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In animals, they provoke cerebral edema and liquefac-
tion necrosis, and even centrilobular necrosis (hypoxic
hepatitis) and hepatic fibrosis are observed in severe
cases.861 Liver disease, including tumors of the liver have
also been associated with fumonisin intoxication. It has been
reported that chronic exposure to fumonisins induces
immunotoxicity, although this is still an area of active
research.

However, the major reason for interest in fumonisins
is their possible role as environmental tumor promoters
in causing human cancer (concretely esophageal car-
cinoma).862,863 Their mechanism of toxicity consists of the
inhibition of the sphingolipid synthesis, due to their
structural similarity with sphingoid bases, resulting in the
disruption of sphingomyelin.864 The disruption of sphin-
gomyelin and metabolism in cells provokes cell damage,
apoptosis, necrosis, and compensatory hyperplasia.865 Un-
fortunately, awareness of its tumor-promotion mechanism

has been limited by the general lack of understanding in this
field. In recent years, fumonisin research has become one
of the most active areas in fungal secondary metabolism.866

1.2.5. Patulin

Patulin is most frequently found in fruits such as apples,
pears, and grapes. As a major symptom, it provokes
congestion and edema of pulmonary, hepatic, and intestinal
blood vessels and tissues. Moreover, sarcomas were observed
when large doses of patulin were injected into animals.
However, the mechanisms through which patulin causes
toxicity are still not well-understood.867

2. Total Synthesis
Numerous mycotoxins have been targeted by total syn-

thesis. In this section, we present the most important
mycotoxins and their syntheses.

Table 2. Mycotoxins Produced by Aspergillus sp.

fungus mycotoxin produced

Aspergillus aculeatus Secalonic acid D (10)
Aspergillus albertensis Ochratoxin A (7), Ochratoxin B (155)
Aspergillus alliaceus Ochratoxin A (7), Ochratoxin B (155)
Aspergillus auricomus Ochratoxin A (7), Ochratoxin B (155)
Aspergillus bombycis Aflatoxin B1 (1), Aflatoxin G (13)
Aspergillus breVipes Viriditoxin
Aspergillus caespitosus Fumitremorgin A
Aspergillus candidus Citrinin (2), Acetylisoneosolaniol
Aspergillus carneus Citrinin (2)
Aspergillus claVatus Patulin (3), Tryptoquivaline A (C), Cytochalasin E (443)
Aspergillus flaVipes Citrinin (2)
Aspergillus flaVus Aflatoxin B1 (1), Aflatoxin B2 (15), Aflatoxin M1 (12),

Cyclopiazonic acid, Aflatrem (indole alkaloid), 3-Nitropropionic
acid, Sterigmatocystin (62), Versicolorin A (597), Aspertoxin

Aspergillus fresenii Xanthomegnin (591)
Aspergillus fumigatus Fumitremorgin A, Verruculogen (543), Gliotoxin (527), Fumagillin,

Helvolic acid, Sphingofungins, Brevianamide A (545), Phthioic
acid, Fumigaclavin C, Aurasperone C

Aspergillus giganteus Patulin (3)
Aspergillus melleus Ochratoxin A (7), Viomellein, Xanthomegnin (591)
Aspergillus microcysticus Aspochalasin
Aspergillus nidulans (Emericella nidulans) Sterigmatocystin (62), Dechloronidulin, Emestrin
Aspergillus niger Malformin, Ochratoxin A (7), Fumonisin B2 (5)
Aspergillus nomius Aflatoxin B1 (1), Aflatoxin B2 (15), Aflatoxin G1 (13), Aflatoxin G2

(19)
Aspergillus ochraceoroseus Aflatoxin B1 (1), Sterigmatocystin (62)
Aspergillus ochraceus Ochratoxin A (7), Ochratoxin B (155), Ochratoxin C (156),

Viomellein, Penicillic acid (187)
Aspergillus oryzae Cyclopiazonic acid, Maltoryzine, 3-Nitropropionic acid
Aspergillus ostianus Ochratoxin A (7)
Aspergillus parasiticus Aflatoxin B1 (1), Aflatoxin B2 (15), Aflatoxin G1 (13), Aflatoxin G2

(19), Aflatoxin M1 (12), Versicolorin A (597)
Aspergillus petrakii Ochratoxin A (7)
Aspergillus pseudotamarii Cyclopiazonic acid, Aflatoxin B1 (1)
Aspergillus restrictus Restrictocin
Aspergillus sclerotiorum Ochratoxin B (155)
Aspergillus sulfureus Ochratoxin A (7), Ochratoxin B (155)
Aspergillus terreus Territrem A,25 Citreoviridin, Citrinin (2), Gliotoxin (527), Patulin

(3), Terrein, Terreic acid, Terretonin, Itaconic acid, Aspulvinone,
Asterric acid, Asterriquinone, butyrolactone I, Emodin (573),
Geodin, Itaconate, Lovastatin,26 Questin, Sulochrin, Terrecyclic acid.

Aspergillus ustus Austdiol, Austin, Austocystin A, Sterigmatocystin (62)
Aspergillus Variecolor Sterigmatocystin (62)
Aspergillus Versicolor Sterigmatocystin (62), Cyclopiazonic acid, Versicolorin A (597)
Aspergillus Viridinutans Viriditoxin
Aspergillus wentii Emodin (573), 3-Nitropropionic acid, Ochratoxin A (7), Ochratoxin

B (155),
Emericella Venezuelensis Aflatoxins (1, 12-22)
Eurotium cheValieri Echinulin, Neoechinulin, Gliotoxin (527), Xanthocillin
Neosartorya fischeri Fumitremorgin A, Fumitremorgin C, Verruculogen (543),

Tryptoquivaline A (C)
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Table 3. Continued

mycotoxin
class

name (stereochemistry)
(alternative name)

producing fungus
(example)

ref for
synthesis commenta

Anthraquinoid Catenarin (1,4,5,7-Tetrahydroxy-2-
methylanthraquinone)

Penicillium islandicum,c

Pyrenophora graminea,
Dreschlera catenaria94

biotransformation95 MTX

Anthraquinoid Cercosporin Cercospora nicotianae,
C. beticola96

MTX, phyto

Anthraquinoid Chrysazin (danthron, 1,8-
dihydroxy-9,10-anthracenedione)

Chaetomium globosum 97 MTX

Anthraquinoid Chrysophanol98 (83) Penicillium islandicum,
P. kloeckeri,
Trichoderma harzianum7

99-102, 117 MTX, not mut

Anthraquinoid Cynodontin (1,4,5,8-Tetrahydroxy-2-
methylanthraquinone)

Helminthosporium cynodontis,c

pyrenochaeta terrestis,
cochliobolus lunatus103

MTX

Anthraquinoid Dactylariol (Altersolanol C) Pleospora sp.104 MTX, cyto
Anthraquinoid Demethyl solorinic acid Aspergillus Versicolor105 MTX
Anthraquinoid Deoxyaverufinone Aspergillus Versicolor106 MTX
Anthraquinoid Dihydrocatenarin Penicillium islandicum MTX
Anthraquinoid Emodic acid Penicillium albicans MTX
Anthraquinoid Emodin (573) Aspergillus wentii,c

A. aculeatus107

Penicillium islandicum,c,7

Pyrenochaeta terrestris,107

Trichoderma Viride7

101, 108 MTX, not mut

Anthraquinoid Emodin-2-carboxylic acid Penicillium islandicum MTX
Anthraquinoid Endocrocin (-) Pyrenochaeta terrestris,107

Aspergillus aculeatus,107

Penicillium tardum109

110 MTX

Anthraquinoid Erythroglaucin Aspergillus glaucusc,
A. cheValieri,
A. echinulaus,
A. niVeoglaucus,
A. ruber,
A. umbrosus,
Eurotium sp.,
Chaetomium globosum167

111 Tox, MTX

Anthraquinoid Erythroskyrine Penicillium islandicum7,112 113 MTX
Anthraquinoid F-742-C Trichoderma Viride114 MTX
Anthraquinoid Hydroxyviocristin Aspergillus cristatus 115 MTX
Anthraquinoid Islandicin Penicillium islandicin 116, 117 MTX
Anthraquinoid Lunatin (1,3,8-trihydroxy-

6-methoxyanthraquinone)
CurVularia lunatab bact

Anthraquinoid Macrosporin Alternaria porri,
A. alternaria,
Stemphylium eturmiunum

by degradation from
alterporriol A118

prob mut

Anthraquinoid Nidurufin (an aflatoxin precursor) Aspergillus nidulans,
Emericella sp.

92 MTX, w mut

Anthraquinoid Norsolorinic acid (586) (2-n-Hexanoyl-
1,3,6,8-tetrahydroxyanthraquinone)

Aspergillus Versicolor,
A. parasiticus,
Emericella naVahoensis91

MTX, w mut

Anthraquinoid Physcion119 (Parietin, chrysophanic acid,
emodin 3-methyl ether,
6-O-methylemodin, rheochrysidin,
Chrysorobin, Parmel yellow,
Lichen-chrysophanic acid,
Przewalskinone B)

Aspergillus glaucus,c

A. echinulatus,
A. niVeoglaucus,
A. ruber,
A. umbrosus,
P. herquei,
Eurotium amsteldami,7

E. cheValieri,7

E. herbariorum7

Chaetomium globosum167

100, 102 MTX

Anthraquinoid Questin (1-O-Methylemodin, Methylemodin) Zopfiella longicaudata
(Ascomycete)

120 MTX

Anthraquinoid Rhein Rheum emodi121 122 anticancer123

Anthraquinoid Roseopurpurin (Roseo-purpurin, Carviolin) Penicillium carmine-Violaceum,
Zopfiella longicaudata
(Ascomycete)124

MTX, mod immun

Anthraquinoid Rubrocristin Aspergillus cristatus MTX
Anthraquinoid Rubroglaucin (C16H12O5)23 Aspergillus umbrosus,

A. ruber,
A. neVeoglaucus,
A. echinulatus,
Gliocladium roseum

MTX

Anthraquinoid Triacetylemodin Trichoderma polysporum 125 HIV
Anthraquinoid Tritisporin Helminthosporium

tritici-Vulgaris
MTX
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name (stereochemistry)
(alternative name)

producing fungus
(example)

ref for
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Anthraquinoid Versiconal (577) Aspergillus parasiticus MTX
Anthraquinoid Versiconal acetate (574) (S) Aspergillus flaVus,

A. parasicticus23
MTX, prob mut

Anthraquinoid Viocristin Aspergillus cristatus 115 MTX
Anthraquinoid ω-Acetylcarviolin Aspergillus glaucus,

Penicillium frequetans,
Zopfiella longicaudata
(Ascomycete)

MTX

Anthraquinoid ω-Hydroxyemodin (citreorosein) Penicillium islandicum,
Zopfiella longicaudata

126 w immun

Anthraquinoid dimer 4-Oxyluteoskyrin (-) Penicillium islandicum MTX
Anthraquinoid dimer Alterporriol A (-) (5,6,7,8-

Tetrahydro-4,4′,5,6,6′,7,8-
heptahydroxy-2,2′-dimethoxy-
7,7′-dimethyl-1,1′-bianthracene-
9,9′,10,10′-tetrone)

Alternaria porri 127 MTX

Anthraquinoid dimer Alterporriol B Alternaria porri 128 MTX
Anthraquinoid dimer Alterporriol C Alternaria porri 127 MTX
Anthraquinoid dimer Alterporriol D Alternaria porri MTX
Anthraquinoid dimer Aurantioskyrin (+) Penicillium islandicum134 MTX
Anthraquinoid dimer Auroskyrin (+) Penicillium islandicum134 MTX
Anthraquinoid dimer Cytoskyrin A (9) Cytospora sp.129 (+)-2,2′-epi-

Cytoskyrin
A (417);130,131

model: 132

MTX, bact

Anthraquinoid dimer Cytoskyrin B Cytospora sp.129 MTX
Anthraquinoid dimer Deoxyluteoskyrin (-) Penicillium islandicum MTX
Anthraquinoid dimer Deoxyrubroskyrin (-) Penicillium islandicum model: 132 MTX
Anthraquinoid dimer Dianhydrorugulosin (+) Penicillium islandicum MTX
Anthraquinoid dimer Dicatenarin (+) Penicillium islandicum MTX
Anthraquinoid dimer Flavoskyrin (-) Penicillium islandicum model: 132 MTX
Anthraquinoid dimer Iridoskyrin A (+) Penicillium islandicum Not mut
Anthraquinoid dimer Lumiluteoskyrin (Photoproduct) Penicillium sp. 133 Mut
Anthraquinoid dimer Luteoskyrin (-) Penicillium islandicumc,7 MTX, carc
Anthraquinoid dimer Oxyskyrin (+) Penicillium islandicum MTX
Anthraquinoid dimer Punicoskyrin (+) Penicillium islandicum134 MTX
Anthraquinoid dimer Rhodoislandin A (+) Penicillium islandicum134 MTX
Anthraquinoid dimer Rhodoislandin B (+) Penicillium islandicum134 MTX
Anthraquinoid dimer Roseoskyrin (+) Penicillium islandicum134 MTX
Anthraquinoid dimer Rubroskyrin (-) Penicillium islandicum Mut
Anthraquinoid dimer Rugolusin (+) Penicillium rugolosumc (+): 130 MTX
Anthraquinoid dimer Rugulin (409) Penicillium islandicum,

P. rugolosumc
model: 132 MTX

Anthraquinoid dimer Rugulosin (410) (-) Penicillium islandicum,7

P. kloeckeri,
P. rugulosum,7,23

P. Variabile7

(+): 130 MTX, mut

Anthraquinoid dimer Skyrin (+) (S) (Rhodophyscin,
Endothianin)

Penicillium islandicum,c

P. rugulosum,
P. kloeckeri23

135; model: 132 Bact

Anthraquinoid dimer Skyrinol (+) Penicillium islandicum MTX
Austocystin136 (Furoxanthenone) 4,6-Bisdemethylaustocystin A Aspergillus ustus MTX
Austocystin136 (Furoxanthenone) 4-Demethylaustocystin A Aspergillus ustus137 MTX
Austocystin136 (Furoxanthenone) 6-Demethylaustocystin A Aspergillus ustus137 MTX
Austocystin136 (Furoxanthenone) Austocystin A (-) Aspergillus ustus7 model: 138 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin B Aspergillus ustus7,89 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin C Aspergillus ustus7 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin D Aspergillus ustus7 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin E Aspergillus ustus7 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin F Aspergillus ustus7 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin G Aspergillus ustus7 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin H Aspergillus ustus7 MTX, mut, cyto
Austocystin136 (Furoxanthenone) Austocystin I Aspergillus ustus7 MTX, mut, cyto
Azaanthraquinone Scorpinone Amorosia littoralis 139 MTX
Azanaphthoquinone 8-O-Methylbostrycoidin

(Bostrycoidin-
9-methyl ether)

Fusarium moniliforme140 141, 142 MTX, cyto

Azaphilone Rotiorinols A-C Chaetomium cupreum CC3303149 fung, MTX
Azaphilone Rubrorotiorin (C23H23ClO5)23 Chaetomium cupreum CC3303,149

Penicillium hirayamae
143 fung, MTX

Azaphilone (Benzopyran) Mitorubrin (+)144 Penicillium rubrum21 rac: 145; (-): 146 MTX
Azaphilone (Benzopyran) Mitorubrinic acid (-) Penicillium funiculosum21 Semisynthesis: 145;

rac: 147
MTX

Azaphilone (Benzopyran) Mitorubrinic acid B Penicillium funiculosum148 MTX
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producing fungus
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Azaphilone (Benzopyran) Mitorubrinol (-)144 Penicillium Vermiculatum21 146 MTX
Azaphilone (Benzopyran) Mitorubrinol acetate Hypoylon fragoforme21 MTX
Azaphilone

(Furobenzofuran)
Rotiorin (-) Chaetomium cupreum CC3303149 fung, MTX

Benzobutyrolactone Fumimycin Aspergillus fumisynnematus F746150 MTX
Benzodiazepine Cyclopenin (-)151 Penicillium cyclopium,

P. Vulpinum,
P. atramentosum,
P. crustosum,7

P. echinulatum,
P. solitum,7

P. aurantioVirens,
P. cyclopium,
P. freii,7

P. neochinulatum,
P. polonicum,7

P. aurantiocandidum7

P. discolor7

152 MTX

Benzodiazepine Cyclopenol (-)153 Penicillium cyclopium,
P. Vulpinum,
P. aurantiogriseum,
P. aurantioVirens,
P. Verrucosum,
P. crustosum,7

P. echinulatum,
P. solitum,7

P. cyclopium,
P. freii,7

P. neochinulatum,
P. polonicum,7

P. aurantiocandidum,
P. discolor7

! MTX

Benzodiazepine alkaloid Asperlicin (-) Aspergillus alliaceus154 155; C: 156; E: 156 MTX
Benzodiazepine alkaloid Benzomalvin A-C Penicillium sp. 157; A: 156 MTX
Benzodiazepine alkaloid Circumdatin A Aspergillus ochraceus21 MTX
Benzodiazepine alkaloid Circumdatin B Aspergillus ochraceus21 MTX
Benzodiazepine alkaloid Circumdatin C Aspergillus ochraceus21 158 MTX
Benzodiazepine alkaloid Circumdatin D Aspergillus ochraceus MTX
Benzodiazepine alkaloid Circumdatin E Aspergillus ochraceus 156 MTX
Benzodiazepine alkaloid Circumdatin F Aspergillus ochraceus 158, 159; rac: 156 MTX
Benzodiazepine alkaloid Circumdatin G Aspergillus ochraceus MTX
Benzodiazepine alkaloid Circumdatin H Aspergillus ochraceus MTX, mitochondrial

NADH oxidase
inhibitor

Benzodiazepine alkaloid Sclerotigenin Penicillium sclerotigenum 156, 159 insect
Benzodipyrandione Fuscinarin, fuscin Oidiodendron griseum 160 MTX
Benzofuran Stachybotramide Stachybotrys chartarum,

S. cylindrospora
MTX

Benzofuran Stachybotrydial Stachybotrys chartarum161 MTX
Benzofuran Stachybotrylactone

(Stachybotrolide)
Stachybotrys chartarum161 MTX

Benzofuranone Leptosin C,F,I,J Leptoshaeria species MTX, cyto
Benzofurans Stachybocin A-D Stachybotrys chartarum MTX
Benzoisochromanquinone Thysanone (+) Thysanora penicilloides 162 3C-protease

inhibitor
Benzooxepine Koninginin A-E,163 G164 Trichoderma harzianum7 165 MTX
Benzopyran Austdiol166 Aspergillus ustus7 MTX, mut,

acute tox
Benzopyran Chaetopyranin Chaetomium globosum167 Cyto
Benzopyran Citromycetin (Frequentic acid, 8,

9-dihydroxy-2-methyl-4-oxo-4H,
5H-Pyrano3,2-c]1]benzopyran-
10-carboxylic acid)

Penicillium glabrum7,168 169 MTX

Benzopyran Dihydrodeoxy-8-epi-austdiol Aspergillus ustus MTX
Benzopyran Jesterone Pestalotiopsis jesteri 170 fung, dimer: cyto
Benzopyran Lapidosin Penicillium lapidosum no biodata
Benzopyrone Diplodiol (Diplosporin)

(557) (5S,6R)
Diplodia macrosporac,171 MTX

Benzopyrone Fusarochromanone
(FUCH, TDP 1)

Fusarium equiseti7,172 MTX, cyto

Benzoquinone dimer Phoenicin (phenicin) Penicillium pheniceum21 173 irreversible inhibition
of 3-hydroxy-3-
methylglutaryl
coenzyme
A reductase
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Coumarin dimer Desertorin A (S) Emericella sp. 202 MTX
Coumarin dimer Desertorin B (R) Emericella sp. MTX
Coumarin dimer Desertorin C (S) Emericella sp. MTX
Cyclodepsipeptide Destruxin A, B, E (E: 549) Aspergillus ochraceus

Metarhizium anisopliae
203 MTX, E: Insec, cyto

Cyclodepsipeptide Enniatin A204 Fusarium aVeanceum,7

F. acuminatum7
205 MTX, cyto, biot, insec,

ionophoric
Cyclodepsipeptide Enniatin A1204 Fusarium aVeanceum,7

F. acuminatum7
MTX, cyto, biot, insec,

ionophoric
Cyclodepsipeptide Enniatin A2204 Fusarium langsethiaed MTX, cyto
Cyclodepsipeptide Enniatin B1204 Fusarium aVeanceum,7

F. acuminatum7
MTX, cyto, biot, insec,

ionophoric
Cyclodepsipeptide Enniatin B204 Fusarium aVeanceum,7

F. acuminatum7
MTX, cyto, biot, insec,

ionophoric
Cyclodepsipeptide Enniatin B2204 Fusarium aVeanceum,

F. acuminatum7
MTX, cyto, biot, insec,

ionophoric
Cyclodepsipeptide Enniatin B3204 Fusarium aVeanceum,7

F. acuminatum7
MTX, cyto, biot, insec,

ionophoric
Cyclodepsipeptide Enniatin H, I204 Fusarium langsethiaed MTX, cyto
Cyclodepsipeptide Enniatin L, M1, M2, N204 Unidentified fungus MTX
Cyclodepsipeptide Gliotide Gliocladium sp.b Cyto
Cyclodepsipeptide MK1688 Verticillium hemipterigenum MTX
Cyclodepsipeptide Roseocardin Trichothecium roseum Cardiotonic
Cyclodepsipeptide Roseotoxin A Trichothecium roseum MTX, No bio data
Cyclodepsipeptide Roseotoxin B Trichothecium roseum MTX, Tox, insec
Cyclodepsipeptide (5 AA) Pithomycolide Pithomyces chartatum 206 MTX
Cyclodepsipeptide (6 AA) Beauvericin (BEAU) BeauVersia terreus,

Fusarium proliferatum7
207 MTX, cyto, biot, insec,

ionophoric
Cycloheptapeptide Scytalidamide A,B Scytalidium sp.b A: 208 Cyto
Cyclohexanecarbaldehyde23 Frequentin Penicillium brefeldianum,

P. frequentans,209

P. palitans,210

P. Verrucosum

biot, fung

Cyclohexanone Palitanin Penicillium brefeldianum,
P. palitans210

MTX

Cyclohexenone Terredionol (4R,6R) Aspergillus sp. MTX
Cyclohexenone

(Patulin precursor)
Isoepoxydon (Epiepoxydon;

U-III) (rac and (+))
Penicillium urticae,211

Apiospora montagneib
212, 213 MTX, cyto

Cyclopentabenzopyran Presambucoin Fusarium culmorum MTX
Cyclopentabenzopyran Sambucoin Fusarium sambucinum214 MTX
Cyclopentanaphthacene Viridicatumtoxin215 Penicillium Viridicatumc,

P. brasilanum7
MTX, mut

Cyclopentenone23 Terrein216 Aspergillus terreus7 217 MTX
Cyclopeptide Cylindrocyclin A Cylindocarpon sp.218 cyto
Cyclopeptide Echinocandin B,C

(a-30912), D
Aspergillus rugulosis,

A. nidulans (C)
219 MTX, fung

Cyclopeptide Islanditoxin220 (not identical
with Cyclochlorotine)

Penicillium islandicum7 MTX, carc, hep

Cyclopeptide JM47 (cyclo(Ala-Ala-Aoh-Pro)) Fusarium sp.b MTX
Cyclopeptide Okaramines A-R Penicillium simplicissimum

(N-R)
221; N: 222 MTX, insec

Cyclopeptide Sporidesmolides I, III, V Pithomyces chartarum 223 MTX
Cyclopeptide Sporidesmolides IV Pithomyces chartarum,

P. maydicus
224 MTX

Cyclopeptide Ustiloxin A-F Ustilaginoidea Virens 225 MTX
Cyclopeptide (4 AA) Aspercolorin Aspergillus Versicolor226 MTX, tox
Cyclopeptide (4 AA) Tentoxin (548) Alternaria alternata 227 Herb!
Cyclopeptide (5 AA) Argifin Gliocladium sp. 228 MTX
Cyclopeptide (5 AA) Cyclochlorotine229 Penicillium islandicum7 Dechloro:230 MTX, carc, hep
Cyclopeptide (5 AA) Malformin231 A1, A2 Aspergillus niger,c,7

A. tubingensis,
Byssochlamys fulVa7

A: 232 MTX, cyto

Cyclopeptide (5 AA) Malformin231 B1, B2, C Aspergillus niger,c,7

Byssochlamys fulVa7
C: 233 MTX, prob cyto

Cyclopeptide (modified) Phomopsin A,234 B235 Phomopsis leptostromiformis model: 236 MTX
Cytochalasan 18-Deoxy-19,20-epoxycytochalasin Q Xylaria hypoxylon237 238 MTX
Cytochalasan 18-Deoxy-19,20-epoxycytochalasin R Xylaria hypoxylon237 238 MTX
Cytochalasan 19,20-Epoxycytochalasin C Xylaria hypoxylon237 238 MTX
Cytochalasan 19,20-Epoxycytochalasin D Xylaria hypoxylon237 238 MTX
Cytochalasan 19,20-Epoxycytochalasin N Xylaria hypoxylon237 238 MTX
Cytochalasan 19,20-Epoxycytochalasin Q Xylaria hypoxylon237 238 MTX
Cytochalasan 19,20-Epoxycytochalasin Q Xylaria sp. 238 MTX, Antiplasmodial
Cytochalasan 19,20-Epoxycytochalasin R Xylaria hypoxylon237 238 MTX
Cytochalasan 19-O-Acetylchaetoglobosin A-B,D Chaetomium globosum MTX

3914 Chemical Reviews, 2009, Vol. 109, No. 9 Bräse et al.



Table 3. Continued

mycotoxin
class

name (stereochemistry)
(alternative name)

producing fungus
(example)

ref for
synthesis commenta

Cytochalasan Aspochalasan Aspergillus microcysticusc MTX
Cytochalasan Aspochalasin A-L, Z Aspergillus microcysticusc,239 240 MTX
Cytochalasan Chaetoglobosin A-G,

J (B: 7,19-Dihydroxy-
10-(indol-3-yl)-5,16,18-trimethyl-
[13]cytochalas-6(12),13,17,21-
tetraene-20,23-dione)

Chaetomium globosumc,7

Penicillium Verrucosum (C),
P. discolor7 (A-C),
P. expansum7 (C)

C: 241 MTX, cyto

Cytochalasan Chaetoglobosin K, L Diplodia macrospora MTX
Cytochalasan Chaetoglobosin U Chaetomium globosum MTX
Cytochalasan Cytochalasin A (440) (5,5-

Didehydrophomin, NSC 174119)
Phoma exigua,c

Helminthosporium dematiodeum
model: 242 MTX

Cytochalasan Cytochalasin B (441)
(NSC 107658, Phomin)

Phoma exigua,c

Phoma exigua Var. Heteromorpha,243

CurVularia lunata,
Helminthosporium dematiodeum

244-247; model:242 MTX

Cytochalasan Cytochalasin C Metarhizium anisopliaec model: 248-252 MTX
Cytochalasan Cytochalasin D (442) (NSC 209835,

Zygosporin A)
Metarhizium anisopliaec 253; 6-epi: 254;

model: 251, 255,
256;
degradation studies: 257

MTX

Cytochalasan Cytochalasin E (443) (NSC 175151) Rosellinia necatrix,c

Aspergillus claVatus7
MTX, tox

Cytochalasan Cytochalasin F
(Cytochalasin F6)

Helminthosporium dematioideum,c

Nigrosalbulum sp.,c

Phoma exigua Var. heteromorpha243

MTX

Cytochalasan Cytochalasin G (444) Phomopsis paspali,c

pseudeurotium zonatum
258, 259 MTX

Cytochalasan Cytochalasin H (445)
(Kodocytochalasin 1, Paspalin P I)

Phomopsis paspali,c

Phomopsis sp. 68-GO-164260
261, 262 MTX

Cytochalasan Cytochalasin I Daldania Vernicosa MTX, cyto
Cytochalasan Cytochalasin J (Deacetylcytochalasin H,

Kodocytochalasin 2, Paspalin P II)
Phomopsis sp. 68-GO-164260 MTX

Cytochalasan Cytochalasin K Chalara microsporac MTX
Cytochalasan Cytochalasin L (446) Chalara microsporac MTX
Cytochalasan Cytochalasin M Chalara microsporac MTX
Cytochalasan Cytochalasin N Phomopsis sp.,263

Phomopsis sp. 68-GO-164260
MTX

Cytochalasan Cytochalasin O (447),
Cytochalasin Ohyp

Phomopsis sp.263 253 MTX

Cytochalasan Cytochalasin P Phomopsis sp.263 MTX
Cytochalasan Cytochalasin Q Hirsutella sp.,264

Halorosellinia oceanica BCC 5149,265

Xylaria hypoxylon237

MTX, cyto

Cytochalasan Cytochalasin R Phomopsis sp. 68-GO-164,260

Xylaria hypoxylon237
MTX

Cytochalasan Cytochalasin S Phomopsis sp. 68-GO-164260 MTX
Cytochalasan Cytochalasin T Phoma exigua Var. heteromorpha243 MTX
Cytochalasan Cytochalasin U, V Phoma exigua Var. heteromorpha266 MTX
Cytochalasan Cytochalasin W Phoma exigua Var. heteromorpha267 MTX
Cytochalasan Cytochalasin X, Y, Z Peseudeurotium zonatum268 MTX
Cytochalasan Cytochalasin Z1, Z2, Z3 Pyrenophora semeniperda269 MTX
Cytochalasan Cytochalasin Z4, Z5, Z6 Phoma exigua Var.

heteromorpha270
MTX

Cytochalasan Deoxaphomin (Desoxyphomin;
(7S,16R,20R)-
7,20-Dihydroxy-5,16-dimethyl-
10-phenyl-(13)cytochalas-
6(12),13(t),21(t)-triene-
1,23-dione)

Phoma spp.c,271 MTX

Cytochalasan Dihydrocytochalasin B
(21,22-Dihydrophomin)

Pyrenophora sp.d MTX

Cytochalasan Engleromycin Engleromyces goetzeic MTX
Cytochalasan Epoxycytochalasin H Phomopsis sp. 68-GO-164260 MTX
Cytochalasan Epoxycytochalasin J Phomopsis sp. 68-GO-164260 MTX
Cytochalasan L-696,474 (446) Hypoxylon fragiforme 247 MTX
Cytochalasan Protophomin Phoma exiguac MTX
Cytochalasan Proxiphomin Phoma exiguac 272, 273 MTX
Cytochalasan Zygosporin D Zygosporium masonii MTX
Cytochalasan Zygosporin E Zygosporium masonii 274, 275 MTX
Cytochalasan Zygosporin F Zygosporium masonii MTX
Cytochalasan Zygosporin G Zygosporium masonii MTX
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Ergot alkaloid Ergosecaline ClaViceps purpurea364 MTX
Ergot alkaloid Ergosecalinine ClaViceps purpurea364 MTX
Ergot alkaloid Ergotamine (8) (Cyclol tripeptide) ClaViceps purpurea 365 MTX
Ergot alkaloid Ergotaminine ClaViceps purpurea MTX
Ergot alkaloid Ergotocine366 ClaViceps sp. MTX
Ergot alkaloid Ergotoxine: mixture of equal

proportions of ergocristine,
ergocornine and ergocryptine

ClaViceps purpurea MTX

Ergot alkaloid Festuclavine (8,9-
Dihydro-agroclavine)

Aspergillus fumigatus,
ClaViceps gigantea

MTX

Ergot alkaloid Fumigaclavine A-C367

(Fumiclavine A-C)
Aspergillus fumigatus,7

Penicillium palitans7 (A,B),
P. roqueforti (B,C)

368 MTX, C:
anorexia

Ergot alkaloid Isofumigaclavine A,B Penicillium roqueforti7 369 MTX
Ergot alkaloid Isolysergol ClaViceps purpurea 363 MTX
Ergot alkaloid Isosetoclavine Penicillium chermesinum 370 MTX
Ergot alkaloid Lysergic acid (85) ClaViceps paspali 371-373 MTX
Ergot alkaloid Pyroclavine ClaViceps purpurea. MTX
Ergot alkaloid Rugulovasine A,B374 Penicillium expansum,

P. rubrum,
P. biforme,
P. Verruculosum,23

P. craterforme,7

P. atramentoseum7

P. commune,7

P. islandicum

375-377 MTX

Ergot alkaloid R-Ergocryptine (R-Ergokryptine, 12-
Hydroxy-2-(1-methylethyl)-5-alpha-(2-
methylpropyl)ergotaman-3,6,18-trione)
(Cyclol tripeptide)

ClaViceps purpurea,
C. zizaniae

371 MTX

Ergot alkaloid R-Ergocryptinine (R-Ergokryptinine) ClaViceps purpurea,
C. zizaniae

MTX

Ergot alkaloid �-Ergocryptine (�-Ergokryptine) ClaViceps purpurea MTX
Ergot alkaloid �-Ergocryptinine (�-Ergokryptinine) ClaViceps purpurea MTX
Ergot alkaloid (diketopiperazine) Aurantiamine378 (alkaloid 302)

(analog of viridamine)
Penicillium aurantiogriseum,7

P. freii,7

P. neochinulatum

379 MTX

Ergot alkaloid (diketopiperazine) Viridamine (540) Penicillium Viridicatum 380 MTX
Fatty acid Phthioic acid Aspergillus fumigatus 381 MTX
Fescue alkaloid Dihydroergosine (DHESN) ClaViceps africana382 MTX
Fescue alkaloid Ergosine (Cyclotripeptide) ClaViceps purpurea,

Epichloe typhina
MTX

Fescue alkaloid Ergosinine ClaViceps purpurea,
Epichloe typhina

MTX

Fescue alkaloid Ergovaline ClaViceps purpurea MTX
Fescue alkaloid (ergoxine group) �-Ergonine ClaViceps sp. 383 MTX
Fescue alkaloid (ergoxine group) �-Ergoptine ClaViceps sp. 383 MTX
Fescue Alkaloids Lysergamide (Lysergic

acid amide, ergine)
ClaViceps paspali MTX

Five-membered Lactone Ascladiol (186) ((E),
(Z)) (E: Patulin precursor)

Aspergillus claVatusc,7,384 MTX

Five-membered lactone Avenaciolide (-) Aspergillus aVenaceus385 (-): e.g., 386, 387 MTX, fung
Five-membered Lactone Neopatulin (185) Penicillium patulum 388 MTX, cyto
Five-membered Lactone Patulin (3) (Clavacin,

Claviformin, Expansin,
Penicidin, Terinin,
Mycoin)

Aspergillus claVatusc,7

A. terreus,7

ClaViceps paspalic,
P. claViforme,
P. expansum,7

P. griseofulVum,7

P. roquefortii,
P. Verrucosum,
P. carneum,7

P. paneum,7

P. claVigerum,
Emericella striata,
Byssochlamys fulVa,7

Paecilomyces Variotii7

388-394 MTX

Five-membered Lactone Tetronic acid Aspergillus panamensis23 395 MTX
Five-membered Lactone γ-Methyltetronic acid

(4-Hydroxy-5-
methyl-2(5H)-furanone)

Penicillium charlesii396 MTX

Fumonisin AAL toxin TA1 (136) Alternaria alternata f. sp.
lycopersici397

398 MTX
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Isocoumarin 5-Chloro-6-hydroxymellein Plectophomella sp., Cryptosporiopsis sp., MTX
Isocoumarin 5-Chloro-6-methoxymellein Coniothyrium sp.,

Periconia macrospinosa497
MTX

Isocoumarin 5-Methylmellein (3,4-
Dihydro-8-hydroxy-
3,5-dimethyl-1H-2-
benzopyran-1-one, 5-
Methylochracin)

Phomopsis sp. 498 MTX

Isocoumarin 6,7,8-Trihydroxy-
3-methyl-1H-2-
benzpyran-1-one
(6,7,8-Trihydroxy-3-
methylisocoumarin)

Emericella naVahoensis55,91,499 MTX

Isocoumarin 6-Hydroxymellein500 Plectophomella sp.,
Cryptosporiopsis sp.

501 MTX

Isocoumarin 6-Methylcitreoisocoumarin (6-
Methoxy-citreoisocoumarin,
3-(2S-Hydroxy-4-
oxopentyl)-8-hydroxy-6-methoxy-
isocoumarin, LL-Z 1640-6650)

Penicillium nalgioVense502 MTX

Isocoumarin 8-Carboxy-3,4-
dihydro-9-hydroxy-
3-methylisocoumarin

Penicillium Viridicatum 503 MTX

Isocoumarin 8-O-Methylasperentin
(Asperentin-8-O methyl ether,
Methylcladosporin)

Aspergillus flaVus 504 MTX

Isocoumarin Asperentin (Cladosporin) Aspergillus flaVus 504 MTX
Isocoumarin Dichlorodiaporthin

(3-(3,3-dichloro-2-hydroxy-
propyl)-8-hydroxy-
6-methoxy-isochromen-
1-one)

Penicillium nalgioVense502 MTX

Isocoumarin Monocerin Helminthosporium monoceras,
Exserohilum monoceras

505 MTX, phytotox

Isocoumarin Ramulosin Pestalotia ramulosa506 501, 507 MTX
Isocoumarin Semi-Vioxanthin

(605) (Semivioxanthin)
Penicillium citreo-Viride 508 MTX

Isocoumarin Viriditoxin (SC-28762) Aspergillus Viridinutans,23

Paecilomyces Variotii7
MTX

Isocoumarin Xanthomegnin509 (607) Penicillium Viridicatumc,7

P. aurantiogriseum,
P. cyclopium,7

P. freiii,7

P. tricolor,
P. cyclopium,
Aspergillus sulfureus,
A. ochraceus7

510 MTX

Isocoumarin dimer Viomellein511 Aspergillus ochraceusc,7

A. sulfureus,
Penicillium Viridicatumc,7

P. cyclopium,
P. expansum,
P. freii,7

P. tricolor,
P. Verrucosum,
P. Viridicatum,
P. citro-Viride

MTX

Isocoumarin dimer Vioxanthin (606) Penicillium freii,7

P. Viridicatum,7

Aspergillus ochraceus7

512 MTX

Isocoumarin-dibenzopyran Rubrosulphin
(Rubrosulfin)

Aspergillus sulfureus MTX

Isocoumarin-dibenzopyran Viopurpurin Aspergillus sulfureus,
Trichophyton spp.,
Penicillium Viridicatum

MTX

Isoechinulin-type Alkaloids Variecolorins A-L Aspergillus Variecolor513 MTX
Isoindolone Dihydrocytochalasin B γ lactone Phoma spp. MTX
Isoprenoid Austin Aspergillus ustus7,514 MTX
Isoprenoid Austinol Aspergillus ustus515 MTX
Isoprenoid Dehydroaustin Aspergillus ustus516 MTX
Janthitrems Janthitrem A Penicillium janthinellumc MTX
Janthitrems Janthitrem B Penicillium janthinellumc MTX
Janthitrems Janthitrem C Penicillium janthinellumc MTX
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Napthoquinone dimer Aurofusarin (608) (5,5′-Dihydroxy-
8,8′-dimethoxy-
2,2′-dimethyl-
[7,7′-bi-4H-
naphtho[2,3-b]pyran]-
4,4′,6,6′,9,9′-hexone)

Fusarium culmorum528 MTX

Nephrotoxic
glycopeptides

various structures548 Penicillium aurantiogriseum,7

P. polonicum7
MTX

Nucleoside Mizoribine Eupenicillium brefeldianum21 MTX, immun
Ochratoxin Ochratoxin A (7) (-) Penicillium Viridicatumc,

P. crustosum,
P. expansum,
P. Verrucosum,7

P. nordicum,7

Aspergillus fumigatus,
A. Versicolor,
A. ochraceus,7

A. niger,7

A. carbonarius,7

Petromyces alliaceus7

rac: 503, 549-551;
formal: 552

MTX, nephrotox

Ochratoxin Ochratoxin A methyl
ester (158)

Aspergillus ochraceus MTX

Ochratoxin Ochratoxin B (155)
(OTB, Dechloroochratoxin)

Aspergillus ochraceus rac: 503 MTX

Ochratoxin Ochratoxin B ethyl ester (160) Aspergillus ochraceus MTX
Ochratoxin Ochratoxin B methyl ester (159) Aspergillus ochraceus MTX
Ochratoxin Ochratoxin C (156)

(Ochratoxin A ethyl
ester)

Aspergillus ochraceus MTX

Ochratoxin Ochratoxin D (4-
Hydroxyochratoxin A)

553 MTX

Ochratoxin Ochratoxin R (157) Aspergillus ochraceus R: 552 MTX
Octahydrobenzypran Sambutoxin Fusarium sambucinum 554 Tox
Oligophenalenone dimer Bacillisporin A-E Talaromyces bacillisporus555 cyto
Oligophenalenone dimer Duclauxin Penicillium duclauxi,

P. stipitatum,
P. emmonsii,
Talaromyces bacillisporus,
T. macrosprum7

MTX, tumor,
biot

Oxaazabicyclo[3.2.1]octane Awajanomycin Acremonium sp. AWA16-1b 556 Cyto
Oxaazaspiro[4.4]nonene Synerazol Aspergillus fumigatus 557; directed

biosynthesis: 558
cyto558

Oxaazaspiro[4.4]nonene Pseurotin A (Pseurotin) Aspergillus fumigatus 559 Neuritogenic
activity, biot

Oxatricyclononene Massarinolin B Massarina tunica 560 MTX
Oxirenoisobenzofuran Integrasone sterile mycelium from

an unknown fungus
561 MTX

Paspalitrem type Paspaline ClaViceps paspali,
Aspergillus sp.
Penicillium paxilli

562 MTX, tem

Paspalitrem type Paspalinine (+) ClaViceps paspali 563 MTX
Pentaketide Flaviolin (2,5,7-trihydroxy-

1,4-naphthoquinone)
Aspergillus fetidus,

phialophora lagerbergii,23

Sporothrix schenckii

MTX

Pentenoid acid Verruculone564

(Verrucolone, Arabenoic
acid)

Penicillium italicum,7

P. nordicum,7

P. olsonii,
P. Verrucosum7,565

MTX, herb

Peptide Cyclosporin A Tolypocladium inflatum 566 MTX, biot
Peptide Sillucin Mucor pusillus micro
Peptide (4 AA)23 Viridic acid567 Penicillium Viridicatum7 568 MTX
Peptide (Amanita toxins) R-Amanitine Amanita sp.569 570 MTX
Peptide (Peptaibol) Alamethicin (more

than one)
Trichoderma Viride7 571 biot

Peptide (Peptaibol) Suzukacillin572 Trichoderma Viride573,7 MTX, biot
Peptide (Peptaibol) Trichorzianine A,B

(Alamethicins)
Trichoderma harzianum7 MTX

Peptide (Peptaibol) Trichotoxin A40, A50 Trichoderma Viride7 (A50) MTX, biot
Peptide (Peptaibol) Trichovirin

(Trichotoxin B)
Trichoderma Viride Trichovirin I: 574 biot
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Perilene Calphostin A-C (A:
UCN-1028A; C:
Cladochrome E)26,575,576

Cladosporium sp. 577 MTX, kin

Perilene Calphostin D26

(ent-Isophleichrome)
Cladosporium sp.578 576, 577, 579 MTX, kin

Phenalene Funalenone Aspergillus niger HIV, cyto,
collagenase
inhibitor

Phenelanone Atrovenetinone Penicillium sp. FKI-1463 HIV
Phenol Clavatol Aspergillus claVatus,

Trichderma pseudokoningii
580, 581 MTX

Phenol Flavipin23 Epicoccum nigrum,
Aspergillus terreus,
Fennelia flaVipes,
Chaetomium globosum

582 MTX

Phenol Fomecin B Tricholomopsis rutilans
(Basidomycete)583

584 Cyto

Phenol Parvisporin Stachybotrys parVispora585 Neuritogenic
Phenol Raistrick phenols:

2,4-Dihydroxy-
6-(2-oxypropyl)benzoic
acid, 2,4-Dihydroxy-6-
(1-hydroxy-2-
oxypropyl)benzoic
acid, and 2,4-Dihydroxy-
6-(1,2-dioxopropyl)
benzoic acid586

Penicillium breVicompactum7 MTX

Phenol Sorbicillin Aspergillus claVatus 581 MTX
Phomactins Phomactin A Phoma sp.587 588-590 MTX
Phomactins Phomactin B-G Phoma sp. 591 MTX
Phthalide 3-Butyl-7-hydroxyphthalide (-) Penicillium Vulpinum 592 cyto
Phthalide 3-Ethyl-5,7-dihydroxy-

3,6-dimethylphthalide
Aspergillus unguis MTX

Phthalide Cyclopaldic acid593 Penicillium aurantiogriseum,
P. commune7

MTX

Phthalide Mycophenolic acid594 Penicillium breVicompactumc,7

P. roqueforti,7

P. Verrucosum,
P. carneum7

595 MTX, immun

p-Methoxyphenylquinolinone Yaequinolone A-I Penicillium sp. Insec
Polyketide PM-toxin B Phyllosticta maydis 596 MTX, pathotoxin
Polyketide

(Octahydronaphthalene)
Diplodiatoxin (+) Diplodia maydis597 598 MTX

Polyol Sphingofungin A-F Aspergillus sp.599 77, 600, 601 MTX
Polyol (Bisepoxide) Depudecin (-) Alternaria brassicicola 602 antiangiogenic,

Histone
deacetylase
inhibitor, plasm

Propionic acid23 3-Nitropropionic acid
(Hiptalonic acid, Hiptagenic
acid, Bovinocidin,
Oryzacidin, Oryzasizine)

Arthrinium sp.,
Aspergillus oryzae,7

A. flaVus,7

Penicillium melinii

commodity MTX

Purine Uric acid Penicillium cyclopium603 various syntheses MTX
Pyran Chlamydospordiol (4-

Methoxy-5-hydroxyme
thyl-6-(3-butan-2-ol)-
2H-pyran-2-one)

Fusarium spp.604 MTX, prob cyto

Pyrandione Grevellin B, C, D Suillus greVellei 605, 735 MTX
Pyranobenzopyrandione Phelligridin C-G Phellinus igniarius606 Cyto
Pyranoisoindole SMTP-1 to -6 Stachybotrys microspora MTX, plasminogen

activator
Pyranoisoindole Stachybotrin A (+)

[144373-26-2]753
Stachybotrys. sp.607 MTX, fung

Pyranoisoindole Stachybotrin B (+) Stachybotr. sp.607 MTX
Pyranoisoindole Stachybotrin C Stachybotrys parVispora585 Neuritogenic
Pyranoisoindole Staplabin Stachybotrys microspora608 MTX
Pyranoisoindole

dimer
SMTP-7 (Orniplapin) Stachybotrys chartarum,21

S. microspora
MTX

Pyranoisoindole
dimer

SMTP-8 Stachybotrys microspora MTX, plasminogen
activator

Pyrone Asperlin (+) Aspergillus sp. 609 MTX
Pyrone Asteltoxin Aspergillus stellatus 610 MTX
Pyrone Aszonapyrone A Aspergillus zonatus611 MTX
Pyrone Citreoviridin X (Citreoviridinol) Penicillium citro-Viride 612 MTX
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Quinolinone alkaloid Viridicatol (Carbostyril) Penicillium cyclopium,
P. aurantioVirens,
P. p. freii, P. neoechinullatum,
P. polonicum23

MTX

Quinone Cochlioquinone A Drechslera sacchari MTX, kin
Quinone Epi-Cochlioquinone A Stachybotrys bisbyi MTX
Quinone Terreic acid (5,6-Epoxy-2-

hydroxytoluquinone, Y-8980,
Anti-HeLa-
cell substance)

Aspergillus terreusc,646,647 647, 648 MTX

Resorcyl lactone 11-Acetyldehydrocurvularin661 Cercospora scirpola MTX
Resorcyl lactone 12-Oxocurvularin Penicillium citreo-Viride 649 MTX
Resorcyl lactone 3′-Hydroxyzearalenone

(two diastereomers)
Fusarium roseum MTX

Resorcyl lactone 5′-Dihydroxyzearalenone-
4-methylether

Unidentified fungus650 MTX

Resorcyl lactone 5-Formylzearalenone Gibberella zeae MTX
Resorcyl lactone 6′,8′-Dihydroxyzearalene Fusarium roseum651 MTX
Resorcyl lactone 7′-Dehydrozearalenone

(1′,7′-Zearaldienone)
Gibberella zeae652,653 MTX

Resorcyl lactone 8′-Hydroxyzearalenone
(two diastereomers)

Fusarium roseum MTX

Resorcyl lactone Aigialomycin A,B,C,D
(D: 356)654

Aigialus parVus 655-658 MTX

Resorcyl lactone Curvularin661 CurVularia sp.,
Alternaria cinerariae

659 MTX

Resorcyl lactone Dehydrocurvularin660,661 Drechslera australiensis MTX, phytotoxin
Resorcyl lactone Hypothemycin (355) (+) Hypomyces trichothecoides 662 MTX
Resorcyl lactone LL-Z1640-2 unidentified fungus650 MTX
Resorcyl lactone LL-Z1640-3 unidentified fungus650 MTX
Resorcyl lactone Monocillin I (Dechloromonorden) Monocillium nordinii 663, 664 MTX
Resorcyl lactone Monocillin II (353) Monocillium nordinii MTX
Resorcyl lactone Monocillin III-V (III: 604) Monocillium nordinii MTX
Resorcyl lactone Monorden (352) (Radicicol) Monosporium bonorden 665 MTX
Resorcyl lactone Pochonin A (376) Pochonia chlamydosporia 666 MTX
Resorcyl lactone Pochonin B Pochonia chlamydosporia MTX
Resorcyl lactone Pochonin C (354) Pochonia chlamydosporia 667 MTX
Resorcyl lactone Pochonin D Pochonia chlamydosporia 668
Resorcyl lactone Pochonin E, F Pochonia chlamydosporia
Resorcyl lactone Queenslandon (357) Chrysosporium queenslandicum model: 669 MTX
Resorcyl lactone Zeaenol Cochliobolus lunata,

unidentified fungus650
MTX

Resorcyl lactone Zearalanol (Zearanol,
Zeranol) see R- or
�-Zearalanol
(318, 319)

Fusarium graminearum MTX

Resorcyl lactone Zearalanone (315) (Zanone) Fusarium graminearum,
F. crookwellense,
F. culmorum,
F. equiseti,
F. moniliform
F. Verticillioides

670 MTX

Resorcyl lactone Zearalenone (4) (-) (S,E)
(F 2 toxin, Toxin F2)

Gibberella zeaec

Fusarium crookwellense,
F. equiseti,7

F. graminearum,7

F. semitectum7

671-676 MTX

Resorcyl lactone R-Zearalanol (318) Fusarium sp. 1074b MTX
Resorcyl lactone R-Zearalenol (316) (S) (-) Fusarium roseum MTX
Resorcyl lactone �-Hydroxycurvularin661 Alternaria tomata MTX
Resorcyl lactone �-Zearalanol (319) Fusarium sp. MTX
Resorcyl lactone �-Zearalenol (317) Fusarium roseum MTX
Ribotoxin (149 AA) Restrictocin Aspergillus fumigatus Ribotoxin, cyto
Sequiterpene PR imine Penicillium roqueforti MTX
Sequiterpene Spirocyclic drimane sesquiterpenes,

e.g., phenylspirodrimanes
(spirolactones and spirolactams)

Aspergillus ustus 677 MTX

Sesqui terpene lactone Expansolide Penicillium expansum MTX
Sesquiterpene HM-3, HM-4 Helicobasidium mompa 678 MTX
Sesquiterpene Insulicolide A (-) Aspergillus Versicolor,

A. insulicolab
MTX, cyto

Sesquiterpene Insulicolide B (-) Aspergillus Versicolor Cyto
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Sesquiterpene PR toxin (PR-toxin) Penicillium roqueforti7c,
P. expansum,
P. Verrucosum,
P. chrysogenum

MTX

Sesquiterpene Terrecyclic acid A (TCA) Aspergillus terreus 679 CMTX,
cytotox,
anti cancer

Sesquiterpene
(Cyclopropindene)

Isovelleral Lactarius Vellereus (Basidiomycete) 680 Cyto

Sesquiterpene (Quinone) Lagopodin A Coprinus cinereus 681 MTX
Sesquiterpene

(trichthecene precursor)
Trichodiene (611) Fusarium sporotrichoides,

Stachysbotrys sp.,
Trichothecium roseum682

683 MTX

Six-membered lactone Aurovertin B (NSC 329699) Calcarisporium arbuscula684 685 MTX
Six-membered lactone Aurovertin D Calcarisporium arbuscula686 MTX
Sphingosine 2-Amino-14,16-dimethyloctadecan-

3-ol (2-AOD-3-ol)
Fusarium aVenaceum687 Cyto

Spirobenzofuran Griseofulvin688 Penicillium griseofulVumc7 689 MTX, fung
Spirofuroisoindole Stachybotral Stachybotrys elegans690 MTX
Spirofuroisoindole Stachybotrin (Stachybortrin) Stachybotrys elegans,

S. alternans,
S. atra

MTX

Spirofuroisoindole Stachybotrine A (+)
[256620-70-4]753

Stachybotrys elegans690 MTX

Statin Compactin26 (Mevastatin) Penicillium cyclopium,
P. citrinum,
P. solitum7

691 MTX

Steroid Ergosterol23 Gaeumannomyces graminis,
Penicillium aurantiogriseum,
P. Verrucosum

MTX

Steroid Fumitoxin A-De,692 Aspergillus fumigatus7 MTX
Steroid Helvolic acid (Fumigacin) Aspergillus fumigatusc Bact
Steroid Poaefusarin Fusarium sporotrichioides MTX
Steroid Sporofusarin Fusarium sporotrichioides MTX
Steroidal Viridin Trichoderma Viride,

Gliocladium Virens,
Penicillium funiculosum
Myrothecium roridum

693 MTX, bact

Steroidal Wortmannin (+) Fusarium sp.,
Talaromyces wortmannii,
Penicillium wortmannii,
P. funiculosum Trichoderma Viride,
Gliocladium Virens,
Myrothecium roridum

Formal total
synthesis: 694

Cyto

Steroidal
(Cyclopentaphenanthrofuran)

Desmethoxyviridin Nodulisporium hinnuleum,
Trichoderma Viride,
Gliocladium Virens,
Penicillium funiculosum
Myrothecium roridum

MTX

Steroidal
(Cyclopentaphenanthrofuran)

Desmethoxyviridiol695 Nodulisporium hinnuleum MTX

Sterol Terretonin696 Aspergillus terreus MTX
Structure unknown Antibiotic C3368-A unidentified fungus697 MTX
Structure unknown Byssotoxin A (C25H26N2O3)698 Byssochlamys fulVa7 MTX
Structure unknown Candidulin (C11H15NO3)23 Aspergillus candidus699 biot
Structure unknown Flavutoxin (Flavotoxin) Aspergillus flaVus,

A. parasiticus
MTX

Structure unknown Necrocitin Myrothecium sp.700 biot, phytotox
Structure unknown Nidulotoxin701 Aspergillus nidulans,

A. Versicolor,7
MTX

Structure unknown Pibasterol Penicillium islandicum702 Bact, not mut
Structure unknown Prechinulin Aspergillus amstelodami,

A. repens703
MTX

Structure unknown Simatoxin Penicillium islandicum Mut
Talaromycins Talaromycin A Talaromyces stipitatus 704-714;

model: 715;
formal: 716

MTX

Talaromycins Talaromycin B Talaromyces stipitatus 704, 707, 709-711,
713, 714, 717-722;
formal: 716

MTX

Talaromycins Talaromycin C Talaromyces stipitatus 709, 710, 723 MTX
Talaromycins Talaromycin D Talaromyces stipitatus MTX
Talaromycins Talaromycin E Talaromyces stipitatus 709, 710, 723 MTX
Terpene 15-Hydroxyculmorone Fusarium culmorium MTX
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Table 3. Continued

mycotoxin
class

name (stereochemistry)
(alternative name)

producing fungus
(example)

ref for
synthesis commenta

Trichothecene 7R-Hydroxytrichodermol Myrothecium roridum778 MTX
Trichothecene 7�,8�-Epoxyroridin E Cylindrocarpon sp.779 MTX
Trichothecene 7�,8�-Epoxyroridin H Cylindrocarpon sp.779 MTX
Trichothecene 7�,8�, 2′,3′-

Diepoxyroridin H
Cylindrocarpon sp.779 MTX

Trichothecene 8-Acetoxy-T-2 tetraol
(8-Acetyl-T-2-tetrol, TMR 2)

Fusarium acuminatum780 MTX

Trichothecene 8-Hydroxycalonectrin Fusarium culmorum781 MTX
Trichothecene 8R-(3-Hydroxy-3-methyl-

butyryloxy)-12,13-epoxytrichothec-
9-ene-3R,4�,15-
triol (3′-Hydroxy T-2 triol;
3R,4�,15-Trihydroxy-8R-(3-
hydroxy-3-
methylbutyryloxy)-12,13-
epoxytrichothec-9-ene)

Fusarium sp.782 MTX

Trichothecene Acetyl-T-2 toxin
(225) (Ac-T-2 toxin,
3,4,15-Triacetoxy-8-(3-methyl-
butyryloxy)-12,13-epoxytrichothec-9-ene)

Fusarium poae783 MTX

Trichothecene Apotrichodiol (3R,13-
Dihydroxyapotrichothecene)

Fusarium sp.784 MTX

Trichothecene Baccharin B4 (269) Baccharis megapotamica no MTX, but
related

Trichothecene Baccharin B5 (268) Baccharis megapotamica 785 no MTX, but
related

Trichothecene Calonectrin (211) Calonectria niValis,769

Fusarium culmorum
786; AB-ring

model: 787
MTX

Trichothecene Crotocin (227) Cephalosporium crotocinigenum,
Acremonium crotocinigenumd,
Trichothecium roseum

MTX, nec

Trichothecene Deepoxydiacetoxyscirpenol Fusarium graminearum788 MTX
Trichothecene Deoxynivalenol (230)

(Vomitoxin)
Fusarium culmorum,c

F. gramiearum,
F. Verticillioides23

MTX

Trichothecene Diacetoxyscirpenol (217)
(Anguidin, DAS,
4,15- Diacetoxyscirpenol)

Fusarium equiseti,c

F. scirpi,
F. sporotrichiodes

789 MTX, cyto

Trichothecene Di-O-acetylverrucarol
(210) (4,15-Diacetylverrucarol)

Myrothecium sp.790 MTX

Trichothecene epi-Isororidin E Myrothecium Verrucaria MTX, cyto
Trichothecene epi-roridin E Stachybotrys chartarum MTX, cyto
Trichothecene Fusarenone Fusarium crookwellense MTX
Trichothecene Fusarenone X (233) Fusarium niValec MTX
Trichothecene Harzianum A Hypocrea sp. F000527791 MTX, cyto
Trichothecene HT-2 toxin (223) Fusarium culmorum,

F. sporotrichoides
partial synthesis: 792 MTX

Trichothecene Iso T-2 toxin Fusarium sporotrichioides MTX
Trichothecene Isoneosolaniol (221) (NT-1

toxin, 4�,8R-Diacetoxy-12,13-
epoxytrichothec-
9-ene-3R, 15-diol)

Fusarium sporotrichioides,
F. tricinctum

partial synthesis: 793 MTX

Trichothecene Isororidin A Myrothecium Verrucaria MTX
Trichothecene Isororidin E Stachybotrys chartarum,

Cylindrocarpon sp.
MTX, cyto

Trichothecene Iso-Satratoxin Stachybotrys sp. MTX, prob
cyto

Trichothecene Iso-Satratoxin F Stachybotrys chartarum MTX, prob
cyto

Trichothecene Iso-Satratoxin G Stachybotrys chartarum MTX, prob
cyto

Trichothecene Iso-Satratoxin H Stachybotrys chartarum MTX, cyto
Trichothecene Iso-T-2 toxin Fusarium sporotrichioides771 MTX
Trichothecene Isotrichodermol (616) Fusarium Venenantum MTX
Trichothecene Miophytocen A,B,C

(A: 271)
Myrothecium Verrucaria MTX

Trichothecene Miotoxin A (270)
(4-Hydroxyroridin E)

Baccharis coridifolia MTX

Trichothecene Myrotoxin A (266) Trichoderma roseum,c

Myrothecium Verrucaria
MTX

Trichothecene Myrotoxin B Trichoderma roseumc

Myrothecium Verrucaria
MTX

Trichothecene Neosolaniol (220) Fusarium culmorum,c

F. sporotriochoides
partial synthesis: 792 MTX
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name (stereochemistry)
(alternative name)

producing fungus
(example)
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synthesis commenta

Trichothecene Neosolaniol monoacetate
(8-Acetylneosolaniold)

Fusarium tricinctum MTX

Trichothecene Neosporol (296)794 Fusarium sporotrichoides 800, 795 MTX
Trichothecene Nivalenol (232) Fusarium niVale,c

F. crookwellense
formal synthesis: 772, 796 MTX

Trichothecene Nivalenol 4,15-
diacetate (Saubinin I) (234)

Fusarium niVale MTX

Trichothecene Roridin A (263) (1′-Deoxy-
1′-hydroethylverrucarin A)

Myrothecium roridumc MTX

Trichothecene Roridin D (264) Myrothecium roridum MTX
Trichothecene Roridin E (262)

(Satratoxin D)
Stachybotrys chartarum, S. atra,797

Myrothecium Verrucaria
785 MTX, cyto

Trichothecene Roridin H, J, K acetate Myrothecium Verrucaria MTX, cyto
Trichothecene Roridin L-2 Stachybotrys chartarum MTX, cyto
Trichothecene Sambucinol (297) (11,12-

Epoxy-trichothe-
9-en-3,13-diol)

Fusarium graminearum,
F. culmorum

MTX

Trichothecene Satratoxin
(Satratoxin A)d

Stachybotrys atra MTX

Trichothecene Satratoxin B Stachybotrys atrac MTX, prob cyto
Trichothecene Satratoxin F Stachybotrys atrac,797 MTX, prob cyto
Trichothecene Satratoxin G Stachybotrys chartarum,

S. atra797
MTX, prob cyto

Trichothecene Satratoxin H (265)798 Stachybotrys atra,c,797

S. chartarum
MTX, cyto

Trichothecene Scirpentriol (215)
(SCIRP)

Fusarium roseumc cyto

Trichothecene Sporol (295) Fusarium sporotrichioides 799, 800 MTX
Trichothecene Sporotrichiol (226) Fusarium trichiodesc,

F. sporotrichiodes
partial synthesis: 792 MTX

Trichothecene Stachyobotryotoxins see
trichothecenes, roridin E,
verrucarol

Stachybotrys sp. 801 MTX

Trichothecene T-2 tetraol (219) Fusarium sp. 802 MTX
Trichothecene T-2 tetraol tetraacetate

(T-2-4ol-4Ac)
Fusarium sp. MTX

Trichothecene T-2 toxin (224)
(Insariotoxin,
Fusariotoxin T 2)

Fusarium tricinctumc,
F. sporotrichiellea23

partial synthesis: 792 MTX

Trichothecene T-2 triol Fusarium sporotrichiellea MTX
Trichothecene Trichodermadiene (208) Myrothecium Verrucariac MTX
Trichothecene Trichodermadienediol A, B

(209a, 209b)
Myrothecium roridum MTX

Trichothecene Trichodermin (207)
(12,13-Epoxy-
Trichothec-9-en-
4-ol acetate)

Trichoderma Viride,c,7

T. polysporum,
T. sporulosum,23

memnoniella echinata,285

Stachybotrys cylindrospora,
S. chartarum

MTX, biot

Trichothecene Trichodermol (206)
(Roridin C)

Myrothecium roridum,c

Trichoderma polysporum,
T. sporulosum,23

Memnoniella echinata,285

Stachybotrys cylindrospora,
S. chartarum

803 MTX

Trichothecene Trichothecin (229)804 Trichothecium roseum23 805 MTX, biot
Trichothecene Trichothecolone (228)

(12,13-Expoxy-
4hydroxy-trichothec-
9-en-8-one)

Trichothecium roseumd Cyto

Trichothecene Trichoverrin A
(213a)

Stachybotrys chartarum,
Myrothecium Verrucaria

MTX, w cyto

Trichothecene Trichoverrin B (213a) Stachybotrys chartarum,
Myrothecium Verrucaria

806 MTX, w cyto

Trichothecene Trichoverrin C Myrothecium Verrucaria MTX
Trichothecene Trichoverrol A (212a) Stachybotrys atra,

S. chartarum807
MTX

Trichothecene Trichoverrol B (212b) Stachybotrys atra,
S. Chartarum807

807 MTX

Trichothecene Verrucarin A (6) Mycothecium Verrucaria 808, 809 MTX, cyto
Trichothecene Verrucarin B (261) Mycothecium Verrucaria MTX, cyto
Trichothecene Verrucarin J (260)

(Satratoxin C)
Stachybotrys atra,797

S. Chartarum
810 MTX; Cyto

Trichothecene Verrucarin K Mycothecium Verrucaria811 MTX
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2.1. Aflatoxins
The most carcinogenic substances known to date, the

aflatoxins, also gained much interest among organic chem-
ists868 since the elucidation of their structure by Büchi and
co-workers in 1963.869 Even though numerous syntheses of
racemic aflatoxins were reported in the following years,28-31,33

it took 40 years for the first enantioselective total synthesis
of (-)-aflatoxin B1 (1) and B2a (17) to be published by Trost
et al.32 Their approach resembles in part (construction of the
DE ring system) the first total synthesis of (()-aflatoxin by
Büchi et al.28 (Scheme 1).

For the key intermediate coumarin 25, there exist various
syntheses, of which the Wittig reaction route of the original
1966’s publication is presented here. After oxidation to the
corresponding aldehyde 26, the ABC ring system was formed
by reduction to the lactone 27, which was cleaved again
under the conditions of the Pechmann condensation with
�-oxoadipate 29 upon formation of the D ring. The resulting
methoxy acetal 30 with trans-oriented substituents exhibited
the right stereochemistry for the lactonization to carboxylic
acid 31 with cis-fused B and C rings. Friedel-Crafts acylation
and reduction of the lactone gave aflatoxin B2a (17), which,
in 1966, had not yet been identified as a naturally occurring
mycotoxin. Acetylation and pyrolysis resulted in racemic
(()-aflatoxin B1 (1).

In 2003 Trost et al. presented the first enantioselective total
synthesis of aflatoxin B1 (1).32,870 Their strategy was based
on a palladium-catalyzed dynamic kinetic asymmetric trans-
formation (DYKAT, see Scheme 2) of γ-acyloxybutenolide

Table 4. Human Diseases Provoked by Mycotoxins847

disease substrate principal fungus toxin

Akakabi-byo wheat, barley, oats, rice Fusarium spp. Fusarium metabolites
Alimentary toxic aleukia cereal grains (toxic bread) Fusarium spp.
Balkan nephropathy cereal grains Penicillium
Cardiac beriberi rice Aspergillus spp., Penicillium spp.
Celery harvester’s disease celery (pink rot) Sclerotinia
Dendrodochiotoxicosis fodder (skin contact, inhaled

fodder particles)
Dendrochium toxicum

Ergotism rye, cereal grains ClaViceps purpurea Ergot alkaloids
Esophageal tumors corn heterocycles Fusarium moniliforme
Hepatocarcinome

(acute aflatoxicosis)
cereal grains, peanuts Aspergillus flaVus, A. parasiticus

Kashin Beck disease
(Urov disease)

cereal grains Fusarium Fusarium metabolites

Kwashiorkor cereal grains Aspergillus flaVus, A. parasiticus Aflatoxins
Onyalai millet Phoma sorghina, Fusarium sp. Fusarium metabolites
Reye’s syndrome cereal grains Aspergillus
Stachybotryotoxicosis rye, cereal grains, fodder (skin

contact, inhaled rye dust)
Stachybotrys atra Trichothecenes

Kodua poisoning Aspergillus sp.; Penicillium sp. Cyclopiazonic acid

Figure 2. Aflatoxins.

Scheme 1. First Total Synthesis of Racemic Aflatoxin B1 (1)
by Büchi et al.28
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and Powell, have worked on the elucidation of their structure,
especially of their relative and absolute configuration. Finally,
in 1994, the stereochemistry of the fumonisin B1 (92)891 and
the fumonisin B2 (5)892 backbones was clarified, followed
by reports about the absolute configuration of the tricarbal-
lylic acid (TCA) moiety that was eventually proved through
synthesis by the Kishi group.893

The same group published the first enantioselective total
synthesis of fumonisin B2 (5) two years later.401 Their strategy
was to build up the two halves containing clustered stereo-
genic centers separately and then to connect them by Wittig
reaction. Furthermore, the TCA segments 116 (Scheme 12)
were synthesized by an asymmetric Michael addition in a
similar way to what had been previously reported893 and were
attached at a late stage of the synthesis. The construction of
the left segment (aldehyde 110) and the right segment (Wittig
ylide precursor 115) is outlined in Scheme 11.

The first step of the synthesis was the coupling of chiral
alkyne 103, prepared by a Swern oxidation/Corey-Fuchs
protocol from (R)-2-methyl-1-hexanol, and the triflate 104,
synthesized using the pseudoephedrine-based asymmetric
alkylation developed by Myers. The resulting alkyne 105
was then cleaved at its double bond, reduced to the alcohol
106, and converted into acid 107 by reduction to the trans-
alkene, followed by Swern and Kraus oxidation. The vicinal
hydroxyl groups were introduced by iodolactonization, ring-
opening of the lactone with benzyl alcoholate to furnish an
epoxide, and deprotection of the resulting benzyl ester with
concomitant epoxide ring-opening. Via this sequence, the
stereogenic centers were modulated into the desired config-
uration, so that the preparation of the left segment 110 could
be completed by protection and adjustment of the oxidation
state.

The right part 115 of fumonisin B2 (5) was synthesized
by two reiterative Brown allylations of Boc-protected
R-amino propanal (111). The resulting allyl alcohol 113 was
then subjected to various modifications of the protective
groups and transformed into the aldehyde by ozonolysis. A
chainelongationwasachievedbyHorner-Wadsworth-Emmons
olefination to give ester 114, which was converted into the
phosphonium salt 115. The three building blocks 110, 115,
and 116 of the convergent total synthesis were thus at hand
for interconnection.

Fumonisin B2 (5) synthesis was completed by the Wittig
reaction and acylation with the tricarballylic acid 116.
Hydrogenation of the double bond and hydrogenolysis of
all benzyl protecting groups was accomplished in a single
step using Pearlman’s catalyst (Scheme 12).

One year later, in 1998, Gurjar et al. reported an approach
toward the development of the backbone of fumonisin B1

(92).400 It comprised the stereoselective synthesis of the
hexaacetate derivative 135 starting from natural carbohy-
drates as chiral substrates (Scheme 13).

The left part arising from D-glucose (119) was converted
into the 5-ulose derivative 120. The butyl group was
introduced by Wittig olefination and palladium-catalyzed
reduction. However, the reaction was not diastereoselective,
so that the required isomer had to be isolated by chroma-
tography. Inversion of the configuration at the sugar moiety
was effected by an oxidation/reduction sequence to give 121.
After oxidative cleavage of the diol with sodium periodate,
the lactone 123 was formed by Horner-Wadsworth-Emmons
olefination and treatment with a base. The reduction to 124
was performed in two steps to achieve maximum induction
during hydrogenation of the olefin. Chain elongation toward
125 included hydrolysis of the lactol and Wittig olefination,

Scheme 11. Fumonisin B2 (5) by Kishi et al.401 (Synthesis of the Segments)
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followed by hydroboration and oxidation. The subsequent
addition of propargyl bromide in the presence of zinc dust
resulted in a diastereomeric mixture of alcohols, which had
to be separated by chromatography. Thus, the sequence
comprises two nonstereoselective steps, so that the applica-
tion of asymmetric reactions would improve the synthesis
substantially. Building block 126 was finally obtained after
benzylation.

The right segment of fumonisin B1 (92) with its amino
group can be traced back to D-glucosamine (127), which was
thoroughly protected with orthogonal groups according to
the literature. The resulting actual starting material 128 was
then subjected to a Barton-McCombie deoxygenation at the
4-position, leading to 129. Ring-opening occurred by conver-
sion into the dithiolane 130 and complete reduction with
Raney-nickel, with subsequent acetalization yielding precur-
sor 131. Transformation into the second building block 132
was realized in four steps including tosylation and epoxi-
dation under basic conditions.

To complete the synthesis (Scheme 14), the two segments
126 and 132 were linked via an epoxide opening with the
corresponding lithium acetylide. Removal of the phthalimido
protective group and overall acetylation after debenzylation
finally produced hexaacetyl fumonisin B1-AP (135).

A structurally closely related group of mycotoxins are the
AAL-toxins TA1 (136) and TA2 (137) isolated from Alter-
naria alternata f. sp. lycopersici (for toxic Alternaria
metabolites, see also section 2.9.1).397 They were found to
betumorpromoters894andsbecauseoftheirsimilarstructuresan

inhibitor of sphingolipid biosynthesis.895 The AAL-toxins are
the first known compounds inducing apoptosis in both
mammalian and plant cells.896 The relative and absolute
stereochemistry of the sphingosine backbone was elucidated
by the groups of Kishi and Oikawa.897 The latter group also
published the first total synthesis of AAL-toxin TA1 (136)
in 1999, with a retrosynthetic disconnection between C-9
and C-10 (Figure 6).398

The synthesis of lactone 138 started from methyl 3-hy-
droxy-2-methylpropionate (141), which was converted into
oxirane 142 involving vinylation and dihydroxylation reac-

Scheme 12. Fumonisin B2 (5) by Kishi et al. (Combination
of the Building Blocks)401

Scheme 13. Fumonisin B1 (92) Backbone by Gurjar et al.
(Synthesis of the Building Blocks)400
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Ochratoxin A (7) is the most important and most com-
monly occurring member of the family of ochratoxins, and
is the subject of several publications.902,903 It is produced by
Aspergillus ochraceus and several related Aspergillus species,
by a single Penicillium species (P. Verrucosum), and by A.
carbonarius with a small percentage of isolates of the closely
related A. niger. It was first isolated by Steyn and co-workers.

Ochratoxin A (7) is the most toxic of the ochratoxins,
exhibiting teratogenic, nephrotoxic, immunosuppresive and
carcinogenic properties.904-906 Two years after having isolated

Ochratoxin A (7) and B (155) from some strains of
Aspergillus ochraceus,900,901 Steyn and co-workers reported
the first total synthesis of racemic ochratoxin R (157), the
carboxylic acid component of the biologically active och-
ratoxin A (7) (Scheme 18).907

Scheme 16. Total Synthesis of AAL-Toxin TA1 (136) by Oikawa (Right Segment and TCA)398

Scheme 17. Total Synthesis of AAL-Toxin TA1 (136) by
Oikawa et al.398

Figure 7. Structures of ochratoxins.
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conversion into the hemiacetal, similarly to natural patulin
(3), which also is a racemate. The first steps comprised the
transformation of L-arabinose (189) into the isopropylidene
derivative 190 with methyl or benzyl protected �-acetal. After
oxidation and olefination, the R,�-unsaturated ester 192 was
converted into the bicyclic lactone 193. Anti-elimination and
acetal cleavage completed the synthesis, and patulin (3) was
obtained in good yield after seven steps (Scheme 24, yields
from ref 388).

In 1994, Tada et al. synthesized patulin (3) via oxidation
of furan derivatives and subsequent enol-lactonization (Scheme
25).393 The furan ring was formed by condensation of
acetonedicarboxylic acid methyl ester (177) with chloroac-
etaldehyde in pyridine. Reduction of the ester moieties and
reoxidation at the benzylic position gave aldehyde 196, which
was condensed to the methyl acetal 197 upon treatment with
p-toluenesulfonate in refluxing methanol/benzene with a
Dean-Stark water trap. The key oxidation with m-CPBA
(meta-Chloroperoxybenzoic acid), followed by methylation,

yielded keto-ester 198, which was again subjected to
condensation conditions. With calcium hydroxide as a
catalyst, efficient cyclization to the lactone 194 took place.
Demethylation performed with TFA gave the natural product
patulin (3) in 7% overall yield after eight steps.

The shortest synthesis in this context is the one published
by Boukouvalas et al. in 1995 (Scheme 26).394 After the
4-step synthesis of neopatulin (185)929sthe penultimate
biogenetic precursor of 3sthey reported the synthesis of
patulin (3) starting from the same building block, silyloxy-
furan 199. An aldol reaction with benzyloxyacetaldehyde
(200) under Lewis acid catalysis provided alcohol 201 as a
mixture of diastereoisomers. The transformation into the
pivaloyl ester 202 enabled the protection of the hydroxyl
group as well as its activation in the later �-elimination.
Desilylation and TEMPO oxidation yielded aldehyde 203,
which was immediately converted into the hemiacetal 204
through treatment with boron trichloride. Previously men-
tioned �-elimination was accomplished under basic condi-
tions (DBU) and furnished patulin (3) with a 41% overall
yield. This synthesis comprises only six steps with readily
available, achiral starting materials (Scheme 26).

These approaches show how patulin (3) is available
synthetically; however, most interest concerned its biosyn-
thesis, as patulin (3) was repeatedly used as a model
compound for the detailed examination of polyketide syn-
thesis930 in nature.931,932

2.7. Trichothecenes
2.7.1. Introduction

The trichothecenes are produced by various Fungi imper-
fecti, mainly of the genus Fusarium, but also by other genera
such as Myrothecium, Trichothecium, Trichoderma, Cylin-
drocarpon, Cephalosporium, Verticimonosporium, or Stachy-
botrys. The family comprises a large number of substances,
of which most are toxic, but only some members constitute
the group of main natural contaminants of grains: deoxyni-
valenol (DON, 230), nivalenol (NIV, 232), T-2 toxin (T-2,
224), HT-2 toxin (HT-2, 223), and diacetoxyscirpenol (DAS,
217). The historically reported health problems of humans
intoxicated by infested food have been mainly caused by
these representatives.12

The first known member of the trichothecene family was
trichothecin (229),804 characterized in 1948; however, the

Scheme 24. Total Synthesis of Patulin (3) by Pattenden et
al.388,391,392

Scheme 25. Total Synthesis of Patulin (3) by Tada et al.393

Scheme 26. Short Total Synthesis of Patulin (3) by
Boukouvalas394
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Verrucaria (ATCC 24751, Strain UV-2). Esterification of its
C-15 hydroxy group with 290 yielded an advanced inter-
mediate that was subsequently converted into phosphono
ester 291, the precursor for the ring-closing olefination (see
Scheme 33).

The concluding steps for the synthesis of roridin E (262)
comprised, among others, the conversion into aldehyde 292
by deprotection, diol cleavage, deformylation, and chain
elongation through a Wittig reaction. Macrocyclization to

the common precursor 293 of roridin E (262) and baccharin
B5 (268) was achieved by Horner-Wadsworth-Emmons
reaction. Isomerization of the (Z)-3′,4′-double bond into a
(E)-2′,3′-double bond was effected by treatment with a base
and yielded roridin E (262) after 16 linear steps (Scheme
33).

In the same article, the total synthesis of baccharin B5
(268) was reported. The use of achiral C-1′-C-5′ precursor
293 and the establishment of stereogenic centers on that
segment by substrate-induced stereocontrol are the interesting
features of this work. After silyl protection of 293, the
compound was treated with mCPBA and yielded the triep-
oxide 294 as a single product. Stereoselectivity was >15:1
for both the nuclear and the macrocyclic epoxide. Thus, four
new stereogenic centers were established, apparently con-
trolled by the conformation of the macrocycle. Elimination
of the C-3′-C-4′ epoxide yielded the corresponding allylic
alcohol with (E)-2′,3′-double bond. Moreover, allylic ep-
oxidation produced the epimer of baccharin B5 (268), which
was converted into the natural product by Mitsunobu reaction
(inversion of C-4′).

Scheme 31. Total Synthesis of Verrucarin A by Tamm et
al.809

Scheme 32. Synthesis of the Components of Roridin E (262)
by Still et al.785

Scheme 33. Total Synthesis of Roridin E (262) and
Baccharin B5 (268) by Still et al.785
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of one stereogenic center. Regardless, the total synthesis by
Ley et al. provides access to both diastereomers.956 Formation
of the chiral π-allyl tricarbonyl iron complex 345a or 345b
fixed the conformation of the aliphatic chain, so that the
stereoinformation was located closer to the position of the
newly built stereogenic center. Thus, the reduction with
tripropyl aluminum was conducted asymmetrically, and after
decomplexation with sodium triacetoxyborohydride, the
epimeric precursors of the macrocycle, 347a or 347b,
respectively, could be prepared separately (Scheme 40).

After transformation into the corresponding tin organyl
348a, and subsequent Stille coupling with 349, the open-
chain precursor 350a was generated. Removal of the protect-

ing groups yielded the dihydroxy acid, which was subjected
to a Mukaiyama macrolactonization,964 and after cleavage
oftheMEM-groups(�-methoxyethoxymethylether),R-Zearale-
nol (316) andsin the same manners�-Zearalenol (317) were
obtained (Scheme 41).

Further members of this mycotoxin subclass are shown
in Figure 16. They also contain a 12- or 14-membered
macrocycle but differ in the substitution patterns. Radicicol
(352), the monocillins, and the pochonins exhibit an R,�-
unsaturated ketone for example. Hypothemycin (355) is a
more exotic relative that has recently been demonstrated as
a potent and irreversible inhibitor of selectived kinases
bearing a cysteine residue in the ATP-binding pocket.965 Its
structure was falsely assigned at first, and the revised
structure was not published until 1993.966 A convergent
stereospecific synthesis followed in 2002 by Sellès and

Scheme 38. Polymer-Bound Tin Reagent for Stille Coupling
under Cleavage and Cyclization

Scheme 39. Total Synthesis of (S)-(-)-Zearalenone (4) by
Nicolaou et al.955

Scheme 40. Total Synthesis of Zearalenol by Ley et al. (Part
1)956
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panedithiol. The resorcylic acid derivative 367 was obtained
from3,5-dimethoxybenzylicalcohol(364)byVilsmeier-Haack
formylation with concomitant formation of the chloride,
manipulation of the protective groups, and Krauss oxidation
(Scheme 42).

Esterification of 367 with 361 under Mitsunobu conditions
and reaction with the acylanion equivalent of 363 gave the
open-chain precursor 369. The following metathesis with a
second-generation Grubbs catalyst resulted in the natural
product monocillin I (371) that was transformed into radicicol
(352) by chlorination of the aromatic core (Scheme 43).

A closely related class of mycotoxins has gained attention
since its discovery in 2003. The pochonins A-F were
isolated from the fermentation broth of Pochonia chlamy-
dosporia var. catenulata and characterized.979 The absolute
configuration of pochonin C (354) was elucidated by total
synthesis in 2004 by Winssinger et al., confirming the
assumption that pochonin C is formed by epoxide opening
from radicicol (352).667

Tests concerning the biological properties of the pochonins
exhibited activity against Herpes Simplex virus as well as
antiparasitic activity (Eimeria tenella). In contrast to the
structurally related zearalenone (4), none of the pochonins
has an effect on the human estrogenic receptor ER�. Potential
antitumor activity was examined after the total syntheses of
pochonin D (375) and pochonin A (376) by the Winssinger
group. Following the total synthesis of pochonin C (354)
and one further solid-phase-assisted synthesis,665 the group
presented a short route to the simplest representative of the
class, pochonin D (375), in a study of potential Hsp90
inhibitors.668 On the basis of this approach, the synthesis of
pochonin A (376) followed with just one additional epoxi-
dation step (Scheme 44).666

Essentially, the synthesis comprised an esterification of
the ortho-methylresorcylic acid derivative 372 with the chiral
secondary alcohol 373, an addition to the Weinreb amide
374, and a metathesis reaction for the macrocyclization. The

epoxidation was accomplished with modest selectivity
through treatment with methyl(trifluormethyl)dioxirane.

2.9. Other mycotoxins
Although many mycotoxins are presented in the literature,

only a few have yet been synthesized.

2.9.1. Alternaria metabolites

Among the various secondary metabolites produced by
Alternaria fungi, the resorcyclic lactones alternariol (11) and
alternariol 9-methyl ether (377) represent the main toxic
metabolites (Figure 17).980

Although their toxicity is low compared to other prominent
mycotoxins, as, for example, the aflatoxins,981 their relevance
in the context of rotting fruits and crop has led to consider-
able interest within the synthetic community. Recently,
Podlech and co-workers developed an interesting synthetic
access to alternariol (11), which is based on a Suzuki
coupling as the key step.65,982 A summary of their synthesis
is given in Scheme 45: Suzuki coupling of aldehyde
precursor 378 and boronic acid 379 formed biaryl 380,
which, upon oxidation and demethylation, generated a
separable mixture of alternariol (11) and alternariol 9-methyl
ether (377). The complete synthesis comprises seven steps
and produces 11 and 377 in good overall yield.

In the past decades, various groups have also developed
total syntheses of alternariol and structural analogues.64,983-985

In this context, a special emphasis has been placed on
biomimetic syntheses of 11 and 377. Harris et al. reported
on the cyclization of hemiketals 383 and 384, which are
formed from the triketo ester precursors 381 and 382 upon
the cleavage of the benzyl protecting group (Scheme 46).983

The cyclization of these hemiketals under weak basic
conditions led to the direct formation of alternariol 9-methyl
ether (377) and alternariol (11), respectively. From a
mechanistic viewpoint, this reaction was thought to proceed

Scheme 43. Total Synthesis of Radicicol by Danishefsky et
al.663 (Part 2)

Scheme 44. Synthesis of Pochonin D and A According to
Winssinger et al.666,668

Figure 17. Molecular structures of alternariol (11) and alternariol
9-methyl ether (377).
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through the hemiketal opening of 383 and 384, followed by
aldol condensation to yield the common intermediates 385
and 386, which subsequently undergo lactone formation and
aromatization to give 11 and 377. The success of this
synthetic strategy gave strong support for the proposed
mechanism of biosynthesis, which is also likely to proceed
through aldol condensations and lactone formation of a C-14-
polyketide chain.15

Another biomimetic approach to 11 and 377 was reported
by Staunton and co-workers.984 They employed a nucleophilic
addition to the �-carbon of pyrylium salts as the key step.
To this end, the addition of lithiated orsellinate thioester 387
to the tetrafluoroborate pyrylium salt 388 yielded pyrone 389,
after the cleavage of the silyl protecting group (Scheme 47).
This pyrone served as a precursor for the tricarbonyl
compound 390, which is believed to be a biosynthetic
intermediate in the formation of 11 and 377. Treatment of
pyrone 389 with alcoholic sodium hydroxide solution led to
the exclusive formation of alternariol 9-methyl ether 377,
which was then transformed into alternariol 11.985

By altering the reaction conditions for the formation of
377, the proposed cyclization intermediate 390 could also
be isolated; thus, further studies toward its potential in vivo
behavior were performed.

Altenuene (391), isoaltenuene (392), and dehydroaltenusin
(393) represent minor secondary metabolites of Alternaria

fungi and a variety of other species (Figure 18).70,71,986 While
altenuene displayed interesting cytotoxic activity in screen-
ings for biological activity, dehydroaltenusin was reported
to be a strong mammalian DNA-polymerase R inhibitor.987,988

Very recently, Podlech et al. published a short total
synthesis of altenuene (391) and isoaltenuene (392) starting
from quinic acid (394) and comprising 10 synthetic steps.52

The synthesis of the key intermediates is outlined in Scheme
48: according to the literature, 2-iodocyclohexenone 395 was
prepared starting from quinic acid (394). Reaction of 395
with methyl magnesium bromide gave a mixture of diaster-

Scheme 45. Synthesis of Alternariol (11) and Alternariol
9-Methyl Ether (377) by Podlech et al.65

Scheme 46. Biomimetic Synthesis of Alternariol (11) and
Alternariol 9-Methyl Ether (377) by Harris et al.983

Scheme 47. Biomimetic Synthesis of 11 by Staunton et al.984

Scheme 48. Preparation of Key Intermediates 396 and 399
by Podlech et al.52
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be addressed, since a chiral starting material was employed,
leading to the formation of three new stereogenic centers.
In this context, several spatial arrangements for the dimer-
ization were considered and it was argued that an arrange-
ment as in Figure 21 (exoanti) should be favored due to steric
preferences.

Indeed, exposure of readily available anthradihydroquino-
nes 418a and 418b to the previously developed oxidative
conditions132 led to the formation of the dimeric compounds
419a and 419b as single diastereomers and in good yield
(Scheme 53).

This reaction presumably proceeds via oxidation of the
anthradihydroquinone moiety followed by enolization and
dimerization. After careful optimization of the workup
procedures and the reaction conditions, compounds 419a and
419b could then be transformed into the highly complex
precursors 422a and 422b through another cascade process
involving an oxidation and two Michael reactions. Most
importantly, further optimization of the reaction conditions
allowed for the direct transformation of tricyclic compounds
418a and 418b into precursors 422a and 422b through a
fascinating seven-step cascade. An interesting feature of these
cascade processes is their high selectivity. The only side-
products that could be isolated were monomers 423a and
423b resulting from the aforementioned elimination/aroma-
tization process. Starting from precursors 422a and 422b,
the last step that remained was the removal of the acetal
protective groups, which could easily be achieved by
exposure to acidic conditions, yielding (+)-2,2′-epi-cytosk-
yrin 417 and (+)-rugulosin 410 in excellent yield. In
summary, these impressive total syntheses of bioactive
mycotoxins should serve as inspiring examples for the power
of cascade sequences to attain highly complex molecular
targets.

2.9.3. Xanthones

The xanthone structure is a very interesting framework
that exhibits a large variety of pharmacological activities.994

The biological activity of these compounds is due to their
tricyclic scaffold but varies depending on the nature and
position of the substituents. While DMXAA (424, Figure
22) is undergoing clinical trials as an antitumor agent,
mangiferin (425) possesses antioxidant, anti-inflammatory,
immunomodulatory, and antiviral effects. Because the range
of natural xanthones is relatively limited due to their
biosynthetic pathways, there has been a growing interest in
the development of synthetic xanthones with different
substitution pattern.995,996

Because of their importance for medicinal chemistry,
recent developments in isolation and characterization of
naturally occurring xanthones, the classic and new synthetic
routes to obtain them, together with new insights into their
biological activities, have recently been reviewed.997 For this
reason, we will focus our interest herein on the synthesis of
tetrahydroxanthenones, which represent the core of many
natural products (see examples 10, 426-428 in Figure 22)
but have so far received limited attention, with only a few
stereoselective syntheses of these natural products having
been reported.998,999

Because the structure of diversonol (426) is very similar
to that of the secalonic acid monomers (compare structures
of 10 and 426, Figure 22),840 the total synthesis of diversonol
(426) was expected to be a step toward the total synthesis
of the secalonic acids. In 2006, Bräse et al. published the
first total synthesis of diversonol (426) in racemic form
(Scheme 54).834 The synthetic sequence was based on access
to the tetrahydroxanthenone framework that had previously
been developed by the same group in 20041000 and consisted
of the domino oxa-Michael-aldol condensation between a
substituted salicylic aldehyde (429) and 4-hydroxycyclohex-
enone (430). The tetrahydroxanthenone derivative 431

Figure 21. Suggested spatial arrangement for the dimerization of
418.

Scheme 53. Synthesis of (+)-2,2′-epi-Cytoskyrin A (417) and
(+)-Rugulosin (410)130,131
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The systematic nomenclature applied to cytochalasans
consists of taking the hydrogenated isoindole as core structure
(including the macrocycle and carbon substituents on the
isoindole except for the benzyl ring) and naming it “cy-
tochalasan”. The size of the macrocycle is indicated by the
corresponding number in brackets (see Figure 24).

The total synthesis of cytochalasans has been of consider-
able interest for several years; both inter- and intramolecular
Diels-Alder reactions have been used to assemble the
isoindolone components stereoselectively. The stereogenic
centers around the macrocyclic ring can be introduced either
before or after the Diels-Alder reaction. In this sense, the
general synthetic routes toward the formation of cytochala-
sans can be divided into two strategies:

(1) Simultaneous formation of the six-membered isoin-
dolone ring and the large macrocycle in a late-stage
Diels-Alder cyclization.253,258,273,1009-1011

(2) Initial formation of the isoindolone core (through the
use of an intramolecular Diels-Alder reaction) and subse-
quent appendix of the macrocycle.274,240

Although the Diels-Alder strategy was most often used
to generate the eleven-membered ring of the [11]cytocha-
lasans, other reaction types have been performed with this
purpose, such as ring-expansion,275,1012,1013 ring-fragmenta-
tion,249 Pd-assisted macrocyclizations,1014 or Reformatsky
reactions.1015 Moreover, most of the cytochalasans are
commercially available1016 for biological studies, which
explains why there are only a few total syntheses known in
the field.

Cytochalasin B was the first cytochalasin isolated (to-
gether with cytochalasin A (440), dehydrophomin) and was
originally named phomin.1001 Cytochalasin A and B are both
[14] cytochalasans and are produced by Helminthosporium
dematioideum.

The first total synthesis of cytochalasin B was reported
by Stork and co-workers245 in 1978 and consisted of the
simultaneous formation of the isoindolone core and the
macrocyclic fused ring in a late-stage intramolecular
Diels-Alder condensation. Most recently, Myers and Hai-
dle247 have developed an enantioselective and convergent
synthetic route in which the isoindolone core is synthesized
first by a Diels-Alder reaction, with the macrocyclic
appendage (previously functionalized with the right stereo-

chemistry) introduced at a late(r) stage in the synthetic
sequence. It is also possible to synthesize cytochalasin
L-696,474 (446) employing this strategy by using common
precursors 454 (Scheme 55) and a late-stage macrocyclization
reaction (namely, through an intramolecular Horner-
Wadsworth-Emmons olefination ring closure (Schemes 56
and 57))1017-1019

Cytochalasin H (445). This cytochalasin is an isomer of
Cytochalasin D (442), differing from the latter given the lack
of carbonyl function at C(17) and the opposite configuration
at C-18. The synthesis of the eleven-membered ring precursor
473 of cytochalasin H (445) (Scheme 57) was reported by
Thomas and Whitehead1010 in 1986. Afterward, the same
group reported the first total synthesis of cytochalasin H (445)
by using an intramolecular Diels-Alder reaction in a highly
stereoselective way.262 The stereogenic centers at C-16 and
C-18 were introduced prior to cyclization using conventional
acyclic stereochemical control (Scheme 58).

Three years later, the same authors reported an alternative
approach in which the conformational preferences of the
rings control the stereochemistry. They employed a shorter
route for the synthesis of the intermediate 477 (Scheme
59).1020

Cytochalasin D (442), a carbocyclic cytochalasin, is an
isomer of cytochalasin H (445), differing from the latter given
a carbonyl function at C-17 and the opposite configuration
at C-18. It was isolated from the microorganism Metarrhizum
anisopliae, and its first total synthesis was published by
Vedejs and Reid in 1984.1021 These authors had previously
reported the advantages of using N-acylpyrrolinones for
Diels-Alder reactions in the cytochalasin area.1022

Some years later, Merifield and Thomas, who had previ-
ously achieved the total synthesis of cytochalasin H (445),
developed another synthetic route for the total synthesis of
cytochalasin D (442). The strategy consisted of employing
the same approach used for cytochalasin H (445)san
intramolecular Diels-Alder reaction to form the reduced

Figure 24. Nomenclature of the Cytochalasan scaffold.

Scheme 55. Synthesis of a Key Tricyclic Precursor (454) to
Cytochalasans B and L-696,474 by Haidle and Myers247
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isoindolone ring and the macrocycle simultaneously (Scheme
60).1011 Through this method, only the stereogenic centers
at C-16 and C-3 were present before the cyclization. The
remaining parts of the molecule were introduced either during
the Diels-Alder reaction itself or later in the synthesis using
the conformational preference of the macrocyclic ring to
control the stereochemistry.

Cytochalasin G (444). Unlike the aforementioned cy-
tochalasans A, B, H, and L, which are derived biosyntheti-
cally from phenylalanine (as indicated by the presence of
the phenyl substituent at C-10), cytochalasin G incorporates
tryptophan during its biosynthesis; this is the reason why it
possesses an indolylmethyl substituent at C-3.

The first total synthesis of this molecule was described
by Thomas and co-workers in 1986.258,259 Their approach
consisted of performing the acylation of a (5R)-N-benzoyl-
5-indolylmethylpyrrolidinone (507, previously synthesized
following Scheme 62) by using a long-chain imidazolide 487
followed by oxidation and Diels-Alder cyclization (Scheme
61).

The synthesis of the two key intermediates 487 and 486
was performed in an asymmetrical way by the authors and
is described in detail in the corresponding papers.

Cytochalasin O. The total synthesis of this11 cytochalasin
was performed by Merifield and Thomas during the course
of their work in the total synthesis of cytochalasin D (442).253

They realized that, when carrying out the oxidation of the
Diels-Alder adduct 448 (Scheme 60) in the presence of
excess osmium tetraoxide, they obtained the tetraol 515
(Scheme 63) as a major product, together with 499 (the
intermediate for the synthesis of cytochalasin D (442)) and
516.

Synthesis of Intermediates. Because of the complexity
of this family of molecules, some research groups have
decided to prepare structurally simplified analogues of the
cytochalasans. In 1975, Weinreb and Auerbach described the
first stereospecific synthesis of the isoindolone nucleus by
internal Diels-Alder addition of a diene ester and buteno-
lide.1023 Through this method, the regiochemistry of the
cycloaddition was controlled, but the stereochemistry of the
C-3 benzyl center was not. Another example is the asym-
metric synthesis of perhydroisoindolone intermediates de-
signed by Krafft et al.1024 The key reaction of this synthetic
pathway consisted of a Diels-Alder reaction/addition be-
tween trienes and optically active pyrrolidenones that had
been previously synthesized (Scheme 64).

2.9.5. Peptidic Mycotoxins

Many mycotoxins contain a cyclopeptide core structure;
in particular, a dipeptide moiety (hence, diketopiperazines)
can be found in important mycotoxins. Besides the incor-
poration of tryptophanes yielding indole alkaloids, fungi
produce a large number of epipolythiodiketopiperazines such
as gliotoxin (527), which are depicted in Figure 25. In

Scheme 56. Enantioselective and Modular Total Synthesis of
Cytochalasin B by Haidle and Myers247

Scheme 57. Enantioselective and Modular Total Synthesis of
Cytochalasin L-696,474 (446) by Haidle and Myers247
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biosynthesis is strongly dependent on the growth environ-
ment.1034 The enzymatic machinery for the formation of the

polyketides consists of different modules characteristic of
each fungus (e.g., keto synthases, acyl transferases,1035

carboxylases, cyclases, dehydrases, aromatases, reductases,
thioesterases, (Claisen) cyclases, laccasses, etc.) It is interest-
ing to note that, while bacteria do have similar enzymes,
the folding of the growing polyketide chain delivers different
structures.19

Depending on the chain length, different classes of
mycotoxins are formed: tetraketides (e.g., patulin (3)),
pentaketides (e.g., citrinin (2), ochratoxin A (7)) (Scheme
66-68), hexaketides (e.g., Diaporthin), heptaketides (e.g.,
Alternaria toxins1036,1037), octaketides (e.g., aflatoxins (1)),
xanthones like secalonic acids (such as 10); nonaketides (e.g.,
resorcyl lactones such as zearalenone (4)1038), and decaketides
(e.g., vioxanthin (606)).

Scheme 60. (a) Total Synthesis of Cytochalasin D (442) by
Merifield and Thomas;1011 (b) Total Synthesis of
Cytochalasin D (442) by Merifield and Thomas (Part 2)1011

Scheme 61. Total Synthesis of Cytochalasin G (444) by
Thomas et al.258

Scheme 62. Asymmetric Synthesis of the Pyrrolidinone
Intermediate 507
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3.3.2. Directed Biosynthesis

The biosynthesis of novel mycotoxins can be influenced
either by genetic modification or by feeding of biosynthetic
precursors. For example, Aspergillus fumigatus TP-F0196
produces pseurotin A, synerazol, and gliotoxin (527). Phe-
nylalanine is a common biosynthetic precursor of these
antibiotics. Feeding fluorophenylalanine to the culture in-
duced the production of novel fluorinated analogues.558 These
fluorinated antibiotics were obtained from the culture broth
through solvent extraction and purified via chromatography,
and their antimicrobial and antitumor activities were inves-
tigated. Among the novel fluorinated analogues, 19- and 20-
fluorosynerazols exhibited potent antiangiogenic activity in
the chorioallantoic membrane assay. In addition, 19-fluo-
rosynerazol displayed more potent cytocidal activity against
several cancer cell lines than synerazol.

4. Structure-Activity Relationships
The structure-activity relationship among the best-known

mycotoxins was reviewed by Betina almost 20 years ago.1059

In that work, the following features were described as
common structural characteristics important for bioactivity
present in most mycotoxins (Figure 28):

(1) The oxirane ring. Appears in cytochalasans and
trichothecenes. Some trichothecenes even have two epoxy
rings in their structure.

(2) Quinoid moieties (benzoquinone, naphthoquinone, and
anthraquinone). An example is the benzoquinone moiety of
terreic acidsa diabetogenic mycotoxin.

(3) Five-membered or six-membered lactones, either
saturated or unsaturated. Small lactones are known to be
highly toxic, acting as potential alkylating agents. As an
example, Patulin (3) can react as an alkylating agent with
DNA molecules. That is the reason why this family of
molecules has mutagenic, carcinogenic, or teratogenic activity.

(4) Macrocyclic structures. Macrocyclic lactones (present
in zearalenones like 4, cytochalasans, and some trichoth-
ecenes) act as mycoestrogenes, whereas other macrocyclic
compounds (such as cytochalasins or zygosporins like 440)
are cytotoxic compounds with particular effect on mam-
malian, protozoal, fungal, plant, and bacterial cells.

(5) Isocoumarins (with ochratoxins as the best example).
The dihydroisocoumarin moiety in combination with L-�-
phenylalanin (in ochratoxin A (7)) leads to inhibition of
protein synthesis at the stage of amino acid activation,
whereas in combination with benzoquinone (as in viomellein
mycotoxins) it produces the uncoupling of oxidative
phosphorylation.

After a detailed description of the common structural
features present in mycotoxins crucial for the biological
activities, some structure-activity relationship conclusions
were drawn regarding the main mycotoxin families:

Scheme 71. Example of an Octaketide Biosynthesis (Part II): Ravenelin, Ergochroms, and Secalonic Acids1046,1047

Scheme 72. Example of a Nonaketide Biosynthesis:
Zearalenone (4), Pochonins 376, and Monocillins 6041031
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Scheme 73. Example of a Decaketide Biosynthesis: Aflatoxins and Related Compounds (Part I)1031

Scheme 74. Example of a Decaketide Biosynthesis: Aflatoxins and Related Compounds (Part II)1031
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Aflatoxins. The structural characteristics of primary
importance in the biological activity of aflatoxins are as
follows (Figure 29):

(a) The dihydrofuran moiety;
(b) The double bond in C2-C3; and
(c) The substituents linked to the coumarin skeleton.
Aflatoxin B1, containing a cyclopentanone ring system, is

much more potent than aflatoxin G1 (13) with its unsaturated
δ-lactone. When the coumarine ring is replaced by xanthone
in sterigmatocystin (62), the main features of bioactivity of
the aflatoxins are retained. In versicolorin A (597), the
coumarin is replaced by an anthraquinoid moiety, changing
the mode of action to an uncoupling of oxidative phospho-
rylation. The order of toxicity of the four major aflatoxins
is B1 > G1 > B2 > G2.

Ochratoxins. By comparing the toxicity of ochratoxin A
(7), B, C, and R and their structural differences, it could be
said that the presence of the chlorine atom and the L-�-
phenylalanine moiety are responsible for its toxicity and the
inhibition of protein synthesis. Ochratoxin A (7) is the most

toxic of the ochratoxins, and its structure comprises ochra-
toxin R linked to L-�-phenylalanine.

Trichothecenes. The most important features for this class
are as follows:

(a) The double bond at C9-C10.
(b) The presence of the 12,13-epoxide. Verrucarin K, the

first natural trichothecene lacking the 12,13-epoxy group, has
not shown general toxicity; however, it presents high
cytotoxic activity, suggesting that the macrocyclic part itself
possesses cytotoxic activity.

(c) The presence of hydroxyl or other substituents at
appropriate positions of the trichothecene nucleus. Baccharins
that have a different O-substituent in the A ring have higher
antileukemic activity than roridins and verrucarins.

(d) The structure and position of the side chain.
(e) The presence of a second oxirane ring at C9-C10 on

the trichothecene nucleus.
(f) The presence of a macrocycle, because it is important

for their antileukemic activity.
Depending on the structure of the trichothecene, its

biological activity can range from antibiotic, phytotoxic,
cytotoxic, cancerostatic, antileukemic, immunosuppresive,
antiviral, to insecticidal. As an example, the simple opening
of the 12,13-epoxide ring results in nontoxic compounds
(Verrucarin A is highly toxic but Verrucarin K is not). The
presence of a C4 hydroxyl group in nivalenol (232) in
comparison to the absence in Deoxynivalenol (230) makes
it 10 times more toxic. Since that publication, a systematic

Scheme 75. Example of a Decaketide Biosynthesis: Aflatoxins and Related Compounds (Part IV)1031

Scheme 76. Example of a Decaketide Biosynthesis: Vioxanthin (606) and Related Compounds1031

Figure 27. Aurofusarin (608) and rubrofusarin (609).
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In 2001, a SAR study on zearalenones was undertaken to
better understand their estrogenicity on a human estrogen
receptor.1061 The estrogenicity of zearalenone and 16 struc-
tural analogues was compared. Overall, about one-half of
the analogues examined in that study exhibited higher
estrogenicity than zearalenone (the most abundant toxin of
the class produced by Fusarium species). The analogues
examined provided information about the roles played by

several parts of the zearalenone molecule in estrogenic
activity with the human estrogen receptor of MCF7. The 6′
functional group has the largest effect on estrogenicity. The
strongest estrogenicity was observed with R-zearalenol (320)
(R-OH at the 60 position). The order of estrogenicity for 60
substituents is R-OH . NH2 g O < �-OH ≈ �-OAc. Current
activity with trichothecenes has focused on immune re-
sponses and cell-signaling pathways.

5. Mycotoxins and Related Compounds As
Potential Therapeutics

There is increasing interest in plant extracts as potential
therapeutic agents.1062 In general, as we have explained in
section 1.2, mycotoxins are toxic metabolites. In contrast,
some of the compounds provide interesting pharmaceutical
use.

The ergot alkaloids exhibit complex and variable phar-
macological impacts because of their action as agonist or
antagonist at the adrenergic, dopaminergic, and serotonergic
receptors. The earliest authenticated reports of the effects
of ergot were located in Chinese writings in ∼1100 BC, when
the substance was used in obstetrics. Nowadays, there are
several commercialized derivatives, most of which are not
naturally occurring, that are indicated by the Food and Drug
Administration (FDA) for the treatment of different diseases.
These applications were thoroughly reviewed by Schiff in
2006. As an example, the ergonovine, a lysergic acid amide
alkaloid, behaves as an agonist of tryptaminergic receptors
in smooth muscles. For this reason, it is employed for uterine
stimulation in the routine management of postpartum uterine
atony and hemorrhage. It is also utilized as a diagnosis test
for Prinymetal’s angina. Ergotamine derivatives, such as
ergotamine (8) or dihydroergotamine, are peptide alkaloids
used in abortions or prevention of vascular headaches, such
as migraines, migraine variants, cluster headaches, and
histaminic cephalea. Bromocriptine, also a peptide alkaloid,
is a semisynthetic derivative commercialized for the treatment
of Parkinsonism juxtaposed with L-dopa therapy in patients
who are experiencing a deteriorating response or fluctuating
reactions to the drug. Another indication of bromocriptine
is the therapy of hyperprolactinemia (state of persistent
elevation of serum prolactin levels that may result in
infertility and amenorrhea in females and galactorrhea in both
males and females). Although the hallucinogen ergot alkaloid
Lysergic acid diethyl amide (LSD) is no longer clinically
employed, it was used unsuccessfully in psychiatry (just after
the discovery of its pharmacological effects) for the treatment
of acute obsessive illnesses such as alcoholic schizophrenia.

The trichothecenes have been associated with various
biological properties, such as the following:

(a) Antiviral, especially as inhibitors of the replication of
Herpes Simplex Virus type 21063 and type 1.1064 Some
derivatives have also shown inhibition capacity against
arenavirus Junin (JUNV), the ethiological agent of the
Argentine hemorrhagic fever.937

(b) Antibiotic.
(c) Antimalarial.936,1065

(d) Antileukemic.1066

(e) Immunotoxic.1067

In 2004, the Oshima group described the development of
synthetic spirocyclic tricothecanes with activity in neu-
rotrophic factor biosynthesis.1068 Recently, Zaichenko re-
viewed the experimental data in the biological activity of
macrocyclic trichothecenes from the last 30 years. The

Figure 28. Common features in mycotoxins.

Figure 29. Structure of different aflatoxins.

Figure 30. Main structure of the trichothecene skeleton.
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