobrassinin was not detected into either brassl A

or brassicanate A (Pedras et al., 2004). Brasdican®9) is a putative precursor of
brassicanate A4@B) (Pedras et al., 2004), and luck of incorporatodrcyclobrassinin
under the experimental conditions suggested thasiply the trapped intermediate
(Monde et al., 1996) was derived from brassidi®) @nd not cyclobrassinir2g). Origin

of the thiomethyl group at C-2 of indole therefoeenains to be established, but could

perhaps be deriving from methionine.
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Figure 1.15 Putative biosynthetic pathway of brassicanal 29).( i) Biological
methylation of 2-mercaptoindole-3-carboxaldehyde8y yields brassicanal A; ii)
Incorporation of cyclobrassinir2®) into brassicanal A39) was not detected in rutabaga
root slices. Compounds in bracket are proposednmadiates (Monde et al., 1996;
Pedras et al., 2003b).

The occurrence of brassinihg), 1-methoxybrassininl@) and cyclobrassinin2g)
in Pseudomonas cichofinoculated Chinese cabbage and Japanese radids roo
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suggested a possibdehydroxylation and subsequent methylation of brassio give 1-
methoxybrassinin, and that oxidative cyclizationlemethoxybrassinin would lead to
cyclobrassinin (Monde et al., 1995; Pedras et 2003b). [3,3,3Hs]Brassinin (6b)
however, was efficiently incorporated into cycladsimin @8b) and not into 1-
methoxybrassininl@8a (Monde et al., 1995b)-{gure 1.16. These findings suggested
that 28 is biosynthesized directly from brassininl6l and not through 1-
methoxybrassinin 18). These conclusions were further supported by radeseof
incorporation of [3,3,3H3]1-methoxybrassinin1@a) into cyclobrassinin (Monde et al.,
1995b). These metabolic studies indicated thatgpertthe biosynthetic pathway of 1-
methoxy-containing phytoalexins diverges from thd-bbntaining phytoalexins before
formation of brassinin 1), and that 1-methoxybrassinirlg) is the biosynthetic
precursor of 1-methoxy-containing phytoalexins. Aiddal investigation employing
rutabaga root slices showed equal incorporatidd'd’,6',7'?°H,]indolyl-3-acetaldoxime
(1129 into [4'5',6',7%H,]brassinin 163 and [4',5',6',7°H4]1-methoxybrassinin 18b)
(Pedras et al., 2004), suggesting two parallelynttetic pathways leading 6 and18
(Figure 1.16 (Pedras et al., 2003b). To establish the plaasiermediate between
indolyl-3-acetaldoxime 112 and 1-methoxybrassinin 18§), [1"1"1"-°Ha]1-
methoxyindolyl-3-acetaldoximell6g was synthesized for the first time and was
incubated with rutabaga and kohlrabi root sliceasM spectrometry analysis of the
isolated 1-methoxybrassininl§a revealed deuterium incorporation from [1",1",1"-
’H;)1-methoxyindolyl-3-acetaldoximel {64 in both rutabaga and kohlrabi root slices.
Additional feeding experiments revealed incorpomatiof [4'5',6',7%H]indolyl-3-
acetaldoxime into brassiniri§a, 1-methoxybrassininl@b), and spirobrassinin3éb)
(Pedras et al., 2004). These metabolic studies wleefirst to demonstrate that
biosynthetic pathway of NH-containing and 1-methagytaining phytoalexins divert at
the aldoxime step. It was therefore surmised timalolyl-3-acetaldoxime 1(12) is
transformed into brassinin and then to other NHt@oimg phytoalexins, whereds-
oxydation and methylation af12 yields 1-methoxyindolyl-3-acetaldoximéd 1), the
precursor of 1-methoxybrassinii8) which is the plausible precursor of other 1-
methoxy-containing phytoalexins (Pedras and Mont2@®4). Biosynthetic pathways of

erucalexin 88) and 1-methoxyspirobrassinir85) have been studied (Pedras et al.,
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2007b; Pedras and Okinyo, 2006b) and are partifthlesis, as reported in the Results

and Discussion sections.

©\/CWH ©f< ja— @\QYS%

114 28

OCHs OCH3

Iz

Figure 1.16 Biosynthesis of brassiniri§a and cyclobrassinin28a) from indolyl-3-
acetaldoxime X128, and 1-methoxybrassinin18§b) from 1-methoxyindolyl-3-
acetaldoximeX16g (Pedras and Montaut, 2004; Pedras et al., 2004).

The biosynthesis of many other 1-methoxy-containgigytoalexins such as 1-
methoxybrassenins A1) and B 22), wasalexins AZ3) and B @4), and sinalbins A
(30) and B B81), among others remain to be investigated. It exdfore necessary to
carry out biosynthetic studies to unravel the patysvleading to such phytoalexins as
this may facilitate transfer of these pathwaystteocruciferous crops.

The three most recently reported phytoalexins, lexiras A 63) and B 64), and
brussalexin A %5) have introduced yet new structures among theiferughytoalexins
(Pedras et al., 2007b; 2007c). The rapalexins A Bindere proposed to derive from
putative indolyl glucosinolates or from thiohydroxc acids sucti37 and138 (Figure
1.17). Lossen-type rearrangement to intermedid®® would then yield53 and 54
(Figure 1.17). Brussalexin A %5) represents a unique chemical structure that does
seem to fit with the presently known biosynthetathpvay of crucifer phytoalexins
isolated to date (Pedras et al., 2007b). It waetbee proposed that brussalexin A could
biosynthetically derive from addition of indolyli&ethane thiol 142) to allyl
isothiocyanate58 (produced from myrosinase hydrolysis of sinigié, Figure 1.18
(Pedras et al., 2007c).
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Figure 1.17 Proposed biosynthetic precursors of rapalexirb3 and B 64) (Pedras
et al., 2007b).
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Figure 1.18 Proposed biosynthetic precursé&and68 of brussalexin AR5) (Pedras
et al., 2007c).

1.4.4.2 Glucosinolates

The biosynthesis of glucosinolates can be divided three different stages: (i)
chain elongation of certain aliphatic and aromatitino acids via sequential addition of
methylene groups, (ii) construction of the coreudnre of glucosinolates, and (iii)
secondary modification of the side chain (Grubb ahidel, 2006; Halkier and
Gershenzon, 2006).

Side chain elongation

Chain elongated aliphatic glucosinolates are thestnaioundant glucosinolates
found in crucifers including the model plaft thalianaand many other Brassicaceae

species (Halkier and Gershenzon, 2006). The exfesitie chain elongation and type of
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modifications are important for the biological &dy of the glucosinolate breakdown

product (Manici et al., 1997; Mithen et al., 19&@rwar et al., 1998). The side chain-
elongation reactions have been investigated usingvo labeling studies, isolation of

the participating intermediates, and characteoratf the enzymes catalyzing various
reactions of the biosynthetic pathway. Side chdongation reactions are shown in
Figure 1.19

Acetyl-CoA
; COOH
COOH . COOH i
NH, O
COOH
145 144
14t
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R COOH COOH
R COOH ;
\/\r v \/\W iv R/I
COOH
14¢ 147 14€
Figure 1.19 Side chain elongation: i) BRANCHED-CHAIN

AMINOTRANSFERASE4 (BCAT4); i) 2-@-Methylthioalkyllmalate synthase
(MAMS) or Methylthioalkylmalate synthase 1 (MAM1)r dMethylthioalkylmalate
synthase 3 (MAMS3); iii) Isomerization; iv) Oxidagv decarboxylation; V)
Transamination (Graser et al., 2000; Halkier ands@@nzon, 2006).

Side chain-elongation begins with oxidative deammmaof the parent amino acid
(143 to yield the corresponding 2-oxo aci@4é). One of the enzymes catalyzing
oxidative deamination of amino acids, BRANCHED-CIHAAMINOTRANSFERASE4
(BCAT4) in the biosynthetic pathway of methioninerdded glucosinolates was
characterized fronA. thaliana (Schuster et al., 2006). The 2-oxo acidl4 enters a
three step-cycle in which it (i) condenses witht@c€oA to form a substituted 2-malate
derivative (45 which (ii) isomerizes by a 1,2-shift of the hy’ybgroup to form a 3-

malate derivativel46) that is (iii) oxidatively decarboxylated to yietdnew 2-oxo acid
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with one additional methylene group4(?) (Graser et al., 2000; Halkier and Gershenzon,
2006; Falk et al., 2004; Textor et al., 2004; 200/Me 2-oxo acidl47 can undergo
transamination to regenerate the amino at48)(which enters the biosynthetic pathway
of short chain aliphatic or aromatic glucosinolatesit may undergo further cycles of
chain-elongation to form longer homologs (Textoakt 2004; 2007). Chain elongation
products of up to nine cycles are known to occuplants (Fahey et al, 2001), but only
six cycles are known in the model plaht thaliana (Textor et al., 2004; 2007). All
chain-elongated 2-oxo acids are converted backeocbrresponding amino acids that
participate in the biosynthetic pathway of glucogates of varying side-chain lengths
(Graser et al., 2000).

An extensive study on the sequence of chain-elaogaeactions was conducted
by carrying outin vivo feeding experiments using stable and radiolab&etbpes
(Graser et al., 2000). These experiments revealadonly the acetate methyl group is
incorporated to form the methylene group in chdomgated products, thus suggesting
that the carboxyl group of the first acetate resithilost as carbon dioxide during the

second round of chain-elongation, and during ale@dormation (Graser et al., 2000).

ot COASH
Qo ‘L, COoH R COOH
—
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144 14t 148

Figure 1.20 Condensation of acetyl CoA with a 2-oxo acid4).

It was established that the nitrogen atom of themaamino acid is incorporated
into the core glucosinolate structure arising fribia chain-elongated amino acid. It was
therefore concluded that the transfer of amino grau the first step initiates the
formation of 2-oxo acid, and re-incorporation intk@ biosynthetic pathway terminates
the chain elongation reaction to regenerate th@amacid that is required to take part in
the biosynthetic pathway of chain-elongated glunolsiies (Graser et al., 2000).
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Detection of intermediates and isolation of chdongated homologs have further
supported the chain elongation reactions (Halkiet @ershenzon, 2006). The enzyme
catalyzing the first step of chain-elongation react 2-(-methylthioalkyl)malate
synthases (MAMS), was partially purified from rotk@alk et al., 2004). MAMS
however could not catalyze the second cycle ofreRlingation indicating that it was
specific for the first round only (Falk et al., 200 Another methylthioalkylmalate
synthase, methylthioalkylmalate synthase 1 (MAMDNT A. thalianawas capable of
catalyzing both first and second rounds of chaongation cycles (Kryomann et al.,
2001; Textor et al., 2004). MAM1 was reported tisexogether with MAM3 (formerly
known as MAM-L for MAM-like) in A. thaliana(Textor et al., 2007). Unlike MAM1,
MAM3 is capable of catalyzing all six condensati@actions of methionine chain-
elongation that occur irabidopsis it also exhibits a broad substrate range of other

non-methionine derived 2-oxo acids (Textor et2007).

Biosynthesis of the glucosinolate core structure

The biosynthesis of aliphatic, aromatic, and int@gre glucosinolate structure
involves common intermediateBl-ydroxy amino acid, aldoximesgci-nitro or nitrile
oxides, S-alkyl thiohydroximates, thiohydroxamicids¢ and desulfoglucosinolates)
(Figure 1.21).
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Figure 1.21 Proposed biosynthetic pathway of glucosinolate€YP79F1, CYP79F2
(methionine), CYP79A2 (phenylalanine), CYP79B1, @Q¥B3, CYP79B3
(tryptophan); ii) CYP83A1l (methionine), CYP83B1 utylalanine, tryptophan); iii)
GST?; iv) C-Slyase; v) UGT74B1 v) AtST5a (phenylalanine, trygtan), AtST5Db,
AtST5c (methionine). Structures in brackets areppsed intermediates (Halkier and
Gershenzon, 2006).

The first common step in glucosinolate and cyanmgghucoside biosynthesis is
the conversion of amino acid$4@) to their respective aldoximed50 (Bennet et al.,
1993; 1997; Dawson et al. 1993; Dewick, 1984; Dalgt1995; Wittstock and Halkier,
2000). The aldoxime forming enzyme was proposecddialyze N-hydroxylation of
amino acids to the correspondiifghydroxyamino acids149 that decarboxylate to
produce the aldoximelb0). Cytochrome P450 family type of enzymes were shoov
catalyze such transformations (Halkier and Mgll&#991; Koch et al., 1992). The
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enzymes CYP79F1 and CYP79F2 metabolize chain eledgterivatives of methionine
to their respective aldoximes in the biosynthedislghatic glucosinolates, but not
tyrosine, tryptophan, or their derivatives (Chenaét 2003; Hansen et al., 2001a;
Reintanz et al., 2001). CYP79A2 on the other hamdalgzes the metabolism
phenylalanine to phenylacetaldoxime in the biosgtith pathway of aromatic
glucosinolates (Wittstock and Halkier, 2000). Thezyanes CYP79B1, CYP79B2 and
CYP79B3 catalyze the conversionlotryptophan 78) to indolyl-3-acetaldoximel(l2)

in the biosynthesis of indolyl glucosinolates (Hamsand Halkier, 2005; Hull et al.,
2000; Mikkelsen et al., 2000; Naur et al., 2003B)erexpression of CYP79B2 in
Arabidopsis resulted in significant increase in levels of ilyloglucosinolates
glucobrassicin {0) and 4-methoxyglucobrassicit56), but not of aliphatic or aromatic
glucosinolates (Mikkelsen et al., 2000).

Following its formation, the aldoximel%0) is conjugated with a suitable thiol
donor to yield anS-alkyl-thiohydroximate {52). Both cysteine and methionine are
known thiol donors in the biosynthetic pathway oamg secondary metabolites, the
former is however a more efficient donor than thiel (Mikkelsen et al., 2002). The
aldoxime metabolizing enzymes in the biosynthes$iglocosinolates (iMA. thaliang
have been characterized. The enzyme CYP83A1l méabdlliphatic aldoximes much
more efficiently than CYP83B1 (Bak and Feyereis#01; Hemm et al., 2003; Naur et
al.,, 2003a). The enzyme CYP83B1 catalyzes the roksalb of aromatic aldoximes
derived from tyrosine and phenylalanine (Hansenlgt2001b), as well as indolyl-3-
acetaldoxime (Bak and Feyereisen, 2001). CYP83A{rar is capable of metabolizing
indolyl-3-acetaldoxime albeit with low efficiencyBék and Feyereisen, 2001).
Conjugation of the aldoximelb0 with the thiol donor (e.gL-cysteine) requires
conversion ofl50 into a reactive intermediate that can be attadkethe nucleophilic
thiol donor. The CYP83 enzymes have been proposedatalyze the oxidation of
respective aldoximes to highly reactiveadi-nitro compounds151) or nitrile oxides
(Bak et al., 2001; Bak and Feyereisen, 2001; Haeseh., 2001b). Proper conjugation
of the sulfur donorl(-cysteine) with the reactive intermediateifnitro compound or
nitrile oxide) is thought to be catalyzed by a gthtoneS-transferase type enzyme
(Mikkelsen et al., 2004). Th€-S bond of S(thiohydroximoyl)L-cysteine 152 is
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hydrolyzed by C-S lyase to form thiohydroximic acid1%3) which is the next
intermediate in the biosynthetic pathway of glunotates. Thel-cysteine conjugate
(152 does not accumulate in plant tissues and hasftiternot been isolateth vitro,

152 rapidly cyclizes to 2-substituted thiazoline-4tmaxylic acid (57) (Figure 1.22),
leading to a suggestion that t@eSlyases form tightly coupled complexes with CYP83
enzymes to prevent cylization of tleSlyase substrates (Hansen et al., 2001b; Halkier
and Gershenzon, 2006). SUPERROOT1 (SUR1) was dkamsd as aC-S lyase
enzyme in the biosynthetic pathway Af thaliana glucosinolates Kigures 1.21and
1.22) (Mikkelsen et al., 2004).

COLH NH,OH
SH ' sur1 S A, / S
R/\W - R/\W H R/\E‘z“\\H
N.. \
o on M CO,H
_ 2
157 152 157

Figure 1.22 Cyclization of cysteine conjugatd52) to thiazoline-4-carboxylic acid
(157), and SUPERROOT1 (SUR1) cleavageCeEhond (Hansen et al., 2001b).

The thiohydroximic acid153 Figure 1.22 formed is highly reactive and has not
been isolated, but is subsequently glycosylatedabgugar nucleotide to produce
desulfoglucosinolate 164, Figure 1.21). Uridine diphosphate glucose (UDPG) was
found to be the most efficient glucose donor (Mitand Underhill, 1971). A putative
UDPG:thiohydroximate glucosyltransferase in the sprdhetic pathway of benzyl
glucosinolate was isolated froArabidopsisand was characterized as UGT74B1 (Grubb
et al.,, 2004). Loss of UGT74B1 gene function ongused partial reduction of
glucosinolate accumulation, suggesting that adti@nzymes catalyzing glucosylation
of thiohydroximates are present (Grubb et al., 2008Bnzyme preparations of
UDPG:thiohydroximate glucosyltransferase purifie@ni Brassica napusseedlings
were reported to glycosylate sodium 3-phenylprog@obydroximate 100) to
phenylethyl desulfoglucosinolatd 58 (Figure 1.23 Reed et al., 1993). The use of

similar enzyme preparations with sodium 2-(3-indjalgetothiohydroximate9@) were
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reported to give only detectable amounts of deglifobrassicin159 since99 was not
stable in the buffer used (pH &igure 1.23 Reed et al., 1993).

_p-Glc
-+ S/B
©\/\(S Na  UDP-[U-**C]glucose ©\/\«
\ o
N-oH N-oH
10C 15¢
- + *
S Na s—B—D-Glc
\ \
A N=OH  ypp-[u-1C]glucose ? N N—OH
N o
H N
99 15¢

*
Glc = [U-**C]glucose

Figure 1.23 UDPG:thiohydroximate glucosyltransferase glycosgta of sodium 3-
phenylpropanothiohydroximatd@0 to phenylethyl desulfoglucosinolat&58) (Reed et
al., 1993).

The last common step in building glucosinolate csiracture 155) (for aliphatic,
aromatic and indolyl glucosinolates) is the introilon of an active sulfate group from
3'-phosphoadenosine-5'-phosphosulfate (PAPS) tolfdghicosinolate 154). Sulfation
of desulfoglucosinolates is catalyzed by sulfotfarsses (Glending and Poulton, 1988;
1990; Jain et al., 1989;1990; Klein et al., 2006ot®wski et al., 2004). Three
sulfotransferases AtST5a, AtST5b, and AtST5c exihidpibroad substrate range have
been characterized froA. thaliana (Piotrowski et al., 2004). Whereas AtST5b and
AtST5c had higher affinity for aliphatic glucosiates, AtST5a preferred tryptophan-
and phenylalanine-derived desulfoglucosinolatest{&wski et al., 2004).

Side chain modification

Glucosinolate side chain modifications play a digant role in determining the
biological activity of the hydrolysis product (H&k and Gershenzon, 2006). The side

chain modifications have been noted to occur icgginolates derived from methionine
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and its homologs 160), the transformations may involve sequential otdtes,
eliminations, alkylations, and esterificationsigure 1.24 (Halkier and Gershenzon,
2006; Grubb and Abel, 2006). The sulfur can be asmively oxidized to
methylsulfinylalkyl @61) and methylsulfonylalkyl 1620 moieties (Halkier and
Gershenzon, 2006). Further modifications may ingolwxidative cleavage of the
methylsulfinylalkyl moiety to yield alkenyl163) or hyroxyalkyl (64) side chains for
which controlling genetic loci are known ArabidopsisandBrassicaspecies (Halkier
and Gershenzon, 2006).

~ S—B—D-Glc

No -
0S0; K™
16C ™ S—B—D-Glc

AOP2 0
/ N. -+
0S0; K
N S—p-D-Glc 16:
i ]

o) N. - 4 AOP3
0S0; K \
S—B-D-Glc
161 HO/\/HW

N\oso'3 K"
l 164

16¢

Figure 1.24 Side chain modifications of methionine-derived ogisinolates with
varying side chain lengthddPO2 and APO3 are putative enzymes catalyzing the
reactions inArabidopsis(Halkier and Gershenzon, 2006; Kliebenstein e2801).

The AOP2 gene product catalyzes the conversion of methyhslelkyl
glucosinolates 161) to alkenyl glucosinolatesl63), whereas theAOP3 gene product
controls the formation of hydroxyalkyl glucosin@at(64) from 161 (Kliebenstein et

al., 2001). Although biosynthesis of glucosinolatters 165 have been investigated
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through administration of isotopically labeled presors and intermediates, no studies
have been carried out to determine the enzymedviedan their biosynthetic pathways
(Graser et al., 2001).
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1.5 Conclusion

Phytoalexins and glucosinolates are only two corepts of the complex
mechanism by which plants respond to various foofmstress including overcoming
microbial attack. The increased rate of accumutatid glucosinolates in infected or
stressed plants is an indication of the role thatytplay in protecting plants against
subsequent attacks (Agrawal et al., 2002; Mewial.et2005; Traw, 2002; van Dam et
al., 2005). On the other hand, the timing, rateafumulation and relative amounts of
phytoalexins have shown their significant role ian defense against pathogen invasion
(Dixon, 1986; Dixon and Harrison, 1994; Eul995; Smith, 1996). Phytoalexins are
often isolated in insufficient quantities that liminvestigating their antimicrobial
activity. In order to get sufficient amounts, syetib strategies have been developed and
the antimicrobial activities of the various phy&xdhs have been established against a
range of plant pathogens (Pedras et al., 2003b720f007c). Although there has been
tremendous effort to unravel the biosynthetic patyhwf glucosinolates, especially with
the sequencing dArabidopsisgenome (Grubb and Abel, 2006; Halkier and Gerstrenz
2006), very little has been done in phytoalexinspidahetic pathway in terms of genetic
analysis. An increasing number of wild and cultadaplants exhibiting resistance to a
variety of pathogens are being found and identifi€dnn et al., 1988; Gugel et al.,
1990; Lefol et al., 1997; Pedras and Zaharia, 2080¢h resistant species may provide
good genetic sources to control the devastatirecetif various pathogens, and yet most
remain uninvestigated. By isolation and characétion of phytoalexins, their synthesis
allows for further investigation of their interamti with various plant pathogens (Pedras
et al., 2007b). For example, erucalex88)(isolated as a phytoalexin &rucastrum
gallicum (dog mustard), a wild crucifer known to be resistdo Sclerotinia
sclerotiorum exhibited remarkable antifungal activity agaitiss pathogen (Pedras et
al., 2006a). To date, the phytoalexin caulilexin(42) has exhibited the strongest
antifungal activity againss. sclerotiorum (Pedras et al., 2006b), plants producing
caulilexin A such as cauliflower are therefore gamhetic sources for controlling.
sclerotiorum Many more phytoalexins with unique skeletal dues such as rapalexins
A (53) and B 64) (Pedras et al., 2007a), and brussaleXb) (Pedras et al., 2007c) have
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been isolated, synthesized and their antifungal/ities against a range of pathogens
established. Identification of phytoalexins frome tresistant species also provides an
opportunity for the synthesis of various biosynithé&ttermediates that can be used to
investigate their biosynthetic pathways (Pedraal.e2003b; 2007b). An understanding
of the biosynthetic pathways will allow for geneticanipulation of the susceptible

species, to make them produce metabolites similathbse of resistant plants, thus

enhancing their disease resistance with a resuttpnoved crop production.
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CHAPTER 2
2. Results

2.1 Analysis of antifungal secondary metabolites im

Eruca sativa(rocket)

The search for phytoalexins from cruciferous plargsistant to economically
important fungal diseases led to the investigatbbnrocket Eruca sativd, a wild
crucifer reported to exhibit resistance agaernaria brassicagConn et al., 1988).
Although a number of glucosinolates and their degtian products (isothiocyanates)
have been isolated from rocket (Bennett et al.22@xtaldy et al., 2007; Cerny et al.,
1996; Kim and Ishii, 2006), no phytoalexins haveerbaeported to date. Previous
investigations involving administration of destmx8 (a host-selective toxin produced
by the pathogem\. brassicagto petiolated leaves of rocket did not induceedtble
amounts of phytoalexins (Pedras et al., 2003c)ceSinruciferous plants produce
different secondary metabolites depending on tipe tyf stress (Pedras et al., 2007b;
2007e), the current investigation has undertakeiotiabelicitation of rocket with
copper(ll) chloride, followed by HPLC-DAD analyseend TLC biodetection of

bioactive compounds employing sporesCtddosporium cucumerinum

2.1.1 Time-course analysis

In preliminary experiments, time course analyseseeveenducted by spraying 14-
and 21-day-old plants with copper(ll) chloride ke tpoint of run-off. After incubation
for 24 hours, leaves were excised, extracted amjesied to HPLC-DAD analyses.
Additional leaves were harvested every 24 hoursoup68 hours; control leaves were

sprayed with water, were extracted and analyzedilssis;n Comparison of the
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metabolite profiles of elicited and control leaftracts indicated that a peak in the
chromatograms of elicited extracts was absent asdhof control extracts. This peak
with tg =14.2 min was identified as arvelexi®lf by comparison of its retention time

and UV spectra with those of an authentic samphe @mount of arvelexin in leaf

extracts was determined by HPLC-DAD using calilmmatcurves Table 2.7). Amounts

of arvelexin were generally higher in 21-day-ol@mik than in 14-day-old plants. The
highest amount of arvelexin was detected in 21-aldyeaf extracts obtained after a 24-

hour incubation period. Gradual decrease of arelexnounts was noted from 48 to
168-hour incubation period$&ble 2.7).

OCHs

CN
Crd
N
H

51

Table 2.1 Time-course HPLC analyses of production of arvielex rocket Eruca
sativg

Phytoalexin Incubation time Total amount of phytoalexin
(h) (umole/100 g of fresh tissue +
STD)?
Arvelexin (1) 24 6.7+1.2
48 6.7+2.3
72 26+0.8
96 1.9+1.0
120 1.4+0.3
144 1.0+0.6
168 0.9+0.8

Amounts of arvelexing1) determined by HPLC-DAD using calibration curvé@stal

amount + standard deviation (STD); average of thnegependent experiments
conducted in triplicate.
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Since arvelexing1) was the only induced metabolite of rocket dettiyg HPLC-
DAD, an alternative method for detection of antgahcompounds (TLC biodetection)
was used to supplement HPLC-DAD analyses. TLC hexd®n was conducted using
spores ofCladosporium cucumerinuto detect additional antifungal compounds present
in the extracts (Pedras and Sorensen, 1998). Extfiemm elicited and control leaves
were spotted on TLC plates strips (developed wilDA€-hexane, 60:40, followed by
air drying). The dried plates were sprayed withugpgnsion ofC. cucumerinunspores
in double strength PDB and incubated for 36 houarslarkness; control plates were
similarly developed and sprayed with a spore susipan The TLC plates containing
elicited or control extracts indicated three spthst appeared white on a gray
background indicating the presence of antifungahpounds. The white spots were due
to inhibition of spore germination on a gray baakgrd of fungal mycelia. Since HPLC-
DAD analyses of these extracts indicated that exiel (51) was the only induced
compound, the antifungal spots observed were lildelg to constitutive secondary

metabolites.

2.1.2 Isolation and identification of antifungal meabolites

In order to carry out isolation and identificatiohantifungal metabolites, 21-day-
old plants were elicited and were extracted folluyvexperimental procedures similar to
those of time course analyses. Extraction was ezhrout sequentially witim-hexane,
ethyl acetate and methanol. The extracts were aedlpy HPLC-DAD and antifungal
metabolites were detected by spore germination bitiin assays employing
Cladosporium cucumerinurspores. Multiple chromatographic separations usiGg
and PTLC were conducted; fractions obtained welgested to HPLC-DAD analysis
and TLC-biodetection. Two compounds wigh= 22.5 (66) and 34.7 167) min (HPLC-
DAD) were purified from elicited and control leakteacts. These two compounds
inhibited spore germination in TLC-biodetection aass suggesting that they are
constitutive antifungal components of rocket. Thed bioactive spot did not yield
sufficient amount of compound for bioassays or fdraracterization. The two
metabolites 166 and167) were characterized By NMR, **C NMR, and HRMS-EI, as

follows.
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The HRMS-EI of compound66 with tr = 22.5 min indicated a molecular ion at
m/z 161.0333 that was consistent with the moleculaméda GH1:NS,. The'H NMR
spectrum showed 11 protons (four methylene pro#wdg 1.77, 1.84, 2.56, 3.58, and a
singlet atdy 2.12 indicating presence of a SE€#toup) as suggested by HRMS. Ffie
NMR spectroscopic data corroborated the structassignment based ol NMR.
From these data, the structure of compows® was assigned as 4-methylthiobutyl
isothiocyanate. Compound66 was previously isolated and identified from rocket
extracts (Bennett et al., 2002); the spectroscdpta obtained were consistent with that

reported (Vermeulen et al., 2003).

/S\/\/\ NCS
166

The HRMS-EI of compound 67 with tr = 34.7 min (HPLC-DAD) indicated a
molecular ion atm/z 292.0196 which was consistent with the moleculamila
CioH1eN2S4, and a fragment ion at/z 146.0095 which was consistent with the
molecular formula HsNS,. '"H NMR spectrum showed 8 protons (four methylene
groups ady 1.85, 2.74, and 3.59) whereas tf@ NMR spectrum indicated the presence
of 5 carbons (four methylene carbonda5.1, 38.3, 29.0, 26.4, and a broad singlet at
130.9) thus suggesting a symmetrical structure. Jthecture of compound67 was
therefore assigned as bis(4-isothiocyanatobutyl)fite. CompoundL67 was previously
isolated and identified from rocket extracts; th@edroscopic data obtained were
consistent with that reported (Cerny et al., 1996).

SCN\/\/\S_S/\/\/ NCS

167
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2.2 Biosynthesis of phytoalexins and glucosinolates

Phytoalexins and glucosinolates play a vital rote pglant defense systems.
Cultivated crucifers are susceptible to various ghlndiseases such as blackleg,
blackspot, and Sclerotinia stem rot among otherfewAwild species have been reported
to be resistant to some of these fungal diseasesluétion of crops with enhanced
disease resistance can be achieved through gemetngpulation by, for example,
making them capable of producing metabolites in@dlin defense mechanisms (Dixon,
2005). The transfer of such positive traits willguee an understanding of the
biosynthetic pathways of these metabolites. Thdystd biosynthetic pathways requires
synthesis of potential biosynthetic precursors ammg isotopes that allow

measurements of their incorporation.

2.2.1 Syntheses of compounds

The use of perdeuterated compounds in biosynthsdtidies is invaluable as
extremely small amounts of deuterated metabolites e detected unambiguously by
mass spectrometry, e.g. ESI-HRMS or APCI-HRMS (Bedmd Okinyo, 2006a). The
indole derivatives of immediate interest neededotatain at least three deuterium atoms,
as this number can allow the unambiguous detectind assignment of labeled
phytoalexins using HRMS analysis wfiz[M + 3]*~ and corresponding fragment ions
m/z[M — X + 3]"". Potential precursors containing different amowrfitdeuterium were
synthesized:  [4',5',6',7HJ]indolyl-3-acetaldoxime 1123,  [4'5',6',72H4]1-
methoxyindolyl-3-acetaldoxime 116b), [1",1",1".4',5',6',7%H;]1-methoxyindolyl-3-
acetaldoxime 1169, [4',5',6',7'?H,indolyl-3-[**S]acetothiohydroxamic acid1743),
[4'5',6',7'2H,]1-methoxybrassinini@b), [3,3,3,4',5',6',7°H;]1-methoxybrassinin1gc),
[4'5'6',7?Hysinalbin B @la), [4'5',6',7*HJcyclobrassinin 283, and
[SC?Hs]brassicanal AZ9b).

In addition compounds (non-isotopically labeledattiwvould lead to non-natural
products if incorporated, i.e. substrates used poecursor-directed biosynthesis
(Glaswischnig et al., 2004; Xu et al.,, 2007), weeepared: 1-methylindolyl-3-
acetaldoxime 170, 1-methylindolyl-3-acetothiohydroxamic acid 179, 1-(-
butoxycarbonyl)indol-3-ylmethyl-isothiocyanate 180) and 1-acetylindol-3-
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ylmethylisothiocyanate183). Incorporation of such precursors can be detezthiny
comparison of HPLC-DAD chromatograms of fed andtemnextracts. Synthesis of
non-natural phytoalexin derivatives followed by HRDAD and HPLC-MS-ESI
analyses can be employed to unambiguously idetitéyphytoalexins incorporating the
non-natural precursors.

22.1.1 Synthesis of [4'5',6',7H.]indolyl-3-acetaldoxime (112a)

and derivatives

This section covers the synthesis of [4',5',8Hz}indolyl-3-acetaldoxime X123,
[4'5',6',7'°H ] 1-methoxyindolyl-3-acetaldoxime  1{6b), [1",1",1".4'5"6',7%H/]1-
methoxyindolyl-3-acetaldoximé {69, and 1-methylindolyl-3-acetaldoxim&7{0)

[4'5',6',7'-*H ]Indolyl-3-acetaldoxime (112a)

NO, 2H H

2H 2H ZH 2H CN
I, 1 \ i \
—_— e
2H 2H ZH H 2H H
2H ZH ZH
168a 105a 49a
iv, v

112a

Scheme 2.1 Reagents and conditions: i) CIgGEN, NaOH, DMSO, 40%; ii) 10%
Pd/C, B, EtOAc, 61%; iii) Mg, ICH, BrCH.CN, EtO, 57%; iv) DIBAH; V)
HONH,-HCI, NaOAc, EtOH, 33% froM9a (Pedras and Okinyo, 2006a).

[3,4,5,6°H,]2-Nitrophenylacetonitrile ~ was prepared  from [2,3,8-

’Hs]nitrobenzene 1689 through vicarious nucleophilic substitution ofdnggen with
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chloroacetonitrile (Makosza and Winiarski, 1984hisTprocedure provided a mixture of
[3,4,5,6H,]2-nitrophenylacetonitrile and [2,3,5%t4]4-nitrophenylacetonitrile in a
10:1 ratio at 40% vyield in one step (Pedras anch@ki2006a). Hydrogenation of the
mixture under balloon pressure at room temperatigieled [4,5,6,7°H,]indole (1053
and [2,3,5,68H,]4-aminophenylacetonitrile; [2,3,5%44]4-aminophenylacetonitrile was
separated from the reaction mixture as a hydromdosalt upon treatment of the
reaction mixture with HCI (1 M), yielding [4,5,62Hj]indole in 61% (Pedras and
Okinyo, 2006a). [4',5',6',7HJ]Indolyl-3-acetonitrile 4938 was prepared by reacting
indolylmagnesium iodide (prepared from [4,5,6:%]indole, and Mg/methyl iodide)
with bromoacetonitrile (Pedras et al., 2003a). Rédn of [4'5',6',7%H]indolyl-3-
acetonitrile  to the unstable [4',5',6°H;]indolyl-3-acetaldehyde with
diisobutylaluminium hydride (DIBAH), followed by Ilyolysis with HCI (2 M,
Miyashita et al., 1997) and immediate treatmenhwaydroxylamine hydrochloride and
sodium acetate yielded [4',5',6"Fa]indolyl-3-acetaldoxime 1123 Scheme 2.1 in
33% over two steps (Pedras and Okinyo, 2006a).
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[4'5',6',7"-?H]1-Methoxyindolyl-3-acetaldoxime (116b) and
[1",1",1".4'5'6',7- H;]1-methoxyindolyl-3-acetaldoxime (116c)

NHAC NHAC
2 H CN 2H 2H 2
H 2
—_— —_—
2 N
H 2 N 2 N
H H H
21 N H 2 OCH,
49a 114a 115b
i, v Vi, Vi
2 , 1NHAc
N~OH = = 2y
VI, VII \
2
H ) N
7' OC%H H
2y 3 2 OC?H,4
116¢c 115c¢ 116b

Scheme 2.2 Reagents and conditions: i) 10% Pd/G, Ac,O; ii) NaBH;CN, AcOH;

i) NaaWO;-2H,0, H:0z, CH:OH; iv) (CH0),SO,, K2COs; V) (CPH30):S0,, KoCO;,

CH3OH; vi) NaOH, CHOH, reflux; vii) NaWO,-2H,0, H,0O,, CH;0OH, 5% from49a
(Pedras and Okinyo, 2006a); viii) NaO,4-2H,0, HO,, CH;OH, 4% from49a (Pedras
and Okinyo, 2006a).

[4'5',6',7°H4]1-Methoxyindolyl-3-acetaldoxime and [1",1",1",4!6,7'°H/]1-
methoxyindolyl-3-acetaldoxime were synthesized lasw in Scheme 2.2[4',5',6",7'-
H,4]Np-Acetyltryptamine was prepared in one step by hgdmation of [4'5',6'7'-
H,Jindolyl-3-acetonitrile in acetic anhydride at roomemperature. Reduction of
[4'5',6',7"°H4] Ny-acetyltryptamine with sodium cyanoborohydride lacigl acetic acid
yielded [4'5',6',7%H]Ny-acetyl-2,3-dihyroindolyl-3-ethylamine1{43. Oxidation of
114a with hydrogen peroxide followed by methylation ¢he 1-hydroxyindolyl
intermediate with dimethylsulphate or hexadeuteratémethylsulphate (Somei and
Kawasaki, 1989) vyielded [4',5',6' ] Ny,-acetyl-1-methoxytryptamine 1{5b) or
[1",1"1",4' 5',6',7°H;]Ny-acetyl-1-methoxytryptamine 1459, respectively. Sodium
hydroxide hydrolysis of th8l,-acetyl groups ol15band115cyielded [4',5',6', 7°H,]1-
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methoxytryptamine and [1",1",1",4',5',6'2F-]1-methoxytryptamine, respectively.
Hydrogen peroxide oxidation of [4',5',6'*H4]1-methoxytryptamine in the presence of
sodium tungstate (Burckard et al., 1965) yieldet5]4',7'*H4]1-methoxyindolyl-3-
acetaldoximeX16b) in 5% over five steps. [1",1",1",4',5',6'?F]1-Methoxytryptamine
was similarly oxidized to yield [1",1",1",4' 5',8"°H/]1-methoxyindolyl-3-acetaldoxime
(1169 in 4% over five stepsScheme 2.2Pedras and Okinyo, 2006a). [1",1"2H]1-
Methoxyindolyl-3-acetaldoxime 168 and 1-methoxyindolyl-3-acetaldoximel1)
were similarly prepared.

1-Methylindolyl-3-acetaldoxime (170)

CN CN \
©j§ i ©j§ i, iii ©j\€_\ N~OH
N N N

CHs CHs
49 169 170

Scheme 2.3 Reagents and conditions: i) NaH, I1§H96%; ii) DIBAH; iii)
HONH,-HCI, NaOAc, EtOH, 66%.

1-Methylindolyl-3-acetonitrile 169 was obtained in 96% yield via methylation of
indolyl-3-acetonitrile 49) with methyl iodide in the presence of sodium yer
Reduction of 1-methylindolyl-3-acetonitrile withisibbutylaluminium hydride followed
by hydrolysis with 5 % HCI (Pedras and Okinyo 200peovided 1-methylindolyl-3-
acetaldehyde. Reacting 1-methylindole-3-acetaldehydwith  hydroxylamine
hydrochloride and sodium acetate yielded 1-methgliyl-3-acetaldoximel(70) in 66%
(Scheme 2.3
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2.2.1.2 Synthesis of [4'5',6', PH Jindolyl-3-[*'S]acetothio-
hydroxamic acid (174a) and 1-methyl derivative

This section covers the synthesis®*t8-hexamethyldisilathianel 719, [4',5',6',7"-
’H,]indolyl-3-[**S]acetothiohydroxamic  acid 1748, and 1-methylindolyl-3-

acetothiohydroxamic acid.79).

[4'5',6',7'-°H Jindolyl-3-[**S]acetothiohydroxamic acid (174a)

i i -
/g 3Sg + 2Na——— [Na®s] ———— (CHg)sSI**SSi(CHy);

171a

Scheme 2.4 Reagents and conditions: i) Naphthalene, THFuxefl) (CHs)sSiCl, r.t.,
60% based oi'S.

Preparation of [4'5',6',7HJ]indolyl-3-[**S]acetothiohydroxamic acid 174a
Scheme 2.5 required art*S-labeled reagent to introduce the labeled sulfoma®'s-
Hexamethyldisilathiane 17189 was therefore synthesized by a modification of th
procedure by So and Boudjouk (1989; 1992) as shov#theme 2.4Thus, sodium was
cut into small pieces undarhexane and was introduced into a flask chargel switfur
and naphthalene in dry tetrahydrofuran under atim&gpof argon. After 2 hours of
sonication and 2 hours of refluxing, the reactiask was cooled in an ice-bath followed
by drop wise addition of chlorotrimethylsilane. Treaction mixture was stirred for 10
minutes in ice-bath and 3 hours at room temperatfiez which excess tetrahydrofuran
and chlorotrimethylsilane were distilled off at aspheric pressure, followed by
vacuum distillation to yield*S-hexamethyldisilathiane. {13 b.p. 68-71 °C at 510 torr)
as a vile smelling colorless liquid in 60% vyield sbd on 3'S. The %s-
hexamethyldisilathiane 1719 was analyzed by GC and GC-MS-EIl. Non-labeled
hexamethyldisilathian€ly1) was similarly prepared and analyzed by GC-MS-Biclw
was consistent with that reported by So and Boud{®989; 1992).
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Scheme 2.5 Reagents and conditions: i) PQCDMF, 87%; ii) NHLOAc, CHNO,,
reflux 128-130 °C, 99%; iii) NaBH i-PrOH, SiQ, CHCk, 42%:; iv) KH, (MeSi)*'s
(1713, THF, 76%.

Vilsmeier-Haack formylation of [4,5,6,%H,indole (1058 provided [4,5,6,7-
?H,]indole-3-carboxaldehydel 063 in good purity to be used in the next step withou
further purification (Pedras et al.,, 1998). Knteagel type condensation between
[4,5,6,7?H,]indole-3-carboxaldehyde with excess nitromethaneresence of catalytic
amount of ammonium acetate under reflux conditi@@anoira et al., 1989) yielded
[4,5,6,7%H,]-3-(2"-nitrovinyl)indole (L7289 in near quantitative yield. [4,5,6%F]-3-
(2'-Nitroethyl)indole 1738 was prepared in 42% yield via sodium borohydride
reduction ofl72ain the presence of silica gel and using chlorofamd isopropanol as
solvent (Sinhababu and Borchardt, 1983). In ordgrépare thiohydroxamic acid4a
a solution of [4,5,6,7H,]-3-(2'-nitroethyl)indole in dry tetrahydrofuran wadded drop
wise to potassium hydride powder at 0 °C underraggmosphere, the reaction mixture
was allowed to warm up to room temperature. Additid **S-hexamethyldisilathiane
(1719 to the resulting nitronate (Hwu and Tsay, 199@jded [4,5,6,7H,]indolyl-3-
[**S]acetothiohydroxamic acid 749 in 76% Scheme 2.5
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1-Methylindolyl-3-acetothiohyrodroxamic acid (178)

CHO CHO NO,
N N N
H CH, CHs
106 175 176
i
NHOH NO,
N N
CH3 CH3
178 177

Scheme 2.6 Reagents and conditions: i) NaH, 16F8%; (i) NHOAc, CH;NO,,
reflux 128-130 °C, 98%; (iii) NaBH i-PrOH, SiQ, CHCk, 63%; (iv) KH, (MeSi),S
(171, THF, 67%.

Preparation of 1-methylindolyl-3-acetothiohydroxamacid (78 Scheme 2.p
began with methylation of indole-3-carboxaldehyd@§| using methyl iodide in the
presence of sodium hydride. Knoevangel type coratems of the resulting 1-
methylindole-3-carboxaldehydel{5 with excess nitromethane in the presence of
catalytic amount of ammonium acetate (Canoira ¢t18189) provided 1-methyl-3-(2-
nitrovinyl)indole @76) in 98% yield. Sodium borohydride reduction ®76 in the
presence of silica gel (Sinhababu and Borchardt8319gave 1-methyl-3-(2-
nitroethyl)indole 177) in 63% vyield. Reaction af 77 with potassium hydride followed
by treatment of the resulting nitronate with hex#glgisilathiane {71, Hwu and Tsay,
1990) afforded 1-methylindolyl-3-acetothiohydroxamacid (78) in 67 % vyield.
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2.2.1.3 Synthesis of N-protected-indolyl derivagsvef indolyl-3-
methylisothiocyanate

This section covers the synthesis dkritbutoxycarbonyl)indolyl-3-methyl-
isothiocyanatel(80), and 1-acetylindolyl-3-methylisothiocyanatis88) as probes for the
role of indolyl-3-methylisothiocyanatel23) in the biosynthetic pathway of crucifer

phytoalexins.

1-(tert-Butoxycarbonyl)indolyl-3-methyl isothiocyate (180)

CHO

NH, NCS
©\/\g i, i, iii ©j§ iv Q
N N N
i PN PN
H3C>(o 0 H3C>(o o
HC b, HC b,
106
179 180

HsC o/go
H30>§H3
181

Scheme 2.7 Reagents and conditions: i) B@; DMAP, THF, quant.; ii) HONKHCI,
NaCQO;, EtOH, 48-50 °C, quant.; iii) NiglbH,O, NaBH,, CH;OH; iv) CLCS, CaCQ,
CH.Cl>-H20, 56 % from oxime (Kutschy et al., 1997; 1998);Ryridine, EiN, CS,
ICH3, 72% from oxime.

Indole-3-carboxaldehydel06) was treated with diert-butyl dicarbonate (BgO)
and 4-(dimethylamino)pyridine (DMAP) in tetrahyduodn to vyield 14ert-
butoxycarbonyl)indole-3-carboxaldehyde in quanirat yield. Standard oximation

procedure employing hydroxylamine hydrochloride aodlium carbonate afforded 1-
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(tert-butoxycarbonyl)indolyl-3-carboxaldehyde oxime th#ter sodium borohydride and
nickel(ll) chloride reduction yielded amind79 Reaction of aminel79 with
thiophosgene in the presence of calcium carbonatelded 1-(ert-
butoxycarbonyl)indolyl-3-methyl isothiocyanat&80) in 56% Gcheme 2.7Kutschy et
al., 1997; 1998).

1-Acetylindolyl-3-methyl isothiocyanate (183)

CHO NH, NCS
©j\g i, i, iii ©\/§ iv ©j§
N

106 182

Scheme 2.8 Reagents and conditions: i) A%, pyridine, 96%; ii) HONHKHCI,
NaOAc, EtOH, 45-50 °C, 88%; iii) NigbH,O, NaBH,, CH;OH; iv) CLL.CS, CaCQ,
CHCl>-H,0, 31% from oxime; v) BN, CS, then ICH, pyridine, 41 % from oxime.

1-Acetylindole-3-carboxaldehyde was obtained in 96%ld from indole-3-
carboxaldehyde 1060 and acetic anhydride in pyridine. Heating 1-aletple-3-
carboxaldehyde with sodium carbonate and hydroxiylam hydrochloride at
temperatures above 50 °C resulted in loss of agetylp with formation of indolyl-3-
carboxaldehyde oxime. Thus, 1l-acetylindolyl-3-cadddehyde oxime was prepared in
84% vyield by heating 1-acetylindole-3-carboxaldehydwith hydroxylamine
hydrochloride and sodium acetate at 50 °C for 1Aubtes. Sodium borohydride and
nickel(ll) chloride reduction (Kutschy et al.,, 1997998) of 1l-acetylindolyl-3-

carboxaldehyde oxime at O °C provided amit82 which was reacted with
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thiophosgene in the presence of calcium carborkaies€hy et al., 1997; 1998) to give
1-acetylindolyl-3-methyl isothiocyanat&83) in 31% yield Scheme 2.8

2.2.1.4 Synthesis of [4'5',6',7PH]brassinin (16a), [4'5'6'7-
’H,Jcyclobrassinin (28a), [4'5',6',7%H,]1-methoxyspirobrassinin (35a)
and derivatives

This section covers the synthesis of [4'5',8Hg}brassinin 163, [4'5',6',7"
H,]1-methoxybrassinin 18b), [3,3,3,4'5',6',7°H;]1-methoxybrassinin 180, 1-
methylbrassinin 192, 1-({-butoxycarbonyl)brassinin181), 1-acetylbrassinin 184),
[4'5',6',7?H ]cyclobrassinin = 288), 1-methylcyclobrassinin 103, [4'5',6',7"-
’Hsinalbin B @ld), [4'5'6',7°H,1-methoxyspirobrassinin 363,  1-
methylspirobrassinin ~ 104), 1-acetylspirobrassinin ~ 195), and 1-(-
butoxycarbonyl)spirobrassinini96).

[4'5',6',7'-’H]Brassinin (16a) and [4',5',6',7'?H,]cyclobrassinin (28a)

28a 16a

Scheme 2.9 Reagents and conditions: i) HOMHCI, NgCO;, EtOH, reflux, 87%; ii)
NaOH, Devarda’s alloy, C¥DH; iii) Pyridine, EtN, CS, 60 min, 0 °C; iv) ICH, 50%;
V) pyridine/HBr/Br, THF; vi) DBU, 58% (Pedras et al., 1998).
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[4'5'6',7°H4]Cyclobrassinin 288 was synthesized following previously
established procedure (Pedras et al., 1998). [Z:&:6]Indole-3-carboxaldehydel 063
was transformed to the corresponding oxirh8Saupon treatment with hydroxylamine
hydrochloride and sodium carbonate. Reductioh8ayielded [4',5',6',7°HJ]indole-3-
methanamine 1(17g, which was treated with triethylamine and carkdisulfide in
pyridine, followed by addition of methyl iodide yield [4',5',6',7%H4]brassinin 164) in
50%. [4',5',6',7°H4]Cyclobrassinin 28a), was prepared by treatiriga with pyridinium
bromide perbromide, followed by alkalynation wit}8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) to vield [4',5',6',7%HJ]cyclobrassinin in 58%S3cheme 2.9
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[4'5',6',7"-?H,]1-Methoxybrassinin (18b) and [4',5',6',7*H,]sinalbin B
(31a)

ZH 2H ZH
2H , 2H. AL 2H
\ | 1,11 \
2 N 2 N 2 N
H H T H AT OcH,
’H H H
105a 186a 187a
iv, v
) NH; —N~OH
H vi 2H
X ) N\
2 N
H 2 N
OCHyg H OCH
H 2H
18¢c 189a
N 188a
Vi, VIl
24 N\_scH 2 ,/ 1
\V/ 3 H N
2H S 2H ' 3 ' '
X
O =«———
2 N
H 2 N
L] OCHy A 177 OcH,
H
35a 18b

Scheme 2.10Reagents and conditions: i) NaBEN, AcOH, 82%; ii) NawO,-H,O,
H,0y; iii) (CH30),S0,, KoCOs, CH;OH, 52%; iv) POG, DMF, 93%; v) HONH-HCI,
NaCOs, EtOH, reflux, 99%; vi) NaBBCN, TiCls, NH,OAc, CHOH; vii) Pyridine,
EtN, CS, 60 min, 0 °C; viii) ICH, 67%; ix) Pyridine, BN, CS, 60 min, 0 °C; X)
IC®H3, 68% (Pedras and Okinyo, 2006a); xi) NBS,,CH; xii) EtsN, 47% (adapted
from Pedras and Zaharia, 2000); xiii) PCC, .CH, 41% (adapted from Pedras et al.,
2006a).

[4',5',6',7"?H4]1-Methoxybrassinin 18b) was obtained from [4,5,62H]indole
(Scheme 2.1) First [4,5,6,72H,]indole was reduced with sodium cyanoborohydride in
acetic acid to provide [4,5,62HJindoline (1868 which was obtained in 82%.
Hydrogen peroxide oxidation of [4,5,6°B]indoline to 1-hydroxyindole intermediate
followed by dimethylsulphate methylation (Somei d&falvasaki, 1989) yielded [4,5,6,7-
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H,]1-methoxyindole {879 in 52%. Standard Vilsmeier-Haack formylation t87a
yielded [4,5,6,7H.]1-methoxyindole-3-carboxaldehyde, which was tramsed to
[4',5',6',7"?°H4]1-methoxyindolyl-3-carboxaldehyde oximel889 on treatment with
hydroxylamine hydrochloride and sodium carbonatediRtion of the oximel88a
employing sodium cyanoborohydride and titanium )(ldhloride in presence of
ammonium acetate (Pedras and Zaharia, 2000) yi§i&46',7'2H,]1-methoxyindolyl-
3-methanamine1@898 which was used in the next step without furtharifcation.
Triethylamine and carbon disulfide treatment ofoduson of aminel89ain pyridine
yielded dithiocarbamate intermediate situ, which was reacted with methyl iodide to
afford [4',5',6',7%H,]1-methoxybrassinin in 67% yield over two stepsnirthe oxime
188a (Pedras and Okinyo, 2006a). By adapting experiatgbcedure for preparation
of sinalbin B 81, Pedras and Zaharia, 2000), [4',5', 6%} 1-methoxybrassinin was
reacted withN-bromosuccinimide (NBS) followed by triethylamine yield [4',5',6',7'-
’H,]sinalbin B B1a Scheme 2.1pin 47%.

[3,3,3,4',5',6',7'*H;]1-Methoxybrassinin (18c)

[3,3,3,4',5',6',7°H]1-Methoxybrassinin 180 was prepared following similar
experimental procedure as that for [4',5',6H}1-methoxybrassinin Scheme 2.1p
Methylation of the dithiocarbamate intermediate warsducted with deuterated methyl
iodide to provide [3,3,3,4',5',6', #;]1-methoxybrassinin in 68% vyield over two steps
from oximel88a(Pedras and Okinyo, 2006a).
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1-Methylbrassinin (192)

CHO —N~OH NH,

N N N

CH3 CH3 CH3
175 190 191

Scheme 2.11 Reagents and conditions: i) HOMHCI, NgCO;, EtOH, reflux, 93%; ii)
NaOH, Devarda’s alloy, C#DH; iii) Pyridine, EtN, CS, 60 min, 0 °C; iv) ICH, 52%.

Reaction of 1-methylindole-3-carboxaldehydel7%) with hydroxylamine
hydrochloride in the presence of sodium carbonateviged 1-methylindolyl-3-
carboxaldehyde oximel90) in 93% yield. Devarda’s alloy reduction of oxini®0
provided 1-methylindolyl-3-methanaminel9l) which was transformed to 1-
methylbrassinin 192) in 52% yield following established experimentaibgedure for
synthesis of brassinin (Pedras et al., 2000; 2003b)

1-(tert-Butoxycarbonyl)brassinin (181)

1-(tert-Butoxycarbonyl)brassininl@1) was previously prepared in 97% yield from
1-(tert-butoxycarbonyl)indolyl-3-methylisothiocyanate arsbdium methane thiolate
(Kutschy et al., 1997; 1998); however, in my watks route provided81in only 40%
yield. Thus, the traditional route for brassinimgyesis was used (Pedras et al., 2003b).
Freshly prepared aming&79 was treated with triethylamine and carbon diselfid
afford a dithiocarbamate intermediate situ, methylation of this intermediate with
methyl iodide yielded 1tért-butoxycarbonyl)brassinin in 729%¢heme 2.Y.
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1-Acetylbrassinin (184)

1-Acetylbrassinin 184) was synthesized from the freshly prepared anii@2
(Scheme 2.8 by slight modification of procedure used for pegtion of brassinin.
Addition of triethylamine and carbon disulfide tosalution of freshly prepared amine
182 at room temperature with stirring for 90 minutesoyided intermediate 1-
acetylindolyl-3-methyl dithiocarbamate situ, which was reacted with methyl iodide to

give l-acetylbrassinin@4, Scheme 2.8in 41% vyield.

1-Methylcyclobrassinin (193)

N
N
N~ SCHs Y -SCH,
N—s i N\
i s
N N
H CH,

28 193
Scheme 2.12 Reagents and conditions: i) NaH, I¢HHF, 0 °C, 82%.

1-Methylcyclobrassinini93) was obtained from a reaction of cyclobrassir28) (
with methyl iodide at 0 °CScheme 2.1 1-Methylcyclobrassininl©3) was previously
prepared from 1-methylbrassinib9?) (Kutschy et al., 1998).

[4'5',6',7"-°H]1-Methoxyspirobrassinin (35a)
[4'5',6',7°H4]1-Methoxyspirobrassinin36a) was prepared from [4',5',6' 2] 1-
methoxybrassinin {8b, Scheme 2.1p following previously set route (Pedras et al.,
2006a). Thus, a solution of [4',5',6“H3]1-methoxybrassinin in dichloromethane was

treated  with  pyridinium  chlorochromate to  provide 4'.%',6',7"H4]1-

methoxyspirobrassinin in 41% yield.
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1-Methylspirobrassinin (194)

N
3~ SCHs N\7/SCH3
S i IS
O —>» 0
N N
H CH,
34 194

Scheme 2.13Reagents and conditions: i) NaH, IgHHF, 0 °C, 91% (Pedras and
Hossain, 2006).

1-Methylspirobrassinin 194) was obtained in 91% vyield via methylation of
spirobrassinin34) with methyl iodide and sodium hydride at 0 °CdRes and Hossain,
2006,Scheme 2.18

1-Acetylspirobrassinin (195)

N\7/SCH3 N\7/SCH3
S i S
(@] 1 5 o)
N N
Ko
34 195

Scheme 2.14 Reagents and conditions: i) Pyridine 8¢ 80%.

1-Acetylspirobrassinin 105 was obtained in 80% vyield from reaction of
spirobrassinin34) with acetic anhydride in pyridine.
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1-(tert-Butoxycarbonyl)spirobrassinin (196)

N
3~ SCHq N\7/SCH3
0O —  » 0
” N
o,
34 HC tn,
196

Scheme 2.15Reagents and conditions: i) B@; DMAP, THF, Quant.

1-(tert-Butoxycarbonyl)spirobrassinin196) was prepared in 99% yield from
spirobrassinin34) and BogO in the presence of DMARS¢heme 2.1h

2215 Synthesis of [SB8;]brassicanal A (39b)

CHO

197 198 135

l iii
CHO

N—sc?H,
N
H

39b

Scheme 2.16 Reagents and conditions: i) NaH& ®,S:0, THF, 72%; ii) NaH, HCGEt
(Pedras and Okanga, 1999); iiisBf IC?Hs, ELO, 56%.

2-Mercaptoindole-3-carboxaldehyd&3f was synthesized following previously
established procedure (Pedras and Okanga, 199Qxti®e of 135 with deuterated
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methyl iodide in the presence of triethylamine effml [SGHs]brassicanal AZ9b) in
56 % isolated yield.

2.2.2 Incorporation experiments using synthetic coppunds

The present biosynthetic studies involved admiaisin of perdeuterated
precursors and*S containing indolyl-3-acetothiohydroxamic acid diferent plant
tissues that were known to produce a variety oftqgeddgxins and glucosinolates. Non-
natural compounds containing methyl, acetyl and otips at the indole nitrogen were
also administered to these plant tissues. Nfseibstituents served as non-isotopic labels
to probe biosynthetic pathway(s) of phytoalexingl gtucosinolates. The main plant
tissues used welgrassica napugrutabaga)B. rapa (turnip), andErucastrum gallicum

(dog mustard).

2.2.2.1 Brassica napus L. ssp. rapifera (rutabagapd B. rapa
(turnip)

Rutabaga and turnip are two examples of tubercasshiras that produce a variety
of indole phytoalexins and indole glucosinolateo(ide et al., 1994; Pedras et al., 2004,
Pedras and Montaut, 2004). The incorporation otgddgxin precursors was established
to be more efficient in tubers than in leaves enmst of brassicas (Pedras and Montaut,
2004). For this reason, these plant tissues wessl us investigate biosynthetic
pathway(s) of crucifer phytoalexins and glucositeda

In feeding experiments, rutabaga and turnip tulesse sliced horizontally after
which cylindrical holes were made on one surfac#lowing overnight incubation at 20
°C in darkness, the slices were irradiated with biv the surface with holes for 20
minutes, and further incubated for 24 hours. Theeslwere then incubated separately
with (i) labeled precursors 610* M), (i) non-labeled precursors ¢g10* M), and (iii)
carrier solution. The aqueous phase was colleckl 48, 72 or 96 hours after
administration), was extracted and was subjectegra&diminary clean up to yield
fractions containing phytoalexins (established BLB-DAD and HPLC-MS-ESI). The
percentage of isotopéH, and/or®*S) incorporation was established from analysis of
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data obtained by HPLC-HRMS-ESI (positive or negation modes) according to the

equation:

% of (H, and/or**S) incorporation = {{M +n]*/(IM] "~ + [M + n]"")} x 100 (h =
3, 4, 5),n is the number of deuterium atoms, and M is the&k@gaa or relative

intensity of the molecular ion peak.

The HPLC-HRMS-ESI data indicated that the ions [M]¥~ were not present in
natural abundance samples.

Extracts containing indolyl glucosinolates wereant¢d by cutting tissue around
the holes, soaking in methanol, and grinding (mcattad pestle), followed by overnight
extraction with aqueous methanol solution. Theugsextracts were subjected to RP-
FCC to yield a fraction that contained indolyl gismolates (established by HPLC-
DAD and HPLC-MS-ESI). The percentage of isotoft¢, (and>*S) incorporation was
established from HPLC-HRMS-ESI (negative ion madigtp similar to phytoalexins.

Incorporation of L-[2',4',5',6',7"-’H:]tryptophan (78b)

Rutabaga slices were prepared as previously describommercially available-
[2',4'5',6', 7%Hs]tryptophan {8b) was administered to UV-elicited slices followey b
72-hour incubation. The aqueous solution was catecwas extracted, and was
subjected to preliminary clean up to yield fracti@nthat contained the phytoalexins
cyclobrassininZ8), rutalexin 83), brassicanate A4@), rapalexin A §3), and fraction B
that contained spirobrassinir34) (established by HPLC-DAD and HPLC-MS-ESI)
(Figure 2.1). Control slices were incubated witlrtryptophan {8) or with carrier
solution and were treated similarly. HPLC-HRMS-E®hlyses (positive ion mode) of
the phytoalexin fraction resulting from feedihg?2',4',5',6',7%Hs]tryptophan displayed
the cyclobrassinin peak @& = 30.5 min containing two ions ah/z 235.0358 and
239.0609, that were consistent with the molecularmiilae G;H1:NoS, and
CuHHiNLS,, respectively. The ion am/z 239.0609 was not detected in control
samples incubated with non-labeledryptophan. Based on the peak area of each ion,

83



the percentage of deuterium incorporation was founte 7% {[1/(14 + 1)] x 100}
(Table 2.2.
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Figure 2.1 HPLC-HRMS-ESI  chromatograms of rutabaga phytoakexin
cyclobrassinin Z8), rutalexin @3), spirobrassinin 34), brassicanate A4@), and
rapalexin A §3). Chromatograni = fraction A, positive ion mode; Chromatograns
fraction A negative ion mode; Chromatogr@m fraction B, positive ion mode.

The rutalexin peak dak = 15.9 min (negative ion mode) indicated two iahs/z
231.0233 and 235.0484 that were consistent withnbkcular formulae GH/N,O,S
and G1H3?HaN,O,S, respectively. Based on the peak area of eachherpercentage of
deuterium incorporation was found to be 32% {[49/©47)] x 100} Table 2.2. The
brassicanate A peak & = 17.5 min (negative ion mode) indicated two i@isn/z
220.0437 and 224.0688 that were consistent withntb&ecular formulae GH10NO,S
and GiH¢’HisNO,S, respectively. The percentage of deuterium irm@gpn was

calculated based on the peak area of each ion asdound to be 4% {[0.5/(11 + 0.5)] x

84



100} (Table 2.2. The rapalexin A peak & = 25.7 min (negative ion mode) indicated
two ions aim/z203.0284 and 207.0535 that were consistent wétblecular formulae
C10H7N-0S and GoHs’H4N-0OS, respectively. Based on the peak area of eachthe
percentage of deuterium incorporation was founoetd2% {[12/(85 + 12)] x 100}. The
spirobrassinin peak &t = 14.7 min (positive ion mode) indicated two mallac ions at
m/z 251.0307 and 255.0558 that were consistent with tholecular formulae
CuHuN,0S and GiH”H:N,OS,, respectively. The percentage of deuterium
incorporation was calculated based on the peak @remach ion and was found to be
17% {[19/(90 + 19)] x 100}(able 2.2 Figure 2.2).

ZH N (@) CH3
2H /
214 S—SCH N
ZH N S
+ ) H 2H N
NH3 H 2H H
2H = 28& N
C02 2H \7/SCH3 33a
2H 2 d
\ 2H B —— H o
*H N 2H N
2 H
H o 24
78
2 34b
COOCH3; OCHj4 NCS
2
H 2H
N—scH, N)-2h
2H H 2H N
43a 53a

Figure 2.2  Incorporation of L-[?Hs]tryptophan {8b) into rutabaga phytoalexins:
[?Ha]cyclobrassinin 28a 7%), FHJrutalexin 83a 32%), fH.lspirobrassinin 4b,
17%), EH.]brassicanate AdBa 4%), and jHJ]rapalexin A 63a 12%).

Incorporation ofL-[2',4',5',6',7%Hs]tryptophan {8b) into indole glucosinolates
was investigated in rutabaga tissues as well. Afteting tissue around the holes from
slices incubated with.-[2',4',5',6',7?Hs]tryptophan, grinding, and extracting, RP-FCC
yielded a fraction that contained glucosinolatesucgbrassicin 40), 4-
methoxyglucobrassicinlp6), and neoglucobrassiciig49 (established by HPLC-DAD
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and HPLC-MS-ESI) Kigure 2.3. Control tissues incubated with non-labeled

tryptophan or with carrier solution were treateuifarly.
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Figure 2.3 HPLC-HRMS-ESI chromatogram of rutabaga glucosimdat
glucobrassicin{0), methoxyglucobrassicilb6), and neoglucobrassiciag9).

HPLC-HRMS-ESI analyses (negative ion mode) of thecasinolate fraction
resulting from feeding oL-[2',4',5',6',7Hs]tryptophan displayed the glucobrassicin
peak attr = 12.0 min to contain two ions am/z 447.0537 and 452.0851 that were
consistent with the molecular formulae 16810N206S; and  GgHi142HsN206S,,
respectively. The ion ah/z452.0851 was not detected in control samples mteabwith
non-labeledL-tryptophan. The percentage of deuterium incorpamatvas calculated
based on the peak area of each ion and was foubd &+ 1% (Table 2.2. The 4-
methoxyglucobrassicin peak & = 14.5 min indicated two ions at/z 477.0643 and
481.0894 that were consistent with molecular foaeul G/H21N2010S, and
C17/H177HaN2010S,, respectively. Based on the peak area of eachtienpercentage of
deuterium incorporation was found to bet 2 %. The neoglucobrassicin peakt@t
16.1 min indicated two ions ah/z 477.0643 and 482.0956 that were consistent with
molecular formulae GH2i:N,010S, and G/H16°HsN»010S,, respectively. The percentage
of deuterium incorporation was calculated from pleak area of each ion and was found
to be 12+ 1 % (Table 2.2.
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Figure 2.4  Incorporation ofL-[?Hs]tryptophan {8b) into rutabaga glucosinolates:
[Hs]glucobrassicin 0b, 17 + 1%), FH,]-4-methoxyglucobrassicirlb6a 7 + 2 %) and
[?Hs]neoglucobrassicinl@9a 12+ 1 %).

Table 2.2 Incorporation of L-[2',4',5',6',7Hs]tryptophan {8b) into rutabaga
phytoalexins and glucosinolates

Compound % Incorporation
[4'5',6',7'*H,]Cyclobrassinin 28a) acy
[4'5',6',7"°HRutalexin 333) ad3n
[4'5',6',7"*H,]Spirobrassinin§4a) a7
[4'5',6',7"?H,|Brassicanate A43a) ady
[2',5',6',7°H,]Rapalexin A 633 ad o
[2.4'5',6',7?Hs]Glucobrassicin 70b) b47 +1
[2',5',6',7?°H4]4-Methoxyglucobrassicinl664 bd7 + 2
[2',4',5',6',7%Hs]Neoglucobrassicin199a b2 +1

% of “H incorporation = {[M +n]"/(IM] ™~ + [M + n]"")} x 100 (nh = 5).

®ncorporation determined from a single feeding expent.

bIncorporation determined from average of two inde@mt experiments = standard
deviation (STD).

“Positive ion mode.

INegative ion mode.
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The biosynthetic pathways of 1-substituted rutabagaetabolites 1-
methoxybrassinin 18) and neoglucobrassicinl99 were probed with 1-methyl-
tryptophan 200, a non-natural compound. Rutabaga root slicese weepared as
previously described. After incubation with 1-mdthytryptophan (24, 48, 72, and 96
hours), the aqueous phase was collected, was drand was subjected to preliminary
clean up to yield fraction A that contained the tolayexins cyclobrassinir2g), rutalexin
(33), brassicanate A4Q), rapalexin A $3), and fraction B that contained spirobrassinin
(34) (established by HPLC-DAD and HPLC-MS-ESI). Tissweound the holes were
cut, were ground (mortar and pestle), and wereaetdd. The extracts were subjected to
RP-FCC to yield a fraction that contained the ghicolates glucobrassicirv@), 4-
methoxyglucobrassicinlp6), and neoglucobrassicidig49 (established by HPLC-DAD
and HPLC-MS-ESI). Control slices were incubatedhwdiarrier solution and were
similarly treated. From HPLC-DAD and HPLC-MS-ESI alyses, no 1-methyl
containing phytoalexins or indole glucosinolatesravdetected under various feeding
conditions and incubation periodsigure 2.5. It was also surprising that no 1-methyl-
L-tryptophan was recovered, neither was any of #sabolic products detected in the

extracts.
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Figure 2.5  Administration of 1-methyl--tryptophan 200 to rutabaga tubers.
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Incorporation of [1",1",1"- ?H3]1-methoxyindolyl-3-acetaldoxime (116a)

The biogenesis of neoglucobrassicl®9 from 1-methoxyindolyl-3-acetaldoxime
(116 was investigated. Rutabaga root slices were peepas previously described and
were incubated with [1",1",1°Hs]1-methoxyindolyl-3-acetaldoxime 1164 for 96
hours; control slices were incubated separately Wimethoxyindolyl-3-acetaldoxime
(116 and with carrier solution. Following incubatiomdaextraction, RP-FCC of the
extracts yielded a fraction that contained the gsirolates glucobrassicirv@), 4-
methoxyglucobrassicinlp6), and neoglucobrassiciig49 (established by HPLC-DAD
and HPLC-MS-ESI). HPLC-HRMS-ESI analyses (negatiwsn mode) of the
glucosinolate fraction resulting from feeding of",[t',1"-?Hs]1-methoxyindolyl-3-
acetaldoxime displayed the neoglucobrassicin pegk=a13.8 min containing two ions
at m/z 477.0643 and 480.0831 that were consistent withlecotar formulae
C1H21N»010S, and G7H12H3N»010S,, respectively. The ion an/z480.0831 was absent
in control samples incubated with 1-methoxyind@y&cetaldoxime. Based on the peak
area of each ion, the percentage of deuterium racation was found to be 6% {[3/(48
+ 3)] x 100} (Figure 2.6).
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116a 199b

Figure 2.6  Incorporation of 3Hs]1-methoxyindolyl-3-acetaldoxime 116b) into
[Hs]neoglucobrassicinl@9b, 6%).

Incorporation of 1-methylindolyl-3-acetaldoxime (OF

The biosynthetic pathway(s) of 1-substituted phigwias and glucosinolates was
further probed with 1-methylindolyl-3-acetaldoxin{@70. No 1-methyl containing
metabolite has been identified from rutabaga onipuextracts, incorporation of 1-

methylindolyl-3-acetaldoxime into phytoalexins otugpsinolates can therefore be
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determined by comparing HPLC-DAD chromatograms @d fand control extracts,
followed by HPLC-HRMS-ESI analyses to confirm thempound structure. In the
present studies, 1-methylindolyl-3-acetaldoxime veasninistered separately to UV-
irradiated rutabaga and turnip root slices. Aftezuibation and extraction, preliminary
clean up of the extracts yielded fractions contajnphytoalexins and glucosinolates
(established by HPLC-DAD and HPLC-MS-ESI); simitperiments were conducted
for root slices incubated with carrier solution.r@isingly, no 1-methyl containing
phytoalexin was detected from phytoalexin fractjobsit chromatograms of polar
fractions indicated a new peak that was absenhase of control fractions. HPLC-
HRMS-ESI analyses (negative ion mode) of the newabwite peak atg = 13.5 min
indicated an ion atm/z 461.0693 that was consistent with molecular foamul
C17H21N2OS,. The new metabolite structure was deduced to ethylglucobrassicin
(Figure 2.7). Both rutabaga and turnip root slices metabolidethethylindolyl-3-
acetaldoximeX70) to 1-methylglucobrassicir2Q1).

S/B_D_GIC
\ \
N-~OH " -K*
A\ N N~OSO5 K
—_—
N N
CHz CHj
170 201

Figure 2.7  Incorporation of 1-methylindolyl-3-acetaldoxime 17Q) into 1-
methylglucobrassicin2Q1).

Incorporation of [4',5',6',7'-?H]indolyl-3-[**S]acetothiohydroxamic acid
(174a)

The potential involvement of indolyl-3-acetothiolggamic acid in the
biosynthetic pathway of indole phytoalexins andcgkinolates was investigated in
rutabaga root tubers. Thus, [4'5',6°H4indolyl-3-[**S]acetothiohydroxamic acid
(1749 was administered to UV-irradiated rutabaga rdates followed by 72-hour

incubation. Control experiments were conducted lamyi by incubating rutabaga root
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slices with non-labeled indolyl-3-acetothiohydroxenacid or with carrier solution.
Extraction of the aqueous phase and preliminargclg of the extracts yielded fraction
A that contained the phytoalexins cyclobrassirB),( rutalexin 33), brassicanate A
(43), rapalexin A $3), and fraction B that contained spirobrassirid) ((established by
HPLC-DAD, HPLC-MS-ESI, and HPLC-HRMS-ESIFigure 2.8). HPLC-HRMS-ESI
analyses (positive ion mode) of the phytoalexincticm resulting from feeding of
[4'5',6',7"*H,indolyl-3-[3*S]acetothiohydroxamic acid displayed the cyclokirass
peak attg = 30.1 min containing two ions at/z 235.0358 and 241.0567 that were
consistent with the molecular formulag181:N,S, and GiH/"H4N,S*S, respectively.
Based on the peak area of each ion, the percenfatj§ and deuterium incorporation
was found to be 5% {[1/(19 + 1)] x 100}. The rutale peak atg = 15.9 min (negative
ion mode) indicated two ions at/z231.0233 and 235.0484 that were consistent wéh th
molecular formulae GH;N,O,S and GiH3°HsN,O,S, respectively. The percentage of
deuterium incorporation was calculated based onptek areas of each ion and was
found to be 1% 2 % (Table 2.3. The brassicanate A peaktgat 17.5 min (negative ion
mode) indicated two ions ab/z 220.0437 and 224.0688 that were consistent wigh th
molecular formulae GH10NO,S and GiHg?HsNO.S, respectively. Based on the peak
area of each ion, the percentage of deuterium poration was found to be 3%
{[0.3/(10 + 0.3)] x 100} Table 2.3. The rapalexin A peak & = 25.8 min (negative
ion mode) indicated four ions at/z 203.0284, 205.0242, 206.0472 and 208.0446 that
were consistent with the molecular formulagtGN,0S, GoH/N,0*'S, GH4*HsN,0S,
and GoHs’HsN,0**S, respectively. The ion at/z205.0242 with formula GH/N,O*'S
suggested incorporation 61S into rapalexin A %3d) which was calculated based on
peak area of each ion at/z203.0284 and 205.0242 and was found to be 3D %
(Table 2.3. The ion atm/z 206.0472 consistent with the molecular formula
Ci10H4°H3sN,OS indicated incorporation of deuterium from indaleg of [4'5',6',7'-
?H,Jindolyl-3-[**S]acetothiohydroxamic acid into rapalexin 33p). Based on the peak
area of each ion am/z 203.0284 and 206.0472 the percentage of deuterium
incorporation was found to be #49 % (Table 2.3. The ion aim/z208.0446 consistent
with the molecular formula GH4*HsN-O*'S suggested incorporation &fS and

deuterium into rapalexin A5B0), the percentage of incorporation was calculateskt
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on peak area of each ionmafz 203.0284 and 208.0446 and was found to Be34%
(Table 2.3. The spirobrassinin peak tat= 14.6 min (positive ion mode) contained two
ions atm/z 251.0307 and 257.0516 that were consistent wighntlolecular formulae
C1H11N>0S, and GiH7*HuN,0S*S, respectively. The percentage®® and deuterium
incorporation was calculated based on the peakadreach ion and was found to be 8%
{[5/(59 + 5)] x 100} (Table 2.3.
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Figure 2.8  Incorporation of {H,indolyl-3-[**S]acetothiohydroxamic acid1743
into rutabaga phytoalexind*s-[°H,]cyclobrassinin 28¢, 5%), fHaJrutalexin (33, 11+
2 %), **S-[*Ha]spirobrassinin 34c, 8%), fH.]brassicanate A4Ba 3%), fHs]rapalexin
A (53b, 14+ 9 %),**S-PHs]rapalexin A 63¢ 4 + 3 %), and *S]rapalexin A $3d, 57+
10 %).

The incorporation of [4'5',6',7H4]indolyl-3-[**S]acetothiohydroxamic acid
(1749 into rutabaga glucosinolates was investigatethénpolar extracts as well. Thus,
tissue around the holes was cut and was extraPrediminary clean up of the extract

yielded a fraction that contained the glucosin@atglucobrassicin 70), 4-
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methoxyglucobrassicinlg6), and neoglucobrassiciig49 (established by HPLC-DAD
and HPLC-MS-ESI). Control slices were treated sanyl HPLC-HRMS-ESI analyses
(negative ion mode) of the glucosinolate fracti@sulting from feeding [4',5',6',7'-
?H,Jindolyl-3-[**S]acetothiohydroxamic acid displayed the glucobcaspeak attr =
12.0 min containing two ions at/z447.0537 and 453.0746 that were consistent wéh th
molecular formulae GH1oN206S, and GeH1?HaN,0sS*S, respectively. These results
suggested intact incorporation of [4',5',6°H4indolyl-3-[**S]acetothiohydroxamic acid
into glucobrassicin 70¢. The percentage oS and deuterium incorporation was
calculated based on the peak area of each ion asdound to be 2 1 % (Figure 2.9,
Table 2.3. HPLC-HRMS-ESI analyses of 4-methoxyglucobrassigeak attr = 14.5
min indicated an ion am/z 477.0643 that was consistent with molecular foasul
C17H21N2010S;, Whereas neoglucobrassicin peakzat 16.1 min indicated an ion at/z
477.0643 that was consistent with the moleculamtdae G-;H21N2010S,. The absence
of incorporation of [4',5'6',7H,]indolyl-3-[**S]acetothiohydroxamic acid into 4-
methoxyglucobrassicin  and  neoglucobrassicin  sugdest that  indolyl-3-
acetothiohydroxamic acid is not a biogenetic precuin the biosynthetic pathway of

these two glucosinolates.
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Figure 2.9  Incorporation of {H,lindolyl-3-[**S]acetothiohydroxamic acid1743
into **S-[?Hy]glucobrassicin 70¢ 2+ 1 %).
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Table 2.3 Incorporation of [4',5',6',7HJ]indolyl-3-[**S]acetothiohydroxamic acid
(17449 into rutabaga phytoalexins and glucobrassiebcy

Compound % Incorporation
¥3.[4',5',6', 7“H4]Cyclobrassinin 28¢ 2%
[4'5',6',7"?H4]Rutalexin 333) 411 +2
¥s.[4' 5',6',7%H,4]Spirobrassinin §4¢) ag
[4'5',6', 7'?°H,]Brassicanate A43a) ad3
[5',6',7'*H,]Rapalexin A 63b) P44 +9
¥s.[5',6',7'*H4]Rapalexin A 63¢) bdq +3
%s-Rapalexin A%3d) bd57 + 10
¥5.[2',4' 5',6', 7%Hs]Glucobrassicin 700 b +1

% of °H and>'S incorporation = {{M +n]"/(IM] 7~ + [M + n] ")} x 100 (n = 4).
4ncorporation determined from a single feeding eixpent.

PIncorporation determined from average of two indef@mt experiments + standard
deviation (STD).

“Positive ion mode.

INegative ion mode.

Incorporation of 1-methylindolyl-3-acetothiohydroxaic acid (178)

The incorporation of 1-methylindolyl-3-acetothiolmggamic acid {78 into
indole phytoalexins and glucosinolates was investid. 1-Methylindolyl-3-
acetothiohydroxamic acid was separately adminidtéoeUV-irradiated rutabaga and
turnip slices followed by 48- and 72-hour incubaioThe aqueous phase was collected,
was extracted, and the resulting extract was stdgjeto preliminary clean up to yield
fraction A that contained the phytoalexins cyclasinin @8), rutalexin 83),
brassicanate A4Q), rapalexin A §3), and fraction B that contained spirobrassirgd) (
(established by HPLC-DAD and HPLC-MS-ESI). Contstices were incubated with
carrier solution and were treated similarly. Afteutting tissue around the holes,
grinding, and extracting, preliminary clean up bé textracts yielded a fraction that
contained the glucosinolates glucobrassidif),( 4-methoxyglucobrassicinl$6), and
neoglucobrassicinl@9 (established by HPLC-DAD and HPLC-MS-ESI). ThelldP
DAD and HPLC-MS-ESI analyses of phytoalexin frantialid not indicate the presence

of 1-methyl containing phytoalexins, whereas a meetabolite peak was detected in
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glucosinolate extracts. HPLC-HRMS-ESI analyses &tieg ion mode) of the new peak
at tg = 13.5 min indicated an ion at/z 461.0693 that was consistent with molecular
formula G7H21N20S,, similar to that obtained from administration efmkthylindolyl-
3-acetaldoxime. The structure of 1-methylglucolcass(201) was deducedFigure
2.10.
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Figure 2.10 Incorporation of 1-methylindolyl-3-acetothiohydaoric acid 178 into
1-methylglucobrassicir2Q1).

Incorporation of [4',5',6',7'-*’HJindolyl-3-acetonitrile (49a)

[4'5',6',7"°H,]Indolyl-3-[**S]acetothiohydroxamic acid 1748 decomposes to
[4'5',6',7'2H,]indolyl-3-acetonitrile 49a) under feeding conditions (in carrier solution).
Therefore it was important to determine the metahmbducts of [4',5',6', 7H,]indolyl-
3-acetonitrile and their potential relationship lwdther rutabaga phytoalexins. A time-
course feeding experiment was conducted to deterrtine metabolism ofi9a in
rutabaga tissuesFigure 2.17). Firstly, non-isotopically labeled indolyl-3-aoeitrile
(49) was administered to rutabaga slices that werpapeel as previously described.
Following incubation for 4, 8, 16, and 24 hours Hwpieous phase was collected, was
extracted and was subjected to preliminary cleatoupeld non-polar fractions. HPLC-
DAD analyses of the non-polar fractions after 4+hmcubation indicated two new
peaks atg = 4.8 and 5.5 min that showed increasing amouetwden 4- and 16-hour
incubations, then gradual decrease after 16-hczubation. Between 8- and 16-hour
incubation a new metabolite peak with increasingrnsity was detected & = 12.3
min. After 24-hour incubation indolyl-3-acetonitriwas completely metabolized, the

intensity of the peaks & = 4.8 and 5.5 min decreased significantly whetkasattg =
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12.3 min increased. The three new peaks were absentracts incubated with carrier
solution only, suggesting that they were metabgplioducts of indolyl-3-acetonitrile
(49). The three metabolites were identified by congmari of their UV spectra and
retention times with those of compounds in the HMAD library. Thus, the
metabolites atr = 4.8, 5.5, and 12.3 min were identified as ine®lacetic acid Z02),
indole-3-carboxylic acid203), and methyl indole-3-carboxylatdZ1), respectively. A
similar experiment was conducted with [4',5',6H:}indolyl-3-acetonitrile 494). The
aqueous phase was extracted after 16-hour incubtdiallow for the detection of the
three new peaks. No deuterium labeling was detectedny of the phytoalexins
cyclobrassinin Z8), rutalexin 83), brassicanate A 4Q), rapalexin A $3), and
spirobrassinin 34) (established HPLC-MS-ESI). The HPLC-HRMS-ESI gsab
(negative ion mode) of the three new compounds p#thks atg = 4.8, 5.5, and 12.3
min indicated the massesratz 164.0655, 178.0811, and 178.0811 that were cemsist
with the molecular formulae ¢B,°H4NO;  CigHs?HiNO, and  GoHsHaNO,,
respectively. The peaks &t = 4.8, 5.5, and 12.3 min were consistent withb[#',7'-
H,)indolyl-3-acetic acid 2023, [4,5,6,7%H,indole-3-carboxylic acid 2033, and
methyl [4,5,6,72H,]indole-3-carboxilate {219, respectively Kigure 2.11). HPLC-MS-
ESI analyses (negative ion mode) of fractions friisaue extracts did not show other
deuterium labeled metabolic products. It was tlmeefconcluded that indolyl-3-
acetonitrile in not a precursor of phytoalexinsghucosinolates that are produced in

rutabaga tissues.
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Figure 2.11 Incorporation of {H,indolyl-3-acetonitrile 498 into [*H]indolyl-3-
acetic acid 2024, [*H]indole-3-carboxylic acid2033 and methyl [4,5,6,7H.]indole-
3-carboxylate 1219.

1-(tert-Butoxycarbonyl)indolyl-3-methylisothiocyata (180) and 1-(tert-
butoxycarbonyl)brassinin (181) as potential interchiates

Potential involvement of indolyl-3-methylisothioayate (23) in the biosynthetic
pathway of indole phytoalexins was investigates@di-tert-butoxycarbonyl)indolyl-3-
methyl-isothiocyanate 180). Due to instability of indolyl-3-methylisothiocgate
(Hanley et al, 1990; Hanley and Parsley, 1990).e tlstable 1tért-
butoxycarbonyl)indolyl-3-methyl-isothiocyanate (ihy et al., 1997; 1998) was used in
the present investigations with 1-Boc group senasgthe label. Rutabaga slices were
prepared as previously described and were inculvatbdL80, control experiments were
conducted by incubating slices with carrier solaticAfter 72-hour incubation the
agueous phase was collected, was extracted andulbpected to preliminary clean up to
yield fraction A that contained phytoalexins cyaiadsinin 28), rutalexin 83),
brassicanate A4Q), rapalexin A §3), and fraction B that contained spirobrassirg@) (
(established by HPLC-DAD and HPLC-MS-ESI). Two nemetabolite peaks were
detected atz = 30.1 and 34.1 min that were absent in chromatagsf control extracts.
HPLC-MS-ESI analyses (positive ion mode) of theabetite with peak aiz = 34.1 min
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contained an ion ah/z337 and fragment ions at/z230, 174 and 130. The metabolite
with peak attr = 30.1 min contained an ion a/z 351 and a fragment ion at/z 251.
The retention times, UV spectra, and fragmentapatierns of the metabolites @t =
30.1 andtr = 34.1 min were comparable with those of synthetendards, 1tért-
butoxycarbonyl)spirobrassinin 196) and 1-{ert-butoxycarbonyl)brassinin 181),
respectively, Figure 2.12. These results were consistent with the expaatezlvement
of indolyl-3-methylisothiocyanate in the biosynticepathway of indole phytoalexins.
Additional experiments were conducted by incubatimgbaga root slices with 1eft-
butoxycarbonyl)brassinin 181). After 72-hour incubation the aqueous phase was
collected, was extracted and was subjected tonpirediry clean up to yield a fraction
that contained phytoalexins; control experimentsewgepared similarly by incubating
slices with carrier solution. HPLC-DAD analysistbe phytoalexin fraction displayed a
new peak atg = 30.1 min that was absent in chromatogram ofrobeixtract. The new
metabolite was identified as feft-butoxycarbonyl)spirobrassiniri96) by comparison
of retention time, UV spectra, and fragmentatiotigra (established by HPLC-DAD
and HPLC-MS-ESI)Kigure 2.12.

O o
e >V o
7 CHy "C e, H3C>gH3

180 181 196

Figure 2.12 Incorporation of l1iert-butoxycarbonyl)indol-3-ylmethylisothiocyanate
(280 into 1-tert-butoxycarbonyl)brassinin 181 and 1-fert-
butoxycarbonyl)spirobrassinin96).
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1-Acetylindolyl-3-methylisothiocyanate (183) as atential intermediate

Boc is a large group that does not occur in natpratiucts whereas the acetyl
group is comparatively smaller and occurs in somtenal products. 1-Acetylindolyl-3-
methylisothiocyanate 183 was therefore used to establish the involvemenht o
isothiocyanates in the biosynthetic pathway of ladihytoalexins. Rutabaga and turnip
root slices (prepared as previously described) wieribated with 183 control
experiments were conducted similarly by incubatisigces with carrier solution.
Following 48- and 72-hour incubations, the aquepbhase was extracted and was
fractionated to yield fraction A that contained tpbytoalexins cyclobrassinir2§),
rutalexin @3), brassicanate A4Q), rapalexin A $3), and fraction B that contained
spirobrassinin 34) (established by HPLC-DAD and HPLC-MS-ESI). A npeak was
detected atg = 22.2 min that was absent in the chromatograntawitrol extracts.
HPLC-MS-ESI analyses (positive ion mode) of thetphiexin fractions indicated ions
at m/z172 and 130. The new metabolite was identified.-@setylbrassinin184) by
comparison of retention time, UV spectra, and fragtation pattern with those of
authentic sampleFgure 2.13. The phytoalexin fractions, however, did not gidl-
acetylspirobrassininlQ5) or any 1-acetyl containing phytoalexins. Incubatof turnip
and rutabaga root slices separately with l-acetgtinin {83 did not yield any 1-

acetly-containing metabolites following 96 hoursrafubation.

NCS NH
N < S}VSCH3
N N

183 184

Figure 2.13 Incorporation of 1-acetylindol-3-ylmethylisothicmyate {83 into 1-
acetylbrassininl84).
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Incorporation of [4',5',6',7'-H]cyclobrassinin (28a)

The biogenetic relationship between cyclobrass{@i®) and spirobrassinin3g)
was investigated in rutabaga and turnip root sltbas produce both metabolites. Thus,
[4'5',6',7"*H,]cyclobrassinin 288) was administered to UV-irradiated rutabaga and
turnip slices (prepared as previously describedptrol experiments were prepared
similarly and incubated with cyclobrassini28] or with carrier solution only. Following
incubation for 24, 48, and 72 hours, the aqueoas@lvas collected, was extracted, and
was subjected to preliminary clean up to yield ticat A that contained phytoalexins
cyclobrassininZ8), rutalexin 83), brassicanate A4Q), rapalexin A §3), and fraction B
that contained spirobrassinii34) (established by HPLC-DAD and HPLC-MS-ESI).
Rutabaga root slices did not produce detectableuatamf spirobrassinin after 24 hours
of incubation, but both tissues showed increasmguats of spirobrassinin from 48- to
72-hour incubations. HPLC-MS-ESI analyses (posiime mode) of the phytoalexin
fractions resulting from feeding [4',5',6'?H]cyclobrassinin  displayed the
spirobrassinin peak & = 13.2 min to contain two ions at/z251 and 255. The ion at
m/z 255 was absent in control samples incubated vatizlabeled cyclobrassinin. Based
on the relative intensity of each molecular ionJtéegum incorporation was found to be
10% {[2/(18 + 2)] x 100} after 24-hour incubatiobut 15% {[4/(22 + 4)] x 100} and
6% {[1/(16 + 1)] x 100} after 48- and 72-hour in@itlons, respectively in turnip root
slices Figure 2.14). In rutabaga tissues, deuterium incorporationsewéno {[6/(77 + 6)]

x 100} and 4% {[0.9/(24 + 0.9)] x 100} for 48- art®-hour incubations, respectively
(Table 2.4. The decrease in incorporations with longer iratign period could result

from pool dilution with increasing amount of natuahundant spirobrassinin.
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Figure 2.14 Incorporation of {H4]cyclobrassinin 283) into [*Ha]spirobrassinin§4b).

Table 2.4 Biosynthetic incorporation of [4'5',6'#44]cyclobrassinin 283 into
[4'5',6',7"2H]spirobrassinin34b) in rutabaga and turnip tissues

% Deuterium incorporation into spirobrassinin®®

Incubation (h) Rutabaga Turnip
24 Nd 10
48 7 15
72 4 6

Nd = Not detected.

% of H incorporation = {[M +n] " /([M] "~ + [M + n]*")} x 100 (n = 4).
®ncorporation determined from a single feeding expent.

PPositive ion mode.

Incorporation of [SC*Hj]brassicanal A (39b)

The biogenetic relationship between brassicanaB® and brassicanate A3
was investigated in rutabaga tissues that prodotie mmetabolites. UV-irradiated root
slices (prepared as previously described) werebiatmd with [SGHs]brassicanal A
(39b). Following 72-hour incubation, the aqueous phagses extracted and was
subjected to preliminary clean up to yield fractidnthat contained phytoalexins
cyclobrassininZ8), rutalexin 83), brassicanate A4Q), rapalexin A §3), and fraction B
that contained spirobrassini4) (established by HPLC-DAD and HPLC-MS-ESI).;
control experiments were prepared similarly andiloated with brassicanal A and with
carrier solution. HPLC-MS-ESI analyses (negativenaode) of the phytoalexin fraction
resulting from feeding [StEis]brassicanal A displayed the brassicanate A peak at
15.2 min to contain two ions at/z220 and 223. The ion at/z223 was not detected in
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control samples incubated with non-labeled brassicaA. Based on the relative
intensity of the molecular ion the percentage aftdeum incorporation was found to be
> 99%, suggesting that brassicanal A could be theHdagenetic intermediate in the

biosynthetic pathway of brassicanate A.

CHO COOCH;
N N
H H
39b 43b

Figure 2.15 Incorporation of [S@Hs]brassicanal A39b) into [SCHs]brassicanate A
(43b> 99%).

2.2.2.2 Erucastrum gallicum (dog mustard)

Dog mustard is a wild crucifer that was reportecexdibit resistance against the
plant pathogenS. sclerotiorun(Lefol et. al, 1997). Biotic§. sclerotiorunand abiotic
[copper(ll) chloride] elicitation of dog mustardales led to isolation and identification
of four phytoalexins: indolyl-3-acetonitrilel9), arvelexin 1), erucalexin §8), and 1-
methoxyspirobrassinin3p) (Pedras and Ahiahonu 2004; Pedras et al., 2006%.
occurrence of erucalexin and its regioisomer 1-metbpirobrassinin in elicited leaves
of dog mustard suggested a possible biogenetidiaeship between these two
metabolites. Toward this end, the biosynthetic wath of erucalexin and 1-

methoxyspirobrassinin, and other dog mustard plgxa@s were investigated.

Time course analyses and feeding experiments

In order to investigate biosynthesis of erucald8i®) and 1-methoxyspirobrassinin
(35), time course analyses were conducted with detedbg mustard leaves to establish
suitable plant age and incubation period for fegdgxperiments. Plants of different
ages, 21, 28 and 35 days were sprayed with a @olaficopper(ll) chloride (% 10° M)
to induce phytoalexin production. The petiolatedvies were incubated for 24 to 120

hours under continuous light followed by extractigneliminary clean up and HPLC-
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DAD analyses to determine production of phytoalsxicontrol experiments were
prepared similarly from dog mustard leaves sprayeih water. The amounts of
erucalexin and 1-methoxyspirobrassinin in leafaots were determined by HPLC-DAD
using calibration curvesTéble 2.5. From these analyses, it was established thaesea
from 21-day-old plants exhibited a slow uptake afrier solution, and most of the
detached leaves wilted before the end of the exyse period. Plant leaves older than
35 days exhibited faster uptake of carrier solytiouat elicitation levels were not as
efficient as was observed with 21- and 28-day-oldngs. The 28-day-old plants
therefore proved more suitable for feeding expenisesince their leaf extracts
contained higher amounts of erucalexin and 1-mstbmirobrassinin than the 21-day-
old plants, and exhibited efficient uptake of carrsolution. The 28-day-old plant
extracts were used to establish a suitable incubgtieriod for feeding experiments.
These analyses revealed that the amounts of eriutalecreased from 24-hour
incubation to a maximum at 48-hour incubation, raftbich a decrease was noted from
72- to 120-hour incubation @ble 2.5. The amounts of 1-methoxyspirobrassinin were
not significantly different between 24- and 48-hancubations; a significant decrease
was noted from 72- to 120-hour incubations. It veéso noted that the amounts of
erucalexin were consistently higher than those-aiethoxyspirobrassinin through out
the time course analyses. Since maximum productidn erucalexin and 1-
methoxyspirobrassinin was at 48-hour incubatiois, time was used to conduct feeding

experiments.
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Table 2.5 Production of 1-methoxyspirobrassini85 and erucalexin38) in 28-
day-old detached leaves of dog mustard (Pedra®©&imyo, 2006b)

Phytoalexin Incubation time Total amount of phytoalexin

(h) (umole/100 g of fresh tissue +

STD)®

Erucalexin 24 59+1.2

48 149+24

72 58127

96 54+0.1

120 27+1.2
1-Methoxyspirobrassinin 24 3.7£0.2

48 3.4+£05

72 1.1+0.6

96 2.0+0.9

120 0.7+0.01

Amounts of erucalexin and 1-methoxyspirobrassinistandard deviation (STD) were
determined from duplicate experiments. In each exmnt, three leaves were extracted
and subjected to preliminary clean up, followedHBLC-DAD analysis.

In feeding experiments, 28-day-old dog mustard tglawere sprayed with
copper(ll) chloride (2x 10° M) to the point of run off. After 24-hour incubati the
leaves were excised at the petiole and were inedbaith perdeuterated compounds (5
x 10* M) followed by a second copper(ll) chloride sprdjollowing 48 hours of
incubation, the leaves were extracted. The extnaete subjected to preliminary clean
up to yield a fraction that contained the phytoalex1-methoxyspirobrassinir8%),
erucalexin 88), indolyl-3-acetonitrile 49), and arvelexin §1) (established by HPLC-
DAD and HPLC-MS-ESI). Control experiments were aoctdd using: (i) doubly-
elicited leaves of dog mustard incubated with retveled compounds (5 x 1), (ii)
doubly-elicited leaves incubated with carrier silnt (iii) non-elicited leaves incubated

with carrier solution.
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The percentage of deuteriufHj incorporation was established according to the

equation:

% of °H incorporation = [M +n]*/([M]* + [M + n]*) x 100 @ = 3, 4, 7),nis the
number of deuterium atoms, and M is the peak arealative intensity of each

molecular ion.

The HPLC-HRMS-ESI data indicated that [Mn}" was not present in natural

abundance samples.
Incorporation of [4',5',6',7'-*HJindolyl-3-acetaldoxime (112a)

The origin of indole group in erucalexin and 1-notyspirobrassinin was
established through administration of [4',5',6'H;}indolyl-3-acetaldoxime 1128 to
doubly elicited detached dog mustard leaves. Adt&&rhours of incubation the leaves
were extracted and extracts subjected to prelimicgdgan up to yield a fraction that
contained the phytoalexins 1-methoxyspirobrassiid), erucalexin 88), indolyl-3-
acetonitrile 49), and arvelexing1) (established by HPLC-DAD and HPLC-MS-ESI);
control experiments were conducted similarly byuimating doubly elicited leaves with
non-labeled indolyl-3-acetaldoxime and with carrisolution. HPLC-HRMS-ESI
analyses (positive ion mode) of the phytoalexincticam resulting from feeding
[4'5',6',7'?H]indolyl-3-acetaldoxime displayed the erucalexin dan 1-
methoxyspirobrassinin peakstat= 14.5 and 18.2 min, respectively, to contain tams
atm/z281.0412 and 285.0664 corresponding to the maedalmulae GH13N,0.S;
and G.Hg’HiN,0,S,, respectively. The ion ah/z285.0664 was not detected in control
samples incubated with non-labeled indolyl-3-ackteime (12). Based on the peak
area of each ion, the percentage of deuterium jrozation was found to be #53 % for

erucalexin and 4& 6 % for 1-methoxyspirobrassinififure 2.16 Table 2.9.
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Figure 2.16 Incorporation of {H4]indolyl-3-acetaldoxime {129 into [PHa]erucalexin
(383 15+ 3 %) and H4]1-methoxyspirobrassinirB6a, 46+ 6 %).

Biogenetic relationship between indolyl-3-acetaidox (112) with other dog
mustard phytoalexins, indolyl-3-acetonitrild9 and arvelexin §1) was investigated
(Figure 2.17. These phytoalexins are not detectable by HPLCE$ and HPLC-
HRMS-ESI, but they can be detected by HRMS-EI. riteo to carry out this study, dog
mustard extracts [(i) incubated with [4',5',6°M4]indolyl-3-acetaldoxime 1123); (ii)
incubated with indolyl-3-acetaldoximé&X2); (iii) incubated with carrier solution] were
subjected to preparative HPLC purification. HRMS4d#lalysis of a fraction resulting
from feeding [4',5',6',7H,]indolyl-3-acetaldoxime displayed the indolyl-3-&meitrile
peak to contain two molecular ionsmafz156.0687 and 160.0938 which were consistent
with molecular formulae GHsN, and GoHs’HiN,, respectively Kigure 2.17. The
molecular ion amm/z 160.0938 was not detected in indolyl-3-acetomitfiactions from
control extract incubated with non-labeled ind@yacetaldoxime. Based on the relative
intensity of each molecular ion, the percentagdeafterium incorporation was found to
be 89 % {[93/(11 + 93)] x 100}. HRMS-EI analyses afvelexin 61) fraction from
feeding [4',5',6',7°HJ]indolyl-3-acetaldoxime displayed two molecular somt m/z
186.0793 and 189.0981 that were consistent witheoubdr formulae GH;0N.O and
C11H7H3N,0, respectively Figure 2.17. The molecular ion an/z 189.0981 was not
detected in arvelexin fractions from control extreacubated with non-labeled indolyl-
3-acetaldoxime. Percentage of deuterium incorpmmattas calculated from the relative
intensity of each molecular ion and was found to446c {[69/(100 + 69)] x 100}
(Figure 2.17, Table 2.9.
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Figure 2.17 Incorporation of $H,]indolyl-3-acetaldoxime {129 into [*H,]indolyl-3-
acetonitrile 49a 89%) and {Hs]arvelexin 61a, 41%).

Table 2.6 Incorporation of [4',5',6', 7H,]indolyl-3-acetaldoxime 1129 into dog
mustard phytoalexins

Compound % Incorporation
[4'5',6',7'*H,]1-Methoxyspirobrassinin36a) %6+ 6
[4'5',6',7"*H4]Erucalexin 88a) 2995+ 3
[4'5',6',7"2H,]Indolyl-3-acetonitrile 49a) P89
[4'5',6',7"2Hj]Arvelexin (518) P41

% of “H incorporation = {{M +n]"/([M] 7~ + [M + n]"")} x 100 (n = 4).

%ncorporation determined from average of two inaej@mt experiments * standard
deviation (STD).

®Incorporation determined from a single feeding eipent.

‘Positive ion mode.

Incorporation of 1-methoxyindolyl-3-acetaldoximes

Biogenetic origin of 1-methoxy group in erucalexnd 1-methoxyspirobrassinin
was investigated using perdeuterated 1-methoxyyh®@shcetaldoximes: [1",1",1"-
Hs)1-methoxyindolyl-3-acetaldoxime 1163, [4',5',6',7"H4]1-methoxyindolyl-3-
acetaldoxime 116b), and [1"1"1".4'5'6',7H;]1-methoxyindolyl-3-acetaldoxime
(1169.

First, doubly elicited dog mustard leaves were bratad with [1",1",1"%H3]1-
methoxyindolyl-3-acetaldoximell6g for 48 hours. The leaves were extracted and
subjected to preliminary clean up to yield a frastthat contained the phytoalexins 1-
methoxyspirobrassinin3p), erucalexin 88), indolyl-3-acetonitrile 49), and arvelexin
(51 (established by HPLC-DAD and HPLC-MS-ESI); cohtexperiments were
prepared similarly by incubating doubly elicitedaves with 1-methoxyindolyl-3-
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acetaldoxime X16) and with carrier solution. HPLC-HRMS-ESI analygpssitive ion
mode) of the phytoalexin fraction from feeding [I"1"-°Hs]1-methoxyindolyl-3-
acetaldoxime displayed the erucalexin and 1-methixgbrassinin peaks &t = 14.5
and 18.2 min, respectively, to contain two ions matz 281.0412 and 284.061
corresponding to the molecular formulae;ihisN.0,S, and  GoHiPHsNLO.S,,
respectively Figure 2.18 Table 2.7. The ion atm/z 284.061 was not detected in
control fractions incubated with non-labeled 1-noathindolyl-3-acetaldoxime.
Deuterium incorporation was calculated based onptek area of each molecular ion
and was found to be 5 3 % for erucalexin and ¥ 3 % for 1-methoxyspirobrassinin
(Figure 2.18 Table 2.7).

N
. S-SCH o
L s N
— o + D—scH,
N N N S

OC2H3 OC2H3 OC2H3
116a 35b 38b

Figure 2.18 Incorporation of Hs]1-methoxyindolyl-3-acetaldoximel{6g into 1-
methoxyspirobrassinirBbb, 7+ 3 %) and erucalexir88b, 5+ 3 %).

Next, doubly elicited dog mustard leaves were imtet with [4',5',6',72H,]1-
methoxyindolyl-3-acetaldoximell6b) for 48 hours. The leaves were extracted and
subjected to preliminary clean up to yield a frastthat contained the phytoalexins 1-
methoxyspirobrassinin3g), erucalexin 38), indolyl-3-acetonitrile 49), and arvelexin
(51 (established by HPLC-DAD and HPLC-MS-ESI); cohtexperiments were
prepared similarly by incubating doubly elicitedaves with 1-methoxyindolyl-3-
acetaldoxime X16) and with carrier solution. HPLC-HRMS-ESI analygpssitive ion
mode) of the phytoalexin fraction from feeding $46',7'°H,]1-methoxyindolyl-3-
acetaldoxime displayed the erucalexin and 1-methixgbrassinin peaks &t = 14.5
and 18.2 min, respectively, to contain two ionsnét 281.0412 and 285.0664 that were
consistent with the molecular formulagB8:3N,0,S, and G-Hy?H4N»0,S,, respectively
(Figure 2.19. The ion atm/z 285.0664 was not detected in control fractions$ tere
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incubated with 1-methoxyindolyl-3-acetaldoxime. Baon the peak area of each ion,
deuterium incorporation was found to bet& % for erucalexin and Z 2 % for 1-

methoxyspirobrassinirF{gure 2.19 Table 2.7).

2 N 24 N\7/SCH3 H o
’H N~OH  2H S 2H N
A\ o D—sCH,4
2 + 2 S
H N 24 N H N
OCH,4 ) OCHj, ) OCHgs
H H
116b 35a 38a

Figure 2.19 Incorporation of H41-methoxyindolyl-3-acetaldoxime 116b) into
[H4]1-methoxyspirobrassinirBba 7 + 2 %) and fHJ]erucalexin 88a, 6 + 4 %).

Lastly, [1"1"1"4'5'6'7°H;]1-methoxyindolyl-3-acetaldoxime 1169 was
administered to doubly elicited dog mustard leaveslowing 48-hour incubation and
extraction, preliminary clean up yielded a fractibrat contained the phytoalexins 1-
methoxyspirobrassinin3g), erucalexin 38), indolyl-3-acetonitrile 49), and arvelexin
(51 (established by HPLC-DAD and HPLC-MS-ESI); cohtexperiments were
prepared similarly by incubating doubly elicitedaves with 1-methoxyindolyl-3-
acetaldoxime X16) and with carrier solution. HPLC-HRMS-ESI analygpssitive ion
mode) of the phytoalexin fraction resulting fromedéng [1",1",1",4',5',6',72H]1-
methoxyindolyl-3-acetaldoxime displayed the eruxmleand 1-methoxyspirobrassinin
peaks atg = 14.5 and 18.2 min, respectively, to contain taas atm/z281.0412 and
288.0852 that were consistent with the molecularmidae G:H13N20,S, and
C1He’H/NLO,S,, respectively Figure 2.20. The ion atm/z 288.0852 was absent in
control extracts incubated with non-labeled 1-megimadolyl-3-acetaldoxime. The
percentage of deuterium incorporation was calcdlatesed on the peak area of each ion
and was found to be 8 2 % for erucalexin and # 3 % for 1-methoxyspirobrassinin
(Figure 2.2Q Table 2.7).
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Figure 2.20 Incorporation of %H;]1-methoxyindolyl-3-acetaldoxime 1169 into
[°H-]1-methoxyspirobrassinirBbc, 4 + 3 %) and fH;]erucalexin 88¢ 3+ 2 %).

Deuterium labeling of erucalexin and 1-methoxydpiassinin indicated only [M +
71" suggesting intact incorporation ofHy]1-methoxyindolyl-3-acetaldoxime without
loss of 1-methoxy groug={gure 2.20.

Table 2.7 Incorporation of 1-methoxyindolyl-3-acetaldoxime$16a 116b and
1169 into erucalexin and 1-methoxyspirobrassinin

% Incorporation

Precursor Erucalexin  1-Methoxyspirobrassinin
[1",1",1"-’H3]1-methoxyindolyl-3- &% + 3 a7 + 3
acetaldoximeX1639

[4'5',6',7"?H4]1-methoxyindolyl-3- b% + 4 be7 + 2
acetaldoxime116b)

[1"1",1".4' 5" 6',7°H;]1-methoxyindolyl- b3 +2 beq + 3

3-acetaldoximel(169

% of “H incorporation = {{M +n]"/([M] "~ + [M + n]")} x 100 (= 3, 4, 7).
%ncorporation determined from average of five inelegent experiments + standard
deviation (STD).

PIncorporation determined from average of three frethelent experiments + standard
deviation (STD).

“Positive ion mode.
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Incorporation of 1-methoxybrassinins

Biosynthetic pathway of erucalexin and 1-methoxy@miassinin was studied with
perdeuterated  1-methoxybrassinins;  [3343H-methoxybrassinin  18a), and
[3,3,3,4',5',6',7°H;]1-methoxybrassinin 18¢) which are advanced precursors in the
biosynthetic pathway. Thus, doubly elicited dog tats leaves were incubated with
[3,3,3°H3]1-methoxybrassinin18a) for 48 hours followed by extraction. Preliminary
clean up of the extract yielded a fraction that taored the phytoalexins 1-
methoxyspirobrassinin3g), erucalexin 38), indolyl-3-acetonitrile 49), and arvelexin
(51 (established by HPLC-DAD and HPLC-MS-ESI); cohtexperiments were
prepared similarly by incubating doubly elicitechves with 1-methoxybrassiniig)
and with carrier solution only. HPLC-HRMS-ESI aredg (positive ion mode) of the
phytoalexin fraction resulting from feeding [3,313s]1-methoxybrassinin displayed the
erucalexin and 1-methoxyspirobrassinin peaks at14.5 and 18.2 min, respectively, to
contain two ions ai/z 281.0412 and 284.0601 which were consistent wittheoular
formulae G-H13N»0,S, and GoH10’HsN,0,S,, respectively Figure 2.21). The ion at
m/z 284.0601 was not detected in control fractionsulraed with non-labeled 1-
methoxybrassinin. Based on the peak area of eackecolar ion, deuterium
incorporation was found to be Z 3 % for erucalexin and 5% 2 % for 1-

methoxyspirobrassinirF{gure 2.21, Table 2.8.

NH SC?H
)—SC?Hs 7/ i
gD, )—SCZH
N

OCHs OCH3 OCH3
18a 35d

Figure 2.21 Incorporation of {Hs]1-methoxybrassinin 188 into [*Hs1-
methoxyspirobrassinir86d, 53+ 2 %) and fHs]erucalexin 88d, 7 + 3 %) (Pedras and
Okinyo, 2006Db).

Next, doubly elicited dog mustard leaves were iateth with [3,3,3,4',5',6',7'-
’H,]1-methoxybrassinin 18¢). After 48 hours the leaves were extracted folldviey

preliminary clean up to vyield a fraction that conéa the phytoalexins 1-
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methoxyspirobrassinin3g), erucalexin 88), indolyl-3-acetonitrile 49), and arvelexin
(51 (established by HPLC-DAD and HPLC-MS-ESI); cohtexperiments were
prepared similarly by incubating doubly elicitechves with 1-methoxybrassiniig)
and with carrier solution. HPLC-HRMS-ESI analysgmdtive ion mode) of the
phytoalexin fraction resulting from feeding [3,33%',6',7"2H;]1-methoxybrassinin
displayed the erucalexin and 1-methoxyspirobrasgieiaks atr = 14.5 and 18.2 min,
respectively, to contain two ionsmatz281.0412 and 288.0852 that were consistent with
the molecular formulae GH13N,0,S, and G-Hg?H/N»0,S,, respectively Kigure 2.29.
The ion atm/z288.0852 was not detected in control extractsbhated with non-labeled
1-methoxybrassinin. Based on the peak area of mehdeuterium incorporation was
found to be 4t 2 % for erucalexin and &4 11 % for 1-methoxyspirobrassinikigure
2.22 Table 2.8.

2
H 2 N 2 2
NH H SC2H H
’H SC?H T 7
N\ 3 2y S 2H N,
. g s — o + . D—sch,
OCH 2H N 2H N
ZH 3 2 OCH3 2 OCH3
H H
18c 35e 38e

Figure 2.22 Incorporation of  3H;]1-methoxybrassinin  18¢ into 1-
methoxyspirobrassinin3be 64 + 11 %) and erucalexin38e 4 + 2 %) (Pedras and
Okinyo, 2006b).

HPLC-DAD chromatograms of leaf extracts incubatethvi-methoxybrassinins
(18, 183 18¢) indicated a new metabolite peaktat= 8.9 min that was absent in leaf
extracts incubated with carrier solution only. Thew metabolite was identified as
caulilexin B @8) by comparison of retention time and UV spectraghwhose of an
authentic sample. In order to determine deuterinoorporation, fed and control leaf
extracts were separated by preparative HPLC ta yallilexin B atr = 8.9 min and 1-
methoxybrassitin at 18.1 min in less than 0.1 nahea

HPLC-HRMS-ESI analysis of caulilexin B (purifiedofn leaf extracts incubated
with [3,3,3,4',5',6',7°H;]1-methoxybrassinin) indicated a fragment iomez 164.1007

that was consistent with the molecular formulagHg?H:NO, suggesting a 1-
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methoxyindole-3-methine fragment. The fragmentatpattern is characteristic of 1-
methoxy containing phytoalexins such as 1-methcaggnin (8), 1-methoxybrassitin
(20), and wasalexins A2Q) and B @4) (Pedras et al., 2006c). HRMS-EI analysis of
caulilexin B resulting from extracts fed [3,3,346',7'?H;]1-methoxybrassinin
displayed an ion am/z 208.1149 that was consistent with the moleculamida
CuHg?H4N,O,. These data suggested deuterium incorporation ipto5',6',7'-
H,]caulilexin B @84a) to be> 99.9% Eigure 2.23 Table 2.9.

The amount of 1-methoxybrassitiaQj increased 5 fold in extracts incubated with
1-methoxybrassinin compared to those incubated egthier solution only. The HRMS-
El analysis of 1-methoxybrassitin fraction obtairfeain leaf extracts incubated with
[3,3,3,4',5',6',7°H;]1-methoxybrassinin displayed two ions at/z 250.0776 and
257.1215 that were consistent with the molecularmtdae G2H14N2O,S and
C1.H7H7N,0,S, respectively Rigure 2.23. Based on the relative intensity of each
molecular ion, percentage of deuterium incorporati@s found to be 99.6% {[100/(0.4
+ 100)] x 100} Eigure 2.23 Table 2.9, suggesting that 1-methoxybrassinin is

immediate precursor of 1-methoxybrassitin.

2 2 i NH
SCH 2 H
| I% e, o
N
OCH3 OCHs H ) OCHs
H
180 Oa 48a

Figure 2.23 Incorporation of {H;]1-methoxybrassinin 180 into [*H;]1-
methoxybrassitind0a 99.6%) andHj]caulilexin B @83, = 99.9%)).
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Table 2.8 Incorporation of 1-methoxybrassinins into erucatexiand 1-
methoxyspirobrassinin

% Incorporation P

Precursor Erucalexin  1-Methoxyspirobrassinin
[3,3,3°H3]1-Methoxybrassinin18a) 7+3 53 +2
[3,3,3,4',5',6',7°H;]1-Methoxybrassinin 4+2 64 £11

(189

% of “H incorporation = {{M +n]"/([M] "~ + [M + n]")} x 100 (h = 3, 7).

4ncorporation determined from average of three pedelent experiments + standard
deviation (STD).

®Positive ion mode.

Table 2.9 Incorporation of [3,3,3,4'5',6',74;]1-methoxybrassinin 18¢) into 1-
methoxybrassitinZ0a) and caulilexin B483)

Compound % Incorporation ?
[1",1"1".4'5',6',72H;]1-Methoxybrassitin 203 99.6
[4'5',6',7"*H,]Caulilexin B 48a) >99.9

% of “H incorporation = {{M +n]*/((M]* + [M + n]")} x 100 (h = 4, 7).
4ncorporation determined from one set of experiment

Incorporation of sinalbins B

Sinalbin B B1) was detected in stem extracts of white must&idapis alba
elicited withL. maculansand was suggested to be a biosynthetic precufsinalbin A
(30). Since sinalbin B contains a 1-methoxy group, bisgenetic relationship with
erucalexin was investigated. Thus, doubly elicitedy mustard leaves were incubated
with [3,3,3Hz]sinalbin B @1b) for 48 hours. Following extraction, preliminariean
up yielded a fraction that contained the phytoaiexl-methoxyspirobrassinir85),
erucalexin 88), indolyl-3-acetonitrile 49), and arvelexin§1) (established by HPLC-
DAD and HPLC-MS-ESI); control experiments were el similarly by incubating
doubly elicited leaves with sinalbin BX) and with carrier solution. HPLC-HRMS-ESI
analyses (positive ion mode) of the phytoalexirctican resulting from feeding [3,3,3-
’H]sinalbin B displayed the erucalexi@8d) and 1-methoxyspirobrassiniB5d) peaks
attgr = 14.5 and 18.2 min, respectively, to contain tarms atm/z281.0412 and 284.061
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that were consistent with molecular formulag}GaN,0,S, and GaHi?HsN20:S,,
respectively. The ion ah/z284.061 was not detected in control extracts iatedb with
non-labeled sinalbin B. The percentage of deutelicorporation was calculated from
the peak area of each ion and was found to b®.2 % for erucalexin and H1 % for

1-methoxyspirobrassinirF{gure 2.24 Table 2.10Q.

N N 2
\-SC?H, Sy—SCH, N
N °5 + D—sc?H,
N N N S
OCHs OCHs OCHs
31b 35d 38d

Figure 2.24 Incorporation of {Hz]sinalbin B @1b) into [*H3]1-methoxyspirobrassinin
(35d, 10+ 1 %) and fHs]erucalexin 88d, 2+ 0.2 %) (Pedras and Okinyo, 2006b).

Next, doubly elicited dog mustard leaves were iatetd with [4',5',6',7'-
’H,]sinalbin B B1a). After 48 hours, the leaves were extracted fodldvby preliminary
clean up to yield a fraction that contained phytgads 1-methoxyspirobrassinii3g),
erucalexin 88), indolyl-3-acetonitrile 49), and arvelexin§1) (established by HPLC-
DAD and HPLC-MS-ESI); control experiments were el similarly by incubating
doubly elicited leaves with sinalbin BX) and with carrier solution. HPLC-HRMS-ESI
analyses (positive ion mode) of the phytoalexincticm resulting from feeding of
[4'5',6',7"°H,]sinalbin B displayed the erucalexin and 1-methgiybrassinin peaks at
tr = 14.5 and 18.2 min, respectively, to contain tams atm/z281.0412 and 285.0664
that were consistent with the molecular formulagHzsN2O,S; and GsHgo?HaN20,S,,
respectively Figure 2.25. The ion ain/z285.0664 was not detected in control fractions
incubated with non-labeled sinalbin B. The percgataf deuterium incorporation was
calculated from the peak area of each ion and wasd to be 5 0.1 % for erucalexin
and 19+ 7 % for 1-methoxyspirobrassinifigure 2.25 Table 2.10. These results were

consistent with those obtained from incorporati6f8,3-Hssinalbin B 31b).
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D—scH,
OCH3 N S

OCHs OCHj4
3la 38a

Figure 2.25 Incorporation of $H,]sinalbin B 813 into [°H,]1-methoxyspirobrassinin
(353 19+ 7 %) and fHa]erucalexin 88a 5+ 0.1 %) (Pedras and Okinyo, 2006b).

Table 2.10 Incorporation of sinalbins B3(@a and 31b) into erucalexin and 1-
methoxyspirobrassinin

% Incorporation

Precursor Erucalexin  1-Methoxyspirobrassinin
[4'5',6',7"*H,]sinalbin B 13 2% +0.1 P19+ 7
[3,3,3°Hg]sinalbin B 31b) 3% +0.2 P10+ 1

% of “H incorporation = {{M +n]"/([M] 7~ + [M + n]"")} x 100 (n = 3,4).

%ncorporation determined from average of two inaej@mt experiments * standard
deviation (STD).

PIncorporation determined from average of three frethelent experiments + standard
deviation (STD).

“Positive ion mode.
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CHAPTER 3

3. Discussion

3.1 Secondary metabolites fronicruca sativa(rocket)

Rocket Eruca sativd was previously reported to exhibit resistanceirejathe
phytopathogenic fungualternaria brassicadConn et al., 1988). Considering the role of
phytoalexins in plant disease resistance, investigaof phytoalexin production in
rocket was carried out. Phytoalexin elicitationldaled by analysis of leaf extracts
showed arvelexinyl) (Pedras et al., 2003a) as the only elicited cmmg. Bioassay
guided isolation using spores @ladosporium cucumerinymhowever, led to the
isolation of two antifungal metabolites, 4-methidtbutyl isothiocyanate 166) and
bis(4-isothiocyanatobutyl)disulfide 167. Compounds, 166 and 167 inhibited
germination of C. cucumerinum spores in TLC biodetection assays. Both
metabolitesl66 and 167 were previously isolated from rocket and suggestederive
from their respective glucosinolates (Bennett et 2002; Cerney et al.,, 1996). The
bis(4-isothiocyanatobutyl)disulfide was proposedbi® formed via oxidation of the
unstable 4-(mercaptobutyl) isothiocyanate (Cerney ak, 1996), whereas 4-
methylthiobutyl isothiocyanate derived from myrasse hydrolysis of 4-methylthiobutyl
glucosinolate (Bennett et al., 2002).

N
H
51 16€ 167

Figure 3.1  Antifungal metabolites from rockeEfuca sativa.
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In general, crucifers produce a mixture of phyteae, whose composition and
amounts depend on the type of stress (Pedras 20@al’b). It was therefore surprising to
find that rocket seems to produce only one phytaalapon elicitation with copper(ll)
chloride. Perhaps it would be of interest to anmalyissues infected with different
pathogens. In fact, recent results have shown thabla and rapeseed produced

phytoalexin mixtures related to the virulence @& gathogen (Pedras et al., 2007e).

3.2 Syntheses of compounds

Preparation of perdeuterated compounds such a$',§47'*H,indolyl-3-
acetaldoxime X123, [4',5',6',7"*H4]brassinin 16a), [4',5',6',7"*HJ]cyclobrassinin 283),
and [4',5',6',7°H,]sinalbin B @138 required the starting material, [4,5,6H,]indole
(1059, to be at least 99% deuterated. Because the corialhe available indoles did
not offer this percentage of deuteration at spesities or were very expensive, a shorter
procedure was used to prepare [4,5%{Zlindole (1053 in two steps and 24% overall
yield starting from the readily available NMR saihté2,3,4,5,6%Hs]nitrobenzene {683
99%, °Hs) and 2-chloroacetonitrile (Pedras and Okinyo, 2006cheme 3.1 Indole
was previously prepared from 2-nitrophenylacetdaitiwwhich was obtained from
toluene in three steps, requiring a chromatograpbaration for each step (Van den
Berg et al., 1988). Makosza and Winiarski (1984)wéver, developed a one step
reaction in the preparation of 2-nitrophenylacdrdei and derivatives by employing
vicarious nucleophilic substitution of stabiliz&dchlorocarbanions with nitrobenzene.
This method (Makosza and Winiarski, 1984) was tioeeeadapted to the preparation of
[4,5,6,7°H,]indole (1058 as shown inScheme 3.1 Next [4',5',6',7%H,]indolyl-3-
acetonitrile 493 was prepared from [4,5,6°Hj]indolylmagnesium iodide and
bromoacetonitrile (Pedras et al., 2003; PedrasGiadyo, 2006a). Subsequent reduction
of [4',5',6',7"?H,]indolyl-3-acetonitrile 498) with DIBAH followed by hydrolysis and
treatment with HONKRHCI and NaOAc vyielded [4',5',6', #4,]indolyl-3-acetaldoxime
(1129 (Pedras and Okinyo, 20063¢heme 3.1 Non-isotopically labeled indolyl-3-

acetaldoximeX12), and 1-methylindolyl-3-acetaldoxim&70 were similarly prepared.
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NO,

2H 2H NeoH
—»
2H 2H

’H
VI vii
168¢ 105¢ 49¢ 112¢
24 2 NHAC NHAC
H & ~
\ o N OH i VIII ix
H oc2
H 2 oc:2
116¢ 115¢ ll4c
xii Xiii
24 1 NHAc
\
ﬁg\ Xiv, Xv
OCHjs OCH3
116k 11513

Scheme 3.1 Reagents and conditions: i) CIgGEN, NaOH, DMSO, 40%; ii) 10%
Pd/C, B, EtOAc, 61%; iii) Mg, ICH, BrCH,.CN, EtO, 57%; iv) DIBAH; v)

HONH,-HCI, NaOAc, EtOH, 33%; vi) 10% Pd/C,,HAc,O; vii) NaBH;CN, AcOH;

viii) NaaWO,42H0, H0, CHOH; ix) (C*Hz0%LSO,, K,COs;, CHOH; x) NaOH,

CH3OH, reflux; xi) N@WO,-2H,0, H,O,, CH;OH, 4% from49a Xii) Na;WOy,-2H0,

H,0O,, CH;OH; xii) (CH30),S0O,, KyCOs xiv) NaOH, CHOH, reflux; xv)

NaWO,-2H,0, H,0,, CH;OH, 5% from49a (Pedras and Okinyo, 2006a).

Preparation of perdeuterated 1-methoxyindolyl-3a&deximes116b and 116¢
(Scheme 3.1 needed [4'5',6',7HJ]tryptamine as the starting material. Attempts to
synthesize [4'5',6',7HJ]tryptamine via hydrogenation of [4',5',6'“F]indolyl-3-
acetonitrile 499 in ethyl acetate or ethanol were unsuccessfullrblyenation ofi9ain
acetic anhydride thus provided [4',5',6°H4] Ny-acetyltryptamine that was reduced with
NaBH;CN to yield fH]Np-acetyl-2,3-dihyroindolyl-3-ethylaminel{4d (Pedras and
Okinyo, 2006a). Oxidation of14a with NaaWO./H,O, (Somei and Kawasaki, 1989)
and subsequent methylation with 2(GO),SO, or (CH0),SO, yielded
[1",1",1".4"5',6',7°H/]Np-acetyl-1-methoxytryptamine 1{59 and [4',5',6',7°H4]Ny-
acetyl-1-methoxytryptaminel{5b), respectively. The oxidation of the amines proved

difficult mostly due to decomposition of the prothiander the reaction conditions used
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(Pedras and Okinyo, 2006a) but were accomplished # 5% yield $cheme 3.L
Simple and efficient methods of oxidation of alipb@mines to oximes are however not
available. For example, GReGy/H,O, catalyzed oxidation of primary alkylamines
possessing tha-C-H bond was found to yield mixtures of oximedraso dimers, and
azoxy compounds (Yamazaki, 1997).

A number of synthetic strategies have been devdldpethe preparation of free
thiohydroxamic acids as described in the Introdurctsection (Chimiak et al., 2002;
Walter and Schaumann, 1971). The simplest and mifisient preparation involves
conversion of primary nitro compounds (alkyl or bgh to their respective
thiohydroxamic acids using hexamethyldisilathiarlery (Hwu and Tsay, 1990).
Indolyl-3-acetothiohydroxamic acid. {4 or its derivatives were however not reported.
In addition, the biosynthetic investigations emjhay indolyl-3-acetothiohydroxamic
acid required labeling of the sulfur and the indlelgg. Sulfur 34 and deuterium were
chosen for labeling experiments since metabolitesorporating them could
unambiguously be detected by mass spectrometry (GHEMI). In this work, a simple
three step preparation was developed starting frodole-3-carboxaldehydelQ6)
(Scheme 3.2 1-Methylindolyl-3-acetothiohydroxamic acid148 was similarly
prepared starting from 1-methylindole-3-carboxaiakh (175. The use of sodium
hydride instead of potassium hydride to predatéprovided only indolyl-3-acetonitrile
(49) and indolyl-3-acetaldoximel{?) in a 1:1 ratio $cheme 3.2 The*C NMR data
indicated that indolyl-3-acetothiohydroxamic acidl74), and not indolyl-3-
acetothiohydroximic acid2Q4), is the most likely tautomer present in solutsamce the
C-1 is 189.0 ppm. In general the C-1 of thiohydnexies has lower value (ca 162-172
ppm) (Pedras and Okinyo, 2008).
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Scheme 3.2 Synthesis of indolyl-3-acetothiohydroxamic aciti74). Reagents and
conditions: i) CHNO,, NH,OAc, 128-130 °C, 98%; ii) NaBKl i-PrOH, SiQ, CHCE,
71%; i) KH, (MesSi)S (171), THF, 74%; . iv) NaH, (Ms5i),S, THF (Pedras and
Okinyo, 2008).

Once the synthesis of indolyl-3-acetothiohydroxamicd (74 was established
(Scheme 3.p, the [4',5',6',7°H]indolyl-3-[**S]acetothiohydroxamic acidl{4g was
synthesized for the first time following steps 8cheme 3.2and using [4,5,6,7-
’H,Jindole-3-carboxaldehyde 1063 as the starting material. The3's-
hexamethyldisilathiane 1f1g was not commercially available, and was therefore
prepared (from sulfur 34, sodium, and chlorotrinyttitane) as described in the Result
and Experimental sections. With17la in hand, [4'5'6",7H]indolyl-3-
[**S]acetothiohydroxamic acidl{4g was prepared following steps iBcheme 3.2
(Pedras and Okinyo, 2008).
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The indolyl-3-methylisothiocyantel 23) was proposed to be an intermediate in the
biosynthetic pathway of brassinihif) (Pedras et al., 2003b; Pedras and Okinyo, 2008).
Attempts to synthesiz&23 were unsuccessful (Kutchy et al.,, 1997; 1998) tuéts
instability (Hanley et al., 1990; Hanley and PayslE990). The synthesis of the stable 1-
(t-butoxycarbonyl)indolyl-3-methylisothiocyanatd 80) was reported (Kutchy et al.,
1997; 1998). In this thesis, l-acetylindolyl-3-mgigothiocyanate 183 was prepared
for the first time §cheme 3.R The 1l-acetylbrassinirl4) was obtained from freshly
prepared amin&82 following previously established procedures fog fireparation of
brassinin {6) (Scheme 3.3 Pedras et al., 2003b) and is described in Resmudk
Experimental sections.

CHO NH, NCS
©j\g i, i, il ©\/§ iv ©\/<

N N N

H Ac

Ac

10¢ 18z 183
NH
< )—SCH,
S
N

Ac
184

Scheme 3.3 Reagents and conditions: i) A%, pyridine, 96%; ii) HONHKHCI,
NaOAc, EtOH, 45-50 °C, 88%; iii) NigbH,O, NaBH,, CH;OH; iv) CLLCS, CaCQ,
CH.Cl>-H,0, 31% from oxime; v) BN, CS, ICHjs, pyridine, 41 % from oxime.

[4',5',6', 7"?H4]Cyclobrassinin 288 was prepared from [4,5,6°Fk]indole (1053
following previously established procedure (Pededs al., 1998) $cheme 3.1
Perdeuterated 1-methoxybrassini@b and18c were obtained from [4,5,6 °H]indole
(1053 as shown irScheme 3.4Pedras and Okinyo, 2006a). [4',5',6°H:]Sinalbin B
(318 was prepared from [4'5',6'#4]1-methoxybrassinin 18b) following the
established synthesis for sinalbin B (Pedras and Zaharia, 2000), whereas [4',5',6",7'-
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’H,]1-methoxyspirobrassinin36a) was prepared froni8b following the established

synthesis for 1-methoxyspirobrassingb) (Scheme 3.4Pedras et al., 2006a).

2
, H  cHo , N
H \ il i, iv, v \-SCH
ZH H 2H
’H
106¢
2 i 2 2 2
20 4 3 2 2 ) —=N~OH
H viii o ix, x xi,xii -H
2 N 2 N 2 N 2 N
H 6 H H H
7 H H OCH OCH
2y 2y H 3 24 3
105¢ 188¢
2H Xiii
2
*H H NH,
24 A\
2 N
H
2 OCHj

35¢ 18b

xvii, V xvi, X\V 189¢
2 2
H 7 N H 1 NH 3

Scheme 3.4 Reagents and conditions: i) PQADMF, 87%; ii) HONH-HCI, Na&CO;,
EtOH, reflux, 87%; iii) NaOH, Devarda’s alloy, GBH; iv) Pyridine, E{N, CS, 60
min, 0 °C; v) ICH, 50%; vi) pyridine/HBr/Bs, THF, vii) DBU, 58% (Pedras et al.,
1998); viii) NaBHCN, AcOH, 82%; ix) NaWOQO,4-2H,0, H0O;; X) (CH;0),S0;,, K,CO;,
CH3OH, 52%; xi) POG, DMF, 93%; xii) HONH-HCI, Na&CQO;, EtOH, reflux, 99%;
xiii) NaBH3CN, TiCl;, NH;OAc, CH;OH; xiv) Pyridine, E{N, CS, 60 min, 0 °C; xv)
ICH3, 67%; xvi) Pyridine, BN, CS, 60 min, 0 °C; xvii) IGHs, 68% (Pedras and
Okinyo, 2006a); xviii) NBS, CBkLClIy; xix) EtsN, 47% (adapted from Pedras and Zaharia,
2000); xx) PCC, CbCl,, 41% (adapted from Pedras et al., 2006a).
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2-Mercaptoindole-3-carboxaldehyd&3f was prepared following the established
synthetic procedures (Pedras and Okanga, 1999)13Bevas then used to synthesize
[SC*Hj]brassicanal AZ9b) (Scheme 3.5

CHO CHO
s SIS O
N N

H H

135 39b

Scheme 3.5 Synthesis of [S€Hs]brassicanal A 39b). Reagents and conditions: i)
Et:N, IC°H3, EO, 56%.

3.3 Biosyntheses of phytoalexins and glucosinolates

Most phytoalexins (Pedras et al., 2003b; 2007b)gundosinolates were shown to
derive fromL-tryptophan 78) (Josefsson, 1972; Kutgk and Kralova, 1972; Mikkelsen
et al., 2002; Rausch et al., 1983). A number of péaytoalexins with diverse chemical
structures have been recently isolated from cricif®edras et al., 2007b; 2007c).
Rutabaga tubers, for example, were shown to producaiety of previously unknown
phytoalexins (Pedras et al., 2004), as well asetimdolyl glucosinolates, glucobrassicin
(70), 4-methoxyglucobrassiciri$6) and neoglucobrassicii49 (Pedras and Montaut.,
2004). Rutabaga tubers therefore, provided a gmsilid for biosynthetic studies of
phytoalexins and glucosinolates, and to deternineebiosynthetic precursors common
to these metabolites. To date, dog mustd&ug¢astrum gallicum is the only plant
known to produce erucalexif3§), the first and only phytoalexin known so far twspess
a carbon substitution at C-2 of the indolyl grougedras et al., 2006a). Deuterium
labeling of potential precursors was chosen singells amounts of deuterated
metabolites can be detected unambiguously by npestremetry (ESI-HRMS or APCI-
HRMS or EIl). The majority of crucifer phytoalexioan be detected by HPLC-MS-ESI
in crude extracts without sample purification (Redet al., 2006¢). HPLC-HRMS-ESI
and El analyses were therefore carried out to deterthe levels of isotopéH and®'s)

incorporation into various phytoalexins and gluootates. In addition, non-isotopically
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labeled compounds containing non-natural groups$h sag methyl, acetyl, and Boc
groups were also used in biosynthetic investigatidrhe resulting metabolites (from
feeding non-isotopically labeled compounds) werentdied by comparing their UV
spectra, retention time and fragmentation pattémms HPLC-MS-ESI analyses with
those of authentic standards.

The phytoalexins produced by rutabaga, cyclobrasgip8a), rutalexin @3a),
spirobrassinin 34b), brassicanate A4Ba), and rapalexin A 53a) incorporatedL-
[2',4'5',6',7%Hs]tryptophan {8b) in different amounts (established by HPLC-HRMS-
ESI). Rutalexin 83), previously shown to derive from cyclobrassin#8)(in rutabaga
root tissues showed the most efficient incorporatiof 78b. Other biosynthetic
experiment showed a 99% incorporation of {8¢brassicanal AZ9b) into brassicanate
A (43b), suggesting th&89 could be the last precursor in the biosynthetibyway of43.

Of the three indolyl glucosinolates, glucobrassi€ri®b) showed the most efficient
incorporation ofL-[2'4",5",6',7%Hs]tryptophan {8b), followed by neoglucobrassicin
(1999, and 4-methoxyglucobrassicibh56g. The difference in incorporation may result
from additional intermediates (steps involve oxiglatand methylation at C-4 and N-1)

leading to 4-methoxyglucobrassicin and neoglucdicas respectively.
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Figure 3.2  Incorporation ofL-[?Hs]tryptophan {8b) into rutabaga phytoalexins and
glucosinolates, and cyclobrassin#8) into spirobrassinin34b).

Previously, absence of incorporation of cyclobraissf{28) into spirobrassinin34)

led to a conclusion th&8 is not a biosynthetic precursor ® (Monde et al., 1994). On
the contrary, the present biosynthetic experimestsowed incorporation of
cyclobrassinin Z8) into spirobrassinind4) on incubation with either rutabaga or turnip
root slices. Spirobrassinin was not detected iabaga after 24 hour incubation, but
deuterium incorporation after 48- and 72-hour iratidn was 7 and 4%, respectively. In
turnip root slices, cyclobrassinin incorporatiom -, 48- and 72-hour incubation was
10, 15, and 6%, respectively. The incorporatiorlewn both tissues decreased after 72-
hour incubation, perhaps due to dilution with nakuembundant spirobrassinin. These
results suggested that cyclobrassinin is an intéige in the biosynthetic pathway of
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spirobrassinin, albeit with low incorporation leselompared to brassinin (Pedras et al.,
2004). The low incorporation levels of cyclobragsimay imply that this biosynthetic
pathway operates in parallel with direct oxidatadrbrassinin to spirobrassinin, which is
the most favored pathway. Rutabaga and turnip subeetabolize cyclobrassinin to
unidentified products. This metabolism possiblyldegs the cyclobrassinin available for
the spirobrassinin biosynthesis.

Incubation of rutabaga root slices with 1-methyiryptophan 200) under various
feeding conditions did not produce detectable ar®wh 1-methylated metabolites;
neither was200 recovered from the extracts. Perhaps 1-mdthylptophan 200 is

metabolized into several polar metabolites.

CO,
+
NH; \
Q {  N-OH
N R
CHj QHS
20C 17C

Figure 3.3 Lack of metabolism of 1-methyl-tryptophan 200 into rutabaga
phytoalexins and glucosinolates

Although indolyl-3-acetaldoxime 112) and 1-methoxyindolyl-3-acetaldoxime
(116 show incorporation into indolyl phytoalexins agtlcosinolates (Pedras et al.,
2007b),112and116 have not been detected in any plant tissues, andthoxyindolyl-
3-acetaldoxime is not as stable as indolyl-3-adetame (Pedras and Montaut, 2004). In
the biosynthetic experiments using dog mustaferugastrum gallicuryy the
incorporation of [4',5',6',7H.]indolyl-3-acetaldoxime X128 into arvelexin $la
Figure 3.4 suggested oxidation and methylation at C-4 12 to give 4-
methoxyindolyl-3-acetaldoxime. These results suggdst possibly 4-methoxy-
containing phytoalexins are derived from 4-methogglyl-3-acetaldoxime. The natural
occurrence of 4-methoxyindolyl-3-acetaldoxime ist tkkmown; it has neither been
isolated nor identified from any plant tissue. mstthesis, the biosynthesis of a 4-

methoxy-containing phytoalexin from indoyl-3-ace@ime is being reported for the
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first time. The efficient incorporation of [4',5,B8-H,]indolyl-3-acetaldoxime {124
into [4',5',6',72H]indolyl-3-acetonitrile 493 89%) suggested thaf.2 is an immediate

precursor in the biosynthetic pathway4®t

OCH 2 2
2 3 CN - H \ ) H CN
N\ N N~OH H \
< _ =
2H H 2H H 2H N
2H 2H ZH H
5le 112¢ 49¢

Figure 3.4  Incorporation of H,Jindolyl-3-acetaldoxime 1123 into [?Hs]arvelexin
(518 and fHg]indolyl-3-acetonitrile 493).

Other biosynthetic experiments using dog mustaoWeld that the indolyl and 1-
methoxy groups of erucalexi3§) and 1-methoxyspirobrassiniBs) are derived from
indolyl-3-acetaldoxime 112 and 1-methoxyindolyl-3-acetaldoximé&1©). The HPLC-
HRMS-ESI data indicated incorporation of [4',576°H]indolyl-3-acetaldoxime 123
into 1-methoxyspirobrassinirB%a 46+ 6 %) and erucalexin38a 15+ 3 %) Figure
3.5. 1-Methoxyindolyl-3-acetaldoximel {6) is a more advanced precursor than indolyl-
3-acetaldoxime(12) and was therefore expected to exhibit higher noemtion levels
since it is closer to erucalexin and 1-methoxydpiagsinin in the biosynthetic pathway.
Contrary to these expectations, [1",1"’H3]1-methoxyindolyl-3-acetaldoximel {63
incorporation into 1-methoxyspirobrassinid5p) and erucalexin38b) were 7+ 3 %
and 5 + 3, respectively. Additional experiments employifd',5',6',7'?Ha]1-
methoxyindolyl-3-acetaldoximel 16b) indicated 7+ 2 and 6t 4 % incorporations into
1-methoxyspirobrassinin3ba) and erucalexin38a), respectively Figure 3.5. These
incorporation levels were still lower that those[4f5',6',7"?H,]indolyl-3-acetaldoxime
(1129. In order to confirm if the low incorporation df16 into erucalexin and 1-
methoxyspirobrassinin was due to loss of the 1-methgroups fromll6aand116b,
[1",1",1"4' 5'6',7°H;]1-methoxyindolyl-3-acetaldoximell6d was used in the next
biosynthetic experiments. It was expected that ddssmethoxy group from16cwould
result in metabolites containing four and seventettum. HPLC-HRMS-ESI data
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however indicated intact incorporation of [1",1"4"5',6',7"H;]1-methoxyindolyl-3-
acetaldoxime into 1-methoxyspirobrassind®¢ 4 + 3 %) and erucalexirB8c 3+ 2 %)
since only [M + 7] peak was detected. These results suggested théavwhlevels of
incorporation of 1-methoxyindolyl-3-acetaldoxime re&enot due to loss of 1-methoxy
group, but likely due to its decomposition sincesihot as nearly as stable as indolyl-3-
acetaldoxime. Even though low incorporation leweése recorded, 1-methoxyindolyl-3-
acetaldoxime appears to be an intermediate in flosyfithetic pathway of both
erucalexin and 1-methoxyspirobrassinin. Thus, diodaand biological methylation of
indolyl-3-acetaldoxime gives 1-methoxyindolyl-3-taddoxime, which is the
biosynthetic precursor of 1-methoxy-containing rbetaes figure 3.5 Pedras et al.,
2007Db).
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Figure 3.5 Incorporation of ?Hlindolyl-3-acetaldoxime X128 and PH,1-
methoxyindolyl-3-acetaldoxime1{6b) into [’H.]1-methoxyspirobrassinin36a and
[H4]erucalexin 883).

In rutabaga and turnip tissues, 1-methylindolylegtaldoxime 170) was not
incorporated into phytoalexins, but was metabolizgd 1-methylglucobrassicirQl,
Figure 3.6). In other biosynthetic experiments using rutabtssues, [1",1",1"*H3]1-
methoxyindolyl-3-acetaldoximel{6g was incorporated into neoglucobrassici®9h,
Figure 3.6).
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Figure 3.6 Metabolism of 1-methylindolyl-3-acetaldoximel70) and pHs]1-
methoxyindolyl-3-acetaldoximel {6 in rutabaga root slices.

Indolyl-3-acetothioihydroxamic acidl{4) is one of the plausible biosynthetic
precursors between indolyl-3-acetaldoxim&ld) and brassinin 16). [4',5',6,7'-
H,]Indolyl-3-[**S]acetothiohydroxamic acidL{4g was synthesized for the first time
and was incubated with rutabaga root slices. TheGHARMS-ESI data indicated that
the phytoalexins cyclobrassini28c 5%) and spirobrassinirB4c 8%), as well as the
glucosinolate glucobrassiciitqc 2 £ 1 %), incorporated74aintact since only [M +
6] peak was detectedFifjure 3.7). The other phytoalexins rutalexiB3a 11 + 2 %)
and brassicanate Al8a 3%) incorporated only four deuterium from theahdl group
since only the [M + 4] peak was detectediure 3.7). Since rutalexin 33) is
biosynthesized from cyclobrassinigg], lack of intact incorporation df74asuggested
that rutalexin does not derive directly from cyaiadsinin, but through an unidentified
intermediate, hence the resulting exchange of s@du The HPLC-HRMS-ESI analyses
of rapalexin A showed incorporation of [M +2](53d, 57 + 10 %), [M + 3] (53b, 14
+ 9 %), and [M + 5" (53¢ 4 + 3 %) ions. The peaks [M +*2] [M + 3]"", and [M +
5]"" indicated incorporation of sulfur-34, three deiuter, and sulfur-34 and three
deuterium, respectivelyr{gure 3.7). The sulfur-34 incorporated in&8c and53d could
possibly be resulting from enzyme-catalyzed exchamigrapalexin A %3) S with 'S
extruded from decomposed [4',5',6%H4]indolyl-3-[**S]acetothiohydroxamic acid.
Since rapalexin A consists of 4-methoxyindole thst directly attached to an
isothiocyanate, the incorporation of [4',5',6°A4]indolyl-3-[**S]acetothiohydroxamic
acid (749 into 53b and 53c (Figure 3.7 suggested a degradation of the
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acetothiohydroxamic side chain df74a to possibly yield [4',5',6',7HJ]indole.
Oxidation and methylation at C-4 gives 4-methoxyiled the plausible biosynthetic
precursor of rapalexin A5Bb and53¢ Figure 3.7). In the case of glucosinolates, the
intact incorporation of [4',5',6',7H,]indolyl-3-[**S]acetothiohydroxamic acid1744
into glucobrassicin M0c 2 + 1%), and its lack of incorporation into 4-
methoxyglucobrassicinle6 and neoglucobrassiciil99 suggested that74 is not a
biosynthetic precursor df56 and199 Overall, these results suggested that the N-1 and
C-4 methoxy groups are introduced before formatibmdolyl-3-acetothiohydroxamic
acid. Previous biosynthetic studies showed 1-mstinoolyl-3-acetaldoximel(16) to be
the first 1-methoxy-containing intermediate betwéedolyl-3-acetaldoxime1(12) and
1-methoxybrassinin18). In the present biosynthetic studies, indolylegtaldoxime
(112 was incorporated into arvelexi®l) whereas 1-methoxyindolyl-3-acetaldoxime
(116 was incorporated into neoglucobrassicih99). These results showed that
oxidation and methylation (N-1 and C-4) occurredha indolyl-3-acetaldoxime stage,
and that 1-methoxyindolyl-3-acetaldoxime and 4-ragyindolyl-3-acetaldoxime are the
first methoxy-containing intermediates in the binyesis of 1- or 4-methoxy-containing

phytoalexins and glucosinolate.
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Figure 3.7  Incorporation of {H,lindolyl-3-[**S]acetothiohydroxamic acid1743
into rutabaga phytoalexins and into glucobrasgi¢0c).

The metabolism of 1-methylindolyl-3-acetothiohydaoxic acid {78 into 1-
methylglucobrassicin2Q1, Figure 3.8) in rutabaga root slices indicated that 1-methoxy
containing metabolites such as neoglucobrassit®®) (must then be deriving from 1-
methoxyindolyl-3-acetothiohydroxamic acid. The nbedesm of 1-methylindolyl-3-
acetaldoximeX70 (Figure 3.6) and 1-methylindolyl-3-acetothiohydroxamic ackv®
(Figure 3.12 into 1-methylglucobrassicir2Q1) and not into phytoalexins produced by
turnip and rutabaga tissues suggested that thegfistime enzymes in the biosynthetic
pathway of indolyl glucosinolates are not substsgecific compared to those in the

biosynthetic pathway of phytoalexins. As descriliedhe Introduction section, many
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post-aldoxime enzymes in the biosynthetic pathwhyglacosinolates recognize the
functional groups but not the side chain (aliphatiomatic, indolyl) (Grubb and Abel,
2006; Halkier and Gershenzon, 2006), hence thdtsesibtained withl70 (Figure 3.6
and178(Figure 3.9).

S/B_D_G|C
NHOH .
N N
CHs CH,
178 201

Figure 3.8  Metabolism of 1-methylindolyl-3-acetothiohydroxamacid @78 in
rutabaga and turnip root slices.

On standing in the carrier solution, indolyl-3-atbtohydroxamic acid 1(74)
decomposes to indolyl-3-acetonitrild9j with extrusion of sulfur. Since phytoalexins
such as rutalexin3@) and brassicanate A% did not incorporaté*S from 1744 the
biogenetic relationship between indolyl-3-acetoleitwvith rutabaga phytoalexins was
investigated. Incubation of rutabaga root slicegh\d',5',6',7H]indolyl-3-acetonitrile
(493) yielded as metabolic products, [4,5,6]indolyl-3-acetic acid 20239, [4,5,6,7-
?H,Jindole-3-carboxylic acid 2033, and [4',5',6',7°Hsmethyl indole-3-carboxylate
(1219 (Figure 3.9. Since the phytoalexins or indole glucosinolated not show
deuterium incorporation from [4',5',6' 2Fs]indolyl-3-acetonitrile, the previous detected
deuterium  incorporations  were therefore  from  [#8.5'?H,]indolyl-3-

[**S]acetothiohydroxamic acid 744 or a derivative.
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Figure 3.9  Metabolism of fH,]indolyl-3-acetonitrile 494) in rutabaga root slices.

The metabolism of 1tért-butoxycarbonyl)indolyl-3-methylisothiocyanatd.80)
(by rutabaga root slices) to feft-butoxycarbonyl)brassinin 181) and 1-{ert-
butoxycarbonyl)spirobrassinii96), and additional experiments showing metabolism of
1-(tert-butoxycarbonyl)brassinin181) to 1-¢ert-butoxycarbonyl)spirobrassinin196)
were consistent with the proposed biosynthetic \payhof indole phytoalexins (Pedras
et al.,, 2003b) Kigure 3.10. Similar to 180, 1-acetylindolyl-3-methylisothiocyanate
(183 was metabolized to 1-acetylbrassinitB4), and not into l-acetylspirobrassinin
(1995 (Figure 3.10. Incubation of either rutabaga or turnip rootce$ with 1-
acetylbrassinin 184 for 96 hours did not yield detectable amount of 1
acetylspirobrassinin 105 or any 1-acetyl-contanining phytoalexin. Perhaps
acetylspirobrassinin 105 is readily hydrolyzed in the plant tissue unlilke(tert-
butoxycarbonyl)spirobrassinini96).
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Figure 3.10 Metabolism of 14ert-butoxycarbonyl)indolyl-3-methylisothiocyanate
(181 and 1-acetylindolyl-3-methylisothiocyanat&é8@) in rutabaga and turnip root
tissues.

The biosynthetic pathways of 1-methoxyspirobrassi@5) and erucalexin38)
were studied using deuterium labeled 1-methoxybresg18) and sinalbin B 1)
(Figure 3.11). The HPLC-HRMS-ESI data indicated incorporatioh [8,3,3-Hz]1-
methoxybrassinin18a) into 1-methoxyspirobrassinirB%d, 53+ 2 %) and erucalexin
(38d, 7+ 3 %) in detached dog mustard leaves (Pedras, @08l7b; Pedras and Okinyo,
2006b). Incorporation of [3,3,343]1-methoxybrassinin1@a) into erucalexin suggested
a possible C-3 to C-2 side chain migration in lhogybrassinin to yield 1-
methoxyisobrassinin that undergoes spirocyclizationgive erucalexin. Additional
experiments employing [3,3,3,4',5',6%MA;]1-methoxybrassinin 18¢) indicated intact
incorporation into 1-methoxyspirobrassinBbg 64+ 11 %) and erucalexirB8e 4 + 2
%) since only [M + 7]" peaks were detected from HPLC-HRMS-ESI analysbss&
observations supported the proposed side chainatiogr in the biosynthesis of
erucalexin, and also showed that the rearrangemémiramolecular. The occurrence of
intramolecular rearrangement was further demorestrdiy incorporation of [3,3,3-
’Hg]sinalbin B @1b) into both 1-methoxyspirobrassiniB5d, 10+ 1 %) and erucalexin
(38d, 2 + 0.2 %). Additional biosynthetic experiments withi,5',6',7°H,]sinalbin B
(319) indicated incorporation of four deuterium intotithd-methoxyspirobrassinir3%a
19+ 7 %) and erucalexin3Ba, 5+ 0.1 %) (Pedras et al., 2007b; Pedras and Okinyo,
2006b). Sinalbin B derives from 1-methoxybrassian is therefore a closer precursor
to erucalexin and 1-methoxyspirobrassinin in theosynthetic pathway. The
incorporation levels of sinalbin B into erucalexwere however closer to those obtained

from 1-methoxybrassinin, but much lower in 1-metygpirobrassinin. An efficient
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incorporation of sinalbin B was expected sincesitan advanced precursor in the
biosynthetic pathway. The low levels of incorparati of sinalbin B into 1-
methoxyspirobrassinin (compared to 1-methoxybrassirpossibly indicates that
sinalbin B is not a direct precursor, but serves aklitional pathway to 1-
methoxyspirobrassinin, or perhaps sinalbin B is eifficiently taken up by the plant
tissues. In chemical stability studies, sinalbin(®) was shown to decompose to
undetermined products (Pedras and Zaharia, 200Ghel present biosynthetic studies,
the instability of 31 in the precursor solution may have contributedthe low

incorporation levels observed in erucalexdB8)(and 1-methoxyspirobrassini@s).
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Figure 3.11 Incorporation of {Hs]1-methoxybrassinin 18a) and fHs]sinalbin B
(31b) into 1-methoxyspirobrassini3%d) and erucalexin38d).

Erucalexin yields undetermined products upon stapd@it room temperature (in
CH3CN) due to its instability. In general, the incorgiion levels of most of the
precursors administered were higher in 1-methoxgbpassinin than in erucalexin. The
observed difference could in part be attributediti@rent rates of transportation of these
precursors to different compartments where thedabnétes are biosynthesized. On the
other hand, biosynthesis of erucalexin involves alegular rearrangement with

concomitant spirocyclization, whereas that of 1m&{spirobrassinin goes through a

136



one step oxidative spirocyclization. Possibly thikliaonal step(s) in the biosynthetic
pathway(s) of erucalexin may be contributing to Ipadlution with the natural
abundance. More so, production of erucalexin isutib4-5 times that of 1-
methoxyspirobrassinin, this further suggests pdatidn in the biosynthetic pathway of
erucalexin with a resultant low level of incorpaoat
[3,3,3,4',5',6',7°H]1-Methoxybrassinin 8¢ was efficiently incorporated into
[3,3,3,4',5',6',7°H;]1-methoxybrassitin 0a, 99.6%) suggesting tha8 could be the
immediate precursor{gure 3.12. Caulilexin B @8) was detected in extracts of dog
mustard leaves incubated with 1-methoxybrassinime EI data indicated deuterium
composition of [4'5',6',7H,]caulilexin B @8a) to be > 99.9% suggesting that the
indolyl ring was solely derived from [3,3,3,4',576°H;]1-methoxybrassinin 18,
Figure 3.12. It, however, remains to be established whethalilexin B @8) is directly
derived from 1-methoxybrassinii®), or through 1-methoxybrassitir2@. Although
caulilexin B was not detected in extracts not feahdthoxybrassinin, it appears that the

enzyme(s) involved in its biosynthesis are expmrase¢he presence of this precursor.

H
, NH
H SC2H
N\ O}* 3
2 N
/ AT ocH,
’H NH H
2
H 2 -
S S}Vsc Hs Z.OC
2 N :
H
2 OCHj
2
HY
18c¢ 2 NH
H
N g
2 N
H
OCH
24 3

Figure 3.12 Incorporation of {H;]1-methoxybrassinin 180 into  [*H]1-
methoxybrassitin 208) and fHj]caulilexin B @8a). Dashed arrow shows proposed
biosynthetic pathway.
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3.4 Conclusion

The incorporation ofL-[2',4',5',6',7%Hs]tryptophan {8b) into the phytoalexins
cyclobrassinin Z8a), rutalexin @3a), spirobrassinin 34b), brassicanate A4@a), and
rapalexin A B3a), as well as glucosinolates, glucobrassiciryObj, 4-
methoxyglucobrassicin166gd and neoglucobrassicinl§9g9 show that the indolyl
moiety of these metabolites derives frarryptophan 78) (Pedras et al., 2007b).

The incorporation of [4'5',6',7HJ)indolyl-3-acetaldoxime 1128 and
perdeuterated 1-methoxyindolyl-3-acetaldoximes ihtmethoxyspirobrassin3$) and
erucalexin 88) was consistent with previous studies (Pedrasl.et2804). These
observations suggested oxidation and methylationdilyl-3-acetaldoxime to gives 1-
methoxyindolyl-3-acetaldoximes in the biosynthesisl-methoxybrassinin (Pedras et
al., 2004), the advanced precursor of 1-methoxyainimg phytoalexins such as 1-
methoxyspirobrassin 36) and erucalexin 38) (Pedras and Okinyo, 2006b). 1-
Methoxyindolyl-3-acetaldoxime 1(16) is a biosynthetic precursor of 1-methoxy-
containing phytoalexins (Pedras et al., 2007b) adl vas indolyl glucosinolate
neoglucobrassicin1@9. The metabolism of 1-methylindolyl-3-acetaldoxifi&0 and
1-methylindolyl-3-acetothiohydroxamic acid 48 into 1-methylglucobrassicin2Q1)
and not into indolyl phytoalexins suggested thatéhzymes in the biosynthetic pathway
of indolyl glucosinolates are specific to the fuantl groups, but not the indolyl side
chain, unlike enzymes in the biosynthetic pathwéyploytoalexins. Incorporation of
[4'5',6',7"*H,]indolyl-3-acetaldoxime {1239 into arvelexin $1) indicated oxidation and
methylation of C-4 of indolyl-3-acetaldoxime, andat 4-methoxy-containing
phytoalexins and 4-methoxyglucobrassicin could bevdd from 4-methoxyindolyl-3-
acetaldoxime. Indolyl-3-acetaldoximell?) is a biogenetic precursor of indolyl-3-
acetonitrile 49), but49is not a precursor of phytoalexins produced bgbaga.

The intact incorporation of [4',5',6',#44]indolyl-3-[**S]acetothiohydroxamic acid
(1749 into phytoalexins cyclobrassini@gc and spirobrassinirBéc), and glucosinolate
glucobrassicin {09 suggested thdt74acould be the last common intermediate between
brassinin and glucobrassicin (Pedras and Okiny68R0 ack of incorporation of74a
into 4-methoxyglucobrassicii%6) and neoglucobrassicid49) indicated that oxidation

and methylation occurs before the formation of igld8-acetothiohydroxamic acid.
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The metabolism of 1tért-butoxycarbonyl)indolyl-3-methylisothiocyanatd.80)
by rutabaga root slices into fe(t-butoxycarbonyl)brassinin 181) and 1-f{ert-
butoxycarbonyl)spirobrassinin196) was consistent with the previously proposed
biosynthetic pathway (Pedras et al., 2003b). Theabméism of 1-acetylindolyl-3-
methylisothiocyanatel@3) into 1-acetylbrassininl@4) in both rutabaga and turnip root
slices supported the previous results from metatbotf180.

The incorporation of cyclobrassini2ga) into spirobrassinin34b) was shown in
rutabaga and turnip root slices. Although the lswdl incorporation were much lower
than those of brassininl®) (Monde et al.,, 1994; Pedras et al., 2004), tlEthway
appears to contribute to the biosynthesis of spagdinin contrary to earlier reports
(Monde et al., 1994). In addition, similar to thedenetic relationship of NH-containing
phytoalexins (cyclobrassinin and spirobrassinimalbin B 31) incorporation into 1-
methoxyspirobrassinin3p) was much lower than that of 1-methoxybrassinl®) (
(Pedras and Okinyo, 2006b). Intact incorporation {8,3,3,4'5'6'7°H/]1-
methoxybrassinin 180 into erucalexin 388 suggested an intramolecular
rearrangement. Caulilexin Bl§) appeared to be derived from 1-methoxybrassib), (
although its biosynthesis from 1-methoxybrassi#) (s a likely pathway.

A map of the biosynthetic pathways studied in thisis is shown ifigure 3.13
L-tryptophan 78) is transformed to indolyl-3-acetaldoximg&l@). Dehydration ofl12
gives indolyl-3-acetonitrile49), whereas oxidation and methylation at C-4 folldvisy
dehydration gives arvelexin 5]). Oxidation of indolyl-3-acetaldoxime 112,
conjugation with cysteine, followed Wy-Slyase catalyzed hydrolysis of tii&S bond
yields indolyl-3-acetothiohydroxamic acid44) (Halkier and Gershenzon, 2006; Pedras
and Okinyo, 2008), possibly the last common intetiste between brassiniig) and
glucobrassicin {0) (Pedras and Okinyo, 2008). Lossen-type rearraegemf 174
would give indolyl-3-methylisothiocyanatelZ3 that is thiomethylated to vyield
brassinin {6) (Pedras and Okinyo, 2008), the precursor of nmahgr NH-containing
indolyl phytoalexins (Pedras et al., 2007b). In pnesent biosynthetic studies, indolyl-3-
acetothiohydroxamic acidL{4) was incorporated into the phytoalexins cyclobrass

(28), spirobrassinin34), rutalexin B3) and brassicanate A13) (Pedras and Okinyo,
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2008), all previously shown to derive from brassi(ii6) (Pedras et al., 2004), as well as
the new phytoalexin rapalexin AJ).

The 1-methoxy-containing phytoalexi§, 31, 35, 38, and48 are derived from 1-
methoxybrassinin1@), their biosynthesis from 1-methoxyindolyl-3-addtxime (16)
possibly follows a similar pathway as that of NHitaining phytoalexins. 1-
Methoxyspirobrassinin3g) and erucalexin38) were also shown to be biosynthesized
from sinalbin B 81) (Pedras and Okinyo, 2006b).
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CHAPTER 4
4. Experimental

4.1 General

All chemicals were purchased from Sigma-Aldrich @dan Ltd., Oakville, ON,
except for isotope-labeled compounds that were hased from Cambridge Isotope
Laboratories Inc., Andover, MA, and C/D/N Isotodes., Pointe-Claire, Quebec. All
solvents were HPLC grade and were used as suchepexchloroform and
dichloromethane that were redistilled. The solverstsd in the syntheses were dried and
freshly distilled before use. The following dryinggents were used: DMF over
molecular sieves, D and THF over Na/benzophenone, andClklover CaH.

Analytical TLC was performed on precoated silicd g&C plates (Merck,
Kieselgel 60 Bss4, 5% 2 cmx 0.2 mm layer thickness) aluminum sheets. The camg®
were eluted with suitable solvent systems, thenalized under UV light (254/366 nm),
and by dipping the plates in a 5% (w/v) aqueoussphomolybdic acid solution
containing 1% (w/v) cerium(lV) sulfate and 4% (VM)SOy, followed by heating at 200
°C.

PTLC was performed on precoated silica gel, (MeKikselgel 60 Bss4 20 x 20
cm x 0.25 mm thickness). The compounds were eluted suitable solvent systems
(v/v), then visualized under UV light (254/366 nm).

FCC was performed on silica gel, Merck grade 60shsize 230-400, 60 A or on
J. T. Baker reversed phase C-18 silica gel, 4025 A.

HPLC analysis was carried out with an Agilent 1X&0ies or Hewlett Packard
HPLC systems equipped with quaternary pump, autpkanand diode array detector
(wavelength range 190-600 nm), degasser and a bil/petadecylsilane (ODS) column
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(5 um patrticle size silica, 2004.6 mm 1.D.), equipped with an in-line filter. Theobile
phase consisted; Method A: linear gradient of watmtonitrile (75:25 to 25:75 in 35
min, to 0:100 in 5 min) and a flow rate of 1 mL/mMethod B: linear gradient of water-
acetonitrile (100:0 to 50:50 in 25 min, to 100:05min) and a flow rate of 1 mL/min.
Samples were dissolved in acetonitrile for MethqdaAd in methanol-water (50:50) for
Method B.

HPLC-MS-ESI analysis was carried out with an Adiléh00 series HPLC system
equipped with an autosampler, binary pump, degassed a diode array detector
connected directly to a mass detector (Agilent ®@2481SD-Trap-XCT ion trap mass
spectrometer) with an ESI source. Chromatograpdp@amation was carried out at room
temperature using an Eclipse XSB C-18 columprbparticle size silica, 158 4.6 mm
I.D.). The mobile phase consisted of a linear gmadof; Method A: 0.2% formic acid in
water and 0.2% formic acid in acetonitrile (75:8526:75 in 35 min, to 0:100 in 5 min)
and a flow rate of 1 mL/min; Method B: 0.2% fornaicid in water and 0.2% formic acid
in acetonitrile (90:10 to 50:50 in 25 min, to 90ih( min) and a flow rate of 1 mL/min.
Data acquisition was carried out in positive andatiwe polarity modes in a single LC
run. Data processing was carried out by Agilentr@$tation Software. Samples were
dissolved in acetonitrile for Method A, and in meatbl-water (50:50) for Method B.

HPLC-HRMS-ESI was performed on an Agilent HPLC 118€ries directly
connected to QSTAR XL Systems Mass SpectrometerbrilyQuadrupole-TOF
LC/MS/MS) with turbo spray ESI source. Chromatogpaseparation was carried out at
room temperature using a Hypersil ODS C-18 colubpn particle size silica, 208
2.1 mm 1.D.) or a Hypersil ODS C-18 column|{t particle size silica, 108 2.1 mm
I.D.). The mobile phase consisted of a linear gmadof; Method A: 0.1% formic acid in
water and 0.1% formic acid in acetonitrile (75:8526:75 in 35 min, to 0:100 in 5 min)
and a flow rate of 0.25 mL/min; Method B: 0.1% faecnacid in water and 0.1% formic
acid in acetonitrile (97:3 to 50:50 in 25 min, t6:® in 10 min) and a flow rate of 0.25
mL/min. Data acquisition was carried out in eitpesitive or negative polarity mode per
LC run. Data processing was carried out by Anal@8 Software. Samples were
dissolved in acetonitrile for Method A and in metbbwater (50:50) for Method B.
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GC analysis was performed on a Varian CP-3800 G@ppgd with a split (30:1)
capillary autosampler, 30 m x 0.25 mm (I.D.) VF-5ffment) and VF-17ms (back) (0.25
pm film thickness) capillary columns and FID. Treereer gas was helium at a flow rate
of 1 mL/min. The temperature program comprisedrofratial temperature of 80 °C (2
min) to 300 °C at 10 °C/min and a hold at this terafure for 5 min.

GC-MS analysis was performed on a Fisons GC 80f8ssmodel 8060 equipped
with a split (30:1) capillary injector directly coacted to a VG 70 SE Mass
Spectrometer. The MS was operated in the EI mod® &V and a trap current of 100
MA. The source temperature was held at 200 °Clandhultiplier voltage at 250 V. The
mass range was set at 25 — 350. The GC-MS columh was DB-5ms, 30 m x 0.20
mm (1.D.) and 0.25 um film thickness. The carri@asgvas helium at a flow rate of 1
mL/min. The temperature program involved initialntgerature of 40 °C (5 min) to 200
°C at 10 °C/min and a hold at this temperature.fomin.

NMR spectra were recorded on 500 MHZ Bruker Avaspectrometer. FotH
NMR (500 MHz), the chemical shifts)values are reported in parts per million (ppm)
relative to the internal standard TMS. Thealues are referenced to CH@ C*HCl; at
7.27 ppm or referenced to GH,CN in CHsCN at 1.94 ppm. Multiplicities are
indicated by the following symbols: s = singlet-dloublet, dd = doublet of doublets, m
= multiplet and br = broad. FdfC NMR (125.8 MHz) the} values are referenced to
C?HCl; (77.23 ppm) or éHsCN (118.69 ppm).

MS [high resolution (HR), electron ionization (Ef)jere obtained on a VG 70 SE
mass spectrometer employing a solids probe.

Seeds of rocket, sativg were purchased from a commercial seed compang. Do
mustard E. gallicum) seeds were obtained from Plant Gene Resourceguitgre and
Agric-Food Canada Research Station, Saskatoon, Thle. seeds were sown in
commercial potting soil mixture, and plants werevgn in a growth chamber under
controlled environmental conditions (22°C/18°C, hwit6/8 day/night cycle) for 2-5
weeks. Rutabaga and turnip roots were purchaseu ffobeys, Preston Avenue,
Saskatoon, Sk.
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4.2 Analysis of antifungal secondary metabolites &m

rocket

4.2.1 Time-course analysis

Time course analysis was carried out to determiige production of antifungal
metabolites by rocket. Three-week old plants wenmeyed with CuGl (2 x 10° M)
solution to the point of run-off. Leaves were erdisit 24-hour intervals up to 168 hours
(each experiment was carried out in triplicateedhrleaf weights were measured and
the leaves were frozen in liquid nitrogen, weresbad with a glass rod, and then
extracted in EtOAc (30 mL) overnight. The EtOAc rext was filtered off and the
solvent was removed under reduced pressure. Noitedlileaves (control experiment)
were similarly treated. The HPLC-UV profiles of eadts from both elicited and control
leaves were recorded. Antifungal compounds werealized by carrying out TLC

biodetection withiCladosporium cucumerinum

4.2.2 TLC biodetection

A solution of double strength potato dextrose br(@DB) was prepared by
autoclaving a suspension of PDB (4.8 g) inOH(100 mL), and spores of.
cucumerinunwere added to make a concentration of 1 %sp@res/mL. Bioassays were
conducted following previously established methd®edras and Sorensen, 1998).
Samples were spotted on 2 x 20 cm TLC plate stapsninum backing), which were
developed using solvent system, EtOAc-hexane (§0Ate developed plates were air
dried (60 min), were sprayed with the spore sudpanprepared above, and were
incubated under high humidity in the dark for 36 Control plates were similarly
prepared but without spotting leaf extracts. Frbese experiments, the antifungal areas
appeared white (due to inhibition of spore germomtagainst a dark gray background

due to fungal growth. The white spots were not olesgin control plates.
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4.2.3 Isolation of secondary metabolites from rocke

In order to isolate the antifungal compounds, gdascale experiment was carried
out. Elicited rocket leaves from 40 pots (358 grekh leaf weight) were divided into
three Erlenmeyer flasks, then frozen in liquid ogn, crushed with a glass rod, and
extracted with hexane (250 mL per flask) overnidiite hexane extract was filtered off
and the remaining residue was sequentially extilasith EtOAc and CHOH (250 mL
per flask), respectively. From TLC biodetection esments, all the three extracts had
similar inhibition spots and were thus combinedgduarification purposes. The combined
crude extracts were purified by FCC (hexane-EtO8@.,20 — 0:100, then Ci&l,-
CH3OH, 95:5 v/v). The resulting fractions were anatyaey HPLC-DAD and TLC
biodetection. A fraction showing a peak tat= 34.7 min on HPLC chromatogram
exhibited inhibition of spore germination on TLGaf@ and was further purified by FCC
(hexane-EtOAc, 100:0 - 80:20; then &Hb-CH3OH, 100:0 to 99:1, v/v) to yield bis(4-
isothiocyanatobutyl)disulfide (56.9 m§67).

The next fraction that exhibited antifungal actvéhowed a peak atta = 22.5
min on HPLC-DAD analysis. This fraction was furtheurified by a combination of
FCC (hexane-EtOAc, 100:0 to 90:10, v/v) and PTL@x@ne-EtOAc, 80:20, viv
multiple development) to yield 4-methylthiobutybthiocyanate (4.9 md,66).

4.2.4 Chemical characterization of metabolites fronnocket

4.2.4.1 4-Methylthiobutyl isothiocyanate (166)

S

166

Colorless oll.

HPLC-DAD Method Atg = 22.5 min.

'H NMR (C?HCl3) 5 3.58 (dd,J = 6, 6 Hz, 2H), 2.56 (dd} = 7, 7 Hz, 2H), 1.87 (s, 3H),
1.85 (m, 2H), 1.76 (m, 2H).

3¢ NMR (CHCl3) 5 131.0, 45.1, 33.7, 29.2, 26.2, 15.8.
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HR-EIMS m/zmeasured: 161.0331 (161.0333 calcd. fgfiGNS,).
EIMS m/z(% relative abundance); 161 [M]100), 146 (52).

4.2.4.2 Bis(4-isothiocyanatobutyl)disulfide (167)

SCN\/\/\S_S/\/\/ NCS
167

Yellowish oil.

HPLC-DAD Method A tg = 34.7 min.

'H NMR (C?HCls) 8 3.59 (dd,J = 6, 6 Hz, 2H), 2.74 (dd} = 6.5, 6.5 Hz, 2H), 1.85 (m,
4H).

13C NMR (CHCl5) 5 130.9, 45.1, 38.3, 29.0, 26.4.

HR-EIMS m/zmeasured: 292.0196 (292.0196 calcd. foHgsN.S,).

EIMS m/z(% relative abundance); 292 [M[10), 114 (100), 87 (14), 71 (69), 55 (52).

4.3 Syntheses of compounds

4.3.1 [4'5',6',7'*H]Indolyl-3-acetaldoxime (112a)

2H

2
H N+~OH
A\

2 N
H , H
H

112a

A solution of DIBAH (850uL, 1.28 mmol) in toluene was added drop wise to a
solution of [4',5',6',7°H]indolyl-3-acetonitrile 493 100 mg, 0.63 mmol) in dry toluene
(8 mL) cooled to -78 °C under an atmosphere of rargkhe reaction mixture was
allowed to stir at -78 °C for 10 min, was dilutedttwice-cold HCI (10 mL, 2 M) and
immediately extracted in EtOAc (20 mt 3) (Miyashita et al., 1997). The combined
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organic extract was washed with® (10 mL x 2), was dried over N&Q,, and was
concentrated under reduced pressure to vyield cridles',6',7'2HJindolyl-3-
acetaldehyde, which was used for the next stepowitlpurification. A solution of
HONH,-HCI (111 mg, 1.60 mmol) and GBOONa (131 mg, 1.60 mmol) in.B (1
mL) was added to a cooled solution (1 °C) of crudes',6',7'Hlindolyl-3-
acetaldehyde in EtOH (8.5 mL). The reaction mixtwees allowed to stir at 1 °C for 10
min, and then at r.t. for 15 min. The reaction migtwas concentrated, the residue was
taken in HO (15 mL), was extracted with EtOAc (15 md.4), the combined organic
extract was dried over N&O, and was concentrated under reduced pressure.afepar
by FCC (CHCIl»-CH;OH, 97:3, v/v) yielded [4',5',6',7HJ]indolyl-3-acetaldoxime
(1123 36.8 mg, 33% yield frond9a). Integration of'H NMR signals indicated the
presence ofynandanti isomers (1.1:0.9) (Pedras and Okinyo, 2006a).

HPLC-DAD Method A, two peaks & = 11.8 and 12.9 min.

Major isomer*H NMR (500 MHz GHsCN) 8 9.17 (br s, NH), 8.37 (s, OH), 7.49 (dH,
=6, 6 Hz, 1H), 7.12 (d] = 2 Hz, 1H), 3.60 (d] = 6 Hz, 2H).

Minor isomer:*H NMR (500 MHz GH3CN) 8 9.17 (br s, NH), 8.85 (s, OH), 7.15 (ts
1 Hz, 1H), 6.83 (dd) = 5, 5 Hz, 1H), 3.78 (dl = 5 Hz, 2H).

HR-EIMS m/zmeasured 178.1044 (178.1044 calcd faHe?HaN-0).

EIMS m/z(relative abundance) 178 [M{76), 134 (100).

4.3.2 Indolyl-3-acetaldoxime (112)

\
N~OH
©j\€_\
N
H

112

A solution of DIBAH (850uL, 1.28 mmol) in toluene was added drop wise to a
solution of indolyl-3-acetonitrile4®, 100 mg, 0.64 mmol) in dry toluene (8 mL) cooled

to -78 °C under an atmosphere of argon. The raactixture was allowed to stir at -78
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°C for 10 min, was diluted with ice-cold HCI (10 m2 M) and immediately extracted in
EtOAc (20 mLx 3) (Miyashita et al., 1997). The combined orgaxtract was washed
with H,O (10 mL x 2), was dried over N&QO,, and was concentrated under reduced
pressure to yield crude indolyl-3-acetaldehyde. Thele indolyl-3-acetaldehyde was
treated as reported above for [4'5',84¥lindolyl-3-acetaldehyde to yield indolyl-3-
acetaldoximeX12 35.7 mg, 32% vyield from9, Pedras and Okinyo, 2006a).

HPLC-DAD Method A, two peaks & = 11.8 and 12.9 min.

Major isomer:*H NMR (500 MHz GHsCN) 8 9.16 (br s, NH), 8.85 (s, OH), 7.57 (ts
8 Hz, 1H), 7.43 (dJ = 8 Hz, 1H), 7.17 (dd] = 8 Hz, 1H), 7.15 (s, 1H), 7.08 (dd=
7.5, 7.5 Hz, 1H), 6.84 (dd,= 5.5 Hz, 1H), 3.78 (d] = 5.5 Hz, 2H).

Minor isomer:*H NMR (500 MHz GHsCN) 8 9.16 (br s, NH), 8.37 (s, OH), 7.57 (b5
8 Hz, 1H), 7.50 (dd) = 6 Hz, 1H), 7.43 (dJ = 8 Hz, 1H), 7.17 (ddJ = 8, 8 Hz, 1H),
7.12 (s, 1H), 7.08 (dd, = 7.5, 7.5 Hz, 1H), 3.61 (d,= 6 Hz, 2H).

HR-EIMS m/zmeasured 174.0793 (174.0793 calcd fegHzoNO).

EIMS m/z(relative abundance) 174 [M{57), 157 (20), 130 (100), 117 (14), 103 (12).

4.3.3 [4'5',6',7'*H]1-Methoxyindolyl-3-acetaldoxime (116b)

’H

2
H N+~OH
A\

2H N
A OCH;

116b

Ten percent Pd/C (80 mg) was added to a solutiofd'ch',6',7'2H]indolyl-3-
acetonitrile 49a 80 mg, 0.50 mmol) in A© (4 mL), and the mixture was stirred at r.t.
under H atmosphere (balloon pressure). After 14 h thelysitavas filtered off, the
filtrate was concentrated under reduced pressheerdsidue was dissolved in &,
(15 mL), was washed with a 10% solution of NaHG®mL), HO (8 mLx 2), and was
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dried over N@SO, After removal of the solvent under reduced presswcrude
[4'5',6',7"2H4] Ny-acetyltryptamine was obtained (87.9 mg, 85%) ifficant purity to
use directly in the next step. To a solution of[4',7'?H]N,-acetyltryptamine (100
mg, 0.495 mmol) in glacial acetic acid (2 mL) &t NaBHCN (47 mg, 0.74 mmol) was
added in portions. The reaction mixture was allowedtir for 3 h at room temperature,
was diluted with HO (5 mL), was basified with NaOH, and was extrastéth ELO (15
mL x 3). The combined organic extract was dried oveiS®@g and concentrated under
reduced pressure to yield crude [4',5',6H,}N,-acetyl-2,3-dihydrotryptaminel(4a
117 mg, 99%), which was used in the next step withpurification. A solution of
NaWO,4-2H0 (17.2 mg, 0.0943 mmol) in B (199 uL) was added to a solution of
[4'5',6',7'2H4] Ny-acetyl-2,3-dihydrotryptamine (112.8 mg, 0.542 mninlCH;OH (2.2
mL) cooled to -20 °C under stirring, followed byodrwise addition of a solution of
H,0, (520 uL, 5.42 mmol) in CHOH (540uL). After being stirred at r.t. for 10 min,
K2CO; (601 mg, 4.44 mmol) and (GB),SO, (78 uL, 0.87 mmol) were added under
vigorous stirring at r.t. (Somei and Kawasaki, 19&dter 60 min, the reaction mixture
was diluted with HO (12 mL), was extracted with £ (20 mL x 3), the combined
organic extract was dried over 8, and was concentrated under reduced pressure to
yield crude [4',5',6', 7H4]Ny-acetyl-1-methoxytryptaminel{5h, 79.4 mg, 62%). A
solution of the crude [4',5',6',44] Ny-acetyl-1-methoxytryptamine (79.4 mg) in 15%
methanolic solution of NaOH (20 mL) was allowedréflux for 24 h. After removing
the solvent under reduced pressure, the residuetakas in HO, was extracted with
CH,CI,-CH3OH (95:5, v/v), was dried over hN&aO, and was concentrated under reduced
pressure to yield crude [4',5',6'?Fa]1-methoxytryptamine (41 mg, 63%). An aqueous
solution of NaWO,4-2H,0 (1.4 mg, 0.0042 mmol) in 4 (60 uL) was added to the
solution of [4'5',6',7°H4]1-methoxytryptamine (41 mg, 0.21 mmol) in gbH (400
uL), the mixture was cooled to -15 °C and(d (48 uL, 0.5 mmol) was added under
stirring (Burckard et al., 1965). After being stdr for 60 min at r.t., the mixture was
diluted with HO (5 mL), was basified with 20% NaOH, was extractgith CH,Cl, (20
mL x 3), the combined organic extract was dried ovesS®a and the solvent was
removed under reduced pressure to afford a crugléue (24.3 mg). The crude residue
was separated by preparative TLC ¢CH-CH3OH, 95:5, v/v) to vield [4',5',6', 7H,]1-
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methoxyindolyl-3-acetaldoximel {6b, 4.8 mg, 5% yield over 5 steps). Integratiorttdf
NMR signals indicated the presence s3fin and anti isomers (1.1:0.9) (Pedras and
Okinyo, 2006a).

HPLC-DAD Method A, two peaks & = 14.5 and 15.4 min.

Major isomer:*H NMR (500 MHz GHCls) & 7.60 (dd,J = 6, 6 Hz, 1H), 7.15 (s, 1H),
4.08 (s, 3H), 3.64 (d = 6 Hz, 2H).

Minor isomer:*H NMR (500 MHz GHCls) & 7.17 (s, 1H), 6.93 (dd] = 5, 5 Hz, 1H),

4.09 (s, 3H), 3.83 (d1 = 5 Hz, 2H).

HR-EIMS m/zmeasured 208.1142 (208.1149 calcd foiHg"HaN-05).

EIMS m/z(relative abundance) 208 [M{100), 190 (25), 164 (45), 159 (54), 132 (70).

4.3.4 [1"1"1"4'5'6'7'-2H,]1-Methoxyindolyl-3-acetaldoxime (116c)

2
H
2y \
N~OH
A\

2H N )

2H OC“Hjy

116¢

A solution of NaWQO,-2H,0 (32.3 mg, 0.098 mmol) inJ@ (206uL) was added to
a solution of [4'5',6',7H4Np-acetyl-2,3-dihydrotryptamine1(4a 117 mg, 0.563
mmol) in CHOH (2.3 mL) under stirring. The mixture was cooled-20 °C and a
solution of HO, (541 uL, 5.63 mmol) in CHOH (562uL) was added drop wise. After
being stirred for 10 min at r.t.,,KO; (623 mg, 4.50 mmol) and {8:0),SO, (85 uL,
0.90 mmol) were added to the reaction mixture undgorous stirring (Somei and
Kawasaki, 1989). After being stirred for 60 minrat, the reaction mixture was diluted
with H,O (12 mL), was extracted with £ (20 mLx 3), the combined organic extract
was dried over N&O, and was concentrated under reduced pressure lth giede
[1",1",1",4' 5',6',7°H;]Ny-acetyl-1-methoxytryptaminel { 56 84.8 mg, 63%). The crude
[1",1",1".4"5',6',7°H/]Np-acetyl-1-methoxytryptamine (84.8 mg) was treatedeported

151



above for [4'5',6',PH4Ny-acetyl-1-methoxytryptamine 1{6b) to vyield
[1",1"1",4' 5'6',7°H;]1-methoxyindolyl-3-acetaldoximel16¢ 4.2 mg, 4% vyield over 5
steps). Integration ofH NMR signals indicated the presencesyh andanti isomers
(1.1:0.9) (Pedras and Okinyo, 2006a).

HPLC-DAD Method A, two peaks & = 14.5 and 15.4 min.

Major isomer:*H NMR (500 MHz GHCl3) 8 7.60 (dd,J = 6, 6 Hz, 1H), 7.15 (s, 1H),
3.64 (d,J = 6 Hz, 2H).

Minor isomer:*H NMR (500 MHz GHCl): & 7.17 (s, 1H), 6.93 (dd, = 5, 5 Hz, 1H),

3.83 (d,J = 5 Hz, 2H).

HR-EIMS m/zmeasured 211.1335 (211.1338 calcd foiHg"H7N,05).

EIMS m/z(relative abundance) 211 [M{100), 193 (29), 167 (48), 159 (51), 132 (61).

4.3.5 [1",1",1"- *H3]1-Methoxyindolyl-3-acetaldoxime (116a)

\
N~OH
@E\C
N

OC?H,4
116a

Py (0.5 mL) was added to a solution of tryptamiheg) in AgO (1.5 mL) under
stirring. After 60 min the reaction mixture was stitved in CHCI, (10 mL), was
washed with a 10% solution of NaHg(B mL), HO (8 mL x 2), and was dried over
NaSO;. The solvent was removed under reduced pressurgidiol crude Np-
acetyltryptamine (quant.) which was used in thetrsgp without purification. To a
solution ofNy-acetyltryptamine (500 mg, 2.48 mmol) in glaciaétc acid (8 mL) was
added NaBHCN (232 mg, 3.72 mmol) in portions. After 3 h abmo temperature, the
reaction mixture was diluted with,B (5 mL), was basified with 20% NaOH, and was
extracted with EO (30 mLx 3). The combined organic extract was dried oveiSda
was concentrated under reduced pressure, and sh#img residue was subjected to
FCC (CHCI,-CH3OH, 98:2 and 97:3, v/v) to yieltN,-acetyl-2,3-dihydrotryptamine
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(114 (398 mg, 79%). A solution of N&/O,4-2H0 (56.4 mg, 0.171 mmol) inJd (390
uL) was added to a stirred solution Mg§-acetyl-2,3-dihydrotryptamine (200 mg, 0.980
mmol) in CHOH (3.9 mL) cooled to -20 °C, followed by drop wiaddition of a
solution of HO, (875uL, 9.10 mmol) in CHOH (980uL). After being stirred at r.t. for
10 min, KCO; (18 g, 7.84 mmol) and (E50),SO, (135uL, 1.57 mmol) were added
under vigorous stirring at r.t. (Somei and Kawasdki89). After 60 min the reaction
mixture was diluted with b0 (20 mL), was extracted with £ (30 mL x 3), the
combined organic extract was dried oven8@&, and was concentrated under reduced
pressure. The residue was subjected to FCC,QGHCH3;OH, 98:2 v/v) to vyield
[1",1",1"-°H3]Ny-acetyl-1-methoxytryptamine (140.5 mg, 61%). A ol of [1",1",1"-
’H3] Ny-acetyl-1-methoxytryptamine (140.5 mg) in 15% maethlie solution of NaOH
(28 mL) was allowed to reflux for 24 h. After remog the solvent under reduced
pressure, the residue was dissolved in water (20, mas extracted with Ci€l,-
CH3OH (95:5, v/v, 40 mL x 3), was dried over 488, and was concentrated under
reduced pressure to yield crude [1",1"?H3]1-methoxytryptamine 1153 101.6 mg,
88%). An aqueous solution of N&O,4-2H0 (2.24 mg, 0.00680 mmol) in,B (95uL)
was added to the solution of [1",1",3]1-methoxytryptamine (66 mg, 0.34 mmol) in
CH3OH (630pL). The mixture was cooled to -15 °C angdd (79 uL, 0.82 mmol) was
added under stirring (Burckard et al., 1965). Afbeing stirred for 60 min at r.t., the
mixture was diluted with bO (8 mL), was basified with 20 % NaOH, was extrdcte
with CH,CI, (20 mLx 3), the combined organic extract was dried ovesS®a and the
solvent was removed under reduced pressure. Thdueesvas subjected to FCC
(CH.Cl,-CH3OH, 100:0, 98:2 and 90:10 v/v), followed by PTLCHLI,-CH3OH, 98:2
vIV) to yield [1",1",1"?H]1-methoxyindolyl-3-acetaldoximel {63 28.1 mg, 40% vield,
Pedras and Montaut, 2004).

HPLC-DAD Method A, two peaks & = 14.5 and 15.4 min.

'H NMR (500 MHz GHCl3) & 7.58-7.61 (m, 2H), 7.43-7.46 (m, 2H), 7.26-7.30 BH),
7.18 (s, 1H), 7.13-7.17 (m, 2H), 6.95 (dds 5, 5 Hz, 1H), 3.84 (d] = 5 Hz, 2H), 3.65
(d,J =6 Hz, 2H).

HR-EIMS m/zmeasured 207.1082 (207.1087 calcd foiHg?H3N-O,).
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EIMS m/z(relative abundance) 207 [M{100), 163 (36), 129 (40), 102 (17).

4.3.6 1-Methoxyindolyl-3-acetaldoxime (116)

116

A solution of NaWQ,-2H0 (56.4 mg, 0.171 mmol) inJ@ (390uL) was added to
a stirred solution ofNp-acetyl-2,3-dihydrotryptaminel(4, 200 mg, 0.980 mmol) in
CH3OH (3.9 mL) cooled to -20 °C. The mixture was teelatvith drop wise addition of a
solution of HO, (875uL, 9.10 mmol) in CHOH (980uL). After being stirred at r.t. for
10 min, KCO; (18 g, 7.84 mmol) and (GB),SO, (145 uL, 1.60 mmol) were added
under vigorous stirring at r.t. (Somei and Kawasaki89). After 60 min the reaction
mixture was diluted with FO (20 ml), was extracted with 2 (30 mL x 3), the
combined organic extract was dried oven8@&, and was concentrated under reduced
pressure. The residue was subjected to FCC,QGHCH3;OH, 98:2 v/v) to yieldNy-
acetyl-1-methoxytryptamine (152.6 mg, 67%). Meacetyl-1-methoxytryptamine (100
mg) was treated as reported above for [1",1®HiMN-acetyl-1-methoxytryptamine
(1169 to yield 1-methoxyindolyl-3-acetaldoximé&X6 23.7, mg, 27% yield, Pedras and
Montaut, 2004).

HPLC-DAD Method A, two peaks & = 14.5 and 15.4 min.

'H NMR (500 MHz GHCl3) 8 7.59-7.63 (m, 2H), 7.44-7.46 (m, 2H), 7.27-7.31 BH),
7.17 (s, 1H), 7.15-7.16 (m, 2H), 6.95 (dd; 5.5, 5.5 Hz, 1H), 4.09 (s, 3H), 4.08 (s, 3H),
3.85 (d,J =5 Hz, 2H), 3.66 (d] = 6 Hz, 2H).

HR-EIMS m/zmeasured 204.0885 (204.0899 calcd foiHzN,O,).

EIMS m/z (relative abundance) 204 [M]8), 173 (71), 160 (100), 145 (49), 129 (55),
117 (37), 102 (33).
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4.3.7 1-Methylindolyl-3-acetonitrile (169)

CN
(jj§
N

CH3

169

NaH (66.8 mg, 1.67 mmol) and IGH104 pL, 1.67 mmol) were added to cooled
solution (0 °C) of indolyl-3-acetonitrile4, 130 mg, 0.833 mmol) in dry THF (10 mL)
under stirring. After 105 min, the reaction mixtusas diluted with ice-cold D (20
mL) and was extracted with G8El, (30 mL x 3). The combined organic extract was
dried over NaSQ,, was concentrated under reduced pressure ancesitue obtained
was subjected to FCC (GEl,-hexane, 70:30, then 80:20, v/v) to yield 1-mettgdilyl-
3-acetonitrile {69, 135.9 mg, 96% vyield).

HPLC-DAD Method Atz = 17.7 min.

'H NMR (500 MHz GHCls) & 7.60 (d,J = 8 Hz, 1H), 7.36 (dJ = 8 Hz, 1H), 7.31 (ddJ
=7.5,7.5Hz, 1H), 7.20 (dd,= 7.5, 7.5 Hz, 1H), 7.11 (s, 1H), 3.85 (s, 2HRM(s, 3H).
HR-EIMS m/zmeasured 170.0843 (170.0844 calcd foiHzoN).

EIMS m/z(relative abundance) 170 [M{100), 144 (60), 128 (13), 115 (12).

4.3.8 1-Methylindolyl-3-acetaldoxime (170)

170

A solution of DIBAH (790uL, 1.18 mmol) in toluene was added drop wise to a
solution of 1-methylindolyl-3-acetonitrilel69, 100 mg, 0.588 mmol) in dry toluene (6.5

mL) cooled to -78 °C under argon atmosphere. Thetien mixture was allowed to stir

155



at -78 °C for 10 min, was diluted with ice-cold HQIO mL, 2 M) and immediately
extracted with EtOAc (30 mk 2). The combined organic extract was washed wid H
(10 mL x 2), was dried over N8O, (Pedras and Okinyo 2006a), and was concentrated
under reduced pressure to yield 1-methylindolylke8taldehyde which was used for the
next step without purification. A solution of HOMHICI (104.3 mg, 1.50 mmol) and
CH3COONa (123.1 mg, 1.50 mmol) in,@8 (1 mL) was added to a cooled solution (0
°C) of indolyl-3-acetaldehyde in EtOH (8.5 mL) und#irring. The reaction mixture
was treated as reported above for indolyl-3-acesaide (L12). Separation by FCC
(CH.CI,-CH3OH, 98:2, v/v) yielded 1-methylindolyl-3-acetaldme (170, 73.3 mg,
66% yield).

HPLC-DAD Method A, two peaks & = 12 and 11.3 min.

'H NMR (500 MHz GHsCN) 8 8.84 (s, OH), 7.56 (dl = 8 Hz, 1H), 7.37 (dJ = 8 Hz,
1H), 7.22 (ddJ = 7.5, 7.5 Hz, 1H), 7.09 (dd,= 7.5, 7.5 Hz, 1H), 7.06 (s, 1H), 6.84 (dd,
J=5.5,5.5Hz, 1H), 3.77 (d,= 7.5 Hz, 2H), 3.76 (s, 3H).

HR-EIMS m/zmeasured 188.0955 (188.0950 calcd foiHz:N,O).

EIMS m/z(relative abundance) 188 [M{56), 171 (22), 144 (100), 131 (14).

4.3.9 *'s-Hexamethyldisilathiane (171a) and hexamethyldisithiane
(171)

(CH3)3Si**SSi(CH3)3 (CH3)3SiSSi(CHs)3

171a 171

Hexamethyldisilathianel{1) was synthesized in 69% vyield (based on S) by a
modification of reported procedure (So and Boudjol89; 1992). The optimized
synthetic conditions were employed in preparatibii'®-hexamethyldisilathiand. {13).
Finely cut pieces of Na (270.5 mg, 11.8 mmol) wadeled to a dry two-necked 50 mL
round-bottomed flask charged with sulfur-34 (200, 88 mmol) and naphthalene
(70.9 mg, 0.553 mmol) in dry THF (6 mL). The reantmixture was sonicated for about
2 h during which sodium and sulfur dissolves. Talcof the reaction mixture changes
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from yellow to orange to brown to light yellow toegn to light green. The reaction
mixture was then refluxed for 2 h, was cooled gtlath followed by drop wise addition
of chlorotrimethylsilane (2.2 mL, 17.64 mmol) arftetreaction mixture turns purple.
The reaction mixture was stirred in ice-bath forttier 10 min, then at r.t. for 3 h. A
short-path distillation apparatus was used to Idissiff THF and excess
chlorotrimethylsilane at atmospheric pressuf&-Hexamethyldisilathianel{1g was
then distilled off under vacuum (b.p. 68-71 °C 40D 3orr) and was obtained as a
colorless vile smelling liquid in 60% vyield basea 6'S (633.5 mg). The*s-
hexamethyldisilathiane was analyzed by GC and GCEVIS

GCtr =5.15 min.
GC-MS-EIm/z(relative abundance) 180 [K{50), 165 (100).

4.3.10 [4'5',6',7'°H ]Indolyl-3-[ **S]acetothiohydroxamic acid
(174a)

H NHOH
’H
Ny ¥s
2 N
H ) N
H
174a

Freshly distilled POGI(260 L, 2.84 mmol) was added drop wise to a solution of
[4,5,6,72H,]indole (1053 313 mg, 2.58 mmol) in DMF (2 mL) and the reactinixture
was stirred at r.t. After 50 min, a solution of aqus NH (10 mL, 28%) was added and
the reaction mixture was extracted with EtOAc (6Q m 3), the combined organic
extract was washed with ice-cold® (30 mL x 2), was dried over N8O, and was
concentrated under reduced pressure to vield [Z:B6]indole-3-carboxaldehyde
(1063 332.9 mg, 87%, Pedras et al., 1998).,0Hc (96.4 mg, 1.25 mmol) was added
to a suspension of [4,5,6°F]indole-3-carboxaldehyde (332.9 mg, 2.23 mmol) in
CH3NO, (966 pL, 17.84 mmol). The resulting mixture waffweed at 128 - 130 °C for
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2 h (Canoira et al., 1989). The reaction mixture teen diluted with kD (20 mL), was
extracted with ChCl, (35 mL x 3), and the combined organic extract was wash#d wi
H,O (40 mL), then brine (40 mL), was dried over,8@, and was concentrated under
reduced pressure to yield [4',5',6%M4]3-(2-nitrovinyl)indole (L7238 in 99% (422 mg).
To a mixture of [4',5',6', PH4]3-(2-nitrovinyl)indole (422 mg, 2.20 mmol) andisd gel
(4.40 g) in isopropanol (6.4 mL) and CHEB5 mL) NaBH (341 mg, 92 mmol) was
added in portions of ca 85 mg over 15 min (Sinhababd Borchardt, 1983). The
reaction mixture was stirred for further 60 minyidg which the intense yellow color of
the reaction mixture disappeared. The excess Natid then destroyed with 2 M HCI,
the reaction mixture was filtered off and the silgel was rinsed with Gi€l, (20 mL x

3). The combined organic extract was washed wito H40 mL), was dried over
NaSO; and was concentrated under reduced pressure. dddian mixture was
subjected to FCC (Ci€l,) to yield [4',5',6',7%H,]3-(2-nitroethyl)indole {733 178 mg,
42%) as a brown solid. KH (331 mg, 2.47 mmol) idrg 50 mL round-bottomed flask
was rinsed with n-hexanes under atmosphere of amgive a white powder. The flask
was kept in ice-bath and a solution of [4',5',8+¥]3-(2-nitroethyl)indole (60 mg, 0.309
mmol) in dry THF (4 mL) was added drop wise. Afséirring for 30 min with cooling in
ice-bath, the reaction mixture was allowed to waprto r.t. and stirred for an additional
60 min. The reaction flask was wrapped with aluminufoil and 3's-
hexamethyldisilathianel71la 310 pL, 1.43 mmol) was added drop wise (Hwu and
Tsay, 1990). After 60 min, the reaction mixture veasled in an ice-bath, was diluted
with ice-cold BO (5 mL), was neutralized with 5%,80, (2 mL), was extracted with
CH.Cl, (30 mL x 2), the combined organic extract was dried ovesS®p and the
solvent was removed under reduced pressure. Thdueesvas subjected to FCC
(CH.Cl-EtOAc, 100:0, then 60:40, viv) to yield [4'576°HJ]indolyl-3-
[**S]acetothiohydroxamic acid {4a 49.8 mg, 76% vyield) as brownish crystals (Pedras
and Okinyo, 2008).

HPLC-HRMS-ESI Method Atg = 13.1 min.
'H NMR (500 MHz GHCl3) 58.26 (br s, 1H), 7.20 (s, 1H), 4.27 (s, 2H).
HPLC-HRMS-ESIm/zmeasured 213.0797 (213.0795 calcd feHz"H4N,O>*S).
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HPLC-MS-ESIm/z (relative abundance) 213 [M + H{100), 195 (15), 180 (13), 134
(18).

FTIR vmax (KBr)/cm’l; 3410, 3307, 3056, 2904, 1552, 1455, 1419, 1383911227,
1131, 1062, 971, 744.

4.3.11 [4'5',6',7'%H J]Indolyl-3-acetothiohydroxamic acid (174b)

2H NHOH
’H

Iz __

2H
2H

174b

KH (331 mg, 2.47 mmol) in a dry 50 mL round-bottahftask was rinsed with n-
hexanes under an atmosphere of argon to give a \pbivder. The reaction flask was
kept in an ice-bath and a solution of [4',5',6'H;3-(2-nitroethyl)indole (60 mg, 0.309
mmol) in dry THF (4 mL) was added drop wise. Afséirring for 30 min with cooling in
an ice-bath, the reaction mixture was allowed tomvaip to r.t. and stirred for an
additional 60 min. The reaction flask was wrappedhwaluminum foil and
hexamethyldisilathianel{1, 258 uL, 1.24 mmol) was added drop wise (Hwu asalyT
1990). The reaction mixture was then treated asrtegp above for [4',5,6',7'-
?H,Jindolyl-3-[**S]acetothiohydroxamic acidlt{4g to yield [4'5',6',7%H]indolyl-3-
acetothiohydroxamic acidL{4b, 50.5 mg, 78% vyield) as brownish crystals (Pedras
Okinyo, 2008).

HPLC-HRMS-ESI Method Atg = 13.1 min.

'H NMR (500 MHz GHCl3) 8.26 (br s, 1H), 7.20 (s, 1H), 4.26 (s, 2H).
HPLC-HRMS-ESIm/zmeasured 211.0830 (211.0837 calcd feHz"H4N»0S).
HPLC-MS-ESIm/z (relative abundance) 211 [M + H{100), 193 (16), 178 (14), 134
(7).
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4.3.12 Indolyl-3-acetothiohydroxamic acid (174)

NHOH
st
N
H

174

NH;OAc (148.8 mg, 1.93 mmol) was added to a suspensionndolyl-3-
carboxaldehyde 106, 500 mg, 3.44 mmol) in GO, (1.5 mL, 27.5 mmol). The
resulting mixture was refluxed at 128 - 130 °C 2oh. The reaction mixture was then
diluted with HO (40 mL), was extracted with GAI, (60 mL x 3), and the combined
organic extract was washed withb® (60 mL), then brine (60 mL), was dried over
NaSQO, and was concentration under reduced pressureetd $+(2'-nitrovinyl)indole
(172 642 mg, 98%) (Canoira et al., 1989). To a mixtir&-(2'-nitrovinyl)indole (400
mg, 2.13 mmol) and silica gel (4.26 g) in isoprapa(6.3 mL) and CHGI (34 mL)
NaBH, (330 mg, 8.73 mmol) was added in portions of cangBover 15 min (Sinhababu
and Borchardt, 1983). The reaction mixture was threated as reported above for
[4',5',6',7"?H,]-3-(2-nitrovinyl)indole (L723) to yield 3-(2'-nitroethyl)indole1(73 204.7
mg, 51%) as a brown solid. KH (338 mg, 2.53 mmadswinsed with n-hexanes under
atmosphere of argon to give a white powder. Theti@a flask was kept in an ice-bath
and a solution of 3-(2'-nitroethyl)indole (60 mg306 mmol) in dry THF (4 mL) was
added drop wise. After stirring for 30 min with ¢og in an ice-bath, the reaction
mixture was allowed to warm up to r.t. and stirfedan additional 60 min. The reaction
flask was wrapped with aluminum foil and hexamedigslathiane {71, 306 pL, 1.48
mmol) was added drop wise (Hwu and Tsay, 1990). fHaetion mixture was then
treated as reported above for [4',5',6H,}indolyl-3-[**S]acetothiohydroxamic acid
(1749 to yield indolyl-3-acetothiohydroxamic acidq4, 48.1 mg, 74% yield) (Pedras
and Okinyo, 2008).

HPLC-HRMS-ESI Method Atgr = 13.1 min.
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'H NMR (500 MHz GHCls) 8 8.26 (br s, 1H), 7.54 (d,= 8 Hz, 1H), 7.44 (dJ = 8 Hz,
1H), 7.28 (ddJ) = 7.5, 7.5 Hz, 1H), 7.17-7.24 (m, 2H), 4.26 (s)2H

13C NMR (125.8 MHz GHCl3) 5 189.0, 136.7, 126.9, 124.5, 123.5, 121.0, 119.0,9,
107.2, 36.9.

HPLC-HRMS-ESIm/zmeasured 207.0579 (207.0586 calcd fgiHz:NLOS).
HPLC-MS-ESIm/z (relative abundance) 207 [M + H{100), 189 (22), 174 (39), 130
(35).

4.3.13 1-Methylindolyl-3-acetothiohyrodroxamic aail (178)

NaH (110 mg, 2.76 mmol) and IGH172 L, 2.76 mmol) were added to a cooled
solution (0 °C) of indole-3-carboxaldehyd0g, 200 mg, 1.38 mmol) in dry THF (20
mL) with stirring under argon atmosphere. Aftermb of stirring at 0 °C, the reaction
mixture was poured into ice-cold,@ (40 mL), was extracted with EtOAc (60 mL3),
the combined organic extract was washed with brvees dried over N&O,, and was
concentrated under reduced pressure. The crudemaiwtas subjected to FCC (.-
CH3;OH, 100:0-98:2, v/v) to yield 1-methylindole-3-cakaldehyde 175 215 mg,
98%). NH,OAc (54.4 mg, 0.706 mmol) was added to a susperdidamethylindole-3-
carboxaldehyde (200 mg, 1.26 mmol) in 81D, (547 pL, 10.1 mmol) and the resulting
mixture was refluxed at 128 - 130 °C for 2 h (Caaait al., 1989). The reaction mixture
was then diluted with 0 (20 mL), was extracted with £l (30 mL x 3), and the
combined organic extract was washed wit©H20 mL), then brine (20 mL), was dried
over NaSQ, and was concentrated under reduced pressure lo imethyl-3-(2'-
nitrovinyl)indole (L76, 249 mg, 98%,). To a mixture of 1-methyl-3-(2'roiinyl)indole
(249 mg, 1.23 mmol) and silica gel (2.46 g) in isgganol (3.7 mL) and CHg[(20 mL),
NaBH; (191 mg, 54 mmol) was added in portions of ca 48aver 15 min (Sinhababu
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and Borchardt, 1983). The reaction mixture was threated as reported above for
[4'5',6',7'2H,]-3-(2-nitrovinyl)indole (L729. Separation of the crude mixture by FCC
(CH.Cl>-hexane, 80:20, v/v) yielded 1-methyl-3-(2'-nittodjindole @77, 158.1 mg,
63%). KH (262 mg, 1.96 mmol) was rinsed with n-hees under an atmosphere of
argon to give a white powder. The reaction flasls ept in an ice-bath and a solution
of 1-methyl-3-(2'-nitroethyl)indole, (100 mg, 0.490mol) in dry THF (5.5 mL) was
added drop wise. After stirring for 30 min with ¢og in an ice-bath, the reaction
mixture was allowed to warm up to r.t. and stirfedan additional 60 min. The reaction
flask was wrapped with aluminum foil and hexamedisilathiane (207 pL, 0.980
mmol) was added drop wise (Hwu and Tsay, 1990). fHaetion mixture was then
treated as reported above for [4',5',6H,}indolyl-3-[**S]acetothiohydroxamic acid
(1749. The resulting crude mixture was separated by FC&Cl,-EtOAc, 100:0, then
80:20, v/v) to yield 1-methylindolyl-3-acetothiohgkamic acid {78 71.8 mg, 67%

yield) as brownish oil which solidified on cooling 5 °C.

HPLC-HRMS-ESI Method Atg = 17.2 min.

'H NMR (500 MHz GHCls) & 7.53 (d,J = 8 Hz, 1H), 7.42 (dJ = 8 Hz, 1H), 7.30 (ddJ
=7.5,7.5 Hz, 1H), 7.18-7.25 (m, 2H), 4.25 (s, 2BiB2 (s, 3H).
HPLC-HRMS-ESIm/zmeasured 221.0830 (221.0837 calcd foiHzsNL0OS).
HPLC-MS-ESIm/z (relative abundance) 221 [M + H{92), 203 (7), 189 (11), 165 (7),
144 (100).

4.3.14 1-(ert-Butoxycarbonyl)indol-3-ylmethylisothiocyanate
(180)
NCS
oal
N
HyC o/go
180

162



A solution of BogO (364.5 mg, 1.67 mmol) in THF (2 mL) was addea tstirred
solution of indole-3-carboxaldehyd@(0g 200 mg, 1.38 mmol) in THF (6 mL). The
reaction mixture was cooled to 5 °C and DMAP wadeald After 20 min, the reaction
mixture was concentrated under reduced pressuréhanesulting residue was subjected
to FCC (hexane-EtOAc, 60:40, v/v) to vyield tér(-butoxycarbonyl)indole-3-
carboxaldehyde (345.8 mg, quant.). A solution of\H#Q-HCI (133 mg, 1.92 mmol) and
NaCOs; (93.6 mg, 0.883) in O (360uL) was added to a stirred solution of té#(-
butoxycarbonyl)indole-3-carboxaldehyde (300 mg2in2mol) in EtOH (2.3 mL). The
resulting mixture was heated for 5 min at 50 °Ce tfeaction mixture was then
concentrated under reduced pressure and the resaligaken in BD (6 mL), and was
extracted with BO (10 mLx 3). The combined organic extract was dried oveiSdn
and was concentrated under reduced pressure tod yietude 1dert-
butoxycarbonyl)indolyl-3-carboxaldehyde oxime (38y, quant.) which was used
without purification. A solution of 1tért-butoxycarbonyl)indolyl-3-carboxaldehyde
oxime (120 mg, 0.462 mmol) in GBH (4.6 mL) was added to a solution of
NiCl,-6H,0 (109.8 mg, 0.462) in G®H (7 mL). NaBH (112.7 mg, 2.98 mmol) was
added in one portion and the reaction mixture wiigsed for 5 min. The black
precipitate that formed was filtered off and tH&die was concentrated to about a third
of the original volume. The remaining mixture wamsiped into HO (23 mL) containing
aqueous NKI(700uL, 28%), and was extracted with EtOAc (15 mB). The combined
organic extract was dried over M€, and was concentrated to yield tért-
butoxycarbonyl)indol-3-ylmethanamind@19 106.5 mg, 94%) which was used for the
next step without purification. A solution of feft-butoxycarbonyl)indolyl-3-
methanamine (106.5 mg, 0.433 mmol) in £H (1.4 mL) was added drop wise (ca 6
min) to a vigorously stirred mixture of &S (33uL, 0.43 mmol) and CaC£)55.6 mg,
0.550 mmol) in CHCI,/H,0 (1.4/2.8 mL). After 5 min, the two layers wergamted
and the aqueous solution was extracted with@H10 mLx 3). The combined organic
extract was filtered over charcoal, the solvent veasoved under reduced pressure and
the residue was subjected to FCC (benzene) to i€tdrt-butoxycarbonyl)indolyl-3-
methyl isothiocyanatel@0, 74 mg, 56% yield, Kutschy et al., 1997; 1998).
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HPLC-DAD Method Atz = 37.6 min.

'H NMR (500 MHz GHCls) 8 8.18 (d,J = 6.5 Hz, 1H), 7.65 (s, 1H), 7.59 @ = 8 Hz,
1H), 7.40 (dd,) = 7.5, 7.5 Hz, 1H), 7.33 (dd,= 7.5, 7.5 Hz, 1H), 4.83 (s, 2H), 1.71 (s,
9H).

HR-EIMS m/zmeasured 288.0937 (288.0933 calcd faiHgsN20,S).

EIMS m/z (relative abundance) 288 [M[10), 232 (22), 205 (9), 174 (21), 130 (64), 57
(100).

4.3.15 1-Acetylindol-3-ylmethylisothiocyanate (193

NCS
©j<
N

Ao

183

Pyridine (4 mL) was added to a stirred suspensibimaole-3-carboxaldehyde
(106, 200 mg, 1.38 mmol) in A© (4 mL). After 90 min, the reaction mixture was
diluted with toluene and concentrated to yield étgiindole-3-carboxaldehyde (253 mg,
98%) which was used in the next step without peaifon. A solution of HONRHCI
(74.4 mg, 17 mmol) and GEOONa (87.8 mg, 17 mmol) in®@ (2.5 mL) was added to
a solution of 1-acetylindole-3-carboxaldehyde (26§ 17 mmol) in EtOH (17 mL), the
resulting mixture was heated for 10 min (47 - 50 Wath stirring. The reaction mixture
was concentrated under reduced pressure, the eesids taken in $0 (10 mL), was
extracted with BEO (30 mLx 3), the combined organic extract was dried oveiSg,
and was concentrated to yield 1-acetylindole-3-@galiehyde oxime (182.1 mg, 84%).
A solution of NiCb-H,O (141 mg, 0.594 mmol) in GAH (6 mL) was added to a
solution of 1-acetylindole-3-carboxaldehyde oxirhi@Qq mg, 0.594 mmol) in C4OH (9
mL). The reaction mixture was cooled to 0 °C andNa(144.1 mg, 6.45 mmol) was
added in one portion (Kutschy et al., 1997; 1998)er stirring for 10 min, the black
precipitate that formed was filtered off and tH&die was concentrated to about a third

of the original volume. The remaining mixture wamsiped into HO (20 mL) containing
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aqueous Nkl (1 mL, 28%), and was extracted with EtOAc (30 mR). The combined
organic extract was dried over #},, was concentrated, and the crude mixture was
subjected to FCC (Ci€l,-CH3;OH-NH,OH 28%, 92:8:1, v/v) to yield 1-acetylindol-3-
ylmethanamine 182, 78 mg). A solution oft82 in CH,Cl, (1.5 mL) was added drop
wise (ca 8 min) to a vigorously stirred mixture@$CS (31pL, 0.41 mmol) and CaC9
(53 mg, 0.52 mmol) in C¥Cl>-H,0 (1.5:3 mL, Kutschy et al., 1997; 1998). After rigpi
stirred for 5 min the two layers were separated thedaqueous solution was extracted
with CH,CI, (10 mLx 3). The combined organic extract was filtered astearcoal, the
solvent was removed under reduced pressure andethigue was purified by FCC
(CH.CI,) to yield 1-acetylindolyl-3-methyl isothiocyanat&83 42 mg, 31% yield from
1-acetylindole-3-carboxaldehyde oxime).

HPLC-DAD Method A tg = 24.9 min.

'H NMR (500 MHz CGHCls) & 8.46 (d,J = 8 Hz, 1H), 7.55 (s, 1H), 7.56 (d,= 8 Hz,
1H), 7.47 (dd,) = 8, 8 Hz, 1H), 7.36 (dd,= 7.5, 7.5 Hz, 1H), 4.85 (s, 2H), 2.66 (s, 3H).
13C NMR (125.8 MHz GHCly): 5 168.6, 136.4, 134.7, 128.5, 126.4, 124.4, 123.8,9,
117.2, 116.6, 41.1, 24.2.

HR-EIMS m/zmeasured 230.0520 (230.0514 calcd foHgoNOS).

EIMS m/z(relative abundance) 230 [M{18), 172 (32), 130 (100), 102 (7).

4.3.16 [4'5',6',7'°H,]Brassinin (16a)

2H
, NH
H
< S}*SCH3
2 N
H ) N
H
16a

A solution of HONH-HCI (102.6 mg, 1.48 mmol) and pEO; (78.2 mg, 0.738
mmol) in KO (1.5 mL) was added to a solution of [4,5,&z}indole-3-carboxaldehyde
(110 mg, 0.738 mmol) in EtOH (3 mL). The resultmgture was refluxed (68 - 70 °C)
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for 45 min. EtOH was evaporated and the residuewashed with ice-cold }© (3 mL)

to yield [4'5',6',7%H4]indolyl-3-carboxaldehyde oximel85a 105.5 mg, 87%). A
solution of NaOH (24 mL, 1 M) was added to a soltdf [4',5',6',7%H,]indolyl-3-
carboxaldehyde oxime (95 mg, 0.638) in L (4.7 mL) and the resulting solution
was cooled in an ice-bath. Devarda’s alloy (3 gy \wdded to the cooled mixture with
stirring at r.t. After 50 min the reaction mixtusas diluted with HO (20 mL), and was
filtered under vacuum. The reaction mixture wascemtrated under reduced pressure,
and the remaining mixture was extracted witfCE(60 mLx 3). The combined organic
extract was dried over Na0O, and was concentrated under reduced pressure Itb yie
[4'5',6',7'2H,]indolyl-3-methanaminel(17a 61.3 mg, 71%) which was used in the next
step without purification. BN (57 puL, 0.41 mmol) and CS(24 uL, 0.42 mmol) were
added to a cooled solution (0 °C) of [4',5',6%lindolyl-3-methylamine (61.3 mg, 0.41
mmol) in pyridine (58QuL). After stirring for 60 min at 0 °C, ICH(26 uL, 0.41 mmol)
was added and the reaction mixture was kept at G0 min. The reaction mixture
was then diluted with D (4 mL), was extracted with £ (15 mLx 3), the combined
organic extract was dried over #}, and concentrated under reduced pressure. The
crude product was separated by FCC (hexangaGH60:40 to 80:20, v/v) to yield
[4'5',6',7"*H,]brassinin 16a, 69.6 mg, 50% yield frorh85a Pedras et al., 1998).

HPLC-DAD Method A tg = 20.1 min.

'H NMR (500 MHz GHsCN) 5 9.25 (br s, 1H), 8.25 (br s, 1H), 7.31 (s, 1HD45(d,J =
5 Hz, 2H), 2.55 (s, 3H).

HR-EIMS m/z measured 240.0694 (240.0693 calcd farHg’HiN.S,); EIMS m/z
(relative abundance) 240 [M{36), 166 (12), 134 (100), 106 (13).
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4.3.17 Brassinin (16)

16

A solution of HONH-HCI (190 mg, 2.74 mmol) and M2O; (161 mg, 1.52 mmol)
in H,O (2.7 mL) was added to a solution of indole-3-ocadidehyde 106, 200 mg, 1.38
mmol) in EtOH (6 mL). The resulting mixture wasluwded (68 - 70 °C) for 45 min.
EtOH was evaporated and the residue was filteredrnaf washed with ice-cold @ (10
mL) to yield indole-3-carboxaldehyde oxim#86 213 mg, 96%). A solution of NaOH
(10 mL, 1 M) was added to a solution of indole-8bcxaldehyde oxime (40 mg, 0.25
mmol) in CHOH (2 mL) and the resulting solution was coole@mice-bath. Devarda’s
alloy (1.2 g) was added to the cooled mixture wathiring at r.t. After 50 min the
reaction mixture was diluted with,B (10 mL), and was filtered under vacuum. The
reaction mixture was then concentrated under retipcessure, the remaining agueous
mixture was extracted with g (30 mLx 3). The combined organic extract was dried
over NaSO, and was concentrated under reduced pressure id yielolyl-3-
methanamine1(17, 31 mg, 85%) which was treated as reported abowd4f,5',6',7'-
H,]brassinin 163) to yield brassininX6, 31.1 mg, 53% yield frori17, Pedras et al.,
1998).

HPLC-DAD Method A tg = 20.1 min.

'H NMR (500 MHz GH3CN) 8 9.26 (br s, 1H), 8.25 (br s, 1H), 7.63 {d= 8 Hz, 1H),
7.42 (d,J = 8 Hz, 1H), 7.30 (s, 1H), 7.16 (dd= 8, 8 Hz, 1H), 7.08 (dd] = 8, 8 Hz,
1H), 5.03 (d,J = 5 Hz, 2H), 2.55 (s, 3H).

HR-EIMS m/zmeasured 236.0438 (236.0442 calcd foHN,S,).

EIMS m/z(relative abundance) 236 [M{27), 162 (8), 130 (100), 102 (11).
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4.3.18 [3,3,3H3]1-Methoxybrassinin (18a)

NH
2
Crd e
S
N

OCHg

18a

A solution of NaWQO,-2H0 (98.3 mg, 0.298 mmol) inJ@ (600uL) was added to
a stirred solution of indolinelg6 199 mg, 1.70 mmol) in G®H (5 mL) and the
suspension was then cooled to -20 °C. A solutioH¥, (1.4 mL, 15 mmol) in CEDH
(1.7 mL) was added drop wise to the cooled suspenewver 10 min, the reaction
mixture was stirred at r.t. for 10 min, after whisblid K;CO; (1.88 g, 13.6 mmol) and
(CH30),S0, (245 pL, 2.72 mmol) were added under vigorous stirringni®i and
Kawasaki, 1989). After being stirred for 10 mine treaction mixture was diluted with
H,O (20 mL), was extracted with 82 (30 mLx 3), the combined organic extract was
dried over NgSO, and was concentrated under reduced pressure riitie material was
separated by FCC (hexane-&Hb, 70:30, v/v) to yield 1-methoxyindold 87, 112 mg,
45%). Freshly distilled POgI(69 uL, 0.75 mmol) was added to a solution of 1-
methoxyindole (100 mg, 0.68 mmol) in DMF (6@Q) and the reaction mixture was
stirred at r.t. After 40 min, a solution of aquedulds (4 mL, 28 %) was added to the
reaction mixture followed by extraction with,Bt (10 mLx 3). The combined organic
extract was dried over N8O, and was concentrated under reduced pressureltblyie
methoxyindole-3-carboxaldehyde (113 mg, 96 %). Autsan of HONH,-HCI (91 mg,
1.2 mmol) and N#&CO; (61.5 mg, 0.580 mmol) in 40 (870uL) was added to a solution
of 1-methoxyindole-3-carboxaldehyde (114.7 mg, 5.6amol) in EtOH (3 mL). The
resulting reaction mixture was refluxed (83 - 85 f@@ 60 min, was diluted with ¥ (3
mL) and was extracted with 8 (20 mL x 3). The combined organic extract was
washed with brine (10 mik 2), was dried over N8O, and was concentrated under
reduced pressure to yield 1-methoxyindole-3-carluteteyde oxime 188 131.4 mg, 99
%). NaBH;CN (182 mg, 2.88 mmol) and NBAc (245.5 mg, 3.18 mmol) were added
to a solution of 1-methoxyindole-3-carboxaldehydan® (55 mg, 0.29 mmol) in
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CH3OH (695uL) cooled to 0 °C and the resulting mixture wastied with TiC§ in 2 M
HCI (892 uL, 2.04 mmol) neutralized with NaOH (Pedras and &&h 2000). After
being stirred for 15 min at 0 °C the reaction migtwas diluted with KD (2.4 mL), was
basified with 5 M NaOH (mL) and was extracted wii,Cl, (15 mL x 3). The
combined organic extract was dried oven8@&, and was concentrated under reduced
pressure to yield crude 1-methoxyindolyl-3-methaman{l89 43 mg) which was used
in the next step without purification (Pedras argh&ria, 2000). BN (38 pL, 0.27
mmol) and C% (15 uL, 0.25 mmol) were added to a solution of the anii@® (43 mg,
0.24 mmol) in pyridine (11nL) cooled to 0 °C. After being stirred for 60 mih(a°C,
IC?H3 (15 pL, 0.24 mmol) was added and the reaction mixture kept at 5 °C for 90
min. The reaction mixture was diluted with® (2 mL), was extracted with £ (10
mL x 2), the combined organic extract was dried ovesSir and was concentrated
under reduced pressure. The reaction mixture waarated by FCC (hexane-QEl,,
60:40 to 50:50, v/v) to yield [3,3,343]1-methoxybrassininl8a 41 mg, 53% vyield from
oxime 188 Pedras and Okinyo, 2006a).

HPLC-DAD Method A tg = 25.3 min.

'H NMR (500 MHz GHCls) 6 7.62 (d,J = 8 Hz, 1H), 7.47 (dJ = 8 Hz, 1H), 7.35 (s,
1H), 7.32 (ddJ =7, 7 Hz, 1H), 7.18 (dd, = 7.5, 7.5 Hz, 1H), 7.02 (br s, 1H), 5.04 {d,
=4 Hz, 2H), 4.12 (s, 3H).

HR-EIMS m/zmeasured 269.0732 (269.0736 calcd foHz*HsN,0S,).

EIMS m/z (relative abundance) 269 [M]7), 238 (100), 187 (14), 160 (81), 145 (19),
129 (37).
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4.3.19 [4'5',6',7'°H ]1-Methoxybrassinin (18b)

2H

, NH
H
< )—SCH;
S

ZH N

2 OCHj

18b

NaBH;CN (195 mg, 1.68 mmol) was added to a stirred swilubf [4,5,6,7-
H,lindole (1053 135 mg, 1.12 mmol) in glacial acetic acid (2 mijder an argon
atmosphere. The reaction mixture was stirred atar.t60 min, was diluted with D (4
mL), was basified with NaOH (mL), was extractednibO (30 mLx 3), the combined
organic extract was dried over 0, and was concentrated under reduced pressure.
The crude material was separated by FCC@# to yield [4,5,6,7°HJ]indoline (1863
113.2 mg, 82%). A solution of M&/O4-2H,0 (53 mg, 0.16 mmol) in $#D (0.35 mL)
was added to the stirred solution of [4,5,8g}indoline (113.2 mg, 0.920 mmol) in
CH3OH (3 mL) and the suspension was cooled to -20~A°&olution of HO, (766 uL,
7.96 mmol) in CHOH (1 mL) was added drop wise to the cooled suspendhe
reaction mixture was stirred at r.t. for 10 minteafwhich solid KCO; (12 g, 7.36
mmol) and (CHO),SO; (133puL, 1.47 mmol) were added under vigorous stirringn(®i
and Kawasaki, 1989). After being stirred for 10 ntime reaction mixture was diluted
with H,O (20 mL), was extracted with £ (30 mLx 3), the combined organic extract
was dried over N&O, and was concentrated under reduced pressure.riitie material
was separated by FCC (hexane-CH, 70:30, v/v) to vyield [4,5,6,7H,]1-
methoxyindole 1873 73 mg, 52%). Freshly distilled PQQI69 puL, 0.75 mmol) was
added to a solution of [4,5,6°F4]1-methoxyindole (102 mg, 0.68 mmol) in DMF (600
uL) and the reaction mixture was stirred at r.t.eAf80 min, a solution of aqueous NH
(4 mL, 28%) was added to the reaction mixture,ré@etion mixture was extracted with
Et,O (10 mL x 3), the combined organic extract was dried ovepS®p and was
concentrated under reduced pressure to yield [Z:56]1-methoxyindole-3-
carboxaldehyde (113 mg, 93%). A solution of HONHCI (80.6 mg, 1.16 mmol) and
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NaCOs; (61.5 mg, 0.580 mmol) in # (810uL) was added to a solution of [4,5,6,7-
’H,]1-methoxyindole-3-carboxaldehyde (103 mg, 0.580at)rin EtOH (2.7 mL). The
resulting mixture was refluxed (85 °C) for 60 margs diluted with HO (3 mL) and was
extracted with BEO (20 mLx 3). The combined organic extract was washed wiitneb
(10 mL x 2), was dried over N8O, and was concentrated under reduced pressure to
yield [4',5',6',7H,4]1-methoxyindolyl-3-carboxaldehyde oxim&88a 122.1 mg, 99 %).
NaBH;CN (163 mg, 2.58 mmol) and NBAc (219 mg, 2.84 mmol) were added to a
solution of 188a (50 mg, 0.26 mmol) in C¥DH (640 uL) cooled to 0 °C and the
resulting mixture was treated with Tgdh 2 M HCI (795uL, 24 mmol) neutralized with
NaOH (Pedras and Zaharia, 2000). After being stifog 15 min at 0 °C, the reaction
mixture was diluted with kO (2.2 mL), was basified with NaOH (5 M) and was
extracted with CHCl, (15 mL x 3). The combined organic extract was dried over
NaSOQ, and was concentrated under reduced pressure It griede [4',5',6',72H,]1-
methoxyindolyl-3-methanaminel9a 40.33 mg) which was used in the next step
without purification. E4N (34 uL, 0.25 mmol) and CS(13 uL, 0.22 mmol) were added
to a cooled solution (0 °C) of [4',5',6'°H2]1-methoxyindolyl-3-methanamine (40.3 mg,
0.224 mmol) in pyridine (108L). After being stirred for 60 min at 0 °C, IGK{l4 uL,
0.22 mmol) was added to the reaction mixture whiels kept at 5 °C for 90 min. The
reaction mixture was diluted with,B (2 mL), was extracted with £ (10 mLx 2), the
combined organic extract was dried oven8@, and was concentrated under reduced
pressure. The resulting crude reaction mixture segmrated by FCC (hexane-§CHp,
60:40 to 50:50, v/v) to vield [4'5',6'#4s]1-methoxybrassinin 18b, 46.5 mg, 67%
yield from 1883 Pedras and Okinyo, 2006a).

HPLC-DAD Method A tgr = 25.3 min.

'H NMR (500 MHz GHCls) & 7.35 (s, 1H), 7.04 (br s, NH), 5.04 (= 4.5 Hz, 2H),
4.12 (s, 3H), 2.67 (s, 3H).

HR-EIMS m/zmeasured 270.0794 (270.0795 calcd foHzs’HiN-0S,).

EIMS m/z(relative abundance) 270 [M{6), 239 (64), 222 (15), 191 (8), 164 (100), 149
(15), 133 (43).
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4.3.20 [3,3,3,4',5',6',7*H,]1-Methoxybrassinin (18c)

, NH
H 2
< S}Vsc Hs
2 N
H
sy OCH:
18c

EtN (37 pL, 0.27 mmol) and CS(15 pL, 0.24 mmol) were added to a cooled
solution (0 °C) of freshly prepared amib&a (44 mg, 0.24 mmol) in pyridine (118).
After being stirred for 60 min at 0 °C, 38; (16 uL, 0.24 mmol) was added and the
reaction mixture was treated as reported above4gh',6',7'*Hs]1-methoxybrassinin
(18b) to yield [3,3,3,4',5',6',7H;]1-methoxybrassinin18c 52.7 mg, 68% yield from
oxime 1883 Pedras and Okinyo, 2006a).

HPLC-DAD Method A tg = 25.3 min.

'H NMR (500 MHz GHCls) 8 7.32 (br s, 1H), 7.04 (br s, NH), 5.02 (br s, 2#{)11 (s,
3H).

HR-EIMS m/zmeasured 273.0984 (273.0987 calcd foHZH/N,0S)).

EIMS m/z (relative abundance) 273 [M]7), 242 (100), 191 (12), 164 (85), 149 (19),
133 (40).

4.3.21 1-Methoxybrassinin (18)

EtN (37 uL, 0.27 mmol) and CS(14 uL, 0.24 mmol) were added to a solution of
freshly prepared aming39 (42.1 mg, 0.238 mmol) in pyridine (112) cooled to 0 °C.
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After being stirred for 60 min at 0 °C, IGH15 uL, 0.238 mmol) was added and the
reaction mixture was treated as reported above4gh',6',7'?Hs]1-methoxybrassinin
(18b) to yield 1-methoxybrassinirl8, 44.6 mg, 57% yield from oxim&88 Pedras and
Okinyo, 2006a).

HPLC-DAD Method A tg = 25.3 min.

'H NMR (500 MHz GHCls) 6 7.62 (d,J = 8 Hz, 1H), 7.47 (dJ = 8 Hz, 1H), 7.35 (s,
1H), 7.32 (dd,) = 8, 8 Hz, 1H), 7.19 (ddl = 8, 8 Hz, 1H), 7.03 (br s, 1H), 5.04 (b5 4
Hz, 2H), 4.12 (s, 3H), 2.67 (s, 3H).

HR-EIMS m/zmeasured 266.0556 (266.0548 calcd foHz/N.0S,).

EIMS m/z (relative abundance) 266 [M]5), 235 (89), 187 (14), 160 (100), 145 (29),
129 (61).

4.3.22 1-Methylbrassinin (192)

A solution of HONH-HCI (87.6 mg, 1.26 mmol) and MaO; (66.7 mg, 0.629) in
H,0 (826uL) was added to a stirred solution of 1-methylired8tcarboxaldehydel {5
100 mg, 0.629 mmol) in EtOH (3 mL). The resultingtare was refluxed (80 — 83 °C)
for 30 min. The solvent was evaporated and thelueswas taken in #0 (20 mL), and
was extracted with ED (20 mL x 3). The combined organic extract was dried over
NaSO, and the reaction mixture was concentrated unakroes pressure to yield crude
1-methylindole-3-carboxaldehyde oxim&9(Q, 101.9 mg, 93 %). A solution of NaOH
(18 mL, 1 M) was added to a solutioni$0 (80 mg, 0.46 mmol) in C}OH (4 mL) and
the resulting mixture was cooled in an ice-bathvddda’s alloy (2.13 g) was added to
the cooled mixture with stirring at r.t. After 90mthe reaction mixture was diluted with
H,O (20 mL), and was filtered under vacuum. The iieaciixture was concentrated
under reduced pressure, and the remaining aqueodsrenwas extracted with ED
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(120 mL x 3). The combined organic extract was dried overSR and was
concentrated under reduced pressure to yield cudeethylindolyl-3-methanamine
(191, 64 mg, 90 %) which was used in the next stepawitipurification. E4N (61 pL,
0.44 mmol) and CS5(24 pL, 0.40 mmol) were added to a cooled solution (P ¢Cthe
aminel91 (64 mg, 0.40 mmol) in pyridine (194L). After being stirred for 60 min at O
°C, ICH; (25 L, 0.40 mmol) was added and the reaction mixture ineated as reported
above for [4',5',6',7H3]1-methoxybrassininl@b) to yield 1-methylbrassininl@2 60.2
mg, 52% yield from oxim@&90).

HPLC-DAD Method Atgr = 24.4 min.

'H NMR (500 MHz GHCl3) 5 7.63 (d,J = 8 Hz, 1H), 7.36 (dJ = 8 Hz, 1H), 7.30 (dd]
=8, 8 Hz, 1H), 7.18 (ddl = 8, 8 Hz, 1H), 7.10 (s, 1H), 5.05 (= 3.5 Hz, 2H), 3.80 (s,
3H), 2.66 (s, 3H).

HR-EIMS m/zmeasured 250.0603 (250.0598 calcd foiHuN,S,).

EIMS m/z(relative abundance) 250 [M{25), 144 (100), 176 (11).

4.3.23 1-(ert-Butoxycarbonyl)brassinin (181)

NH
N )—SCH,
S
N
H3C>(O o
HC by

181

EtN (62 pL, 0.45 mmol) and CS(24 pL, 0.41 mmol) were added to a cooled
solution of freshly prepared amidg9 (100 mg, 0.407 mmol) in pyridine (6QQ.) at O
°C. After stirring for 60 min at 0 °C, IGH26 pL, 0.41 mmol) was added and the
reaction mixture was kept at 5 °C. After 90 min thaction mixture was diluted with
H,O (5 mL), was extracted with £ (20 mL x 3), the combined organic extract was
dried over NaSO; and was concentrated. The crude product was edrifiy FCC
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(hexane-EtOAc, 70:30, v/v) to yield feft-butoxycarbonyl)brassinin1@l, 112 mg,
72% vyield from 14ert-butoxycarbonyl)indolyl-3-carboxaldehyde oxime, Behy et al.,
1997; 1998).

HPLC-DAD Method A tg = 34.1 min.

'H NMR (500 MHz GHCl3) & 7.68 (d,J = 8 Hz, 1H), 7.56 (dJ = 8 Hz, 1H), 7.31 (dd]
=8, 8 Hz, 1H), 7.25 (ddl = 8, 8 Hz, 1H), 6.90 (s, 1H), 5.06 (= 3.5 Hz, 2H), 2.66 (s,
3H), 1.74 (s, 9H).

HR-EIMS m/zmeasured 336.0967 (336.0966 calcd fgiHzoN20,S,).

EIMS m/z (relative abundance) 336 [M[5), 288 (10), 232 (22), 174 (22), 130 (64), 57
(100).

4.3.24 1-Acetylbrassinin (184)

NH

)—SCH,

N S

N
/go
184

EtN (49 uL, 0.35 mmol) and CS(21 uL, 0.35 mmol) were added to a solution of
freshly prepared aming82 (33 mg, 0.18 mmol) in C¥Cl, (2 mL) at r.t. After stirring
for 90 min, ICH (13 pL, 0.21 mmol) was added with stirring for furthed ghin. The
reaction mixture was concentrated, and the crudelymt was subjected to FCC
(CH.CIy) to yield 1-acetylbrassininl84, 28.4 mg, 41% vyield from l1l-acetylindole-3-

carboxaldehyde oxime).

HPLC-DAD Method Atgr = 22.2 min.

'H NMR (500 MHz GHCls) 5 7.65 (d,J = 8 Hz, 1H), 7.53 (d] = 8 Hz, 1H), 7.28 (dd)
=8, 8 Hz, 1H), 7.22 (dd} = 8, 8 Hz, 1H), 7.01 (s, 1H), 5.07 @z 3.5 Hz, 2H), 2.66 (s,
3H), 2.64 (s, 3H).
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HR-EIMS m/zmeasured 278.0550 (278.0548 calcd foHzN.0S,).
EIMS m/z(relative abundance) 278 [M{9), 230 (16), 172 (29), 130 (100), 102 (7).

4.3.25 [4'5',6',7'%H J]Indolyl-3-acetonitrile (49a)

2
H CN
’H
N\
2 N
H ) N
H
49a

ICH3 (400 uL, 2.80 mmol) was added to Mg (turnings, 80 mg, iid0l) in dry
Et,O (5 mL) with stirring under argon atmosphere. Attee Mg was consumed, excess
ICH3 was distilled off and fresh dry £ (4 mL) was added. A solution of [4,5,6,7-
H,Jindole (1053 100 mg, 0.830 mmol) in dry £ (700uL) was added drop wise and
the mixture was allowed to stir for 15 min at rfollowed by drop wise addition of
bromoacetonitrile (16@L, 2.70 mmol, Pedras et al., 2003a). After beingext for 20
min, the reaction mixture was concentrated undeuced pressure and the residue was
taken in HO (40 mL). The resulting mixture was neutralizedhwHCl (2 mL, 1 M) and
was extracted with Cil, (30 mL x 3). The combined organic extract was dried over
NaSQO, and was concentrated to dryness under reducegdupeesSeparation by FCC
(hexane-CHCl,, 50:50 to 20:80) yielded [4',5',6' 2F4]indolyl-3-acetonitrile 49a, 75.7
mg, 57% yield, Pedras and Okinyo, 2006a).

HPLC-DAD Method At = 12.9 min.

'H NMR (500 MHz GHCl3) 8 8.23 (br s, NH), 7.24 (s, 1H), 3.86 (s, 2H).
HR-EIMS m/zmeasured 160.0940 (160.0939 calcd fefHz"HaN>).

EIMS m/z(relative abundance) 160 [M{62), 159 (100), 134 (32).
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4.3.26 [4,5,6,7H]Indole (105a)

2H
’H
A\
2 N
H ) N
H
28

A solution of [2,3,4,5,6°Hs]nitrobenzene 1683 4.2 mL, 39 mmol) and
chloroacetonitrile (25@L, 3.94 mmol) in DMSO (3.9 mL) was added drop woeser 30
min to a thoroughly stirred suspension of NaOH @1g639.4 mmol) in DMSO (3.9 mL)
at 20 °C (Makosza and Winiarski, 1984). After 6vnthe reaction mixture was poured
into ice-cold HCI (25 mL, 1 M), was diluted with,@ (10 mL), and was extracted with
CHCI; (50 mLx 3). The combined organic extract was washed wih Y0 mL), was
dried over NaSQO, and was concentrated under reduced pressure.depaby FCC
(hexane-CHCl,, 100:0 to 25:75) vyielded a mixture of [3,4,5B42-
nitrophenylacetonitrile and [2,3,5,8:#]4-nitrophenylacetonitrile (in a 10:1 ratio, 40%
yield). Next, 10% Pd/C (220 mg) was added to theitem of [3,4,5,6,2H4]2- and
[2,3,5,6,°H,]4-nitrophenylacetonitrile (200 mg) in freshly ditstd EtOAc (20 mL) and
the resulting reaction mixture was stirred underabinosphere (balloon pressure) at r.t.
After 40 h, the catalyst was filtered off, and fiigate was concentrated under reduced
pressure. The residue was taken in,Clpl(15 mL), was washed with HCI (10 mL x 2, 1
M), was dried over N&O, and was concentrated under reduced pressure lwd yie
[3,4,5,6,%HJ]indole (L05a 97.7 mg, 61% yield, Pedras and Okinyo, 2006a).

HPLC-DAD Method Atz = 15.1 min.

'H NMR (500 MHz CHCl3) 5 8.12 (br s, NH), 7.23 (br s, 1H), 6.61 (br s, 1H).
HR-EIMS m/zmeasured 121.0827 (121.0830 calcd fgi£H,N).

EIMS m/z(relative abundance) 121 [M{100), 94 (22), 71 (11), 69 (12), 57 (17).
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4.3.27 [4'5',6',7'°H,]Cyclobrassinin (28a)

2H N
2H \>/SCH3
N—s
2 N
H , H
H
28a

Pyridinium bromide perbromide (41 mg, 0.13 mmol)swadded to a stirred
solution of [4',5',6',7°H,]brassinin {6a 30 mg, 0.13 mmol) in dry THF (4 mL). After
40 min, DBU (59uL, 0.40 mmol) was added and reaction mixture wiaestfor further
60 min. The reaction mixture was concentrated uneeluced pressure and was
subjected to FCC (Ci€l-hexane, 80:20 to 100:0, v/v) to vyield [4'5',6'\7
H,]cyclobrassinin 283, 17.4 mg, 58% yield, Pedras et al., 1998).

HPLC-DAD Method Atgr = 25.7 min.

'H NMR (500 MHz GHCls) 5 7.92 (br s, 1H), 5.10 (s, 2H), 2.57 (s, 3H).
HR-EIMS m/zmeasured 238.0537 (238.0536 calcd foiHe?HaNLS,).
EIMS m/z(relative abundance) 238 [M{11), 165 (100), 121 (60).

4.3.28 Cyclobrassinin (28)

N
\—SCHj
@\QSV
N
H

28

Pyridinium bromide perbromide (27.8 mg, 0.087 mmae§s added to a stirred
solution of brassininl6, 20 mg, 0.085 mmol) in dry THF (2.5 mL). Afterrsiing for 40

min, DBU (40 puL, 0.27 mmol) was added and the reaction mixturs waated as
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reported above for [4',5',6', #4cyclobrassinin 28a) to yield cyclobrassinin2g, 8.7
mg, 44%, yield, Pedras et al., 1998).

HPLC-DAD Method A tgr = 25.7 min.

'H NMR (500 MHz GHCl3) & 7.92 (br s, 1H), 7.49 (d, = 7.5 Hz, 1H), 7.33 (d] = 8
Hz, 1H), 7.14-7.20 (m, 2H), 5.10 (s, 2H), 2.573}).

HR-EIMS m/zmeasured 234.0274 (234.0285 calcd foiHzoNS,).

EIMS m/z(relative abundance) 234 [M{13), 161 (100), 117 (43).

4.3.29 1-Methylcyclobrassinin (198

N
\—SCH
ol

N
CHj
193

NaH (5.1 mg, 0.13 mmol) and IGH8 pL, 0.13 mmol) were added to a stirred
solution of cyclobrassinire@, 15 mg, 064 mmol) in dry THF (2 mL) at 0 °C. Aftezing
stirred for 1 h at 0 °C, the reaction mixture wasated with ice-cold O (10 mL), was
extracted with CKHCl, (15 mLx 3), the combined organic extract was dried oveiSOa
and was concentrated. The residue obtained wagdaljto FCC (CkCl-hexane,
60:40 and 100:0, v/v) to yield 1-methylcyclobragsil93 13 mg, 82% vyield, Kutschy
et al., 1998).

HPLC-DAD Method A tg = 32.5 min.

'H NMR (500 MHz GHCl3) 5 7.50 (d,J = 8 Hz, 1H), 7.31 (dJ = 8 Hz, 1H), 7.21 (dd]
= 8 Hz, 1H), 7.14 (dd) = 7.5, 7.5 Hz, 1H), 5.10 (s, 2H), 3.66 (s, 3HRR(S, 3H).
HR-EIMS m/zmeasured 248.0440 (248.0442 calcd foHZNLS,).

EIMS m/z(relative abundance) 248 [M{14), 175 (100), 130 (15).

179



4.3.30 [4'5',6',7'°H,]Sinalbin B (31a)

2H N
2H \ SCH3
A\ S>/
2 N
H
sy OCH:
3la

N-Bromosuccinimide (13.2 mg, 0.074 mmol) was adaed $olution of [4',5',6',7'-
H,]1-methoxybrassinin18b, 20 mg, 0.074 mmol) in dry GEl, (1 mL). After being
stirred for 10 min at r.t.,, BN (21 pL, 0.15 mmol) was added and the reaction mixture
was stirred for further 5 min (Pedras and Zah&@00). Silica gel was immediately
added to the reaction mixture which was concerdrdte dryness at r.t. and was
subjected to FCC (hexane-Et®0:10, v/v) to yield [4',5',6', 7H,]sinalbin B B1a 9.3
mg, 47% yield).

HPLC-DAD Method Atz = 33.9 min.

'H NMR (500 MHz GH3CN) 8 5.10 (s, 2H), 4.02 (s, 3H), 2.61 (s, 3H).

HR-EIMS m/zmeasured 268.0648 (268.0642 calcd foHsHsN,0S).

EIMS m/z(relative abundance) 268 [M{19), 236 (46), 195 (68), 165 (100), 121 (58).

4.3.31 [3,3,3H]Sinalbin B (31b)

N>/SC2H
N 3
()\/\gs

N

OCH,

31b

N-Bromosuccinimide (13.2 mg, 0.074 mmol) was addea tsolution of [3,3,3-
H3)1-methoxybrassinini8a 20 mg, 0.074 mmol) in dry GEl, (1 mL). After being

stirred for 10 min at r.t.,, BN (21 pL, 0.15 mmol) was added and the reaction mixture
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was stirred for further 5 min (Pedras and Zah&@0). The reaction mixture was then
treated as described above for [4',5',6Hz}sinalbin B B14) to yield [3,3,3?Hs]sinalbin
B (31b, 10 mg, 51 % vyield).

HPLC-DAD Method Atz = 33.9 min.

'H NMR (500 MHz GHsCN) & 7.53 (d,J = 8 Hz, 1H), 7.49 (dJ = 8 Hz, 1H), 7.27 (dd,
J=8,8Hz, 1H), 7.18 (dd, = 8, 8 Hz, 1H), 5.11 (s, 2H), 4.03 (s, 3H).

HR-EIMS m/zmeasured 267.0578 (267.0579 calcd foHz*HsN,0S)).

EIMS m/z(relative abundance) 267 [M{21), 235 (33), 191 (69), 161 (100), 117 (54).

4.3.32 Sinalbin B (31)

N
\,—SCHj
Créd
N

OCH;

31

N-Bromosuccinimide (13.3 mg, 075 mmol) was addedatcsolution of 1-
methoxybrassininl@, 20 mg, 075 mmol) in dry Ci&l, (1 mL). After 10 min of stirring
at r.t., EsN (21 pL, 0.15 mmol) was added and the reaction mixture atared for
further 5 min (Pedras and Zaharia, 2000), and weatdd as reported above for
[4'5',6',7"?H]sinalbin B B14) to yield sinalbin B 31, 8.3 mg, 42% yield).

HPLC-DAD Method A tg = 33.9 min.

'H NMR (500 MHz GHsCN) & 7.52 (d,J = 8 Hz, 1H), 7.48 (dJ = 8 Hz, 1H), 7.26 (dd,
J=8, 8 Hz, 1H), 7.18 (dd},= 7.5, 7.5 Hz, 1H), 5.10 (s, 2H), 4.06 (s, 3HR®(S, 3H).
HR-EIMS m/zmeasured 264.0387 (264.0391 calcd faHEN.0S,).

EIMS m/z(relative abundance) 264 [M{22), 232 (100), 191 (69), 161 (90), 117 (71).
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4.3.33 [4'5',6',7'°H ] 1-Methoxyspirobrassinin (35a)

2 N
H \7/SCH3
S

(0]

°H

2 N

H

OCH
2H 3

35a

PCC (111.7 mg, 0.518 mmol) was added in one potioa stirred solution of
[4'5',6',7'2H4]1-methoxybrassinini@8b, 20 mg, 0.074 mmol) in Ci€l, (1 mL). After
being stirred for 60 min at r.t. (Pedras et al.0&4), the reaction mixture was diluted
with CH,Cl,, silica gel was added and the mixture was conagatr to dryness, and was
subjected to FCC (hexane-EtOAc, 80:20, v/v) to djiel4',5',6',72H,]1-
methoxyspirobrassinirBba 8.6 mg, 41% vyield).

HPLC-DAD Method A tg = 18.2 min.

'H NMR (500 MHz GHsCN) & 4.60 (d,J = 15.5 Hz, 1H), 4.46 (d] = 15.5 Hz, 1H),
3.99 (s, 3H), 2.62 (s, 3H).

HR-EIMS m/zmeasured 284.0588 (284.0591 calcd foHg?HaN-0,S,).

EIMS m/z (relative abundance) 284 [M[78), 253 (11), 225 (28), 180 (46), 152 (100),
120 (17).

4.3.34 1-Methoxyspirobrassinin (35)

N
S—SCH
I

O

N
OCHs

35
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PCC (113.2 mg, 0.525 mmol) was added in one potboa stirred solution of 1-
methoxybrassininl@, 20 mg, 0.075 mmol) in Ci€l, (1 mL). After being stirred for 60
min at r.t., the reaction mixture was treated gsored above for [4'5',6',7H4]1-
methoxyspirobrassinin3ga) to yield 1-methoxyspirobrassini3%, 8.7 mg, 41% vyield,
Pedras et al., 2006a).

HPLC-DAD Method Atg = 18.2 min.

'H NMR (500 MHz GHsCN) & 7.39-7.43 (m, 2H), 7.17 (d,= 7.5 Hz, 1H), 7.06 (d] =
7.5 Hz, 1H), 4.60 (dJ = 15.5 Hz, 1H), 4.46 (d] = 15.5 Hz, 1H), 3.99 (s, 3H), 2.62 (s,
3H).

HR-EIMS m/zmeasured 280.0343 (280.0340 calcd foHzN,0,S,).

EIMS m/z (relative abundance) 280 [M[73), 249 (11), 221 (28), 176 (45), 148 (100),
116 (16).

4.3.35 1-Methylspirobrassinin (194)

N
\7/SCH3
S
o
N

CHs;

194

NaH (4.8 mg, 0.12 mmol) and IGH7.5uL, 0.12 mmol) were added to a cooled
solution (0 °C) of spirobrassinir84, 15 mg, 0.06 mmol) in dry THF (2 mL) under
stirring. After stirring for 60 min at 0 °C, ice4doH,O (10 mL) was added. The resulting
mixture was extracted with EtOAc (15 mdL3), the combined organic extract was dried
over NaSQ, and was concentrated under reduced pressure. iTite @xtract was
subjected to FCC (Ci€l,-CH3OH, 99:1 and 98:2, v/v) to yield 1-methylspirobiass
(194, 14.4 mg, 91% vyield, Pedras and Hossain, 2006).

HPLC-DAD Method Atgr = 16.9 min.
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'H NMR (500 MHz GHCls) 5 7.38 (d,J = 7.5 Hz, 1H), 7.34 (dd] = 8, 8 Hz, 1H), 7.12
(dd,J = 7.5, 7.5 Hz, 1H), 6.85 (d,= 8 Hz, 1H), 4.63 (d) = 15 Hz, 1H), 4.53 (d] = 15
Hz, 1H), 3.25 (s, 3H), 2.67 (s, 3H).

HR-EIMS m/zmeasured 264.0397 (264.0391 calcd foHzN,OS,).

EIMS m/z(relative abundance) 264 [M{71), 217 (67), 191 (100), 159 (35), 130 (38).

4.3.36 1-Acetylspirobrassinin (195)

N
S—SCHs
I

Pyridine (500uL) was added to a stirred solution of spirobrassi34, 5 mg) in
Ac,0 (500pL). After being stirred for 60 min, the reactionxmire was diluted with

toluene and was concentrated under reduced pressweld 1-acetylspirobrassinin
(195 4.8 mg, 80% vyield).

HPLC-DAD Method Atg = 16.9 min.

'H NMR (500 MHz GHCls) 8 7.39 (d,J = 7.5 Hz, 1H), 7.36 (ddl = 8, 8 Hz, 1H), 7.14
(dd,J=7.5, 7.5 Hz, 1H), 6.88 (d,= 8 Hz, 1H), 4.62 (d) = 15 Hz, 1H), 4.48 (d] = 15
Hz, 1H), 2.66 (s, 3H), 2.64 (s, 3H).

HR-EIMS m/zmeasured 292.0339 (292.0340 calcd foyHzN20,S,).

EIMS m/z(relative abundance) 292 [M{100), 250 (70), 203 (26), 177 (100), 145 (38),
117 (34).
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4.3.37 1-ert-Butoxycarbonyl)spirobrassinin (196)

N
'\—SCHj
I

o
N

HsC o*o
H3C>§H3
196

A solution of BogO (21 mg, 0.096 mmol) in THF (200 puL) was added &tirred
solution of spirobrassinirDO-075 20 mg, 0.08 mmol) in THF (600 pL). The reaction
mixture was cooled to 5 °C and DMAP (0.21 mg, 02061mol) was added. After being
stirred for 40 min, the reaction mixture was coriged under reduced pressure and
was subjected to FCC (hexane-EtOAc, 50:50, v/v) toeld 1-fert-
butoxycarbonyl)spirobrassinii 96, 31.4 mg, quant.).

HPLC-DAD Method Atz = 30.1 min.

'H NMR (500 MHz GHCls) 5 7.40 (d,J = 7.5 Hz, 1H), 7.37 (dd] = 8, 8 Hz, 1H), 7.16
(dd,J = 7.5, 7.5 Hz, 1H), 6.80 (d,= 8 Hz, 1H), 4.64 (d) = 15 Hz, 1H), 4.55 (d] = 15
Hz, 1H), 2.65 (s, 3H), 1.75 (s, 9H).

HR-EIMS m/zmeasured 350.0767 (350.0759 calcd fgiHgsN203S,).

EIMS m/z(relative abundance) 350 [M{7), 250 (61), 203 (15), 177 (31), 149 (19), 116
(11), 57 (100).

4.3.38 [SGH,]Brassicanal A (39b)

CHO

N

H

39b
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NaHCG; (504 mg, 6 mmol) and 48,0 (800 mg, 1.80 mmol) were added to a
solution of oxindole 197, 400 mg, 3 mmol) in dry THF (8 mL). The reactionxtare
was stirred at r.t. for 2.5 h and then filterea fitirate was concentrated to remove THF.
Ice-cold HO was added to the residue and the flask kept icexbath. The precipitate
that formed was filtered off to yield indoline-2idhe (198 322.4 mg, 72%). NaH (373
mg, 15.8 mmol) was added to a stirred solution mafoline-2-thione (200 mg, 1.34
mmol) in HCOOEt (3.8 mL, 47.4 mmol). After 5 mirnet reaction mixture was diluted
with H,O (10 mL), was acidified with HCI (2.5 M), and tpeecipitate that formed was
fillered off to yield 2-mercaptoindole-3-carboxaiyee (113 mg). The remaining
agueous solution was extracted with EtOAc (100>18), the combined organic extract
was dried over N&O, and was concentrated to yield 2-mercaptoindole-3-
carboxaldehydel1@5 100 mg). The total yield of 2-mercaptoindole-3bmxaldehyde
obtained was 213 mg (90%, Pedras and Okanga, 1888).(35 uL, 0.25 mmol) and
IC?H3 (32 uL, 0.51) were added to a solution of 2-mercaptoie@carboxaldehyde (30
mg, 0.17 mmol) in dry BEO (2 mL). The reaction mixture was allowed to &ir20 min
and the precipitate that formed was filtered offl amsed with EfO (5 mL x 3). The
filtrate was washed with # (10 mL), was dried over N8O, and was concentrated.
The crude reaction mixture was subjected to FCC,(I3HCH3;OH, 98:2, v/v) to yield
[SC’Hs]brassicanal AZ9b, 18.3 mg, 56% vyield).

HPLC-DAD Method A, =11.3 min.

'H NMR (500 MHz GHsCN) & 10.14 (s, 1H), 8.05 (d} = 8.5 Hz, 1H), 7.45 (d] = 8.5
Hz, 1H), 7.22-7.24 (m, 2H).

HR-EIMS m/zmeasured 194.0591 (194.0593 calcd foiHe?HsNOS).

EIMS m/z(relative abundance) 194 [M{100), 176 (25), 160 (63), 148 (22), 121 (11).
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4.3.39 Brassicanal A (39)

CHO

39

Iz __

EtzN (47 pL, 0.34 mmol) and ICkl (42 uL, 0.68) were added to a solution of 2-
mercaptoindole-3-carboxaldehyde (40 mg, 0.27 mmnotlry EO (2 mL). The reaction
mixture was allowed to stir for 20 min and was teeaas described above for
[SC°Hs]brassicanal A39b) to yield brassicanal A3Q, 24 mg, 56% yield, Pedras and
Okanga, 1999).

HPLC-DAD Method A, = 11.3 min.

'H NMR (500 MHz GHsCN) 8 10.14 (s, 1H), 8.05 (d, = 8.5 Hz, 1H), 7.45 (d] = 8.5
Hz, 1H), 7.22-7.24 (m, 2H), 2.64 (s, 3H).

HR-EIMS m/zmeasured 191.0409 (191.0405 calcd fgHGNOS).

EIMS m/z(relative abundance) 191 [M{100), 176 (27), 158 (89), 148 (26), 130 (15).

4.4 Administration of precursors to rutabaga and

turnip

4.4.1 Extraction of phytoalexins

Rutabaga B. napusL. ssp.rapifera) and turnip B. rapa) roots tubers were cut
horizontally in 10-15 mm thick discs and cylindtideoles (16 mm in diameter) were
made on one surface of the discs with a cork-btedras et al., 2004). The discs were
kept in tightly sealed plastic boxes and incubae@0 °C in darkness. After 24 h, the
discs were UV-irradiated on the surface with hdt@s20 min, and were incubated for
further 24 h. Precursors (5 x “40) dissolved in HO-CH;OH-Tween 80 (95/5/0.05
viv) or H,O- CH;OH-Tween 80-DMSO (95/5/0.05/0.1 v/v for cyclobrassj 28) were
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pipetted into each hole (500 pL per hole) and tkesdwere further incubated at 20 °C
in darkness. Following adsorption of precursor soly the holes were filled with water.
The aqueous solution in the holes was withdrawrh vat pipette after appropriate
incubation period (24, 48, 72 or 96 h) and wasaetéd with EtOAc (30 mix 2). The
combined organic extract was dried over,8@ and solvent was removed under
reduced pressure. The residue obtained was dissatvé€€H,CN (400 pL) and was
analyzed by HPLC-DAD. The residue was then subjetbepreliminary clean up by
micro-FCC in a Pasteur pipette column packed witbasgel to 35 mm, eluting with 20
mL of CH,Cl, and then 20 mL of C}Cl,-EtOAc (40:60, v/v) to yield two fractions. The
phytoalexin containing fractions obtained were goedl by HPLC-DAD, HPLC-MS-
ESI, and HPLC-HRMS-ESI. Control experiments werrilsirly prepared by incubating
rutabaga and turnip root tubers with non-labelegtprsors or with carrier solution only.

4.4.2 Extraction of glucosinolates

Tissue around the holes was cut, was soaked igO8Hwas ground (pestle and
mortar) and was extracted with an aqueoug@HHsolution. Extraction was carried out
overnight on a shaker at 170 rpm, after which ibgue was filtered off and the filtrate
was concentrated under reduced pressure. The eesiohained was subjected to RP-
FCC (HO-CHsCN, 100:0; 90:10, 80:20, v/v) to yield 3 fractiozmntaining a mixture of
indole glucosinolates. The fractions were dissoliedH,O-CH;OH (50:50) and were
analyzed by HPLC-DAD, HPLC-MS-ESI, and HRMS-ESI.

4.5 Administration of precursors to E. gallicum (dog

mustard)

4.5.1 Time course experiments

In order to carry out feeding experiments with dogistard, the maximum
production period of erucalexir3®) and 1-methoxyspirobrassiniBs) was determined
using detached leaves. Dog mustard plants werergnowyrowth chambers with a 16-h
photoperiod (22°C/18°C) at ambient humidity. Thed2§ old plants were sprayed with
CuCh (2 x 10° M) solution in the growth chambers. After 24-hibation, the leaves
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were excised at the base of petiole and immediatatyersed into distilled $O (1 mL)

in a vial. The petiolated leaves were sprayed @itiCh (2 x 10° M) solution followed
by incubation at r.t. under continuous light. Afg#-h incubation, leaves were frozen in
liquid nitrogen, ground with a glass rod and weraeted in EtOAc (30 mL) overnight.
The extract was filtered and was concentrated umeéuced pressure. The residue
obtained was subjected to preliminary clean uputjinoa micro-FCC column employing
a Pasteur pipette column packed with silica geB3omm and eluting with 20 mL of
CH.Cl, and then 20 mL of C}Cl,-EtOAc (25:75, v/v). The leaves were similarly
extracted after 48-, 72-, 96- and 120-h incubatp®riods, each experiment was
performed in duplicate. The fractions obtained wanalyzed by HPLC-DAD and the
amounts of erucalexin and 1-methoxyspirobrassiniasgnt was determined from
calibration curves prepared from pure erucalexid &rmmethoxyspirobrassinin. From
these experiments, the maximum production of eexaal was detected after 48-h
incubation and this incubation period was adaptedféeding experiments. To prove
that the observed metabolites were phytoaleximsilasi experiments were carried out
with leaves sprayed with water. HPLC-DAD analysid dot indicate the presence of

erucalexin, 1-methoxyspirobrassinin or any eliciteetabolites in these extracts.

4.5.2 Administration of precursors

Plants were grown and elicited as discussed fortithe course analyses. The
petiolated leaves from elicited 28-day-old plantsevplaced in vials containing 1 mL of
precursor (5 x 16 M) dissolved in HO-CH;OH-Tween 80 (95/5/0.05 v/v). Following
uptake of precursor solution, the vials were fillgth H,O and were incubated for 48 h
under continuous light. The leaves were extractedescribed for time course analyses,
and the phytoalexin containing fractions were anedyby HPLC-DAD, HPLC-MS-ESI
and HPLC-HRMS-ESI.
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Appendix

A.1 Quantification of [4',5',6',7'-°H]1-methoxyspiro-
bassinin (35a) using LC-MS-ESI and LC-HRMS-ESI

3
N\2 scH 2
N 3 SCH
4 v Nk
S1 S1
1 @] (@]
N N
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Figure A.1  1-Methoxyspirobrassinin  3p) and [4',5',6', 7%H,]1-methoxy-
spirobrassinin35a).

In this work, incorporation of isotopically’H, **S) labeled precursors into
secondary metabolites (phytoalexins and indolytgéinolates) were established by LC-
MS-ESI [lon Trap (IT)], LC-HRMS-ESI [quadrupole-tenof flight (Q-ToF)], and
HRMS-EI [double focusing magnetic sector (DFMS)algses. The reproducibility and
accuracy of the LC-MS-ESI (IT) and LC-HRMS-ESI (@H) methods of anlyses were
compared using standard mixturécalfles A.1 and A.2) of 1-methoxyspirobrassinin
(35 and [4'5',6',7%H,]1-methoxyspirobrassinin36a). The standard mixtures were
prepared to allow comparison of incorporation Isvieétween 1 and 50%. Additional
analytical methodsH-NMR and HRMS-EI (DFMS), were used to analyze stendard
mixtures and the results obtained were compardd thidse of LC-MS-ESI (IT) and LC-
HRMS-ESI (Q-ToF) analyse3 ébles A.1andA.2).
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The percentage amounts of [4',5',6'H1-methoxyspirobrassinin3ba) present

in the mixtures Tables A.1andA.2) were determined by the methods:
1) LC-MS-ESI, LC-HRMS-ESI, and HRMS-EI analyses

(Eq.1) % of35a={[M + n]”/(M]*"~ + [M +n]"")} x 100 (n = 4)
n is the number of deuterium atoms, and M is th&k@gaa or relative
intensity of the molecular ion peak in the mixtucesitaining35 and35a

2) 'H NMR analyses

(Eq.2) % of35a={([H-4a/b] — [H-7"])/[H-4a/b]} x 100
[H-7"] is the integration of proton peak due to H-and [H-4] is the
integration of the proton peak due to 2H-4adh 4.60 or 4.46) in the

mixtures containin@5 and35a

The proton peak due to H-B(7.06) is well separated and simple, this peak was
integrated and calibtrated as 1, and was usedstdard to intergrate the peaks due to
2H-4a/b fy 4.60 and 4.46)Higures A.1 andA.2). The integration values of proton
peaks due to H-4ad§ 4.60) and H-4b (4.46)F{gure A.2) were therefore used to
calculate the percentage amounts of [4',5',#47]1-methoxyspirobrassinirB6a) in the

mixtures according to equati®y.2 and are summarized irable A.L
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Figure A.2 'H NMR spectra of 1-methoxyspirobrassini®g) and [4',5',6',7°H,]1-
methoxyspirobrassinin36g). Spectruml = 1-methoxyspirobrassinin; Spectrun =
mixture of 1-methoxyspirobrassinir8%) and [4',5',6',7*H4]1-methoxyspirobrassinin

(353).

Al1l Deuterated component is 10 - 50% of the mixte
(Standard mixtures A)

Stock solutions of 1-methoxyspirobrassinin3s)( and [4'5',6',7%H4]1-
methoxyspirobrassinin36a) were prepared at concentrations of 1.76 ¥ M) From
each stock solution 085 and 35a 500.0 pL were withdrawn, combined, and were
evaporated to dryness. The resulting mixtdrel was taken in &43CN (500.0 pL) and
was analyzed byH-NMR. From mixtureA-1, 100.0 uL were withdrawn and analyzed
by HPLC-MS-ESI (IT), HPLC-HRMS-ESI (Q-ToF), and HFBVEI (DFMS) {Table
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A.1l). To the remaining mixturé-1 was added 500.0 pL from stock solution of 1-
methoxyspirobrassinin3p). The resulting mixtureA-2, was evaporated to dryness and
similarly analyzed ag-1 above. Following'H-NMR analysis, 100.0 pL oA-2 were
withdrawn and the remaining portion was treated-dsabove to prepare mixturés3
and A-4 respectively Table A.1). Stock solutions of 1-methoxyspirobrassing®)(and
[4'5',6',7'2H,]1-methoxyspirobrassinin36a) were similarly analyzed byH-NMR,
HPLC-MS-ESI, HPLC-HRMS-ESI, and HRMS-EI.

Table A1  Quantification of the amounts of [4',5',6°H4)1-methoxyspirobrassinin
(359) present in a mixture with 1-methoxyspirobrassi{@5) using LC-MS-ESI.

Mixture LC-MS-ESI®*®  LC-HRMS-ESI*®*® HRMS-EI*? 'H-NMRP"?
(IT) (Q-ToF) (DFMS)
Av (%) STD
A-1 50.0 0.57 50.0 50.0 50.0
A-2 34.0 1.07 33.0 36.0 37.0
A-3 18.0 0.84 17.0 21.0 25.0
A-4 12.0 0.45 10.0 16.0 20.0

®The percentage amounts 6H[]1-methoxyspirobrassinirB6a) in the mixturesA-1 to
A-4 calculated according to equatigq.1.

*The percentages amounts f}ﬂﬂ1-methoxyspirobrassinirB(Sa) in the mixturesA-1 to
A-4 calculated according to equatigqg.2.

“% of 35a calculated from average of three independent ohetions * standard
deviation (STD).

Y95 of 35acalculated from one determination.

°Positive ion mode.

As shown inTable A.1, LC-MS-ESI (IT) analyses were conducted in trigte
measurements. There were no significant differeniceshe percentage amounts
calculated for LC-MS-ESI (IT) and LC-HRMS-ESI (QHfpanalysesTable A.1). The
percentages obtained from HRMS-EI (DFMS) analysesevelightly higher than those
obtained from LC-MS-ESI and LC-HRMS-ESI, but showsaahilar trend Table A.1).
Although percentages frofti-NMR analyses were slightly higher than those il
by LC-MS-ESI, LC-HRMS-ESI, and HRMS-EI, these arsa&y have shown that either
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or both LC-MS-ESI (IT) and LC-HRMS-ESI (Q-ToF) che used to determine levels of
incorporation in the study of biosynthetic pathvaydf crucifer phytoalexins.

A.l.2 Deuterated component is less than 10% of thmixture
(Standard mixtures B)

The accuracy of the of LC-MS-ESI (IT) method in thetermination of secondary
metabolites incorporating less than 10% of the ymsar was established with standard
mixtures of [4',5',6',7H,]1-methoxyspirobrassinin36a) and 1-methoxyspirobrassinin
(35). Thus, stock solutions @5aand35 were prepared at concentrations of 2.85 % 10
M. Stock solution of 1-methoxyspirobrassinin (9Q0) was added to that of [4',5',6',7'-
H,]1-methoxyspirobrassinin (10.0 pL), followed by &ith of CH;CN (400.0 pL) to
the resulting solution to give mixtu®-1. The prepared mixturB-1 was analyzed by
LC-MS-ESI (IT) and HRMS-EI (DFMS) in triplicate mearements able A.2). The
remaining mixturesB-2 to B-5 were similarly prepared by mixing stock solutiarfsl-
methoxyspirobrassinin (92.0, 94.0, 96.0 and 98.0 with that of [4',5',6',7°H,]1-
methoxyspirobrassinin (8.0, 6.0, 4.0, and 2.0 pé3pectively, that were treated Bl
above, followed by LC-MS-ESI and HRMS-EI analys&ébhe percentage amounts of
[4'5',6',7'2H,]1-methoxyspirobrassinin in the mixtures were chtd (similar to

standard mixture8) and are summarized irable A.2.
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Table A.2  Quantification of the amounts of [4',5',6°H4]1-methoxyspirobrassinin
(359) present in a mixture with 1-methoxyspirobrassi{35).

Mixture LC-MS-ESI*¢(IT) HRMS-EI ®° (DFMS)
Av. (%) STD Av. (%) STD
B-1 8.0 0.4 11.0 0.1
B-2 6.0 0.3 9.0 0.2
B-3 5.0 0.3 7.0 0.0
B-4 3.0 0.2 5.0 0.2
B-5 2.0 0.1 2.0 0.1

®The percentage amounts 6Hf]1-methoxyspirobrassinir36a) in the mixturesB-1 to
B-5 calculated according to equatigx. 1.

% of 35a calculated from average of three independent mhsations + standard
deviation (STD).

“Positive ion mode.

As shown in Table A.2, the percentage amounts of [4'5' 6Hi}1-
methoxyspirobrassinin3ga) in the mixtures from LC-MS-ESI (IT) analyses were
slightly lower than those obtained from HRMS-EI (@) analyses. The percentage
amounts of up to 2% of [4',5',6' #]1-methoxyspirobrassinin in the mixtures were
detected with good reproducibility.

A.1.3 Conclusion

These analysesTébles A.1andA.2) show that both LC-MS-ESI (IT) and LC-
HRMS-ESI (Q-ToF) methods can be used to accurastgblish the incorporation of
various precursors into different secondary mettskven at low incorporations. The
data obtained from these quantification studieggesigthat the two methods, LC-MS-
ESI (IT) and LC-HRMS-ESI (Q-ToF), provide sufficiemnformation for accurate
determination of levels of incorporation.

The HRMS-EI (DFMS) analysis is also accurate amquta@ucible Tables A.2.
Howeve, unlike LC-MS-ESI (IT) and LC-HRMS-ESI (Q-Fpthat analyzes mixtures of
secondary metabolites, HRMS-EI requires sampleragpa. Secondary metabolites are
normarly obtained in very small quantities, thusiling the applicability of HRMS-EI

in their analysis.
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