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1 Introduction

It is widely accepted that a large number of proteins responsible for cellular

function exist as dimers (hetero- or homo-) or need to be activated by dimerization

before mediating certain signaling pathways [1, 2]. Simultaneously targeting both

monomeric moieties of the dimeric proteins has shown potential in the development

of various therapeutic agents [3–5]. As natural or synthetic dimeric molecules

might be able to act on both moieties of a dimeric protein, dimeric sesquiterpenoids

(DSs), which are generated biogenetically from coupling of two sesquiterpenoid

molecules (either identical or different), are in essence potential biologically active

molecules and have attracted great attention in recent years for their particular

structures and biological activities. With a composition of at least 30 carbons, and

their generation from sesquiterpenoids of a variety of structural types, and in

showing variations of the connecting patterns of the two identical (for homo-DS)

or different (for hetero-DS) sesquiterpenoid units, this makes the elucidation of DS

structures and their synthetic construction quite challenging. Moreover, the biolog-

ical effects of the DSs, particularly their potential anti-inflammatory, antimalarial,
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antitumor, antiviral, immunosuppressive, neurotropic, and potassium channel

blocking activities, have rendered these molecules promising candidates for further

drug development. A general trend observed is that some DSs are more potent than

their monomeric precursors for many biological activities.

Two recent reviews have been written by Zhan et al. [6] and Lian and Yu [7],

covering the isolation, structural determination, biological activities, biogenesis,

and synthesis of natural DSs up to June 2010.

In this contribution, a general view of the classification and distribution of DSs

(including those reported recently) will be provided. Strategies for the structural

elucidation of DSs and their analogues will be presented. Chemical efforts toward

the construction of DSs, particularly strategies for the convergence of the two

sesquiterpenoid units, will be reviewed. Moreover, the biological activities of

DSs will be discussed under each type of activity for the purposes of providing

information regarding the structural features required by their target proteins.

2 Classification and Distribution

Based on coupling patterns and structural features of the two constitutional

sesquiterpenoid units, DSs can be classified into disesquiterpenoids (type A) and

pseudo-disesquiterpenoids (type B) [6]. In type A, two sesquiterpenoid units are

connected directly by at least one C–C bond. In contrast, in type B, the two units are

changed to two aza-sesquiterpenoid moieties, or are connected by an ester group, an

O-/S-ether linkage, one or two amide groups, or a nitrogen/urea group. Dimeroses-

quiterpenoids [6], which originate from coupling of two merosesquiterpenoids

that are biogenetically formed from direct carbon-carbon connection of a

sesquiterpenoid and a nonsesquiterpenoid, are not included among the DS group.

Taking into consideration the structural types of monomeric sesquiterpenoids,

disesquiterpenoids (type A) can also be classified into bisabolane, germacrane,

guaiane, eremophilane, cadinane, eudesmane, lindenane, miscellaneous sesquiter-

pene, and compound disesquiterpenoids. Compound disesquiterpenoids refer to

those DSs that are formed by coupling of two sesquiterpenoid units of different

structural types. Pseudo-disesquiterpenoids (type B) may also have similar constitu-

tions, butwill not be discussed in this respect. It should be noted that since non-carbon-

carbon-connected pseudo-disesquiterpenoids are more prone to metabolism to the

constitutional monomers or their derivatives before reaching the target proteins, DSs

of type A and dimeric aza-sesquiterpenoids seem to be of greater overall importance.

Dimeric Sesquiterpenoids 3



2.1 Disesquiterpenoid DSs

2.1.1 Bisabolane Disesquiterpenoids

Dimeric sesquiterpenoids of this type are generally present in either the Plantae

(plant) or Animalia (sponge) kingdoms (Table 1). The generaPerezia,Coreocarpus,
and Baccharis from the Asteraceae and the genusMeiogyne from the Annonaceae in

the plant kingdom, as well as Axinyssa (Halichondriidae) and Lipastrotethya
(Dictyonellidae) in the animal kingdom are reported to produce bisabolane disesqui-

terpenoids. However, one bisabolane disesquiterpenoid, disydonol C (1), has been

reported to occur in a marine-derived fungus (Aspergillus sp.) (Fig. 1) [13].

Table 1 Bisabolane DSs

Compound Origin Family Kingdom Ref.

Bacchopetiolone Baccharis
petiolata

Asteraceae Plant [8]

60,6-Bis-2-(1,5-dimethyl-1,4-

benzoquinone

Coreocarpus
arizonicus

Asteraceae Plant [9]

60,6-Bis-2-(1,5-dimethyl-4-hexenyl-6-

isovaleroxy)-3-hydroxy-5-methyl-1,4-

benzoquinone

Coreocarpus
arizonicus

Asteraceae Plant [9]

cis-Dimer A Axinyssa
variabilis

Halichondriidae Animal

(sponge)

[10]

cis-Dimer A Lipastrotethya
ana

Dictyonellidae Animal [10]

cis-Dimer B Axinyssa
variabilis

Halichondriidae Animal [10]

cis-Dimer B Lipastrotethya
ana

Dictyonellidae Animal [10]

Dicurcuphenols A–E Didiscus
aceratus

Heteroxyidae Animal

(sponge)

[11]

Diperezone/biperezone Coreocarpus
arizonicus

Asteraceae Plant [9]

Diperezone/biperezone Perezia
alamani var.
oolepis

Asteraceae Plant [12]

Disydonol C (1) Aspergillus sp. Trichocomaceae Fungi [13]

1-epi-Meiogynin A Meiogyne
cylindrocarpa

Annonaceae Plant [14]

Meiogynin A Meiogyne
cylindrocarpa

Annonaceae Plant [14]

trans-Dimer C Lipastrotethya
ana

Dictyonellidae Animal [10]

trans-Dimer C Axinyssa
variabilis

Halichondriidae Animal [15]

trans-Dimer D Axinyssa
variabilis

Halichondriidae Animal [15]

4 S.-G. Liao and J.-M. Yue



2.1.2 Germacrane Disesquiterpenoids

Dimeric sesquiterpenoids of this type are very rare. Up to the present, only a few

species in the families Aristolochiaceae, Asteraceae, and Zingiberaceae have been

reported to accumulate these compounds. Germacrane disesquiterpenoids are rig-

idly confined to the plant kingdom (Table 2, Fig. 2).

OH

HO

OH

OH

HO

1 (disydonol C)  bisabolane

OH

1

3

5
15

7

14
11

12

13

12'

13'

11'

14' 7'

1'
3'

5'

15'

2 (dicurcuphenol B) 

HO

OH

HO

3 (dicurcuphenol C) 

Fig. 1 Structures of bisabolane, disydonol C (1), and dicurcuphenols B (2) and C (3)
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2.1.3 Guaiane, Pseudoguaiane, and Xanthane Disesquiterpenoids

Dimeric sesquiterpenoids of these classes may contain two guaiane, pseudoguaiane,

secoguaiane, or xanthane units (Fig. 3), and are one of the largest aggregate groups of

DSs. Asteraceae, which produces a considerable number of guaiane sesquiterpenoids,

is also the major family producing guaiane disesquiterpenoids (Table 3). Artemisia is
among the most important genera of this family, from a medicinal perspective.

Several species in this genus have been reported to be guaiane disesquiterpenoid

sources. In addition, Daphne oleoides of the Thymelaeaceae [33], Salvia nubicola of
the Lamiaceae, Joannesia princeps of the Euphorbiaceae [41], and two species (i.e.

Xylopia aromatica [58] andXylopia vielana [71]) of the Annonaceae familywere also

reported to contain DSs. It is noteworthy that DSs of these types are limited to the

plant kingdom.

1

3
7

germacrane

OH

O
O

OH

O
O

4 6

810

14
11

12

13
15 1'

3'
7'4' 6'

8'10'

14'
11'

12'

13'
15'

4 (mikagoyanolide)

Fig. 2 Structures of

germacrane and

mikagoyanolide (4)

Table 2 Germacrane DSs

Compound Origin Family Ref.

Artebarrolide Artemisia barrelieri Asteraceae [16]

Difurocumenone Curcuma zedoaria Zingiberaceae [17]

Elegain Gonospermum elegans Asteraceae [18]

Helivypolide G Helianthus annuus Asteraceae [19]

Mikagoyanolide (4) Mikania goyazensis Asteraceae [20]

Mikagoyanolide (4) Tanacetopsis mucronata Asteraceae [21]

Versicolactone Aristolochia versicolor Aristolochiaceae [22]

6 S.-G. Liao and J.-M. Yue
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Table 3 Guaiane, pseudoguaiane, and xanthane DSs

Compound Origin Family Refs.

Absinthin Artemisia
absinthium

Asteraceae [23, 24]

Absinthin Artemisia
caruifolia

Asteraceae [25]

Absintholide Artemisia
caruifolia

Asteraceae [25]

Absintholide Artemisia
absinthium

Asteraceae [26]

Achicollinolide Achillea collina Asteraceae [27]

Achillinins B–Ca Achillea
millefolium

Asteraceae [28]

Ainsliadimer A Ainsliaea
macrocephala

Asteraceae [29]

Ainsliadimer B Ainsliaea
fulvioides

Asteraceae [30]

Anabsin Artemisia
absinthium

Asteraceae [31]

Anabsin Artemisia
caruifolia

Asteraceae [25]

(continued)
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Table 3 (continued)

Compound Origin Family Refs.

Anabsinthin Artemisia
absinthium

Asteraceae [31]

Anabsinthin Artemisia
anomala

Asteraceae [32]

Anabsinthin Artemisia
caruifolia

Asteraceae [25]

Anabsinthin Daphne oleoides Thymelaeaceae [33]

Artabsinolide B Artemisia
caruifolia

Asteraceae [25]

Artanomadimers A�F Artemisia
anomala

Asteraceae [34]

Artanomalide D Artemisia
anomala

Asteraceae [32]

Artanomaloide A Artemisia
anomala

Asteraceae [32, 35]

Artelein Artemisia
leucodes

Asteraceae [36]

Artenolide Artemisia
absinthium

Asteraceae [37]

Artesieversin Artemisia
sieversiana

Asteraceae [38]

Artselenoide A Artemisia
selengensis

Asteraceae [39, 40]

Artselenoide A Artemisia
sylvatica

Asteraceae [40]

Assufulvenal Joannesia
princeps

Euphorbiaceae [41]

Biennin C Hymenoxys
biennis

Asteraceae [42]

2,120-Bis-hamazulenyl Ajania fruticulosa Asteraceae [43]

Bisnubenolide Salvia nubicola Lamiaceae [44]

Bisnubidiol Salvia nubicola Lamiaceae [45]

Bistataxacin Salvia nubicola Lamiaceae [46]

Caruifolins B–D Artemisia
caruifolia

Asteraceae [25]

Chrysanolide C Chrysanthemum
indicum

Asteraceae [47]

Decathieleanolide Decachaeta
thieleana

Asteraceae [48]

10-Desoxygochnatiolide A Gochnatia
polymorpha

Asteraceae [49]

10-Desoxygochnatiolide A Gochnatia
polymorpha ssp.

floccosa

Asteraceae [49]

10-Desoxy-10β-H-gochnatiolide A Gochnatia
hypoleuca

Asteraceae [49]

Dichrocepholides D–E Dichrocephala
integrifolia

Asteraceae [50]

(continued)
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Table 3 (continued)

Compound Origin Family Refs.

Diguaiaperfolin (5) Eupatorium
perfoliatum

Asteraceae [51]

Dihydroornativolide Geigeria ornativa Asteraceae [52]

8β,80β-Dihydroxy-10-desoxy-10β-H-
gochnatiolide A

Gochnatia
hypoleuca

Asteraceae [49]

Distansolides A–B Achillea distans Asteraceae [53]

10,11-Epiabsinthin Artemisia
caruifolia

Asteraceae [25]

100,11,110-epi-Absinthin Artemisia
sieversiana

Asteraceae [38]

100,110-epi-Absinthin Artemisia
sieversiana

Asteraceae [38]

11-epi-Absinthin Artemisia
sieversiana

Asteraceae [38]

110-Epimaritimolide Ambrosia
maritima

Asteraceae [35]

Gnapholide Pulicaria
gnaphalodes

Asteraceae [54]

Gochnatiolide A Gochnatia
polymorpha

Asteraceae [49]

Gochnatiolide A Gochnatia
paniculata

Asteraceae [55]

Gochnatiolide B Gochnatia
paniculata

Asteraceae [55]

Handelin (Yejuhua Lactone/Chrysanthelide) Handelia
trichophylla

Asteraceae [56]

Helisplendidilactone Helichrysum
splendidum

Asteraceae [57]

2α-Hydroxy-10-desoxy-1,10-dehydrogoch-
natiolide A

Gochnatia
polymorpha

Asteraceae [49]

2α-Hydroxy-10-desoxy-1,10-dehydro-
11α,13,110α,130-tetrahydrogochnatiolide A

Gochnatia
polymorpha

Asteraceae [49]

8β-Hydroxy-10-desoxy-10β-H-gochnatiolide
A

Gochnatia
hypoleuca

Asteraceae [49]

8-Hydroxy-10-desoxygochnatiolide A Gochnatia
polymorpha

Asteraceae [49]

8-Hydroxy-10-desoxygochnatiolide A Gochnatia
polymorpha ssp.

floccosa

Asteraceae [49]

80β-Hydroxy-10-desoxy-10β-H-
gochnatiolide A

Gochnatia
hypoleuca

Asteraceae [49]

(11α,12β,13α,21β)-7-Hydroxy-16-oxo-17-
isopropylidene-lα,5,5,9β,14α,20-
hexamethyl-6-oxaheptacyclo[l0.9.

1.02.10.04.7.012.24.013.19]docosa-2(l0),3,l9-

triene

Xylopia aromatica Annonaceae [58]

(continued)
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2.1.4 Eremophilane Disesquiterpenoids

Eremophilane disesquiterpenoids generally occur in the plant kingdom (Table 4) as

dimeric furanoeremophilanes or dimeric eremophilenolides (Fig. 4) [6]. Most of the

eremophilane DSs found to date have been isolated from species in the Asteraceae,

with Ligularia being the most prevalent genus in this regard.

Table 3 (continued)

Compound Origin Family Refs.

8α-Hydroxyxeranthemolide Anthemis
austriaca

Asteraceae [59]

Isoabsinthin Artemisia
absinthium

Asteraceae [60]

Lineariifolianoids Eb Inula lineariifolia Asteraceae [61]

Lineariifolianoids F–G Inula lineariifolia Asteraceae [61]

Maritimolide Ambrosia
maritima

Asteraceae [35]

Mexicanin F Helenium
mexicanum

Asteraceae [62]

Microlenin Helenium
microcephalum

Asteraceae [63, 64]

Microlenin acetate Helenium
microcephalum

Asteraceae [65]

Millifolides A–Bc Achillea
millefolium

Asteraceae [66]

8-O-Acetylarteminolide Artemisia
anomala

Asteraceae [32]

Ornativolide Geigeria ornativa Asteraceae [52]

(5S,6R,7R,8R,11R)-2-Oxo-8-
tigloyloxyguaia-1(10),3-dien-6,12-olide-

14-carboxylic acid

Eupatorium
perfoliatum

Asteraceae [67]

Pungiolide Cd Xanthium
strumarium

Asteraceae [68]

Pungiolides A�B Xanthium pungens Asteraceae [69]

Pungiolides D–Ed Xanthium
sibiricum

Asteraceae [70]

Seemarin Daphne oleoides Thymelaea-

ceae

[33]

Vielanin A–C Xylopia vielana Annonaceae [71]

Vielanins D–E Xylopia vielana Annonaceae [72]

Xeranthemolide Anthemis
austriaca

Asteraceae [59]

Unnamed (7) Chrysanthemum
indicum

Asteraceae [73]

a1,10-Secoguaiaolide-guaiaolide
bGuaiane-pseudoguaiane
c1,10-Secoguaianolide-1,10-secoguaianolide
dXanthane-xanthane
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Table 4 Eremophilane DSs

Compound Origin Family Ref.

Adenostin A Cacalia
adenostyloides

Asteraceae [74]

Adenostin A Ligularia
virgaurea

Asteraceae [75]

Adenostin B Cacalia
adenostyloides

Asteraceae [74]

14-Angeloyloxy-12-(cacalohastin-14-yl)

cacalohastine

Senecio
canescens

Asteraceae [76]

Bi-3β-angeloyloxy-8β-hydroeremophil-7

(11)-en-12,8α(14b,6a)-diolide
Ligularia
lapathifolia

Asteraceae [77]

Bieremoligularolide Ligularia
muliensis

Asteraceae [78]

Biliguhodgsonolide Ligularia
hodgsonii

Asteraceae [79]

Biligulaplenolide Ligularia
platyglossa

Asteraceae [80]

α,α0-Bis-3β-angeloyloxyfuranoeremophilane Farfugium
japonicum

Asteraceae [81]

9β,90α-Bis-1,8-dihydroligularenolidea Bedfordia
salicina

Asteraceae [82]

9β,90β-Bis-1,8-dihydroligularenolidea Bedfordia
salicina

Asteraceae [82]

12-(Dehydrocacalohastin-14-yl)cacalohastin

(8)

Senecio
canescens

Asteraceae [78]

12-(Dehydrocacalohastin-14-yl)cacalohastin

(8)

Senecio crispus Asteraceae [83]

(1S*,5S*,10aR*)-1-[(80S*,8a0R*)-80,8a0-
Dimethyl-40-oxo-10,40,60, 70,80,8a0-
hexahydronaphthalen-20-yl]-4-hydroxy-
1,4,5,10α-tetramethyl-

1,2,3,4,5,6,7,9,10,10a-decahydroanthracen-

9-one

Eremophila
mitchelli

Scrophulariaceae [84]

(4aR,4aR,5S,5S,9aR,9aR)-
4,4,4a,4a,5,5,6,6,7,7,8,8-Dodecahydro-

3,3,4a,4a,5,5-hexamethyl-2H,2H-9a,9a-
binaphtho[2,3-b]furan-2,2-dionea

Senecio
tsoongianus

Asteraceae [85]

8β-[Eremophila-30,70(110)-dien-
120,80α;150,60α-diolide]-eremophil-3,7(11)-

dien-12,8α;15,6α-diolide

Ligularia
atroviolacea

Asteraceae [86]

8β-[Eremophila-30,70(110)-diene-
120,80α;140,60α-diolide]eremophila-3,7(11)-

diene-12,8α;14,6α-diolide

Ligularia
atroviolacea

Asteraceae [87]

Fischelactone Ligularia fischeri Asteraceae [88]

Fischelactone B (9) Ligularia fischeri Asteraceae [89]

(5S)-5,6,7,7a,7b,12b-Hexahydro-
3,4,5,11,12b-pentamethyl-10-[(3E)-pent-3-
en-1-yl]-furo[300,200: 60,70]naphtho[10,80:
4,5,6]pyrano[3,2-b]benzofuran-9-ol

Ligularia
virgaurea

Asteraceae [90]

(4aR,5S,9aS)-4a,5,6,7,8,9a-Hexahydro-
3,4a,5-trimethyl-9a-[(4aR,5S,9aR)-

Senecio
tsoongianus

Asteraceae [85]

(continued)
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Table 4 (continued)

Compound Origin Family Ref.

4,4a,5,6,7,8-hexahydro-3,4a,5-trimethyl-2-

oxonaphtho[2,3-b]furan-9a(2H )-yl]naphtho-

[2,3-b]furan-2(4H )-one (10)

Ligulamulienins A–B Ligularia
muliensis

Asteraceae [91]

Ligularin A Ligularia
virgaurea ssp.

oligocephala

Asteraceae [92]

Ligulolide B Ligularia
virgaurea ssp.

oligocephala

Asteraceae [93]

Ligulolide D Ligularia
virgaurea ssp.

oligocephala

Asteraceae [92]

2-{[(5S)-5,6,7,8-Tetrahydro-9-hydroxy-3,5-
dimethylnaphtho[2,3-b]furan-4-yl]methyl}-

3,5-dimethyl-6-[(3E)-pent-3-en-1-yl]-1-
benzofuran-4,7-dione

Ligularia
virgaurea

Asteraceae [90]

Tetrahydromitchelladione Eremophila
mitchelli

Scrophulariaceae [84, 94]

Virgaurin A Ligularia
virgaurea

Asteraceae [75, 90,

95]

Virgaurin A Ligularia
virgaurea

Asteraceae [90, 96]

Virgaurin B Ligularia
virgaurea

Asteraceae [75, 97,

98]

Virgaurin C Ligularia
virgaurea

Asteraceae [75, 98]

Virgaurols A–B Ligularia
virgaurea

Asteraceae [95]
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2.1.5 Cadinane Disesquiterpenoids

Dimeric sesquiterpenoids of this class are very rare (Table 5). Species of the genus

Gossypium in the family Malvaceae seem to be a good source of cadinane disesqui-

terpenoids (Fig. 5). In addition, Curcuma parviflora from the Zingiberaceae family

also has been reported to produce a number of cadinane disesquiterpenoids

[110, 112, 113].

Table 5 Cadinane DSs

Compound Origin Family Refs.

Aquatidial Pachira
aquatica

Malvaceae [99]

Bicalamenene Dysoxylum
alliaceum

Meliaceae [100, 101]

(5S,50R,8S,80S)-5,50-diisopropyl-3,30,8,80-
tetramethyl-5,50,6,60,7,70,8,80-octahydro-
[1,20-binaphthalene]-10,2-diol

Ocotea
corymbosa

Lauraceae [102]

8-Bis(7-hydroxycalamenene) Heritiera
ornithocephala

Malvaceae [103]

8-Bis(7-hydroxycalamenene) Siparuna
macrotepala

Monimiaceae [104]

(+)-7,70-Bis[(5R,7R,9R,10S)-2-oxocadinan-3,6
(11)-dien-12,7-olide]

Eupatorium
adenophorum

Asteraceae [105]

Dicadalenol Heterotheca
inuloides

Asteraceae [106]

6,60-Dimethoxygossypol Gossypium
barbadense

Malvaceae [107]

6,60-Dimethoxygossypol Gossypium
hirsutum

Malvaceae [107]

Gossypol (11) Gossypium
barbadense

Malvaceae [108]

Gossypol (11) Gossypium
hirsutum

Malvaceae [108, 109]

60-Methoxygossypol Gossypium
barbadense

Malvaceae [107]

60-Methoxygossypol Gossypium
hirsutum

Malvaceae [107]

Parviflorene A Curcuma
parviflora

Zingiberaceae [110]

Parviflorene J Curcuma
parviflora

Zingiberaceae [111]

Parviflorenes B–F Curcuma
parviflora

Zingiberaceae [111, 112]

Parviflorenes G–I Curcuma
parviflora

Zingiberaceae [111, 113]
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2.1.6 Eudesmane Disesquiterpenoids

Eudesmane disesquiterpenoids are generally present either as dimers of two

eudesmane units (e.g. 13 and 14) or as those of both an eudesmane and a

secoeudesmane sesquiterpenoid component (e.g., 15) (Fig. 6). Currently, only

eleven eudesmane DSs have been reported (Table 6). Again, the Asteraceae is the

main plant family that produces this type of DSs.
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2.1.7 Lindenane Disesquiterpenoids

Lindenane disesquiterpenoids are one of the largest classes of DSs. However, up to

the present, these DSs have been found only in the plant kingdom and are confined

to the family Chloranthaceae (see Table 7 in the current chapter and Table 2 of the

review by Zhan et al. [6]). Chloranthus and Sarcandra are the only two genera that

have been reported to produce this type of DS (Fig. 7, Plate 1).

Table 6 Eudesmane DSs

Compound Origin Family Ref.

Bialantolactone (13) Inula helenium Asteraceae [114]

Biatractylolide Atractylodes
macrocephala

Asteraceae [115]

Biatractylolide Trattinickia
rhoifolia

Asteraceae [116]

Biepiasterolide Atractylodes
macrocephala

Asteraceae [117]

Biepiasterolide Trattinickia
rhoifolia

Asteraceae [118]

Bilindestenolide Lindera
strychnifolia

Lauraceae [119]

3aa,30,40,5,6.7,8,8a,9,9a-Decahydro-5β-8αβ-50-
(4aβ-methyl-8-methyliden-2β-naphthyl)spiro[naph-
tha[2,3-b]furan-3,20-20H-pyran]-2(3H )-one

Helenium
autumnale

Asteraceae [120]

4a,50-Ethenyl-4β-methyl-3β-[(1-methylethenyl)

cyclohex-1β-yl]-3a,30,40,5,6,7,8,8a.9,9a-decahydro-
5β,8αβ-dimethylspiro[naphtha[2,3-b]furan-3,20-20H-
pyran]-2(3H )-one (14)

Helenium
autumnale

Asteraceae [120]

50,4a-Ethenyl-4β-methyl-3β-[(1-methylethenyl)

cyclohex-1β-yl]-3a,30,4,40,4a,5,6.7,8,8a,9,9a-
dodecahydro-8aβ-methyl-15-methylidenspiro[naph-

tha[2,3-b]furan-3,20-20H-pyran]-2(3H )-one

Helenium
autumnale

Asteraceae [120]

Foveolide B (15) Ficus foveolata Moraceae [121]

Fruticolide Ferreyranthus
fruticosus

Asteraceae [122]

Hydroxy-bis-dihydroencelin Montanoa
speciosa

Asteraceae [123]

Muscicolides A–B Frullania
muscicola

Frullaniaceae [124]

Table 7 Lindenane DSs isolated in recent years (2010–2013)

Compound Origin Family Ref.

Chloramultilide A Chloranthus serratus Chloranthaceae [125]

Chloramultilide C Chloranthus elatior Chloranthaceae [126]

Chloramultilide C Chloranthus multistachys Chloranthaceae [127]

Chloramultilide D Chloranthus multistachys Chloranthaceae [127]

Chloramultiol G (16) Chloranthus multistachys Chloranthaceae [128]

Chloramultiols A–F Chloranthus multistachys Chloranthaceae [127]

(continued)
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Table 7 (continued)

Compound Origin Family Ref.

Cycloshizukaol A Chloranthus fortunei Chloranthaceae [129]

Cycloshizukaol A Chloranthus multistachys Chloranthaceae [127]

Henriol A Chloranthus serratus Chloranthaceae [125]

Henriol D Chloranthus fortunei Chloranthaceae [129]

Multistalides A–B Chloranthus multistachys Chloranthaceae [130]

Sarcandrolides A–E Sarcandra glabra Chloranthaceae [131]

Sarcandrolides F–J Sarcandra glabra Chloranthaceae [132]

Sarcanolides A–B Sarcandra hainanensis Chloranthaceae [133]

Shizukaol B Chloranthus spicatus Chloranthaceae [134]

Shizukaol B Chloranthus fortunei Chloranthaceae [129]

Shizukaol B Chloranthus japonicus Chloranthaceae [135]

Shizukaol C Chloranthus spicatus Chloranthaceae [134]

Shizukaol C Chloranthus multistachys Chloranthaceae [127]

Shizukaol C Chloranthus fortunei Chloranthaceae [129]

Shizukaol D Chloranthus fortunei Chloranthaceae [129]

Shizukaol D Chloranthus multistachys Chloranthaceae [127]

Shizukaol H Chloranthus spicatus Chloranthaceae [134]

Shizukaols B, D Chloranthus serratus Chloranthaceae [125]

Shizukaols E, G, M, O Chloranthus fortunei Chloranthaceae [129]

Spicachlorantin B Chloranthus multistachys Chloranthaceae [127]

Spicachlorantins A, C Chloranthus serratus Chloranthaceae [125]

Spicachlorantins G–J Chloranthus spicatus Chloranthaceae [136]

Unnamed (17–18) Chloranthus serratus Chloranthaceae [125]
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2.1.8 Cuparane, Cyclolaurane, and Herbertane Disesquiterpenoids

The cuparane, cyclolaurane, and herbertane skeletons are related structurally. Since

these types of monomeric sesquiterpenoids are not common, their dimerization has

been reported only occasionally in several species of the families Herbertiaceae,

Lejeuneaceae, Mastigophoraceae, Rhodomelaceae, and Scrophulariaceae (Table 8,

Fig. 8).

Plate 1 Lindenane

disesquiterpenoids
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Table 8 Cuparane, cyclolaurane, and herbertane DSs

Compound

Structural

type Origin Family Refs.

Aquaticenol Herbertane

(Isocuparane)

Lejeunea aquatica Lejeuneaceae [137]

Aquaticol (19) Cuparane Veronica
anagallis-
aquatica

Scrophulariaceae [138, 139]

Laurebiphenyl Cyclolaurane Laurencia nidifica Rhodomelaceae [140]

Mastigophorenes

A–B

Herbertane

(Isocuparane)

Herbertus
sakuraii

Herbertaceae [141]

Mastigophorenes

A–B

Herbertane

(Isocuparane)

Mastigophora
diclados

Mastigophoraceae [142, 143]

Mastigophorenes

C–D

Herbertane

(Isocuparane)

Mastigophora
diclados

Mastigophoraceae [143, 144]

Unnamed (20) Cyclolaurane Laurencia
microcladia

Rhodomelaceae [145]

Unnamed (21) Cyclolaurane Laurencia
microcladia

Rhodomelaceae [146]
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2.1.9 Miscellaneous Disesquiterpenoids

Except for the structural classes mentioned above, DSs of other types can also be

found in a number of fungi, protozoa, and other plants (Table 9). Representative

DSs and their corresponding sesquiterpenes of each class are shown in Figs. 9, 10,

11, and 12.

Table 9 Miscellaneous DSs

Compound Structural type Origin Family Refs.

Alertenone (24) Quadrane Alertigorgia sp. Agaricaceaea [147]

Aurisins A, K Aristolane Neonothopanus nambi,

PW1 and PW2

Marasmiaceaea [148]

Bisacutifolones A–C Pinguisane Porella acutifolia subsp.

tosana

Hepaticaeb [149]

Bis-cineradienone

(25)

Cinerane Cineraria fruticulorum Asteraceaeb [150]

Bitaylorione (27) 1,10-Seco-

aromadendrane

Mylia taylorii Jungermanniaceaeb [151]

Bovistol (31) Illudane Bovista sp. 96042 Agaricaceae

(basidiomycete)a
[152]

Cinnamacrin C (29) Drimane Cinnamosma macrocarpa Canellaceaeb [153]

Distentoside Dinorpterosin Dennstaedtia distenta Dennstaedtiaceaeb [154]

Methylmona-

chosorin B

Dinorpterosin Dennstaedtia distenta Dennstaedtiaceaeb [154]

14-O-Methyl

monachosorin A

(Monomethyl

monachosorin A)

Dinorpterosin Dennstaedtia distenta Dennstaedtiaceaeb [147]

14-O-Methyl

monachosorin A

(Monomethyl

monachosorin A)

Dinorpterosin Monachosorum henryi/

Monachosorum

flagellare/Monac-

hosorum maximowiczii

Pteridaceaeb [147]

140-O-Methylmona-

chosorin A

Dinorpterosin Monachosorum flagellare Pteridaceaeb [147]

Monachosorins A–C Dinorpterosin Monachosorum arakii Pteridaceaeb [155, 156]

Monachosorins A–C Dinorpterosin Dennstaedtia distenta Dennstaedtiaceaeb [155]

Monachosorins A–C Dinorpterosin Monachosorum henryi/

Monachosorum flagellare/

Monachosorum

maximowiczii

Pteridaceaeb [155]

Myltayloriones A–B 1,10-Seco-

aromadendrane

Mylia taylorii Jungermanniaceaeb [151]

Officinalic acid Drimane Fomes officinalis Fomitopsidaceaea [157, 158]

Vannusals A–B Hemivannusane Euplotes vannus Euplotidaec [159]

Unnamed (32–33) Norilludalane Stereum ostrea

BCC 22955

Stereaceaea [160]

aFungi
bPlant
cProtozoa
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2.1.10 Compound Disesquiterpenoids

Earlier investigations showed that the co-occurrence of different structural types of

sesquiterpenoids might also lead to their dimerization (Table 10 and Figs. 12 and 13).

Eudesmane–guaiane or 1,10-secoeudesmane–guaiane are the most typical coupling

patterns thus far detected, although germacrane-guaiane, eudesmane-bisabolane,

elemane–eudesmane, myliane-1,10-secoaromadendrane, and xanthane–guaiane cou-

plings may also occur in various species of the family Asteraceae. A guaiane-

aromadendrane coupling has been reported in Chiloscyphus subporosus from the

Lophocoleaceae family [172].
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Table 10 Compound DSs

Compound Structural type Origin Family Refs.

7β-(1S,5)-Dimethyl-4-hexenyl-

3a0,4,4a0,5,6,7,8,8a,9a-
decahydro-5,80aβ-dimethyl-50-
methylenspiro[bicyclo[2.2.2]oct-

5-en-2,30(20H )-naphtho[2,3-b]

furan]-20-one (36)

Eudesmane-

bisabolane

Helenium

autumnale

Asteraceae [120]

7β-(1S,5)-Dimethyl-4-hexenyl-

3a0α,4,4a0α,50,60,70,80,8a0,90,9a0α-
octahydro-5, 50β,8a0β-trimethyl-50

-methylenspiro[bicyclo[2.2.2]oct-5-

en-2,30(20H )-naphtho[2,3-b]furan]-

20-one

Eudesmane-

bisabolane

Helenium

autumnale

Asteraceae [120]

Inulanolide B (38) Germacrane-

guaiane

Inula

britannica

var. chinensis

Asteraceae [161]

Inulanolide D 1,10-

Secoeudesmane–

guaiane

Inula

britannica

var. chinensis

Asteraceae [161, 162]

Inulanolides A, C 1,10-

Secoeudesmane–

guaiane

Inula

britannica

var. chinensis

Asteraceae [161]

Inulanolides A, C 1,10-

Secoeudesmane–

guaiane

Inula

japonica

Asteraceae [162]

Japonicone D 1,10-

Secoeudesmane–

guaiane

Inula

japonica

Asteraceae [163]

Japonicones A–C Eudesmane–

guaiane

Inula

japonica

Asteraceae [163]

Japonicones E–G Eudesmane–

guaiane

Inula

japonica

Asteraceae [164]

Japonicones H–L 1,10-

Secoeudesmane–

guaiane

Inula

japonica

Asteraceae [164]

Japonicones M–P 1,10-

Secoeudesmane–

guaiane

Inula

japonica

Asteraceae [165]

Japonicones Q, S 1,10-

Secoeudesmane–

guaiane

Inula

japonica

Asteraceae [162]

Japonicones R, T Eudesmane–

guaiane

Inula

japonica

Asteraceae [162]

Lappadilactone Eudesmane–

guaiane

Saussurea

lappa

Asteraceae [166]

Lineariifolianoid H Germacrane-

guaiane

Inula

lineariifolia

Asteraceae [61]

Lineariifolianoids A–D Xanthane–

guaiane

Inula

lineariifolia

Asteraceae [167]

Macrophyllidimer C Elemane–

eudesmane

Inula

macrophylla

Asteraceae [168]

(continued)
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Table 10 (continued)

Compound Structural type Origin Family Refs.

Macrophyllidimers A and B Elemane–

eudesmane

Inula

macrophylla

Asteraceae [169]

Myltayloriones A–B Myliane–1,10-

secoaromaden-

drane

Mylia taylorii Jungermanniaceae [151]

Neojaponicone A 1,10-

Secoeudesmane–

guaiane

Inula

japonica

Asteraceae [165]

Rudbeckiolide Eudesmane–

guaiane

Rudbeckia

laciniata

Asteraceae [170]

Serratustones A and B Elemane–

eudesmane

Chloranthus

serratus

Chloranthaceae [171]

Unnamed (39) Guaiane–

aromadendrane

Chiloscyphus

subporosus

Lophocoleaceae [172]
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2.2 Pseudo-disesquiterpenoids

2.2.1 Dimeric Aza-sesquiterpenoids

Aza-sesquiterpenoids or aminated sesquiterpenoids refer to sesquiterpenoids that

incorporate at least one nitrogen atom into their molecules during enzyme-mediated

cyclizations andWagner–Meerwein rearrangements for construction of the carbocyclic

skeletons or the subsequent functionalization process. It has been suggested that

molecules possessing a nitrogen atom or atoms can no longer be simply considered a

sesquiterpenoid and should be classified as an aza-sesquiterpenoid or a sesquiterpenoid

alkaloid [173]. For this reason, dimeric aza-sesquiterpenoids or sesquiterpenoid alka-

loid dimers [6] have been moved to the pseudo-disesquiterpenoid section herein rather

than being included in the disesquiterpenoid group as adopted in the review by Zhan

and associates [6]. Most of these DSs feature a thiaspirane (e.g., 44) or a thiaspirane

sulfoxide (e.g., 45) structure formed by convergence of two C15 3-furylquinolizidine

(or 3-furyl-hemiaminoquinolizidine) units through a carbon–carbon bond and a

carbon–sulfur bond (Fig. 14 and the review by Zhan et al. [6]).

Aza-sesquiterpenoids or sesquiterpenoid alkaloids can be found in the genera

Nuphar and Dendrobium of the family Orchidaceae, and in some species of the

Celastraceae and Hippocrateaceae [174]. However, up to the present, only the

aquatic macrophytes of the genus Nuphar have been reported to produce dimeric

aza-sesquiterpenoids [6]. These aza-sesquiterpenoids are also termed Nuphar
alkaloids.
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2.2.2 Miscellaneous Pseudo-disesquiterpenoids

Pseudo-disesquiterpenoids other than dimeric aza-sesquiterpenoids can be formed

by the connection of two sesquiterpenoid moieties via an ester group (e.g. 46–50),

an O-/S-ether linkage (e.g. 51–52), a nitrogen atom (53), a urea group (54), two

separate amide bonds connected by a piperidine ring (55), one or two isocitric

acid esters (56–58), and two N–N-coupled indole units (59–60) (Table 11 and

Figs. 15–19). A number of sesquiterpenoid structural types have been determined

in this class of DSs. In the ester-connecting pseudo-disesquiterpenoids, their occur-

rence has been confined mainly to the plant family Asteraceae. A thujopsane-ester-

Table 11 Pseudo-disesquiterpenoid DSs

Compound Connection type Origin Family Refs.

Amarantholidosides VI–VII Farnesane-

O-farnesane

Amaranthus

retroflexus

Amaranthaceae [179]

Arrivacins A–B Guaiane-ester-

guaiane

Ambrosia

psilostachya

Asteraceae [180]

Artemilinin A Eudesmane–

O-guaiane

Artemisia argyi Asteraceae [181]

N,N0-Bis[(6R,7S)-7,8-
dihydro-α-bisabolen-7-yl]
urea

Bisabolane-(NH-CO-

NH)-bisabolane

Halichondria sp. Halichondriidaea [182]

N,N-11-Bis[(1Z,4Z )-7α
H-germacra-1(10),4-dienyl]

urea

Germacrane-

(NH-CO-NH)-

germacrane

Axinyssa n. sp. Halichondriidaea [183]

Bisparthenolidine Germacrane-

N-germacrane

Michelia

rajaniana

Magnoliaceae [184]

Bisparthenolidine Germacrane-

N-germacrane

Paramichelia

baillonii

Magnoliaceae [185]

Capsicodendrin Drimane-di-

O-drimane

Capsicodendron

dinisii

Canellaceae [186]

Chinensiol Himachalane-

O-himachalane

Juniperus

chinensis var.

tsukusiensis

Cupressaceae [187]

Cinnafragrin D Drimane-di-

O-drimane

Cinnamosma

macrocarpa

Canellaceae [153]

Cinnafragrins A–B Drimane-di-

O-drimane

Cinnamosma

fragrans

Canellaceae [188]

Cinnafragrolide Drimane-di-

O-drimane

Cinnamosma

fragrans

Canellaceae [188]

Conyaegyptin Farnesane-xyloside-

farnesane

Conyza

aegyptiaca

Asteraceae [189]

3-

Costoyloxydehydroleucodin

Guaiane-ester-

eudesmane

Podachaenium

eminens

Asteraceae [190]

Costunolact-12β-ol dimer Germacrane-

O-germacrane

Magnolia

virginiana

Magnoliaceae [191]

Cryptoporic acid D Cyclic-(O-isocitric

acid ester-drimane)2-

Cryptoporus

volvatus infected

by Paecilomyces

variotii

Marasmiaceaeb [192]

(continued)
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Table 11 (continued)

Compound Connection type Origin Family Refs.

Cryptoporic acids C, E Drimane-O-isocitric

acid ester-drimane

Cryptoporus

volvatus

Polyporaceaeb

(Agaricomycetes)

[193, 194]

Cryptoporic acids D, E, J, K Cyclic-(O-isocitric

acid ester-drimane)2-

Marasmius

cladophyllus

F070624009

Marasmiaceaeb [195]

Cryptoporic acids D, F–G Cyclic-(O-isocitric

acid ester-drimane)2-

Cryptoporus

volvatus

Polyporaceaeb

(Agaricomycetes)

[193, 194]

Dicurcuphenol ether F Bisabolane-

O-bisabolane

Didiscus

aceratus

Heteroxyidaea [11]

3β-O-(1,2-Didehydro-3-oxo-
costoyloxy)-4β,10β-
dihydroxy-guaia-1(2),11(13)-

dien-6α,12-olide

Guaiane-ester-

eudesmane

Warionia

saharae

Asteraceae [185]

3β-O-(1,2-Didehydro-3-oxo-
costoyloxy)-4β,10β-
dihydroxy-guaia-1(2),11(13)-

dien-6β,12-olide

Guaiane-ester-

eudesmane

Warionia

saharae

Asteraceae [185]

1α,3β-Di-
(3,4-dihydroxyphenyl)-

2α,4β-dibazzanenyl
cyclobutane dicarboxylate

Guaiane-glucoside-

guaiane

Bazzania

pompeana

Lepidoziaceae [196]

1α,10α-Dihydrolactucin 8-O-

isohypoglabrate

Guaiane-ester-

guaiane

Hypochoeris

oligocephala

Asteraceae [197]

Disydonols A–B Bisabolane-

O-bisabolane

Aspergillus sp. Trichocomaceaeb [13]

Dithiofurodysinin disulfide

(52)

Furodysane-S–S-

furodysane

Ceratosoma

brevicaudatum

Chromodorididaea [177]

Dixiamycins A–B (59–60) Drimane-indolo-N–

N-indolo-drimane

Streptomyces sp.

SCSIO 02999

Streptomycetaceaec [198]

ent-Cryptomeridiol-4-yl-

hinokiate (47)

Thujopsane-ester-

eudesmane

Chamaecyparis

obtusa

Cupressaceae [175]

Halichonadin A Eudesmane-(NH–

CO–NH)–eudesmane

Halichondria sp. Halichondriidaea [199]

Halichonadin E Aromadendrane–

(NH–CO–NH)-

eudesmane

Halichondria sp. Halichondriidaea [200]

Halichonadin H Eudesmane-(NH–

CO–CH(OH)–CO–

NH)-eudesmane

Halichondria sp. Halichondriidaea [201]

Halichonadins G, I Eudesmane-(NH–

CO–NH)-eudesmane

Halichondria sp. Halichondriidaea [201]

Halichonadins K, L Eudesmane-diamide-

eudesmane

Halichondria sp. Halichondriidaea [202]

Haploporic acid A Cyclic-(O-isocitric

acid ester-drimane)2-

Haploporus

odorus

Polyporaceaeb

(Basidiomycete)

[203]

3-Hydroxyambrosin

damsinate (46)

Guaiane-ester-

guaiane

Ambrosia

hispida

Asteraceae [204]

15-Hydroxycryptoporic

acid H

Cyclic-(O-isocitric

acid ester-drimane)2-

Marasmius

cladophyllus

F070624009

Marasmiaceaeb [195]

(continued)
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eudesmane pseudo-disesquiterpenoid, ent-cryptomeridiol-4-yl-hinokiiate (47), was

reported to be present in Chamaecyparis obtusa of the family Cupressaceae

[175]. In turn, a hirsutane-ester-norhirsutane type pseudo-disesquiterpenoid,

xeromphalinone F (50), was purified from a Basidiomycota fungus, Xeromphalina
sp. [176]. Ether-linked pseudo-disesquiterpenoids are not particularly rare, but their

occurrence is limited to only certain species in the families Amaranthaceae,

Asteraceae, Canellaceae, Cupressaceae, and Magnoliaceae. In addition, a

furodysane disulfide pseudo-disesquiterpenoid (52) and a norhirsutane pseudo-

disesquiterpenoid (neocreolophin) have been isolated from the Australian nudi-

branch Ceratosoma brevicaudatum [177] and the mycelial cultures of Creolophus

Table 11 (continued)

Compound Connection type Origin Family Refs.

14-Hydroxyhypocretenolide-

β-D-glucopyranoside-
40,140-hydroxyhypocretenoate

Guaiane-glucoside-

guaiane

Leontodon

hispidus

Asteraceae [205]

8α-Hypoglabroyloxy-
jaquinelin

Guaiane-

ester-α-copane
Hypochaeris

glabra

Asteraceae [206]

Lactucains A–C Guaiane-O-guaiane Lactuca indica Asteraceae [207]

Lactucin-8-O-hypoglabrate Guaiane-

ester-α-copane
Hypochaeris

glabra

Asteraceae [206]

Ligulamulienins A–B Furanoeremophilane-

O-12-

noreremophilane

Ligularia

muliensis

Asteraceae [91]

Ligumacrophyllal 8,9-Secoeremo-

philane-O-8,9-

secoeremophilane

Ligularia

macrophylla

Asteraceae [208]

Neocreolophin Norhirsutane-di-

O-norhirsutane

Creolophus

cirrhatus

Hericiaceaeb

(Basidiomycete)

[178]

Picriosides A–B Guaiane-ester-

guaiane

Picris

hieracioides var.

japonica

Asteraceae [209]

Podachaenin Guaiane-ester-

eudesmane

Podachaenium

eminens

Asteraceae [210]

Roseolide A Cyclic-(O-isocitric

acid ester-drimane)2-

Roseoformes

subflexibilis

Polyporaceaeb

(Basidiomycete)

[211]

Vernodalidimers A–B Elemane-isobutanoic

acid ester-elemane

Vernonia

anthelmintica

Asteraceae [212]

Virgaurin D Furanoeremophilane-

O-furano-

eremophilane

Ligularia

virgaurea

Asteraceae [75]

Virgaurols C–D Eremophilane-ester-

eremophilane

Ligularia

virgaurea

Asteraceae [213]

Xeromphalinone F (50) Hirsutane-ester-

norhirsutane

Xeromphalina

sp.

Mycenaceaeb [176]

aAnimal
bFungi
cBacteria
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cirrhatus (a basidiomycete) [178], respectively. However, neocreolophin was

shown ultimately to be an artifact formed from dimerization of the natural product

creolophin E. Several urea- or diamide-connected pseudo-disesquiterpenoids were

reported, but their occurrence is confined rigidly to the marine sponges

Halichondria sp. and Axinyssa n. sp. (Halichondriidae) (Table 11). The former is

important as all these pseudo-disesquiterpenoids except one were reported to be

present in the species. Fungi from the Polyporaceae and Marasmiaceae families are

reported to produce a number of isocitric acid-connecting pseudo-disesqui-

terpenoids, which are generally linked by two separate isocitric acid units esterified

at one end and etherified at the other (Fig. 18). Dixiamycins A–B (59–60), two N–

N-coupled atropo-diastereomers with a dimeric indolo-sesquiterpene skeleton and a

stereogenic N–N axis between sp3-hybridized nitrogen atoms, were isolated from a

marine-derived actinomycete, Streptomyces sp. [198].
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3 Structural Elucidation

3.1 General

With 30 skeletal carbons, a wide variety of sesquiterpenoid scaffolds, and various

convergent patterns, DSs unsurprisingly exhibit a large number of structural vari-

ations. Structural elucidation of DSs is therefore not always an easy task. The most

immediate obstacle is the determination of the molecular formula for a DS. The

earlier use of electron ionization (EI) may not give a molecular ion but rather

fragment ions instead. However, the application of soft-ionization techniques e.g.

[electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI),

chemical ionization (CI), and fast atom bombardment (FAB)] in the last several

decades has allowed the reliable determination of DS molecular weights. Another

challenge is that the same (for homodimers) or similar (for heterodimers) structures

of the two sesquiterpenoid units of a DS usually give coincident spectroscopic

signals, making the structural elucidation process quite a demanding task. The

availability of various additional spectroscopic techniques (e.g. high-field 1D-

and 2D-NMR techniques, high-resolution mass spectrometry, circular dichroism,

and X-ray crystallography) and computational methods have made the structural

determination of complex DSs a feasible task when either milligram or

submilligram quantities are available. As a result, a considerable number of DSs

have been structurally determined in recent years.

Chemical methods, either by chemical transformation, derivatization or synthe-

sis, have led to great success in establishing the structures of diverse DSs. The

application of these chemical methods leads to either the proof of structures of DSs,

or, in some cases, their structural revision.

3.2 Mass Spectrometry

The dimeric feature of DSs renders to a given substance of this type a molecular

weight close to the molecular weight adduct of its two constitutional

sesquiterpenoids. However, determination of a dimeric structure needs an ambig-

uous molecular weight (and/or its molecular formula). Electron impact (EI) may be

used occasionally for this purpose. This ionization technique can provide informa-

tion not only on the molecular weights of DSs (in the case of HREIMS, the

chemical formulas from exact m/z values of their molecular ion), but also on their

structural fragments. The EIMS fragmentation patterns of halichonadin A (54) (m/z,
468, M+) and its reduction product also supported the proposed structure

(Fig. 20) [199].

Fragment ions generated from linear cleavage, RDA fragmentation and dehy-

dration in the EI mass spectrum also have been very useful for structural confirma-

tion, as in the case of ligulamulienin A (61, Fig. 21) [91].
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While the elemental formula of arrivacin A (62) (C30H42O7) was suggestive of a

triterpenoid, analysis of the NMR spectra and MS fragmentation data suggested that

this compound is actually a DS. The desorption chemical ionization (DCI) fragment

ions (Fig. 22) also suggested the presence of an ester link between the two C15

moieties [180].

In recent years, soft-ionization techniques (ESI, APCI [202], CI [180], FD [213],

and FAB [113, 198, 203]) have been used widely to measure the molecular weights

of DSs. In fact, high-resolution mass spectrometric techniques have become a

routine tool for the determination of their molecular formulas. High-resolution

MS data of various pseudo-molecular cations (e.g. (M+H)+ and/or (M+Na)+ in

the positive-ion mode [121, 132, 148, 162, 171, 181, 202]) or anions (e.g.,

H
N
H

O
H

N
H

m/z 221 m/z 453

m/z 265
m/z 425

Fig. 20 EIMS (M+, m/z 468) fragmentation pattern of halichonadin A (54)
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Fig. 21 Major EI-MS fragmentions of ligulamulienin A (61)

34 S.-G. Liao and J.-M. Yue



(M�H)� in the negative-ion mode [47]) have been used to determine the molec-

ular formulas of DSs.

Moreover, the ESI-MS fragmentation patterns revealed may be very useful for

the identification and characterization of DSs. A rapid and effective HPLC/(+)ESI-

MSn method has been developed to analyze structurally related DSs in the species

of Inula japonica [214]. All the standards investigated exhibited strong (M+Na)+

ions but low-abundance (M+H)+ ions in the positive-ion mode. The fragmentation

patterns for DSs of the eudesmane–guaiane (Fig. 23), 1,10-secoeudesm-5(10)-ene-

guaiane (Fig. 24), 1,10-secoeudesm-5-ene-guaiane, and xanthane–guaiane struc-

tural types have been proposed.

The typical fragmentation of the [M+Na]+ (m/z 559) peak of japonicone A (63)

(Fig. 23, eudesmane–guaiane type) includes the loss of an acetic acid unit from C-20

and RDA fragmentation between the two constitutional sesquiterpenoid units.
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Fig. 23 Proposed fragmentation patterns for japonicone A (63)
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Fig. 22 DCI mass fragmentation pattern of the [M+H]+ of arrivacin A (62)
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3.3 Nuclear Magnetic Resonance Spectroscopy

The basic structural feature of DSs is that they all possess sesquiterpenoid scaffolds.

Therefore, the NMR structural elucidation techniques employed for

sesquiterpenoids are also applicable to DSs. A NMR structural determination of a

DS usually begins with the elucidation of each sesquiterpenoid unit and ends with

the coupling pattern of the two substructures.

Since DSs generally co-occur in the producing organism with their

sesquiterpenoid precursors or precursor analogues, so the NMR signals

corresponding to each sesquiterpenoid unit should therefore be present. For sym-

metrical homodimers, NMR signals corresponding to one half of the DS are to be

observed. However, for heterodimers and asymmetric homodimers, different NMR

signals corresponding to each half of the DS would be observed. Identical signals

may also occur. 2D-NMR analysis (particularly HMBC for planar connectivities

and NOESY/ROESY for relative configuration determination) then provides infor-

mation for the coupling patterns of the two substructures. The use of these methods

can be found in papers that have dealt with structures of DSs and have been

published in the past decade.

In complex structures where NMR experimental data can not provide ambiguous

structural information, computational NMR spectroscopy (particularly Density

Functional Theory-NMR, DFT-NMR) [215], which has seen a marked increase in

accuracy, affordability, and application over the past decade [216], is a very useful

tool for predicting or verifying possible structures for DSs. For example, vannusals

are a class of DSs with an unusual hexacyclic backbone isolated from a tropical

population (Sil 21) of the morphospecies Euplotes vannus [159]. Due to the

uncertain configuration of the hexacyclic backbone, the original structure (64)
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Fig. 24 Typical fragmentation pattern of 1,10-secoeudesm-5(10)-ene-guaiane type

disesquiterpenoids
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(Fig. 25) assigned to vannusal B by NMR spectroscopy has been revised to 30

(Fig. 10) by total synthesis [217–219]. However, further work showed that

DFT-NMR calculations were useful for the proposal of a correct structure for

vannusal B [220].

If feasible, direct derivatization with chiral auxiliary reagents might be used for

assigning the absolute configurations for DSs by 1H NMR spectroscopy (e.g. the

modified Mosher method) [112, 149, 163]. However, care should be taken when

using this procedure [167].

3.4 Single-Crystal X-Ray Diffraction

Over the past few years, single-crystal X-ray diffraction has become accepted

widely as one of the most reliable techniques for determining the relative or

absolute configurations of organic compounds. Indeed, XRD has played a pivotal

role in determining the relative or absolute configurations of DSs by crystals in the

native state [29, 30, 61, 62, 73, 79, 80, 105, 112, 116, 149, 167, 169, 171, 172, 187,

221–223] or their derivatives [224, 225] as well as cocrystals with solvent

stabilizer [202].

It should be noted for DSs that contain only light atoms (C, H, O and N), the

anomalous scattering under MoKα radiation is rather small, therefore only the

relative configuration can be determined in these cases. Whereas, when CuKα

radiation is used, the anomalous scattering effect can be observed strongly enough

for the establishment of the absolute configuration of DSs. As an example, the

relative and absolute configurations of japonicone A were suggested to be as shown

in structure 65 by the use of XRD and the modified Mosher method (Fig. 26)

[163]. However, X-ray crystallographic analysis of japonicone A as an anomalous

dispersion with copper radiation [Flack parameter, 0.10 (14)] led to the exactly

opposite absolute configuration (63), the same as lineariifolianoids A–D

[167]. Based on this observation and from a biosynthesis standpoint, japonicones

[163–165] and inulanolides [161] may possess similar stereochemistry.
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3.5 CD and ECD Calculations

Circular dichroism (CD) is one of the chiroptical methods that can be used to

determine the absolute configurations of DSs. Configurations of DSs may be

established by applying empirical rules (e.g. the octant rule) [17, 79] or by com-

paring their CD spectra to those of structural analogues [113, 136, 181, 226, 227].

For DSs that possess two identical or similar chromophores (this is generally the

case due to their dimeric feature) and a single prevailing conformation, exciton

chirality CD (ECCD), a non-empirical chiroptical method based on the chirality

(positive or negative) of the CD couplet of two chromophores, has proved to be a

convenient and reliable method for directly establishing the absolute configuration

of DSs [125, 130, 132, 133, 171, 221, 223, 228]. This method can also be used for

DSs that carry only one chromophore if a suitable chromophore can be introduced

to a desirable site of the molecule [149, 223].

Electronic circular dichroism (ECD), the circular dichroism resulting from an

electronic transition, is now one of the most often used CD methods. With the

development of quantum chemistry, ECD can be predicted theoretically by quan-

tum chemical calculation. In the past several years, time-dependent density func-

tional theory (TDDFT) calculations of ECD spectra have become one of the most

efficient tools for assigning absolute configurations of organic molecules

[229]. Therefore, the absolute configurations of DSs can be easily established

simply by comparing the measured CD spectrum with the TDDFT calculated CD

spectrum of the assumed configuration [114, 133, 165, 171, 198, 229, 230].

OOH O

OAc
O

O

O
O

OO

O

H

O
O

O

O

O

OH

37 (inulanolide A)  66 (japonicone M)  

O
O

O
O

O
O

OH

63 (japonicone A) 

O
O

O
O

O
O

OH

65

Fig. 26 Structures of

originally assigned (65) and

revised japonicone A (63),

inulanolide A (37), and

japonicone M (66)

38 S.-G. Liao and J.-M. Yue



NMR analysis showed that japonicones M–P [165] should have a similar

stereochemistry to inulanolides A–D [161]. However, ECD calculations showed

different configurations (e.g. 66) [165]. These contradictory results may be able to

be resolved by the XRD method [167].

3.6 Chemical Methods

Earlier structural determination of DSs relied heavily on chemical methods. The

structures and stereochemistry of microhelenins A, B, and C, and microlenin

acetate were solved in large part by physical methods as well as chemical trans-

formations and correlations [65].

A notable example is the structural elucidation of vannusals A–B by extensive

chemical synthesis [217–219], through which the original structures of vannusals

A–B have been revised.

A chloranthalactone A photodimer was originally assigned the structure 67

[231], but this was revised as 68, a head-to-head and anti dimer of

chloranthalactone A, by NOE and photodimerization observations (Fig. 27).

The absolute stereochemistry of halichonadin L (69) was concluded via trans-

formation of halichonadin K (55) to 69 (Scheme 1) [202], and the structure of

arrivacin B (70) was confirmed by dehydration of arrivacin A (62) [180]

(Scheme 2).
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Fig. 27 Structure assigned to chloranthalactone A photodimer (68)
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During the structural confirmation of shizukaol B (71) (Fig. 28), alkaline hydro-

lysis of shizukaol B yielded succinic and γ-hydroxytiglic acids, which were iden-

tified as their methyl esters by GC-MS [213].

The structure of laurebiphenyl (72) was confirmed by transformation of

debromolaurinterol into laurebiphenyl via oxidative coupling with manganese

dioxide [140].

In the structural elucidation of DSs that possess polycyclic fused systems with

densely functionalized quaternary carbons, the use of NMR spectroscopic methods

alone may fail to provide a correct structure. Gochnatiolide B (74) was initially

isolated by Bohlmann and co-workers from Gochnatia spp. in the 1980s and was

suggested to have the structure of 73 mainly by 1D-NMR spectroscopic analysis

(Fig. 29) [49, 55]. However, biomimetic syntheses of gochnatiolide B and its

analogues gochnatiolides A and C indicated that this DS should have the structure

74 [232]. This synthesis effort also established the absolute configurations of

gochnatiolides A and C.
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3.7 Structural Elucidation of Serratustone A

Serratustone A (75) is an elemane–eudesmane type DS isolated from Chloranthus
serratus [171]. Its HR-ESI(+)MS showed a sodiated molecular ion (M+Na)+ at m/z
519.2704 (calcd 519.2723), consistent with a molecular formula of C30H40O6 and

incorporating 11� of unsaturation. The IR spectrum showed the presence of

hydroxy (3430 cm�1), carbonyl (1765 and 1689 cm�1), and vinyl (1657 and

1632 cm�1) groups. The NMR data (with DEPT and HSQC) revealed resonances

corresponding to a monosubstituted terminal double bond (δH 5.73 ppm, H-1; 4.99

and 4.94 ppm, H2-2; δC 145.7 ppm, C-1; 113.3 ppm, C-2), a disubstituted double

bond (δH 5.02 and 4.80 ppm, H2-3; δC 115.2 ppm, C-3; 141.4 ppm, C-4), a

tetrasubstituted double bond (δC 114.9 ppm, C-7; 175.0 ppm, oxygenated, C-8),

and three carbonyls (δC 192.5 ppm, C-6; 208.9 ppm, C-80; 209.9 ppm, C-120). Other
characteristic signals included an olefinic methyl (δC 25.0 ppm, C-14), five tertiary

methyls (δC 16.5, 19.0, 23.2, 25.6, and 30.7 ppm; C-13, C-150, C-130, C-15, and
C-140), an sp3 oxygenated methine (δC 115.1 ppm, C-12), and two sp3 oxygenated

quaternary carbons (δC 71.4 ppm C-40; 83.2 ppm, C-110). In addition, the only

remaining proton that was distinguished by the HSQC data was supportive of a

hydroxy group, in agreement with the IR spectrum. These observations accounted

for six out of the eleven degrees of unsaturation, requiring 75 to be pentacyclic, and

suggested a likely DS skeleton for this compound. While lindenane-type dimeric

sesquiterpenoids are common secondary metabolites from this plant family (see

Sect. 2.1.7), the NMR properties of compound 75 were apparently distinct from
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Fig. 29 Structures of gochnatiolide B (74) and serratustone A (75)
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previously reported data, implying an unusual framework and/or a novel dimeriza-

tion pattern.

Analysis of the 1H�1H COSY data (Fig. 30a) for 75 revealed three structural

fragments (C-1 to C-2, C-10 to C-30, and C-50 to C-70), which only provided limited

information on the overall structure of this compound. Fortunately, the acquisition

of excellent HMBC data (Fig. 30a) enabled the connectivities of these fragments to

be determined in addition to the isolated methines, methylenes and methyls across

those deprotonated carbons and heteroatoms, and this led to the planar structure of

75, as shown. Thus, the HMBC correlations from H3-15 to C-1, C-5, C-9 and C-10

suggested the attachment of the monosubstituted vinyl, CH-5, CH2-9 and Me-15 to

C-10; the cross-peaks of H3-14 to C-3, C-4 and C-5 were used to link the

isopropenyl to C-5; the correlations from H-5 to C-6, C-7 and C-9, and from H2-9

to C-7 and C-8 indicated a cyclohexenone motif (ring A), as drawn; and the cross-

peaks of H3-13 to C-7, C-11 and C-12, together with H-12 to C-7 and C-8 suggested

the presence of a dihydrofuran (ring B) functionality fused with ring A and with

Me-13 linked to C-11. The structural unit I of 75 was thereby (Fig. 30a, in red)

characterized, representing an elemane-type sesquiterpenoid. Similarly, structural

unit II (Fig. 30a, in blue) of a eudesmane-type sesquiterpenoid was also constructed

on observing the HMBC correlations between H3-14
0/C-30, C-40 and C-50; H3-15

0/
C-10, C-50, C-90 and C-100; H-70 and H-90/C-80; and H3-13

0/C-70, C-110 and C-120.
Finally, the connection of the two units (I and II) via a 3-keto-tetrahydrofuran ring

(ring C) was aided by the key HMBC correlations of H3-13/C-12
0 and H-12/C-110

(Fig. 30a), and supported by the deshielded C-12 (δC 115.1 ppm) and C-110 (δC
83.2 ppm) carbon signals, indicating that a new carbon framework for a

sesquiterpenoid dimer was formed by a C-11�C-120 linkage.
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The relative configuration of 75 was determined on the basis of a ROESY

experiment (Fig. 30b). The H-9α proton showed correlations with both H-3b and

H3-14, suggestive of a quasi 1,3-diaxial relationship for H-9α and 5-isopropenyl

(C-3 to C-14 via C-4), and these functionalities were assigned arbitrarily in an α-
orientation, with H-9β and H-5 therefore quasi equatorial and β-oriented. Conse-
quently, the cross-peak of H3-14/H3-15 indicated an equatorially positioned Me-15

and hence an axial and β-configured vinyl group at C-10. The ROESY correlation

of H2-2/H3-13
0 suggested a co-planar relationship for the C-1–C-2 fragment and

Me-130, while the further observation of correlations of H-12/H3-13 and H3-13/H-

3b confirmed the cis junction of the heterocyclic rings B and C, and supported H-12,

Me-13 and 5-isopropenyl as being co-facial. As for structural unit II, the ROESY

correlation pairs of H-50/H-70, H-70/H-90β, and H-90β/H-10β indicated that H-50,
H-70, H-90β, and H-10β are all axially located, and these were randomly assigned

with a β-configuration, with thereby Me-150 being α-oriented. In addition, Me-140

was assumed to be equatorially located and thus β-configured on the basis of the

cross-peaks of H3-14
0/H2-3

0 and H-50. Finally, Me-130 and H-70 were determined

tentatively (due to the rotational nature of the C-70–C-110 bond) to have a cis
relationship based on the observation of ROESY correlations of H3-13

0 with H-70

and H2-6
0, together with consideration of steric hindrance resulting from the bulky

substituents on both sides. The relative configuration of 75 was secured eventually

by single crystal X-ray diffraction (Fig. 31), with the results in good accordance

with that acquired in solution for 1 from the ROESY data.

The absolute configuration of 75 was determined with the CD exciton chirality

method, and was secured by calculation of electronic circular dichroism (ECD)

spectra using density functional theory (DFT). The UV spectrum exhibited a strong

absorption band at λmax 264 nm attributable to the conjugated α,β-unsaturated
ketone (application of Woodward’s rule gave ca. λmax 267 nm). The first negative

Cotton effect at λmax 292 (Δε� 22.0) and the second positive Cotton effect at λmax

265 (Δε+ 24.5) in the CD spectrum (Fig. 32), arising from the exciton coupling

between the two chromophores of α,β-unsaturated ketone and the adjacent Δ3

Fig. 31 Single-crystal X-ray structure of 75
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double bond, indicated a negative chirality for 75. The absolute configuration of 75

was therefore assigned as drawn.

Finally, the calculation of electronic circular dichroism (ECD) using time-

dependent density functional theory (TDDFT) was applied to secure the absolute

configuration of 75. The calculated ECD curves of 75 and its enantiomers in both

the gas phase and methanol are illustrated in Fig. 33. The calculated ECD of 75

matched very well with the experimental data, while the calculated ECD curves of

their enantiomers were opposite to the experimental ones, confirming the absolute

structures of compound 75 as assigned by the experimental CD method.

Fig. 32 CD and UV spectra (in MeOH) and the exciton chirality of 75
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4 Biological Activity

Sesquiterpenoids have been reported biologically to be one of the most important

groups of secondary metabolite structures from organisms [233–235]. The dimeric

and sesquiterpenoid structural features of DSs not only render them “target-related”

molecular properties (see Introduction), but also these compounds exhibit numer-

ous different types of biological activities. An appealing aspect is that some DSs

have shown more “drug-like” and “biologically friendly” properties than their

monomeric precursors. DSs might be able to act simultaneously on both moieties

of a dimeric protein in eliciting biological activities.

4.1 Cytotoxic and Antitumor Activity

Potential antitumor activity is an important biological activity, as DSs of most

classes were reported to be cytotoxic for cancer cells.

It has been reported that several proteins responsible for cell proliferation and

differentiation exist as hetero or homodimers or become activated through dimer-

ization [1]. Many of these proteins have become popular targets for the develop-

ment of antitumor agents. For example, proteins of the Bcl-2 family are able to

form heterodimers with apoptotic proteins (e.g. Bak). Bcl-xL and Bcl-2, two

antiapoptotic proteins that are involved in cancer development and resistance to

treatment, can be molecular targets in anticancer therapy. Agents that disrupt the

heterodimerization through down-regulating Bcl-xL expression or activity can be

used to modulate cell death, leading to cell apoptosis as a possible mechanism in

cancer treatment or prevention [14].

Fig. 33 Calculated ECD spectra of 75 (a) and its enantiomers of 75 (b); experimental ECD (blue);
calculated ECD in gas phase (green) and in MeOH (red)

Dimeric Sesquiterpenoids 45



Artemisinin is a highly oxygenated guaiane-type sesquiterpenoid that contains a

unique 1,2,4-trioxane ring structure. It has been reported that artemisinin and its

analogues are promising cancer chemotherapeutic drug candidates by selectively

causing apoptosis and metastasis in a number of cancer cell lines [236, 237]. How-

ever, the known medium potency and short plasma half-lives of these compounds

in vivo have required the development of more potent and target-selective ana-

logues of artemisinin. Artemisinin dimers, which possess the potential to target

simultaneously two sites of a dimeric cancer-related protein, have been shown to be

significantly more active than their monomers in inhibiting the growth of cancer

cell lines [238, 239]. For example, a diphenyl phosphate dimer 838 was at least

200-fold more potent in inhibiting the growth of HCT116 and 1205Lu cells and

37-fold more potent in inhibiting the growth of HeLa cells, as compared to

artesunate, the most potent monomer used in the assay. The endoperoxide bridge

seems to be critical in mediating all biological activities of artemisinin

derivatives [238].

Detailed discussion of artemisinin-derived dimers as potential anticancer agents

can be found in some recent reviews [237, 240, 241].

Bioassay-guided purification of the AcOEt bark extract of Meiogyne
cf. M. cylindrocarpa (Annonaceae), a highly potent Bcl-xL and Bak modulator,

led to the isolation of meiogynin A (76) and its 1-epimer, 1-epi-meiogynin A (77),

which are DSs of the bisabolane type [14]. Evaluation of the binding affinity of 76

to Bcl-xL and Bak showed this compound to be an antagonist to the Bcl-xL/Bak

association with a Ki value of 10.8� 3.1 μM. Interestingly, 1-epi-meiogynin A (77)

did not show any obvious affinity for this biological target (Ki> 100 μM), which

suggests a configurational preference. Compound 76 also showed cytotoxic activity

when tested against the KB cancer cell line, with an IC50 value of 4.0 μM.

Three new phenolic bisabolane DSs, disydonols A–C (78, 79, and 1) were

isolated from the fermentation broth of Aspergillus sp., a marine-derived fungus

isolated from the sponge Xestospongia testudinaria collected from the South China

Sea. In vitro cytotoxicity assays against the HepG-2 and Caski human tumor cell

lines showed that the pseudo-disesquiterpenoids disydonols A (78) and B (79)

exhibited moderate cytotoxicity, with IC50 values in the range of 2.9–12.4 μg/cm3.

However, the disesquiterpenoid disydonol C (1) was found to be non-cytotoxic

(IC50> 100 μg/cm3) against these two tumor cell lines. The reduction of cytotoxicity

was attributed to the mesomeric effect evident in disydonol C (1).
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Microlenin (80) is a guaiane-type DS isolated from the plant Helenium
microcephalum grown in Texas [63, 64]. Compound 80 showed potent antineo-

plastic activity against Ehrlich ascites carcinoma growth in mice at 5 and 10 mg/kg/

day with 99.9 and 90.4% inhibition, more potent than the co-occurring monomeric

sesquiterpene lactones [242]. Metabolic studies demonstrated that DNA synthesis

(DNA polymerase, purine synthesis, and dihydrofolate reductase) and protein

synthesis (polypeptide synthesis initiation) were inhibited significantly by

microlenin (80).
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Artanomalide D (81), 8-O-acetylarteminolide (82), and artanomaloide (83) are

three guaiane DSs isolated from the aerial parts of Artemisia anomala [32]. Cyto-

toxicity evaluation of the DSs and monomers showed that artanomalide D (81)

resulted in potent growth inhibition, with IC50 values of 1.9, 3.0, 8.5, and 1.8 μM,

respectively, against HCT-8, Bel-7402, BGC-823, and A2780 cancer cells.
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Among artanomadimers A–F, six guaiane DSs also obtained from the aerial part

of Artemisia anomala [34], artanomadimers A (84) and F (85) displayed cytotox-

icities against the BGC-823 cell line with IC50 values of 2.7 and 6.3 μM, respec-

tively, while the other isolates did not show significant cytotoxicity.

Pungiolides D (86) and E (87) are two xanthane DSs isolated from the aerial parts

of Xanthium sibiricum [70]. Cytotoxicity evaluation against the SNU387 and A-549

human cancer cell lines showed these two DSs to possess cell growth inhibitory

activity against SNU387 cells (IC50 values of 14.6 and 11.7 μM, respectively) but

they exhibited no discernible cytotoxicity against A-549 cells (IC50> 40 μM).
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Lineariifolianoids E (88, guaiane-pseudoguaiane type), F–G (89, 90, guaiane-

guaiane type), and H (91, germacrane-guaiane type) were isolated from the aerial

parts of Inula lineariifolia [61]. Cytotoxicity evaluation against two human breast

cancer cell lines (MCF-7 and MDA-MB-231) and one normal breast cell line
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(MCF-10A) showed that the four DSs all had selective cytotoxicity for cancer cells

(IC50 values in the range of 1.6–16.5 μM). The DSs were more potent than their

co-occurring monomers, which was attributed to the enhanced cellular penetration

as a result of dimerization. The α,β-unsaturated cyclopentenone and

α-methylene-γ-lactone groups were suggested as being essential for the enhanced

activity of 88 as the most active isolate. Further studies also showed that 88 gave

significant, dose-dependent cytotoxic effects, and that cell cycle arrest and apopto-

sis were potential mechanisms of action.

Parviflorene A (92) is a cadinane-type DS isolated from an extract of a tropical

zingiberaceous plant, Curcuma parviflora [110]. Cytotoxicity evaluation revealed

the activity of 92 against vincristine (VCR)-resistant P388 cells with IC50 values of

3.2 and 3.0 μg/cm3, respectively, in the presence and absence of 12.5 ng/cm3 of

VCR. However, the IC50 value against a sensitive P388 strain was 3.2 μg/cm3,

which indicated that 92 had no reversal effect on multidrug resistance. This com-

pound also exhibited cytotoxicity against B16 melanoma cells (IC50 4.1 μg/cm3).
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Further investigation of this plant led to the isolation of nine DSs of related

biological origin, parviflorenes B–J, from the underground parts of C. parviflora
[111]. These compounds can be classified into six groups based on their carbon

backbones: biscadinane, cadinane-isocadinane adduct, biscadinane with a different

bond connection, biscadinane connected through a single bond, biscadinane minus an

isopropyl unit, and biscadinane with a ring-contraction rearrangement [111]. All com-

pounds, except parviflorene H (IC50> 100 μg/cm3) symmetrically formed by coupling

of two identical cadinanes through a single bond, showed cytotoxicity against the KB

and HeLa cell lines with IC50 values in the range of 1.5–14.8 μg/cm3 [111–113,

243]. Parviflorene C (94), a cadinane-isocadinane adduct, showed a threefold reversal
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effect of VCR resistance against VCR-resistant KB cell lines. Parviflorenes C (94) and

F (97) also exhibited cytotoxicity against the LNCaP (human prostate cancer) and

TNF-related apoptosis inducing ligand (TRAIL)-resistant KOB (human adult T cell

leukemia) cell lines [112]. Parviflorenes A (92) and F (97), the twomost abundant DSs

of the biscadinane type from this plant, were also evaluated in the human cancer 39-cell

line panel assay of the Japanese Foundation for Cancer Research. Although

parviflorenes A (92) and F (97) showed low differential cellular sensitivities, both

compounds were cytotoxic against all these cell lines at considerably lesser concentra-

tions with mean log GI50 (log concentration of compound for inhibition of cell growth

at 50% compared to control) values of ca. 2.6 μM [113]. COMPARE analysis showed

no strong correlation (correlation index, r< 0.5) between parviflorene F (97) and

standard anticancer drugs, which suggested a different mode of action for this DS

[111]. Mechanistic studies showed that treatment with parviflorene F (97) changed

mRNA expression of seven genes, with the cytotoxic effect of this compound possibly

related to apoptosis induction through both the intrinsic and extrinsic apoptotic path-

ways [111], particularly by a caspase-dependent mechanism through TRAIL-R2

(tumor necrosis factor α-related apoptosis inducing ligand receptor 2) [244].
Twelve lindenane DSs, chloramultiols A–F (98–103), chloramultilides C and D,

shizukaols C and D, spicachlorantin B and cycloshizukaol A, were isolated from the

whole plant ofChloranthus multistachys [127]. The cytotoxic activities of these DSs
were evaluated against five tumor cell lines (A-549, HL-60, PANC-1, SMMC-7721,

and SK-BR-3), but none showed any discernible cytotoxic activity (IC50> 10 μM).
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Chloramultilides B–D and chlorahololide B (104), four lindenane DSs isolated

from the whole plant of Chloranthus spicatus, were also evaluated for their

cytotoxic activity against the P-388 and A-549 human cancer cell lines, but none

showed any significant inhibitory activity [222].

Eleven lindenane DSs, sarcandrolides A–E (105–109), chlorahololide F,

shizukaol B, shizukaol C, shizukaol E, shizukaol G, and cycloshizukaol A, were

isolated from the whole plants of Sarcandra glabra [131]. The cytotoxic activities of

105–109 and two lindenane monomers were evaluated against the HL-60, A-549 and

BEL-7402 cancer cell lines. The results revealed that only sarcandrolides A–C (105–

107) showed inhibitory activities against the HL-60 cell line (IC50 values of 3.1, 8.4,

and 8.5 μM, respectively). In turn, sarcandrolides A (105) and C (107) inhibited the

growth ofA-549 cells (IC50 values of 7.2 and 4.7μM), but none of theDSs ormonomers

showed any inhibitory activity when evaluated against the BEL-7402 cell line.
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Continuing investigation of the plant led to the isolation of five new DSs of the

same type, sarcandrolides F–J [132]. These DSs were evaluated for cytotoxic

activities against the HL-60 and A549 cancer cell lines. Sarcandrolides F (110)
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and H (111) exhibited cytotoxicity against the HL-60 cell line with IC50 values of

0.03 and 1.2 μM, respectively, while the other three DSs and three monomers were

inactive toward both the HL-60 and A-549 tumor cell lines (IC50> 10 μM).
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Shizukaol B (71), cycloshizukaol A (112) and shizukaol F (113), three lindenane

DSs isolated as the active principles of the MeOH extract of the roots of

Chloranthus japonicus, were found to inhibit phorbol 12-myristate 13-acetate

(PMA)-induced homotypic aggregation of HL-60 cells without cytotoxicity with

MIC values of 34.1 nM (71), 0.9 μM (112) and 27.3 nM (113), respectively

[245]. Mechanistic study showed that they inhibited PMA-induced cell aggregation

through down-regulation of ICAM-1 expression in HL-60 cells. The higher inhib-

itory activities of compounds 71 and 113 suggested that the effects of these

compounds on ICAM-1 expression might be increased by the presence of a

macrocyclic lactone ring.
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Aurisins A (114) and K (115) are two aristolane DSs isolated from two isolates

of the luminescent mushroom Neonothopanus nambi, PW1 and PW2 [148]. Com-

pounds 114 and 115 showed more potent cytotoxicity against the NCI-H187 cell

line (IC50 values of 1.6 and 1.5 μM, respectively) than the co-occurring aristolane

monomer nambinone C (IC50> 16.4 μM). The two DSs were also active against the

BC1 cell line (114, IC50 3.7 μM) or the KB cell line (115, IC50 6.87 μM). In

addition, 114 showed cytotoxicity against four cholangiocarcinoma cell lines
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(KKU-100, KKU-139, KKU-156, and KKU-213) (IC50 values in the range

1.6–2.8 μM), comparable to or better than the standard drug ellipticine.
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The elemane–eudesmane type compound DSs serratustones A (75) and B were

evaluated against the HL-60 and A-549 tumor cell lines, but neither showed activity

at the concentration levels used [171].

Foveolide B (116) is an eudesmane DS isolated from the stems of Ficus
foveolata [121]. Cytotoxicity assays against five human cancer cell lines demon-

strated that 116 was specifically cytotoxic toward the SW620 cell line, while its

structurally related monomers, except one possessing an α,β-unsaturated moiety,

were inactive against all these cell lines used.
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Alertenone (117) is a quadrane DS isolated from Alertigorgia sp., a gorgonian

[147]. In comparative testing against ten human tumor cell lines (A-549, HOP-92,

SF-295, SF-539, SNB-19, LOX, M14, MALME-3 M, OVCAR-3, and MCF7), 117

was surprisingly inactive (IC50> 35 μg/cm3), as compared to its monomeric pre-

cursor suberosenone, which exhibited strong cytotoxicity (IC50 values of 0.002–

1.6 μg/cm3). However, the reason for this differential activity is still not properly

understood.
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Bovistol (118) is an illudane-type DS isolated from the basidiomycete Bovista
sp. 96042 [152]. Compound 118 showed weak cytotoxic activities for HeLa S3

cells.

Japonicones A–C (eudesmane–guaiane-type compound DSs) and D (1,10-

secoeudesmane–guaiane-type compound DS) were isolated from the aerial parts

of Inula japonica [163]. The cytotoxic activities evaluated against four tumor cell

lines (A549, LOVO, CEM and MDA-MB-435) indicated japonicone A (63) to be

the most active DS (IC50 values of 1.6, 0.26, 0.001, and 0.20 μg/cm3, respectively),

and this compound exhibited more potent cytotoxicity than the positive control

doxorubicin. Structure-activity relationship (SAR) analysis suggested that the Δ5,6

moiety (as in japonicone A) rather than a Δ4,5 unit (as in japonicone B) is preferable

for this type of activity.

Another eudesmane–guaiane type DS, lappadilactone (119), was isolated from

the dried roots of Saussurea lappa [166]. Cytotoxicity evaluation of all the purified
compounds showed that 119 was more potent than its monomeric analogues with

IC50 values of 2.4, 1.8, and 2.5 μg/cm3, respectively, against the HepG2, HeLa, and

OVCAR-3 cancer cell lines. The enhanced potency was ascribed in part to the

presence of an α-methylene-γ-lactone group.
Virgaurin B (120) is a furanoeremophilane DS isolated from the roots of

Ligularia virgaurea [75]. Cytotoxicity evaluation on seven cell lines (HSC-2,

HCS-2, HeLa, RERF-LC-KJ, A549, A172, and K562) demonstrated that virgaurin

B showed dose-dependent effects for A172 and RERF-LC-JK cells in the concen-

tration range of 1–100 μM and the IC50 value was determined as about 10 μM for

A172 cells. The growth of all cell lines except HCS-2 was approximately inhibited

at 100 μM.
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Bieremoligularolide (121) is an eremophilane DS isolated from the roots of

Ligularia muliensis [78]. Cytotoxic activity determination showed 121 to possess

cytotoxicity against HL-60, SMMC-7721, and HeLa cells with IC50 values of 5.5,

16.1, and 8.9 μM. However, the co-occurring monomer eremoligularin showed no

discernible cytotoxicity against these three cell lines (IC50> 100 μM).

Artemilinin A (122), a eudesmane–guaiane-type pseudo-disesquiterpenoid DS

isolated from Artemisia argyi [181], was also inactive in cytotoxicity assays against
the HL-60, BGC-823, Bel-7402, and KB tumor cell lines at a final concentration of

10 μg/cm3, in spite of the presence of an α-methylene-γ-lactone group present in

this molecule.

O

OH

O

O

HO H
O

H

O

123

O

OH

O

O

HO H
O

H

O

124

O

O

O
O

O
OH

HHOH

122 (artemilinin A)

Two eudesmane–ester-guaiane type pseudodisesquiterpenoid DSs, 123 and 124,

were isolated from the leaves ofWarionia saharae [246]. Both compounds showed

similar cytotoxicities against HeLa (KB) cells, peripheral blood mononuclear cells

(PBMCs), and human Jurkat T leukemia cells, with IC50 values in the range of 1.0–

2.2 μM, more potent than their co-occurring guaiane monomers. Along with its

cytotoxic effect, 123 showed a potent down-regulation of the mRNA levels of the

β-actin and GAP-DH house-keeping genes of PBMCs after 20 h using a concen-

tration of 10 μM.
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Vernodalidimers A (125) and B (126), two elemane-isobutanoic acid ester-

elemane-type pseudo-disesquiterpenoids, isolated from the seeds of Vernonia
anthelmintica [211], exhibited potent cell growth inhibitory activity against

HL-60 cells with IC50 values of 0.72 and 0.47 μM, respectively.
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Cryptoporic acids C–J were isolated from the fungus Cryptoporus volvatus
[192–194, 247, 248]. Cryptoporic acid E (57, CPA-E) is a drimane-O-isocitric
acid ester-drimane-type DS obtained from this organism [194]. Biological investi-

gation demonstrated that 57 inhibited colon cancer development induced with N-
methyl-N-nitrosourea in rats and 1,2-dimethylhydrazine in both rats and mice. Oral

administration of this compound yielded a 50% or more reduction in the incidence

and number of colon tumors [247]. Cyptoporic acid E was suggested as a potential
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candidate chemopreventive agent for colon cancer. This compound inhibited

okadaic acid-induced tumor promotion in two-stage carcinogenesis experiments

on mouse skin at concentrations of 1.2–5.9 μM [248].

Ligulamulienins A (127) and B (128), two furanoeremophilane-O-12-
noreremophilane type DSs isolated from the rhizomes of Ligularia muliensis
[91], showed cytotoxicity against the MGC-803, HEP-G2, and S-180 tumor cell

lines with IC50 values in the range of 11.9–65.4 μM.
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127 128(ligulamulienin A) (ligulamulienin B)

Nine dimeric aza-sesquiterpenoid-type pseudo-disesquiterpenoid DSs including

6-hydroxythiobinupharidine (129), 6,60-dihydroxythiobinupharidine (130), and

6-hydroxythionuphlutine B (131) were isolated from the rhizomes of Nuphar
pumilum [249]. Cytotoxicity evaluation against the U937, B16F10, and HT1080

tumor cell lines demonstrated that DSs with a 6-hydroxy group showed substantial

cytotoxic activity at a concentration of 10 μM, but DSs lacking a 6-hydroxy group

and monomeric sesquiterpene alkaloids showed only weak activity.
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129 R1 = OH, R2 = H (6-hydroxythiobinupharidine)
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The apoptosis-inducing activity of 6-hydroxythiobinupharidine on U937 cells

examined by morphological observation and a DNA fragmentation assay (TUNEL

method) showed that apoptosis of U937 cells was almost immediately observed

within 1 h after treatment by 6-hydroxythiobinupharidine at 2.5–10 μM.

Encouraged by the fact that the methanolic extract and its alkaloid fraction from

the rhizomes of Nuphar pumilum inhibited invasion of B16 melanoma cells across

collagen-coated filters in vitro, the isolated compounds were further evaluated for

their antimetastatic activity [250]. The three apoptosis-inducing DSs that carry a

6-hydroxy group (6-hydroxythiobinupharidine, 6,60-dihydroxythiobinupharidine,
and 6-hydroxythionuphlutine B) also proved to be the most active antimetastatic

agents, with IC50 values of 0.029, 0.087, and 0.36 μM, respectively. The alkaloid

fraction (20 mg/kg/day, po) and the principal DS, 6-hydroxythiobinupharidine

(5 mg/kg/day, po), significantly inhibited lung tumor formation by more than

90% ten days after injection of B16 melanoma cells in mice. These observations
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suggested that the active DSs of this type could be a new candidate class for

the development of oncology drugs that possess both apoptosis-inducing and

antimetastatic activities.

Halichonadins G–I (132–134) were isolated from a marine sponge,Halichondria
sp. [201]. Halichonadins G (132) and H (133) are eudesmane homo-dimers linked

through a methyl 2-(1-(2-amino-2-oxoethyl)ureido) acetate fragment and a

2-hydroxymalonamide fragment, respectively, while halichonadin I (134) is a

eudesmane hetero-dimer linked through a urea fragment. Halichonadins G (132)

and I (134) showed cytotoxicity against L1210 cells (IC50 5.9 and 6.9 μg/cm3) and

KB cells (IC50 6.7 and 3.4 μg/cm3), while halichonadin H and a non-DS isolate

showed no discernible cytotoxicity against both cell lines (IC50> 10 μg/cm3).
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Halichonadin K (55), a pseudo-disesquiterpenoid-type eudesmane homodimer

linked with a piperidine ring through amide bonds isolated from an Okinawan

marine sponge Halichondria sp. [202], showed cytotoxicity against KB cells with

an IC50 value of 10.6 μg/cm3.

The indolo-sesquiterpene type DSs, dixiamycins A–B (59–60), showed only

weak growth inhibition (IC50� 57.6 μM) of the MCF7, NCI-H460, SF268, and

HepG2 tumor cell lines [198].

4.2 Anti-inflammatory Activity

Nitric oxide (NO), which is produced from oxidation of L-arginine by NO synthase

(NOS), has been implicated in various physiological and pathological processes
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(e.g. vasodilation, nonspecific host defense, ischemia-reperfusion injury, and

chronic or acute inflammation) [50]. As a response to proinflammatory agents

such as interleukin-1β, tumor necrosis factor-α and LPS, NO may be overproduced

in various cell types (e.g. macrophages, endothelial cells, and smooth muscle cells)

by inducible NOS (iNOS). Therefore, inhibition of NO release might be an effec-

tive therapeutic strategy for the treatment of inflammatory diseases.

Ainsliadimer A (135) is a guaiane DS isolated from Ainsliaea macrocephala
[29]. Biological evaluation showed that ainsliadimer A (135) exerted inhibitory

activity against LPS-induced NO production in RAW264.7 cells with an IC50 value

of 2.4 μg/cm3.
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The anti-inflammatory activities of the guaiane DSs artanomalide D (81), 8-O-
acetylarteminolide, and artanomaloide were evaluated in a COX-2 inhibition assay

[32], but only artanomalide D (81) and two monomeric sesquiterpenoids,

artanomalic acid and artanomalide B, were reported to show activities at 50 μM,

with inhibitory rates of 99.5, 98.2, and 98.4%.

Another guaiane DS, diguaiaperfolin (5), was isolated from Eupatorium
perfoliatum [51], a herb used traditionally for the treatment of fever, malaria and

inflammation-associated diseases. Biological evaluation showed that this DS pos-

sesses anti-inflammatory activity against LPS-stimulated macrophages by inhibi-

tion of NO release (IC50 16.5 μM) and iNOS formation, and was more active than

several monomers. However, its selectivity index was rather low (SI ca. 2). Mech-

anistic study showed that the anti-inflammatory activity resulted from significant

down-regulation of cytokines CSF-3, IL-1α, IL-1β, TNF, and chemokines CCL2,

CCL22, and CXCL10.
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Dicadalenol (136) is a cadinane DS isolated together with various cadinane and

isocadinane monomers from the aerial parts of Heterotheca inuloides [106]. The
effects of these natural products on TPA-induced mouse ear edema when admin-

istered topically showed that although the isolates tested all displayed anti-

inflammatory activity, 136 was the most active compound. Preliminary structure-

activity analysis indicated that the phenolic or carboxylic groups had no effect on

the antiinflammatory activities, but the dimeric feature of dicadalenol (136) might

contribute to the overall increased anti-inflammatory effect.

Eight lindenane DSs, 16, 17, spicachlorantin A, spicachlorantin C,

chloramultilide A, henriol A, and shizukaols B and D, were isolated from the

whole plant of Chloranthus serratus [125]. These isolates were evaluated for

their inhibitory effects on lipopolysaccharide-induced nitric oxide production in

RAW264.7 cells. Compound 17 and shizukaols B and D showed significant anti-

inflammatory activities, with IC50 values of 0.22, 0.15, and 7.2 μM, respectively.

Hexadecadrol was used as a positive control, with an IC50 value of 0.47 μM). The

other DSs tested were inactive in this assay (IC50> 10 μM).

Nine known lindenane DSs and two lindenane monomers isolated from the

whole plant of Chloranthus fortunei were evaluated for their inhibitory effects on

LPS-induced NO production in RAW264.7 cells with hexadecadrol as the positive

control (IC50 0.47 μM) [129]. Henriol D and shizukaols E, G, M, and O showed

significant anti-inflammatory activities with IC50 values of 1.9, 3.7, 2.0, 7.0, and

2.0 μM. Shizukaols B and D from Chloranthus serratus also showed IC50 values of

0.15 and 7.2 μM, respectively [129]. However, cycloshizukaol A, shizukaol C and

two monomers were inactive (IC50> 10 μM) in this biological assay.

Two pseudoguaiane-type DSs, dichrocepholides D and E (137, 138), were

isolated from the aerial part of Dichrocephala integrifolia [50]. The effects of

137 and 138 and their co-occurring monomers on LPS-induced NO production in

mouse peritoneal macrophages showed that the two DSs were not as active as the

two monomers.
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Compound DSs, heterodimers composed of two different structural types of

sesquiterpenoid, are perhaps the most important class to have shown anti-

inflammatory activity. Neojaponicone A [165], and various japonicones [163–

165], lineariifolianoids [167], and inulanolides [161] that are either eudesmane–

guaiane dimers, 1,10-secoeudesmane–guaiane dimers, or germacrane-guaiane

dimers, have been reported to exhibit anti-inflammatory activity.

Dimeric Sesquiterpenoids 61



Nuclear factor-κB (NF-κB) is a key regulator of the cellular inflammatory and

immune response. NF-κB comprises mainly two proteins, p50 and p65. In

non-stimulated cells, the heterodimer is held in the cytosol through interaction

with the NF-κB inhibitory proteins, IκBα and IκBβ [161, 251]. Constitutive acti-

vation of NF-κB, which activates the expression of iNOS, COX-2, inflammatory

cytokines, TNF-α, and cell adhesion molecules, may lead to inflammatory diseases.

Inhibition of NF-κB activation is, therefore, a promising strategy for the develop-

ment of anti-inflammatory agents [161].

Compound DSs seem to be good candidates for NF-κB inhibitory screening. In

fact, since the discovery of NF-κB inhibitory compound DSs by Jin and coworkers

in 2006 [161], subsequent efforts have shown that many DSs are promising NF-κB
inhibitors.

Inulanolides A–D (37–38, 139–140), four 1,10-secoeudesmane–guaiane (A, C–

D) or germacrane-guaiane (B) DSs isolated from the aerial parts of Inula britannica
var. chinensis, were reported to show potent inhibitory activities on LPS-induced

NF-κB activation (IC50 0.48–6.7 μM) in a gene assay system as well as NO

production (IC50 1.5–7.6 μM) and TNF-α production (IC50 3.2–60.3 μM) in

RAW264.7 cells, with inulanolides B (38) and C (139) being the most active

substances (IC50 0.48–0.49 μM for NF-κB activation; 1.59–1.52 μM for NO pro-

duction; 3.23–3.21 μM for TNF-α production), and were comparable to or more

active than the positive control, parthenolide (with IC50 values of 3.0, 2.5, and

3.0 μM, respectively) [161]. Another promising aspect is that these DSs did not

show significant cytotoxicity to the RAW264.7 cells at their effective concentra-

tions. It is also very interesting that among the seven tested compounds, only one

sesquiterpene monomer showed similar activity.
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Inula japonica is an herb used in traditional Chinese medicine that has long been

used to cure inflammation. Chemical investigations of the aerial parts of I. japonica
have afforded a series of compound DSs named japonicones E–T [162, 164, 165],

inulanolides A and C [162], and neojaponicone A [165], which contain either an

eudesmane–guaiane or a 1,10-secoeudesmane–guaiane sesquiterpenoid dimeric unit.

Japonicones E–L were tested for their inhibitory effects against LPS-induced

NO production in RAW264.7 macrophages [164]. However, only japonicones E

(141) and F (142), of the eudesmane–guaiane type, and japonicone J (143), of the

1,10-secoeudesmane–guaiane type, showed activity, with IC50 values of lower than

50 μg/cm3 (20.8, 4.1, and 9.6 μg/cm3, respectively, as compared to 48.7 μM for the

positive control, aminoguanidine).
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Neojaponicone A (144) and japonicones M–P are 1,10-secoeudesmane–guaiane

type DSs [165]. Biological evaluation showed that neojaponicone A (144) and

japonicone M (145) exhibited inhibitory activities against LPS-induced NO pro-

duction in RAW264.7 macrophages, with IC50 values of 4.5 and 12.0 μg/cm3.
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Six additional 1,10-secoeudesmane–guaiane type DSs, japonicones Q–T (146–

149) and inulanolides A (37) and C (150), also showed significant inhibition against

LPS-induced NO production in RAW264.7 cells, with IC50 values of 8.5, 8.9, 4.3,

4.3, 4.2, and 9.2 μM, respectively (as compared to 7.9 μM of the positive control,

aminoguanidine) [162]. However, similar levels of cytotoxicity (the IC50 values

were 17.1, 27.6, 13.4, 12.3, 14.6 and 13.7 μM, respectively) were also observed.
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Although anti-TNF agents are very effective for the treatment of inflammatory

diseases, increased risk of infections may result. Selectively inhibiting TNF

receptor-1 (TNFR1)-mediated signaling but not TNFR2 signaling has been postu-

lated to reduce inflammation without affecting the host immune response.

Japonicone A (63), isolated from Inula japonica, was reported to be a TNF-α
antagonist by reducing the TNF-α mediated cytotoxicity on L929 cells and

inhibiting the binding of 125I-labeled TNF-α to the L929 cell surface [252]. Mech-

anistic investigation showed that 63 can target directly TNF-α, and selectively

disrupt its interaction with TNFR1, and antagonize its pro-inflammatory activities

without compromising host defense against the virus. These observations suggested

that 63 is a promising lead for the development of new anti-inflammatory drugs.
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For japonicones G, H, I, K, and L, which are also either eudesmane–guaiane-

type (japonicone G) or 1,10-secoeudesmane–guaiane-type DSs that did not show

strong inhibitory activity against LPS-induced NO production in RAW264.7 mac-

rophages [164], the suggestion that the guaianolide moiety (but not the

α-methylene-γ-lactone) might contribute to the enhanced activity [164] seems not

to be correct. The structure-activity relationship of these types of DSs for NO

production inhibitory activity is still not clear.

Lineariifolianoids A–D (40, 151–153) are four xanthane–guaiane type com-

pound DSs isolated from Inula lineariifolia [167]. Evaluation of the inhibitory

effects on the TNF-α-sensitive L929 cells showed that the exo-adduct linearii-
folianoid D (153) inhibited TNF-α-mediated cytotoxicity in a dose-dependent

manner from 2.5 to 10 μM, but the three endo-adducts lineariifolianoids A–C (40,

151–152) did not exhibit such activity.
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Two eudesmane–ester-guaiane type pseudodisesquiterpenoid DSs, 154 and 155,

were evaluated for their anti-inflammatory effects [246]. Compound 154 strongly

inhibited NF-κB binding (IC50 2.5 μM) and luciferase activity (IC50 1.0 μM) in

HeLa cells in a NF-κB electromobility shift assay (EMSA) and IL-6 reporter gene

assay, respectively, indicating its anti-inflammatory potential.
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4.3 Immunosuppressive Activity

In addition to their cytotoxic activity (see Sect. 4.1), aza-sesquiterpenoid-type

pseudo-disesquiterpenoid DSs have been reported to be potent immunosuppressants

[253, 254]. Dimeric sesquiterpenes that possess an OH group in the quinolizidine ring

[e.g. 6-hydroxythiobinupharidine (130), 6,60-dihydroxythiobinupharidine (131),

6-hydroxythionuphlutine B (132), 60-hydroxythionuphlutine B (156), and 6,6-
0-dihydroxythionuphlutine B (157)] inhibited plaque-forming cell (PFC) formation

of mouse spleen cells at 1 μM. However, those DSs tested lacking a hydroxy group

in the quinolizidine ring (e.g. thiobinupharidine, thionuphlutine B, and neothiobi-

nupharidine) and several monomeric sesquiterpene alkaloids showed no significant

suppression. It should be noted that at 1 μM, 130, 132, and 156 were nontoxic

to mouse splenocytes, and 131 showed only minor or minimal cytotoxicity. These

results suggest that an OH group at the 6-position in the quinolizidine ring and

dimerization of the aza-sesquiterpenoids is essential for the immunosuppressive

effect of this type of DSs. In addition, increase of the number of OH groups seems

likely to improve the activity.
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The immunosuppressive activity of the lindenane DS shizukaol B (71) was

evaluated on four types of immune cells [B cells, T cells, macrophages, and

dendritic cells (DCs)] to determine cell-type selectivity [135]. The results showed

that 71 strongly inhibited LPS-induced B cell proliferation with an IC50 value of

137 ng/cm3, but only slightly affected ConA-induced T cell proliferation at

1000 ng/cm3 and did not inhibit LPS-induced macrophage NO production and

LPS-induced MHC-II expression in DCs. Since B-cell depletion with anti-CD20

antibodies has become an accepted second line modality of therapy for patients

with autoimmune diseases (e.g. rheumatoid arthritis, lupus, and diabetes), com-

pound 71 might therefore be used in anti-B-cell therapy.

4.4 Potassium Channel Blocking and Cardiovascular
Activity

Potassium channels are dynamic pore-forming transmembrane proteins known to

play critical roles in cellular signaling processes regulating neurotransmitter

release, heart rate, insulin secretion, neuronal excitability, epithelial electrolyte

transport, smooth muscle contraction, and cell volume regulation [255]. Voltage-

gated K+ channels (KV) are involved in diverse physiological processes ranging

from repolarization of neuronal and cardiac action potentials. Targeting KV there-

fore offers tremendous opportunities for the development of new drugs to treat

cancer, autoimmune diseases and metabolic, neurological and cardiovascular dis-

orders [256]. Blockage of the delayed rectifier potassium current of KV, which is

important in regulating cellular excitability, will inhibit potassium efflux, prolong

the duration of action potentials, and may provide potential for the treatment of

various diseases (e.g. hypertension, peripheral vascular disease, and neurodegener-

ative disorders).

Six lindenane DSs, chlorahololides A–F (158, 104, 159–162), were isolated

from Chloranthus holostegius [221, 228]. Their effects on KV were examined

using whole cell voltage-clamp recordings in rat dissociated hippocampal neurons

with tetraethylammonium chloride as the positive control. Chlorahololides A–F

exerted potent inhibition on the delayed rectifier K+ current (IK), with negligible

effects on the fast transient K+ current (IA). The IC50 values of chlorahololides A–F

on the delayed rectifier K+ current (IK) were 10.9� 12.3, 18.6� 2.5, 3.6� 10.1,

2.7� 0.3, 27.5� 5.1 and 57.5� 6.1 μM, and these compounds were 18–388-fold

more potent than the positive control tetraethylammonium chloride (IC50

1.05� 0.21 mM), a classical blocker of the delayed rectifier K+ current. These

observations showed that chlorahololides A–F are potent and selective blockers of

potassium channels and it was suggested by the investigators that lindenane DSs

might have potential in the development of new drugs to treat cancer, autoimmune

diseases, and metabolic, neurological and cardiovascular disorders.
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Biatractylolide (163) is an eudesmane DS isolated from Atractylodes
macrocephala [115] and Trattinickia rhoifolia [116]. Its effects on the isolated

guinea pig atrium showed that 163 could prominently inhibit the contractile force

and decrease the heart rate of the isolated right atrium of the guinea pig [257]. These

actions could be blocked by atropine completely. Compound 163was able to inhibit

the positive staircase phenomenon of the isolated left atrium of guinea atrium but

had no effect on the post-rest potentiation (PRP) of the isolated left atrium. The

results indicated that 163 possesses significant negative inotropic and chronotropic

effects, suggesting it as a potential blood pressure-lowering agent.
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Arrivacins A (62) and B (164) are two pseudoguaianolide DSs isolated from the

CH2Cl2 extract of Ambrosia psilostachya [180]. Bioassay work showed that 62

clearly inhibited angiotensin II binding to receptors from the bovine adrenal cortex

with an IC50 3 μM, while 164 was found to be a weaker inhibitor (IC50 13 μM).

Shizukaol B (71), cycloshizukaol A (112) and shizukaol F (113) were also

shown to prevent ICAM-1/LFA-1 mediated cell aggregation and monocyte adhe-

sion to HUVEC through the inhibition of ICAM-1, VCAM-1 and E-selectin

expression, which suggested that they might be useful for the design of antiathero-

sclerotic agents relevant to endothelial activation [245].

4.5 Antimalarial, Antiprotozoal, Antibacterial, Antifungal,
and Antiviral Activity

Artemisinin and its derivatives are a potent class of antimalarial drugs. Various

studies have shown that artemisinin is a safe sesquiterpene lactone effective against

a range of protozoal-caused diseases [236]. Further investigations showed that

artemisinin dimers possess more drug-like properties as compared to the mono-

mers. Detailed information of artemisinin-derived dimers as potential antimalarial

and antiprotozoal agents can be found in two recent review articles [240, 241].

The two aristolane DSs, aurisins A (114) and K (115), were also shown to exhibit

antimalarial activity against Plasmodium falciparum (IC50 0.80 and 0.61 μM) [148].

(5S,6R,7R,8R,11R)-2-Oxo-8-tigloyloxyguaia-1(10),3-dien-6,12-olide-14-carbox-
ylic acid (165) is a guaiane DS isolated from Eupatorium perfoliatum [67]. Although

this DS was found to be potent against all of the protozoa in which it was evaluated, it

also exhibited high toxicity. The highest activity was found against Plasmodium
falciparum, with an IC50 of 2.0 μM and a selectivity index of about 8. In contrast,

two co-occurring monomeric sesquiterpene lactones with this DS exhibited weak to

no discernible activity against the test protozoa used. A preliminary SAR analysis

indicated that although this DS does not contain an α-methylene-γ-lactone partial

structure, the α,β,γ,δ-unsaturated lactone structure present in themolecule represents a

Michael acceptor system and hence might be all or in part responsible for the activity.
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The indolo-sesquiterpene type DSs, dixiamycins A–B (59–60), were reported to

show better antibacterial activities than the co-occurring monomers against four

indicator strains (Escherichia coli ATCC 25922, Staphylococcus aureus ATCC

29213, Bacillus subtilis SCSIO BS01 and Bacillus thuringiensis SCSIO BT01) with

MIC values in the range of 4–16 μg/cm3), and 59 was more active than 60 against

S. aureus and B. thuringiensis [198].
The illudane DS bovistol (27) showed very weak antibacterial (MIC: 100 μM

against Micrococcus luteus) [152]. The aristolane DSs, aurisins A (114) and K

(115), were also shown to exhibit antimycobacterial activity against Mycobacte-
rium tuberculosis with MICs of 92.6 and 23.8 μM [148].

The lindenane DSCHE-23C (166) was isolated frommethanol extracts of the stems

and roots of Chloranthus henryi [258]. The compound showed potent antifungal

activities in vitro against various phytopathogenic fungi such asAlternaria kikuchiana,
Botrytis cinerea, Colletotrichum lagenarium, Magnaporthe grisea, Pythium ultimum,
and Phytophthora infestans with MICs of 8, 8, 8, 4, 1, 32 μg/cm3, respectively. In

particular, it exhibited 91 and 100% disease-control activity in vivo against tomato late

blight (P. infestans) and wheat leaf rust (Puccinia recondita) at concentrations of

33 and 100 μg/cm3, respectively. The activities found were more potent than that of the

commercially available fungicide chlorothalonil, but weaker than that of

dimethomorph. Based on these observations, this DS is a potential lead compound

for the development of effective antifungal agents.

Four lindenane DSs, chloramultilides B–D and chlorahololide B, were also evalu-

ated for their antifungal activity [222]. However, only chloramultilide B showed

inhibitory activities against Candida albicans and C. parapsilosis with MIC values

of 0.068 μM in each case. TheMIC values of other DS were greater than 0.16 μM.

Bovistol (27) also showed very weak antifungal (MIC: 100 μM against Mucor
miehei) activities [152].

The 8,9-seco-lindenane DS chloramultiol G (18) was evaluated for its antifungal

activity against four microorganisms but showed no activity in this test [128].

Chrysanolide C (167) is a guaiane DS isolated from the flowers of Chrysanthe-
mum indicum [47]. Anti-HBV activity evaluation showed that 167 exhibited potent
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inhibitory activities against the secretion of HBsAg (IC50¼ 33.91 μM) and HBeAg

(IC50¼ 30.09 μM), with selectivity indices of 0.95 and 1.07. Although this DS was

more potent than its monomer and less potent than the trimer, its cytotoxic potency

was similar to its anti-HBV activity.

O

OH

H

OH

H

O

O
O

O

OH

H

167 (chrysanolide C)

The lindenane DS, shizukaol F (113), was shown to inhibit HIV-1 replication

(IC50 of 6.12 μM) and LTR/Gag production of HIV-1 reverse transcription (IC50 of

9.11 μM) [259]. Mechanistic studies showed that shizukaol F inhibited HIV-1

RT-RNase H with an IC50 value of 26.4 μM, but had no effect on HIV-1 RT

RNA-dependent DNA polymerase activity.

Cryptoporic acid C (168) and cryptoporic acid F (169) showed 99.6% (IC50

61.0 μg/cm3) and 99.7% (IC50 42.2 μg/cm3) inhibition of HIV-1 at a concentration

of 200 μg/cm3, while the other cryptoporic acids were inactive in the assay

procedure used [247, 248].

O

CO2Me CO2R2CO

O

O

CO2MeCO2R1CO2R2

168 R1 = Me, R2 = H (CPA-C)

169 R1 = R2 = H (CPA-F)
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4.6 Neurotrophic Activity

Mastigophorenes A–D (22, 170–172) are herbertane (isocuparane) DSs isolated

from the liverwort Mastigophora diclados [143]. Mastigophorenes A, B, and D

have been found to accelerate neuritic sprouting at 0.1–10 μM in a neuritic cell

culture of a fetal rat cerebral hemisphere. However, mastigophorene C and the three

monomeric isocuparenes only suppressed neuritic differentiation. The neurotrophic

activity of mastigophorenes A, B, and Dmay be attributable to their dimerized form

and specific coupling properties.

HO OH HO OH

HO OH HO OH

170 (mastigophorene B) 

172 (mastigophorene D) 

HO OH

HO

HO

171 (mastigophorene C) 

Encouraged by the above work, a simplified mastigophorene analog and its

dimethyl ether were screened for potential neurotrophic effects on primary dopa-

minergic cell cultures in vitro [260]. Although differing by only two O-methyl

groups, the two simplified synthetic mastigophorene analogs 173 and 174 exhibited

different effects on the growth of dopaminergic neurons in primary cell culture.

Compound 174 not only enhanced the survival of already differentiated dopami-

nergic neurons in primary cell cultures, but also exerted a growth-promoting effect

on cell area and length of cell processes. In turn, compound 173 showed significant

stimulatory effects only on cell area and cell number and the number of cell

processes was even reduced at concentrations above 0.5 μM. The differential

activities of the two analogs were in agreement with those of mastigophorenes

A–D. The increased lipophilic property of 174 by the two O-methyl groups could

account for its enhanced cell permeability, which may eventually lead to improved

activity.
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The effects of biatractylolide (163) on the memory of AD rats induced by Aβ1–40
[261] and AlCl3 [262] were also investigated, and the results showed that 163

improved the memory function of the AD rats and reduced the AChE activity in the

brain of both types of rats.

4.7 Miscellaneous Activities

Tianmushanol (175) and 8-O-methyltianmushanol (176), two lindenane DSs iso-

lated from the leaves of Chloranthus tianmushanensis, were reported to possess

tyrosinase inhibition with IC50 values of 358� 3 and 312� 3 μM, respectively,

close to that of the standard tyrosinase inhibitor, kojic acid (IC50 243� 4 μM).
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Lactucains A, B, and C (177) are guianane DSs isolated from an extract of

Lactuca indica as active principles with potential antidiabetic activity [207]. The

four DSs, together with two known monomeric guaiane-type sesquiterpene lac-

tones, were evaluated for antihyperglycemic activity in vivo using STZ-diabetic

rats. Lactucain C (177) (Δ �22.7� 12%) showed moderate lowering of plasma

glucose at a dose of 1 mM/kg.

The superoxide anion radical (O2
�•), which is produced by inflammation and

injury due to radiation and other reasons, has been recognized as an important factor

in hepatic, cardiac, renal, and pancreatic insufficiency and injury. Inhibition of

superoxide anion radical release and radical scavenging plays an important role in

the prevention against ischemia and inflammation. Cryptoporic acids D (56) and G

(178) strongly inhibited the release of superoxide anion radical from guinea pig

peritoneal macrophages induced by the O2
�• stimulant FMLP (formyl methionyl

leucyl phenylalanine) at concentrations from 0.05 to 25 μg/cm3 [247, 248]. In

addition, the inhibitory activity of cryptoporic acids C–G with dimeric structures

was about 100–500 times as potent as the monomers cryptoporic acids A and

B. Cryptoporic acid C (168) also inhibited the release of O2
�• from rabbit poly-

morphonuclear leukocytes induced by FMLP at a concentration of 2 μg/cm3.

O

CO2Me COOHCO

O

O

CO2MeCOOHCOOH

178 (cryptoporic acid G)

OH

5 Synthesis

The promising biological activities, complex structures, and diversified coupling

patterns of DSs, have attracted in the past several decades considerable scientific

interest as evidenced by efforts made toward understanding their biogenesis and

developing procedures for their chemical synthesis. As a result, biogenetic routes

for several DSs have been postulated and synthetic efforts toward construction of

various sesquiterpenoids ready for convergence and dimerization strategies for

synthesis of DSs from two sesquiterpenoid monomers have been reported. The

proposed biosynthetic pathways for dimerization of various types of compounds

have been reviewed [7, 263, 264]. In this section, the biosynthesis methods
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employed by Nature will be summarized and each type of proposed dimerization

reactions will be illustrated. Efforts toward chemical dimerization strategies for

synthesis of DSs will also be briefly reviewed.

5.1 Biogenesis

Since dimeric sesquiterpenoids (DSs) are generated biogenetically from the cou-

pling of two sesquiterpenoid molecules, biosynthetic pathways containing a key

dimerization reaction of their co-occurring precursors or derivatives of their pre-

cursors have been postulated for the syntheses of various natural DSs. Enzymatic

catalysis, should regio- or diastereoisomeric DSs co-occur, newly generated chiral

centers (as compared to their precursors) be present, and non-enzymatical reactions

be feasible, are all often involved in the dimerization process [263]. A straightfor-

ward analysis of the coupling patterns of two constitutional sesquiterpenoid units

may indicate that DSs can be formed either through direct cyclization, oxidative

coupling, esterification, etherification, aldol reaction, Michael-type reaction, or via

various types of linkers.

5.1.1 [4 + 2] Diels–Alder Reactions

Most DSs are biosynthesized from two monomeric sesquiterpenoids via regular

Diels–Alder (D–A) cycloaddition reactions to generate a six-membered

cyclohexene. The cyclopentadiene present in one monomer and the electron-

deficient carbon–carbon double bond (usually the exomethylene of an

α-methylene butenolide) present in another, generally react as diene and dienophile,

respectively.

Guaiane sesquiterpenoids as possible monomeric precursors usually occur as

guaianolides, which possess both cyclopentadiene and α-methylene butenolide

moieties in forms ready for a Diels–Alder reaction. Achillinin C (179), a 1,10-

secoguaiaolide-guaiaolide DS isolated from the flowers of Achillea millefolium
[28], was suggested to be a Diels–Alder reaction product of the electron-deficient

110,130-double bond of iso-seco-tanapartholide (179a) with the 1,3-diene moiety of

the guaianolide 179b (Scheme 3). The stereoselectivity was ascribed as a result of

the approach of the double bond of 179a from the less hindered convex side of the

diene 179b in an endo-addition.
The biomimetic synthesis of meiogynin A (76) may involve enzymatic catalysis

of an exo-Diels–Alder reaction between a bisabolatriene acid 76a and a

zingiberene-type monomer 76b (Scheme 4) [14]. A similar reaction can be pro-

posed for the biosynthesis of foveolide B (116) [121].

Lineariifolianoids A–D (40, 151–153) are formed presumably by [4 + 2] cyclo-

addition of xanthane and guaiane catalyzed by Diels–Alder-ase (Scheme 5)

[167]. Lineariifolianoids A–C (40, 151–152) were constructed by a common
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endo-selective Diels–Alder reaction, while lineariifolianoid D (153) was

biosynthesized in an unusual exo fashion.

Sterostrein A (180) is an illudalane-dinorilludalane DS isolated from cultures of

the fungus Stereum ostrea BCC 22955 [160]. Its biosynthesis may involve a

reaction sequence starting from the [4 + 2] Diels–Alder cycloaddition of an

illudalane and a norilludalane precursor (Scheme 6). In turn, endo-Diels–Alder
cycloaddition of two lindenane precursors followed by oxidation and

rearrangement would generate chlorahololide C (159) (Scheme 7).

Three diastereoisomeric bisabolene DSs, cis-dimer A (181), cis-dimer B (182),

and trans-dimer C (183), and their potential precursor, dehydrotheonelline (181a),

have been isolated from the South China Sea sponges Axinyssa variabilis and

Lipastrotethya ana [10]. A plausible biosynthesis pathway to the three isomers

involving an intermolecular [4 + 2] Diels–Alder cycloaddition of two molecules of

181a was postulated (Scheme 8). The trans- and cis-dimers were formed according

to exo- and endo-Diels–Alder coupling, respectively.
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Two novel lindenane-type sesquiterpenoid dimers, sarcanolides A (184) and B

(185), were isolated from the whole plants of Sarcandra hainanensis [133]. It was
proposed that enzymatic Diels–Alder cycloaddition of two lindenane-type

O
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Scheme 6 Plausible biogenesis pathway of sterostrein A (180)
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sesquiterpenoids 184a and 184b to form intermediate 184c is the key step in the

biosynthesis of this class of DSs (Scheme 9). After acid-catalyzed rearrangement,

protonation and discharge, oxidation, acylation, and loss of water, sarcanolides A

(184) and B (185) could be generated.

During the biosynthesis of DSs, when one of the atoms other than carbon is found

among the reactants of the Diels–Alder reaction, the biosynthetic reaction is there-

fore referred to as a hetero-Diels–Alder (HDA) cycloaddition. Cyclopentadienes

and α-methylene butenolide units are frequently found in this type of intermolecular

O
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Scheme 7 Plausible biogenesis pathway of chlorahololide C (159)
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[4 + 2] addition for the formation of DSs, and the 3,4-dihydro-2H-pyran ring is

generally the key structural unit formed in the intermediates.

Bialantolactone is an eudesmanolide DS isolated from the roots of Inula
helenium [114]. With the isolated double bond of one molecule as the electron

donor and the α,β-unsaturated carbonyl of another as the acceptor, HDA of the

co-occurring precursor alantolactone, followed by oxidation of the newly generated

double bond to an oxirane and its subsequent rearrangement, could generate

bialantolactone (13) (Scheme 10).

Ainsliadimer A (135) is a guaiane DS that contains a five-membered

cyclopentane ring and not a commonly encountered six-membered ring at the

convergence of the two sesquiterpenoid monomers, and a HDA cycloaddition

reaction followed by ring opening through acid hydrolysis and ring reformation

via an aldol reaction were proposed for the dimerization of two monomeric

molecules (Scheme 11) [29].

Macrophyllidimer A (42), an elemane–eudesmane DS that possesses a single C–

C bond as linkage of the two sesquiterpenoid subunits, was proposed to be produced

through an HDA reaction between the α,β-unsaturated ketone group of one mono-

mer and the olefin group of the other, and subsequent hydrolysis and rearrangement

at the heterocycle (Scheme 12) [169].
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A plausible biogenetic pathway of an orthoester elemanolide DS, vernodalidimer

A (125) from vernodalin, was proposed as shown in Scheme 13 [211]. Unlike other

O O
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Scheme 12 Proposed biogenesis pathway for macrophyllidimer A (42)
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DSs, the formation of 1 was not from a direct connection of the sesquiterpenoid

backbones but was considered to be derived through regio- and stereospecific

Diels–Alder cycloaddition between the enone in the sesquiterpenoid backbone of

one monomer (vernodalin) and the methylene of the acyl group of another.

5.1.2 [2 + 2] Cycloaddition and [6 + 6] Cycloaddition

Although not very frequent, [2 + 2] cycloaddition is occasionally found in the

biosynthesis of DSs that contain a cyclobutane unit linking the two constitutional

sesquiterpenoid units. Vielanin B (186), from the leaves of Xylopia vielana [71],

and chloranthalactone A photodimer (68), from the leaves of Chloranthus glaber,
are two representative DSs formed via [2 + 2] cycloaddition [231]. In turn, the

lindenane DS cycloshizukaol A (112), which possesses a cyclododecatetraene ring,

is a C2-symmetrical [6 + 6] cycloaddition product (Fig. 34) [265].
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5.1.3 Radical Reactions

As radicals are important factors in many biological processes, dimerization of two

sesquiterpenoid monomers through radical pathways to form DSs can be found in

many naturally occurring examples of these compounds.

The furoeremophilanolide DS, 8β-[eremophil-30,70(110)-dien-120,80α;150,60α-
diolide]-eremophil-3,7(11)-dien-12,8α;15,6α-diolide (187), isolated from

Ligularia atroviolacea, was formed with two symmetric eremophilanolide

units by direct C–C bond connection. A reasonable free radical mechanism

was proposed for its biosynthesis (Scheme 14) [86]. For aromatic radicals that

may be transferred from one atom to another (and even to form the unstable

benzyl radical), condensation may occur through homocoupling or

heterocoupling. The two sesquiterpenoid units can therefore be joined to one

another via C–C bonds or through bridging groups as in the biosynthesis of

mastigophorenes A–D (22, 170–172), isolated from the liverwort Mastigophora
didados (Scheme 15) [143].
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5.1.4 Aldol Reactions

Serratustones A (75) and B (188), which were isolated from Chloranthus serratus
[171], were proposed as dimers of an elemane sesquiterpenoid (75a) and an

eudesmane unit (75b). Aldol condensation was involved as the key step in the

dimerization (Scheme 16). Formation of a semiketal 75d (from 75c) and 75f (from

75e) followed by dehydration and oxidation would produce 75 and 188.

OHHO

(–)-herbertenediol

H-

OHO OHO

OHO

H2C

OHHO
1. radical coupling
2. aromatization

HO OH

OHHO

OHOHO O

1. radical coupling
2. aromatization

22  (mastigophorene A)

171  (mastigophorene C)

OHOHO O

170  (mastigophorene B)

+

1. radical coupling
2. aromatization

OHHOHO OH

172  (mastigophorene D)

Scheme 15 Plausible biosynthesis route to mastigophorenes A–D (22, 170–172) based on radical

coupling from (�)-herbertenediol
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5.1.5 Esterification, Etherification, and Acetal-Formation Reactions

As can be seen in the non-carbon–carbon-connected pseudo-disesquiterpenoids

(see Sect. 2.2.2), quite a number of DSs can be formed by dimerization of two

sesquiterpenoid monomers through esterification and etherification. Occasionally,

the two units may be linked by two separate isocitric acids with one esterifying at

one end and another etherifying at the other (Fig. 18). Acetal-formation reactions

can be found in cinnafragrins A and B, and capsicodendrin [188].

5.1.6 Dimerization Through a Linker

DSs of the non-carbon–carbon-connected pseudo-disesquiterpenoids can also be

formed by connecting the two sesquiterpenoid units via a linker like a disulfide, a

urea, or a diamide (see Sect. 2.2.2). Scheme 17 illustrates how halichonadin K (55)

could be biosynthesized by amidization of two identical eudesmane

sesquiterpenoid monomers linked with a piperidine ring [202].
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5.1.7 Michael-Type Reactions

The guaiane DS diguaiaperfolin (5) was suggested to be a dimer of 5a and a

putative dienol-intermediate (5b) formed through a Michael-type reaction and a

subsequent semiacetal formation reaction (Scheme 18) [51]. After a Michael-type

attack of the C-10–C-14-enol double bond of the dienediol intermediate on the

electron-deficient C-40 in 5a, and subsequent loss of a water molecule, the lactone

ring between C-2–O and C-140 could be formed to generate diguaiaperfolin (5).
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5.2 Chemical Synthesis

Based on the pathways proposed for the biosynthesis of DSs, various dimerization

strategies have been developed for the synthesis of DSs. Among these strategies,

Diels–Alder cycloaddition and oxidative coupling have been employed widely.

5.2.1 Diels–Alder Cycloaddition

Bisacutifolones A–B (25 and 189) are two pinguisane-type DSs originally isolated

from Porella acutifolia subsp. tosana [149]. In their biogenesis, they can be

assembled by Diels–Alder reactions between two monomeric sesquiterpenoids.

After completion of the synthesis of the monomeric precursor acutifolone A

(25a) using the Mukaiyama aldol reaction as the key step, an intermolecular

Diels–Alder reaction at 120�C in a sealed tube in the presence of 2,6-di-tert-
butyl-4-methylphenol (“butylated hydroxytoluene”, BHT) successfully led to

stereoselective dimerization of 25a, which eventually afforded bisacutifolones A
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(25) and B (189) and the over oxygenated by-product (25b) in 30, 35, and 11%

yields, respectively (Scheme 19) [266]. Theoretical calculations revealed that the

dimerization reaction proceeded through the most stable transition state, in which

the regioselectivity of the coupling reaction was rationalized. It should be noted that

the plausible dimeric intermediate iwas not obtained owing to rapid autoxidation of

the newly generated olefinic moiety.

Encouraged by the proposed biogenesis, an effort has been made toward construc-

tion of the heptacyclic core of chlorahololides through a flexible synthetic strategy

[267]. After a sequence of chemical transformations including an SN2-type intramo-

lecular nucleophilic substitution, the desired diene 190b and dienophile 190a were

obtained. Extensive experiments revealed that treatment of diene 190b (2.5 equiv.)

and dienophile 190a (1.0 equiv.) with butylated hydroxytoluene (BHT) in reflux

toluene (160�C, sealed tube) would furnish the desired endo-Diels–Alder cyclization
product 190 in 90% yield and have good diastereoselectivity (dr¼ 10:1 by 1H NMR)

in terms of the direction of the angular methyl and cyclopropyl groups (Scheme 20).

The unique architectural features and potent inhibitory effect of (+)-ainsliadimer

A (135) against LPS-induced NO production in RAW264.7 cells have attracted the

interest of Lei and coworkers in its total synthesis [268]. Although spontaneous

hetero-Diels–Alder cycloadditions of α-alkylidene ketones have been reported in

the literature, the desired dimer 135b was not observed when monomer 135a was

allowed to stand at 20�C without solvent for two weeks. Inspired by the observation

that hydrogen bonding catalysis reactions that can mimic the action of enzymes or

antibodies have achieved great success in organic synthesis, the investigators
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carried out extensive investigations on hydrogen bond-promoted hetero-Diels–

Alder reactions. It was observed the cycloadditions were accelerated to a much

greater extent if β-naphthol or (�)-BINOL were used as hydrogen bond donor

catalysts. The reactivity was ascribed to the formation of a hydrogen bond between

the OH group and the ketone moiety, while the high facial selectivity could be

explained as a result of the preferential approach of the diene to the dienophile from

the less hindered α-face (Scheme 21). The higher yield using BINOL rather than

β-naphthol indicated that the bidentate nature of BINOL might help orient two

monomers to facilitate the [4 + 2]-hetero-Diels–Alder cycloaddition.

Completion of the total synthesis of 135 is illustrated in Scheme 22 [268]. Hydro-

lysis of compound 135b under mild acidic conditions afforded compound 135c, for

which an intramolecular aldol reaction by treatment with a large excess of DBU in

dilute CH2Cl2 (0.0008 M) at 20�C efficiently generated 135 in 89% yield.

(�)-Gochnatiolides A–C (191, 74, 192) and (�)-ainsliadimer B are guaiane DSs

that possess a complex heptacyclic ring system with an intriguing spiro[4,5]decane

moiety. Guided by the proposed biosynthesis pathway (Scheme 23), biomimetic
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syntheses of these DSs have been carried out [232]. Investigations showed that the

use of dimethyl sulfoxide (DMSO) solution of silyl enol ether 191c that was

transformed from 191a could prevent homodimerization of the diene 191a

(Scheme 24), which was prone to homo-Diels–Alder dimerization to generate the

undesired homodimer 191d. Thus, treatment of a dimethyl sulfoxide solution of

silyl enol ether 191c and 191a with Pd(OAc)2 under air gave gochnatiolides A–C

(191, 74, 192) with isolated yields of 16, 2, and 6%, along with homodimer 191d in

20% yield (Scheme 24). It was also discovered that increasing the amount of
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dienophile 191a to disfavor the homodimerization of diene 191c improved the total

yields of gochnatiolides A–C. However, when the reaction was performed

in an anerobic glovebox, only gochnatiolide C (192) was isolated in 14% yield,

suggesting that oxygen is a prerequisite for the allylic oxidation. Meanwhile,

improved selectivity could be achieved in the presence of a catalytic amount of

copper additives (e.g. CuCl). Addition of 0.1 equiv. of CuCl improved the yield of

gochnatiolide B (74) to 27% and reversed the ratio of 191 to 74 from 6.6:1 to 1:4.5.

This “copper effect” on the stereochemical outcome of radical mediated allylic

oxidation was rationalized as a result of the chelating effect between Cu and the

ketone carbonyl as well as the alkene moiety in the transition state.

In efforts toward the total synthesis of the bisabolane DS, bacchopetiolone (193),

a tandem aromatic oxidation/Diels–Alder reaction of aryl propionic acids has been

developed [269]. Treatment of 193awith BTIB (bis(trifluoroacetoxy)-iodobenzene)

resulted in smooth aromatic oxidation and subsequent Diels–Alder cycloaddition

was conducted to provide dimer 193b, which possesses the same relative stereo-

chemistry of 193, as a single diastereomer in 60% yield (Scheme 25). However,

bis-decarbonylation via Hofmann rearrangement on both amide functional groups

transformed from its lactones failed.

In the total synthesis of (+)-aquaticol (19), a biomimetic phenol dearomatization

approach has been employed [270]. Dearomatizing ortho-selective hydroxylation
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of (�)-hydroxycuparene with the λ5-iodane SIBX (stabilized IBX) gave the

orthoquinol (6R,7S) (19a). endo-Diels–Alder dimerization of this compound

yielded the two homodimers, (+)-aquaticol (19) and 19c, in a ratio of 1:1 and a

total yield of 49% (Scheme 26). The outcome was explained as a result of double

diastereofacial differentiation in the Diels–Alder dimerization of orthoquinols with

OH
SIBX, THF, 24 h
then THF, 12 h

aq NaOH, then
aq Na2S2O4

O
OH

6
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Scheme 26 SIBX-mediated oxidation and subsequent dimerization for the synthesis of (+)-
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a C2-symmetric transition, in which only orthoquinols with the same configuration

at their stereogenic C-6 center combined with each other to furnish the expected

endo cyclo dimers. Computational analysis showed that a double “Cieplak–Fallis”

hyperconjugation appears to be the determining factor in this stereoselectivity,

which was also observed in all cases reported to date of the kinetically controlled

[4 + 2] dimerization of chiral orthoquinols.

5.2.2 Oxidative Coupling

Like Diels–Alder reactions, oxidative coupling has been widely used in the chem-

ical synthesis of DSs. The most notable examples are those of mastigophorenes, for

which their biosynthesis features a radical coupling-type of dimerization (see

Scheme 15). Several efforts have been devoted to their total syntheses [271–

276]. The first synthesis of mastigophorenes A (22) and B (170) was achieved in

1999 by Bringmann and Connolly via the phenolic coupling of natural

herbertenediol (Scheme 27) [271]. After transformation of herbertenediol to a

chemically appropriate monophenolic coupling precursor (22a), the oxidative

dehydrodimerization was brought about using (tert-BuO)2. Subsequent deprotection
gave 22 and 170 in their “natural” atropisomeric ratio (ca. dr¼ 40:60), as isolated

from the liverwort, which suggested that mastigophorenes are formed biosyntheti-

cally either by a non-enzymatic reaction or with the enzyme not leading to any

additional stereoselectivity besides the internal asymmetric induction exerted by

the chiral cyclopentyl residue.

An oxazoline-mediated asymmetric Ullmann coupling was utilized to establish

chirality about the biaryl axis of mastigophorenes A (22) and B (170) (Scheme 28)

[272]. After a cascade of reactions, the acid 22c, which was obtained by bromina-

tion of the arene 22b followed by oxidation, was transformed into the (S)-tert-
leucinol-derived oxazoline, 22d, in 82% yield. Asymmetric Ullmann coupling of

22d afforded 22e and 22f in a ratio of 3:1 as a result of thermodynamic distribution

of products. A sequence of six chemical reactions of the 22e (or 22f) led to

completion of the total synthesis.
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It was found that when (�)-chloranthalactone A was irradiated with a

Hg lamp for 12 h, (�)-chloranthalactone F was isolated in 69% yield without any

other diastereomers detected (Scheme 29). The diastereoselectivity was possibly

due to the fact that the beneficial electrical and orbital interaction

between γ-alkylidenebutenolide segments in the superposition conformation of

the transient state leading to chloranthalactone F contributed greatly to the

photodimerization [277].

In the biomimetic synthesis of biatractylolide (163) and biepiasterolide (194), a

cobalt-mediated radical dimerization of chloro lactones have been developed. Thus,

treatment of chloroatractylolide 163a with freshly prepared Co(PPh3)3Cl under

Yamada’s conditions (PhH, rt, 2 h) afforded the desired dimers 163 and 194 in

good yield (Scheme 30) [278, 279]. In turn, the use of DTBP (di-tert-butyl
peroxide) as a radical generator did not succeed as it did in the synthesis of their

simplified analogues [280].

As mentioned in the preceding Sect. 3.5, dimerization of debromolaurinterol to

laurebiphenyl (72) was achieved via its oxidative coupling with manganese

dioxide [140].
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5.2.3 Dimerization with Linkers

As can be seen in many pseudosesquiterpenoid DSs, various linkers are present in

the DS molecule to connect the two sesquiterpenoid units. Their syntheses must

therefore involve a dimerization of two monomeric sesquiterpenoid precursors via a

corresponding linker. Synthesis procedures for artemisinin dimers can be found in
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the references cited in the reviews [240, 241] focusing on their biological activities.

Michael addition has been widely used. The synthesis of artemisinin carbadimers at

C-16 has been developed (Scheme 31) [281], where dinitroaliphatics was used as

linkers and KF on alumina employed to enhance the basic property of the catalyst to

promote addition between nitroparaffins and reactive Michael acceptors.

5.2.4 Miscellaneous Dimerization Methods

In the synthesis of mastigophorenes A (P, 22) and B (M, 170), high diastereos-

electivity was obtained in their stereoselective total synthesis [273, 274]. Following

the “lactone concept”, the configuration at the biaryl axis was atropo-divergently

induced to be (P) or, optionally, (M ), by stereocontrolled reductive ring cleavage

(diastereomeric ratio up to 97:3) of the configurationally unstable joint biaryl

lactone precursor 22j using the oxazaborolidine–borane system (Scheme 32).

For synthesis of the asymmetric core-side chain linked mastigophorenes C (171)

and D (172), McMurry coupling of the desired aldehyde followed by catalytic

hydrogenation of the resulting stilbene was used to construct the sidechain-

sidechain coupled product (Scheme 33) [276]. Subsequent O-demethylation of

the product gave 172. Transformation of a desired aryl bromide to the

corresponding aryl lithium reagent, reaction of which with 172a gave the (racemic)

diarylcarbinol readily transformed to 171.

It should be noted that mastigophorenes A (P, 22) and B (M, 170) could also be

obtained from the biotransformation of herbertenediol by Penicillium
sclerotiorum [282].

In the total synthesis of vannusal B (30) and its analogues [218, 219] efficient

dimerization and cyclization strategies have been developed (Scheme 34).
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6 Conclusions

As shown in the preceding sections, the dimeric and sesquiterpenoid structural

features of DSs render to this class of compounds in most cases more “drug-like”

properties as compared to their monomeric precursors. The interesting biological

activity of DSs might result from simultaneous interaction with both moieties of a

target dimeric protein. Several DSs have been demonstrated to possess potent

biological activities and are potential candidates for further drug development. It

can be expected that the strategies developed already for the structure elucidation

and chemical synthesis of DSs will pave the way for their further development.
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Boutin JA, Sevenét T, Guéritte F (2009) A dimeric sesquiterpenoid from a Malaysian

Meiogyne as a new inhibitor of Bcl-xL/BakBH3 domain peptide interaction. J Nat Prod

72:480

15. Mao S-C, Guo Y-W, van Soest R, Cimino G (2011) Trans-dimer D, a novel dimeric

sesquiterpene with a bis-bisabolene skeleton from a Hainan sponge Axinyssa variabilis. J
Asian Nat Prod Res 13:770

16. Marco JA, Sanz JF, Yuste A, Carda M, Jakupovic J (1991) Sesquiterpene lactones from

Artemisia barrelieri. Phytochemistry 30:3661

17. Cai Y (1997) Stereochemistry of difurocumenone. J Beijing Med Univ 29:229
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176. Liermann JC, Schüffler A, Wollinsky B, Birnbacher J, Kolshorn H, Anke T, Opatz T (2010)

Hirsutane-type sesquiterpenes with uncommon modifications from three Basidiomycetes. J

Org Chem 75:2955

177. Ksebati MB, Schmitz FJ (1988) Sesquiterpene furans and thiosesquiterpenes from the

nudibranch Ceratosoma brevicaudatum. J Nat Prod 51:857

106 S.-G. Liao and J.-M. Yue



178. Opatz T, Kolshorn H, Birnbacher J, Schüffler A, Deininger F, Anke T (2007) The
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1 Introduction

Annonaceous acetogenins (AGEs) constitute a series of polyketides found almost

exclusively from plants in the family Annonaceae, with some of their species of

origin being important economic crops in Asia and North and South America. The

study of AGEs was initiated as a result of the first report on the bioactive uvaricin

(1) in 1982, from the roots of Uvaria accuminata Oliv. by Jolad et al., which

exhibited excellent bioactivity in the P-388 lymphocytic leukemia system in mice

[1]. Since then, numerous AGEs have been isolated and identified from various

parts of annonaceous plants, especially the seeds, by virtue of advances in separa-

tion technology. These initial results have promoted further work on the structural

elucidation and classification of AGEs, as well as their biogenetic hypotheses.

Annonaceous AGEs are a unique compound class of C35 or C37 secondary metab-

olites, derived from the polyketide pathway, which include structurally a γ-lactone
ring along with several oxygenated functionalities. For example, hydroxy group,

ketone, epoxide, tetrahydrofuran (THF), and tetahydropyran (THP) moieties, and

even double and triple bonds are structural features encountered among the AGEs.

Annonaceous acetogenins have been found to exhibit a broad range of biological

properties, such as antineoplastic, antiparasitic, cytotoxic, immunosuppressive,

neurotoxic, and pesticidal effects. Among the broad array of biological properties

documented in the biomedical literature for the AGEs, their cytotoxic and

antitumor effects and the underlying mechanisms for such effects have received

the most attention.
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In 1997, Cavé et al. wrote a thorough contribution on AGEs in this book series,

covering the classification, extraction, isolation, structure elucidation, biogenetic

hypotheses, syntheses, and biological activities of these type of compounds. Alto-

gether, they collaboratively reported 242 AGEs and described relevant studies on

their synthesis and bioactivities [2].

An overall advancement in experimental techniques has led to many worldwide

efforts focusing on the isolation and structural identification of new bioactive AGEs.

Most importantly, organic chemists have overcome the challenges of meeting the

total and rapid synthesis of AGEs with multiple stereocenters during the past

15 years. Moreover, growing interest in investigating the mechanisms of biochem-

ical action of AGEs has been triggered by recent advances in understanding the

processes involved in tumor cell death. Members of this class of natural compounds

are considered as possible candidates for future anticancer drugs. Bioactivity and

mechanism of action studies on annonaceous AGEs have both focused on their

potent cytotoxicity against cancer cells and the inhibition of mitochondrial respira-

tory chain complex I. However, recent studies have reported the relation between

this type of compound and sporadic neurodegenerative tau pathologies in those

humanswho have ingested annonaceous plants containing AGEs [3]. The purpose of

this contribution is to give a short historical introduction as well as a description of

current studies on AGEs and their analogues. As a result, 203 AGEs dating from

1997 to 2014 were isolated and characterized. The bioactivities of each AGE are

highlighted as well. Recent investigations on the mechanisms of action of the

pesticidal and antitumor effects of AGEs are reviewed within each individual

section. In addition, modified analogues of AGEs and synthesized AGE mimics

that were mentioned to play an important role in verifying hypotheses on the modes

of action of AGEs are covered.

Annonaceous acetogenins, derivatives of the polyketide pathway, contain 35 or

37 carbons. Biogenetically, they appear to originate from polyhydroxy C32 or C34

fatty acids to which a 2-propanol unit is added to form a methylated α,β-unsaturated
γ-lactone. During the past two decades, advances in chromatographic methodology,

such as repeated open column chromatography and high-performance liquid chro-

matography (HPLC) [4–7], have made the ready and efficient separation of AGEs

with only minor structural differences possible. Based on the isolation and
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characterization of different acetogenins, their general structural features can be

divided into various classes dependent on the nature of the γ-lactone rings, such as

an α,β-unsaturated γ-lactone ring (normal form) or a ketolactone (isoform), in

addition to the oxygen-bearing moieties evident [2, 8]. However, Cavé

et al. suspected that acetogenins with terminal ketolactones (isoforms) are artifacts

of the translactonization of 4-hydroxy-AGEs. To validate this suspicion, they

performed the extraction and characterization of the initial AGEs from fresh

crude materials under the effects of alkalis, other basic media, and alcohols.

These reagents affected the kinetics of the translactonization [9], which was later

supported by the work of Figadère and colleagues describing how 4-hydroxylated

AGEs led to iso-derivatives under basic conditions [10].

In summary, the common features on the structures of AGEs are a terminal

γ-lactone ring and a terminal aliphatic side chain connecting to some hydrophilic

functional groups, such as one to three THF rings and several hydroxy groups. In

1998, Cavé et al. discussed the previously mentioned features in terms of two

major structural factors, the terminal γ-lactone ring and the substituents on the

long aliphatic chain [8]. Under such a classification system, AGEs were divided

into ten subtypes: (1) AGEs without THF rings: linear AGEs; (2) AGEs without

THF rings: epoxy-AGEs; (3) mono-THF α,α0-dihydroxylated γ-lactone AGEs;

(4) mono-THF α-hydroxylated γ-lactone AGEs; (5) mono-THF AGEs with various

lactone moieties; (6) adjacent bis-THF α,α0-dihydroxylated γ-lactone AGEs;

(7) adjacent bis-THF α-hydroxylated γ-lactone AGEs; (8) non-adjacent bis-THF

γ-lactone AGEs; (9) saturated lactone bis-THF AGEs; (10) miscellaneous AGEs.

2 Annonaceous Acetogenins in the Plant Kingdom

Since their first dicovery over 30 years ago, phytochemists have focused their

studies on AGEs in the plant family Annonaceae. The isolation of AGEs has

been reported from 15 genera of this family, including Annona (19 species),

Asimina (3), Artabotrys (2), Cananga (2), Dasymaschalon (1), Disepalum (1),

Fissistigma (2), Goniothalamus (5), Mitrephora (2), Ophrypetalum (1), Polyalthia
(6), Rollinia (7), Saccopetalum (1), Uvaria (10), and Xylopia (1), up to the present

(see Table 1). Among all the reported isolations of AGEs, a series of linear

acetylenic C25-AGEs has been found from species of four genera (i.e. Cananga,
Polyalthia, Mitrephora, and Saccopetalum). Surprisingly, a paper in 2008 reported

that a new AGE was isolated from the root of an Ampelocissus species collected in

the Philippines, which belongs to the family Vitaceae [34]. However, this remains

the first and only example suggesting that this type of compound could be found

from plants other than in the family Annonaceae (see Table 1).
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Table 1 Distribution of acetogenins in the plant kingdom

Plant source Genus Species Refs.

Annonaceae Annona A. atemoya (A. cherimola x A. squamosa)

A. bullata

A. cherimola Mill.

A. coriacea

A. crassiflora

A. densicoma

A. glabra L.

A. glauca

A. jahnii [11, 12]

A. montana Macf.

A. muricata L.

A. nutans [13]

A. purpurea

A. reticulata L.

A. salzmanii

A. senegalensis

A. spinescens

A. spraguei

A. squamosa L.

Asimina A. longifolia

A. parviflora

A. triloba

Artabotrys A. hexaptalus (L.f.) Bhandari [14]

A. uncinatus (Lam.) Merr.

Cananga C. odorata (Lam.) Hook.f & Thomas

C. latifolia (Hook.f. & Thomson) Finet & Gagnep [15]

Dasymaschalon D. sootepense [16]

Disepalum D. anomalum [17]

D. plagioneurum [18]

Fissistigma F. glaucescens (Hance) Merr.a

F. oldhami (Hemsl.) Merr.a

Goniothalamus G. amuyon (Blanco) Merr.a

G. donnaiensis [19–21]

G. giganteus

G. howii

G. undulatus Ridl. [22]

Mitrephora M. glabra [23]

M. maingayi [24]

Ophrypetalum O. odoratum [25]

Polyalthia P. debilis [26]

P. longifolia Benth. et Hook.f

P. longifolia Benth. et Hook.f ‘pendula’

P. plagioneura

P. suberosa Hook.f

P. liukiuensis Hatusimaa

(continued)
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3 Classification of Annonaceous Acetogenins (Since 1997

Until the End of 2014)

Studies on annonaceous acetogenins (AGEs) after 1997 have focused on efficient

compound identification by hyphenated chromatographic techniques and other

spectroscopic methods. Although normal- and reversed-phase HPLC are powerful

tools for the isolation of natural products, limitations such as the allowed amount of

sample to be purified per unit time, the solvent cost, and the size of the columns, still

remain. Therefore, searching for new approaches to facilitate chromatographic

work is crucial. McLaughlin et al. used countercurrent chromatography (CCC) to

isolate four AGEs, (2,4-cis and trans)-9-hydroxyasimicinone (2), (2,4-cis and

trans)-squamoxinone B (3), (2,4-cis and trans) squamoxinone C (4), and

isoannoreticuin (5), from the bark of A. squamosa [35]. Cavé et al. also applied

high-speed countercurrent chromatography (HSCCC) to the separation of AGEs

from A. atemoya to give two major AGEs, squamocin (6), bullatacin (rolliniastatin-

2) (7), asimicin (8), and isodesacetyluvaricin (9), as well as four other known

analogues 10–13 [36]. Moreover, our group introduced the recycle-HPLC system

for isolating of gigantetronenin (14) and montalicin J (15) [37] in an attempt to

separate mixtures of AGEs that cannot be easily purified by regular HPLC methods

(unpublished data, see Fig. 1).

Table 1 (continued)

Plant source Genus Species Refs.

Rollinia R. emarginata [27]

R. membranacea

R. mucosa Baill.

R. papilionella

R. sericea

R. sylvatica

R. ulei

Saccopetalum S. prolificum [28]

Uvaria U. acuminata

U. boniana [29]

U. calamistrata [30]

U. grandiflora

U. hookeri

U. microcarpa

U. narum

U. pauci-ovulata [31]

U. rufa Bl.

U. tonkinensis [32]

Xylopia X. aromatica

X. emarginata [33]

Vitaceae Ampelocissus A. sp. [34]
aAnnonaceous plants native to Taiwan

118 C.-C. Liaw et al.



OO O
OH OH OH

O
O

O
OHOH OH

O O
O

trans

erythro/threoerythro/threo

O
OHOH OH

O O
O

trans

erythro/threoerythro/threo

O O
OHOH OH

O
O

2 ((2,4-cis and trans)-9-hydroxyasimicinone) 

3 ((2,4-cis and trans)-squamoxinone B)

4 ((2,4-cis and trans)-squamoxinone C) 

5 (isoannoreticuin)

O O
OH OH

O

OOH
6 (squamocin)

O O
OH OH

O

O

OH

7 (bullatacin = rolliniastatin-2)

O O
OH OH

O

O

OH

8 (asimicin)

Acetogenins from Annonaceae 119



With the idea of developing a convenient yet reliable spectroscopic methodol-

ogy for determining the stereochemistry of AGEs, Gawronski et al. established the

absolute configuration of the γ-lactone ring moiety by analyzing the CD spectra of

butenolides [38]. Cavé et al. not only modified the Mosher ester method, but they

also determined the stereochemistry of asimicin (8) using the long-range aniso-

tropic effect of 2-NMA (naphthylmethoxyacetic acid) [39].

Another key tool for determining the structures of AGEs is mass spectrometry

(MS). Electron-impact mass spectrometry (EI-MS) has been a preferred technique

for determining the location of AGE tetrahydrofuran rings and functional groups

(i.e. hydroxy, ketone, acetoxy, and double bond) along the hydrocarbon chain.

Derivatized AGEs, such as TMS- and acetyl derivatives, are helpful in the eluci-

dation of these structures. In addition, the direct-inlet-probe technique (DIP) and a

lower volatile energy setting (e.g. 30 eV) have been suggested for use with EI-MS

scanning, as AGEs can decompose readily under thermal conditions. Such EI-MS

fragmentations are quite useful to determine the planar structures of AGEs despite

being a seemingly old-fashioned method. The structure of squamocin (6) from

A. squamosa was characterized by a combination of chemical derivatization and

precursor-ion scanning mass spectrometry. The lactone portion of squamocin (6)

was modified with N,N-dimethylethylene-diamine in the vapor phase to afford a

strong positive charge at one end of the skeleton [40]. In 1997, Wu et al. (Xeno-
Biotic Laboratories, Inc.) in cooperation with the McLaughlin group, analyzed

AGEs from R. mucosa that were subjected to liquid chromatography/mass spec-

trometry (LC/MS) with ionization source-atmospheric pressure in-source collision-

induced dissociation (APICID). They were able to detect the presence of 40 known

AGEs along with four new AGEs of diverse structures, from the bioactive crude

methanol-soluble fraction of this plant extract [41]. They also observed a unique

fragmentation profile for AGEs with a hydroxy group at C-4, which gave a

characteristic loss of a terminal γ-lactone (m/z 112) during ESI-MS scanning

[41]. This rapid and straightforward selective ionization procedure also provided

a convenient and useful method for identifying AGEs with or without a hydroxy

group at C-4 [41].

Fig. 1 HPLC separation profiles of gigantetronenin (14) and montalicin J (15) from the JAI

recycling HPLC system
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From a detailed literature survey, it is apparent that the structures of more than

200 AGEs have been published since 1996 until the end of 2014. Among those

published, 113 AGEs were included in McLaughlin’s review from the year of 1999

[42] yet excluded from chapter written by Cavé’s group in 1997 [2]. In addition,

AGEs with many previously unprecedented skeletons were isolated and elucidated

from plants in the Annonaceae. In view of this, the criteria of Cavé et al. have been

modified and the structural characteristics to classify the AGEs have been simpli-

fied [8]. Depending on the substituents along the aliphatic chain, AGEs have been

classified into four groups, namely, (1) linear and epoxy AGEs, including those

without any THF ring but with substitution by an epoxide ring and/or a double

bond; (2) mono-THF AGEs, including AGEs with a mono-THF ring; (3) bis-THF

AGEs, including those with adjacent or non-adjacent bis-THF rings; and (4) mis-

cellaneous (see Fig. 2 and formulas 9–15).
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3.1 Linear and Epoxy Annonaceous Acetogenins

In general, this structural sub-type of AGEs includes compounds with no THF ring

but that have a substituent like an epoxide ring and/or a double bond. Fifty-two new

Linear (double bonds, diol, or epoxide)
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O O

E
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Fig. 2 γ-Lactone and tetrahydrofuran (THF), tetrahydropyran (THP), and other oxygen-bearing

subunits in annonaceous acetogenins (AGEs)
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linear and epoxide ring-containing AGEs were isolated from 15 species in nine

genera, including Annona (22), Cananga (9), Goniothalamus (7), Mitrephora (3),

Polyalthia (6), Rollinia (2), Saccopetalum (2), Uvaria (2), and Xylopia since 1997

(1). The features of this group are double bonds, a diol group, and/or an epoxide

ring in place of the THF ring (see Table 2). Notably, AGEs with an epoxide ring of

this structural sub-type usually have the terminal γ-lactone ring without a C-4

hydroxy group often suggested by some specific biosynthesis pathways for these

compounds. In 2002, the first linear acetylenic C25-AGEs (16 and 17) with a new

type of saturated γ-hydroxymethyl-γ-lactone terminal ring, but with no oxygenated

substituents on its alkyl chain were found in Saccopetalum prolificum
(Annonaceae) [28]. However, such compounds were later found in Goniothalamus
gardneri (Annonaceae) [52], Mitrephora glabra [23], Mitrephora maingayi [24],
Polyalthia debilis [26], and Cananga latifolia [15].

O
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Table 2 Linear and epoxy AGEs isolated since 1997 until the end of 2014

Name No. of C -OH/epoxide/double bond Plant Ref.

1 Annojahnin 37 10¼O, (17R,18R) A. jahnii [11]

2 Artemoin A 35 23,24 A. atemoya [43]

3 Artemoin B 35 21,22 A. atemoya [43]

4 Artemoin C 35 19,20 A. atemoya [43]

5 Artemoin D 35 17,18 A. atemoya [43]

6 Cananginone A 23 11T 13T 15D 19D C. latifolia [15]

7 Cananginone B 23 11T 13T 15D C. latifolia [15]

8 Cananginone C 23 11T 13T 19D C. latifolia [15]

9 Cananginone D 23 11T 13T C. latifolia [15]

10 Cananginone E 23 11T 13D 19D C. latifolia [15]

11 Cananginone F 23 11T 19D C. latifolia [15]

12 Cananginone G 21 9T 11D 17D C. latifolia [15]

13 Cananginone H 21 9T 11D C. latifolia [15]

14 Cananginone I 25 13T 15T 17D 21D C. latifolia [15]

15 Cohibin A 35 15,16 A. muricata [44]

16 Cohibin B 35 13,14 A. muricata [44]

17 Cohibin C 37 17,18,21 A. muricata
A. nutans

[45]

18 Cohibin D 37 15,16,19 A. muricata
A. nutans

[45]

19 Coronin 37 (13E,17E),21 A. muricata [46]

20 Debilisone A 25 13T 15T P. debilis [26]

21 Debilisone B 25 13T 15T P. debilis [26]

22 Debilisone C 25 13T 15T 17D P. debilis [26]

23 Debilisone D 25 13T 15T 17D 21D P. debilis [26]

24 Debilisone E 25 13T 15T 17D 21D P. debilis [26]

25 Debilisone F 27 15T 17T 19D P. debilis [26]

26 Diepomuricanin B 35 (15E,19E) R. membranacea [47]

27 Dieposabadelin 35 (13E,17E) A. squamosa [48]

28 Diepoxyrollin 37 (17E,21E) R. membranacea [47]

29 Donbutocin 35 (4R),10,15,16 G. donnaiensis [49]

30 Donhepocin 35 (4R),10,15,16,19,20 G. donnaiensis [49]

31 34-epi-Donhepocin 35 (4R),10,15,16,19,20 G. donnaiensis [49]

32 Donhexocin 35 (4R),10,15,16,19,20 G. donnaiensis [49]

33 Epomurinin-A 35 (15E) A. muricata [50]

34 Epomurinin-B 35 (13E) A. muricata [50]

35 Gardnerilin A 35 (4R),8,15,16,19,20 G. gardneri [51]

36 Gardnerilin B 35 4R,10,17,18 G. gardneri [51]

37 Goniothalamusin 25 13T G. gardneri [52]

38 9,10-Dihydrooropheolide 19 9D 11T 13T 17D M. glabra [23]

39 Mitregenin 21 M. maingayi [24]

40 (+)-Monhexocin 35 4,9,15,16,19,20 A. montana [53]

(continued)
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3.2 Mono-THF Annonaceous Acetogenins, Including
Derivatives with a Mono-THF Ring

The structural features of this type of AGE are one THF ring with one or two

flanking hydroxy groups in the long aliphatic chain (see Table 3). There are two

subtypes based on the number of flanking hydroxy groups including: (1) the THF

ring flanking one hydroxy group and (2) the THF ring flanking two hydroxy groups.

Mono-THF acetogenins are indeed the largest single group of these plant secondary

metabolites. One hundred and nineteen new mono-THF compounds were isolated

from 15 species in seven genera, including Ampelocissus (1), Annona (91), Asimina
(6), Disepalum (8), Goniothalamus (5), Rollinia (3), and Uvaria, since 1997 (5). In
particular, two epimeric AGEs, muricins A (18) and B (19), were isolated from

A. muricata, of which the absolute configurations were determined by the modified

Mosher ester method [86]. Muricin B (19) is the first AGE to possess a hydroxy

group with the (S)-configuration at C-4 where the typical configuration of this

hydroxy group is (R). Moreover, 22-epicalimistrin B (20) is the first AGE that was

isolated from the genus Ampelocissus (Vitaceae), which does not belong to the

family Annonaceae [34].

Table 2 (continued)

Name No. of C -OH/epoxide/double bond Plant Ref.

41 (�)-Monhexocin 35 4,9,15,16,19,20 A. montana [53]

42 Montecristin 37 13,14 A. muricata [54]

43 Muricadienin 35 15,19 A. muricata [13]

44 Muridienin-3 37 13,17 A. muricata [13]

45 Muridienin-4 37 17,21 A. muricata [13]

46 Murihexol 35 4,10,15,16,19,20 A. muricata [55]

47 Oropheolide 19 9T 11T 13T 17D M. glabra [23]

48 Sabadelin 35 13,(17E) A. muricata [56]

49 Saccopetrin A 25 13T 21D S. prolificum [28]

50 Saccopetrin B 25 13T 21D S. prolificum [28]

51 Squamocenina 35 (15E,19E),23 A. squamosa [48]

52 Xymarginatin 35 10¼O 15D 19D X. emarginata [33]

aThis compound has the same name as one of the mono-THF AGEs [57]
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Table 3 Mono-THF AGEs isolated since 1997 until the end of 2014

Name

No.

of C OH THF/epo Plant Ref.

1 Anmontanin A 35 (4R),8¼O 15,20 A. montana [58]

2 Anmontanin B 35 (4R,8R),10¼O (17S,22R) A. montana [58]

3 Anmontanin C 35 (4R),10¼O,34 17–22 A. montana [58]

4 Annocherimolin 37 (4R),9 (13R,18R) A. cherimola [59]

5 Annocatalin 35 4,28,29 19 A. muricata [60]

6 Annocherin 35 (4R),7¼O (15R,20R) A. cherimola [61]

7 (2,4)-cis- and trans-
Annocherinones

35 7¼O,34¼O (15R,20R) A. cherimola [61]

8 Annoglacin A 37 (4R,12R) (17R,22S) A. glabra [62]

9 Annoglacin B 37 (4R,12R) (17R,22R) A. glabra [62]

10 Annoglaxin 35 (8R),12¼O,

(22S)
(15R,20R) A. glabra [63]

11 Annomocherin 35 (4R),10,23- (15R,20R) A. cherimola [64]

12 Annomolin 35 (4R,7R,8R) (18S) A. cherimola [59]

13 Annomolon A 35 11¼O,34 (15R,20R) A. cherimola [65]

14 34-epi-Annomolon A 35 11¼O,34 (15R,20R) A. cherimola [65]

15 Annomolon B 35 (4R),11¼O,34 (15R,20R) A. cherimola [65]

16 34-epi-Annomolon B 35 (4R),11¼O,34 (15R,20R) A. cherimola [65]

17 cis-Annomontacin 37 4,10 17–22 A. muricata [60]

18 4-Deoxyannomontacin 37 (10R) (17R,22R) G. giganteus [66]

19 (2,4-cis and trans)-
Annomontacinone

37 (10S)36¼O (17R,22R) G. giganteus [66]

20 Annomuricin E 35 4,10,11 15–20 A. muricata [67]

21 cis-Annoreticuin 35 4,9 15,20 A. montana [68]

22 4-Deoxyannoreticuin 35 9 15–20 A. squamosa [69]

23 cis-4-
Deoxyannoreticuin

35 9 15–20 A. squamosa [69]

24 cis-Annotemoyin-1 35 17–22 A. squamosa [37]

25 Asitrilobin A 37 (4R),10 (17R or

S,22R or

S)

A. triloba [70]

26 Asitrilobin B 35 (4R),10 (17R or

S,22R or

S)

A. triloba [70]

27 Asitrilobin C 37 (4R,10R,15S) (17R,22R) A. triloba [71]

28 Asitrilobin D 37 (4R,10R,17S) (19R,24R) A. triloba [71]

29 Asitrocin 35 (4R,12R) (15S,20R) A. triloba [72]

30 (2,4)-cis- and trans-
Asitrocinones

35 (12R),34¼O (15S,20R) A. triloba [72]

31 Calamistrin A 37 (15S) (17R,22S) U. calamistrata [30]

32 Calamistrin B 39 (15R) 17ROAc,
(22S)

U. calamistrata [30]

33 22-epi-Calamistrin B 39 15,17-OAc (22R) Ampelocissus sp. [34]

(continued)
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Table 3 (continued)

Name

No.

of C OH THF/epo Plant Ref.

34 Calamistrin C 37 13 (19R,24R) U. calamistrata [73]

35 Calamistrin D 37 13 (19R,24S) U. calamistrata [73]

36 Calamistrin E 37 (5R),23- (15R,20R) U. calamistrata [73]

37 Coriaheptocin A 35 4,14,16,19,20 7,12 A. coriacea [74]

38 Coriaheptocin B 35 4,14,16,19,20 7,12 A. coriacea [74]

39 cis-Corossolone 35 10¼O 15,20 A. muricata [60]

40 Dotistenin 35 23 15,20 A. squamosa [48]

41 Glabrencin A 37 13,18 A. glabra [75]

42 Glabrencin B 37 17,22 A. glabra [75]

43 Glacin A 35 (4R,12R) (17R,22R) A. glabra [76]

44 Glacin B 35 (4R,12R) (15R,20S) A. glabra [76]

45 Glaucabellin 37 4 17,22 A. glauca [77]

46 Glaucaflorin 37 4,19,20 16 A. glauca [77]

47 Mixture of (2,4-cis and
trans)-gonioneninone

37 (10R) (13R,18R) G. giganteus [78]

48 Goniotetracin 37 (4R),10 (13R,18R) G. giganteus [78]

49 cis-/trans-Isomurisolin 35 34¼O 15,20 A. reticulata [79]

50 Jimenezin 37 4,23 15,20 R. mucosa [80]

51 Lepirenin 35 23 15,20 A. squamosa [48]

52 Monlicin A 35 (4R,7R,8R) (14R,18S) A. montana [53]

53 Monlicin B 35 (4R,7S,8S) (14S,18R) A. montana [53]

54 Montacin 35 (4R),7¼O,(9S) (20S,25S) A. montana [81]

55 cis-Montacin 35 (4R),7¼O,(9R) (20S or

R),25(R or

S)

A. montana [81]

56 Montalicin A 33 4 13,18 A. montana [68]

57 Montalicin B 35 4 13,18 A. montana [68]

58 Montalicin C 35 4,7 13,18 A. montana [68]

59 Montalicin D 35 4,11 13,18 A. montana [68]

60 Montalicin E 37 4,7 13,18 A. montana [68]

61 Montalicin F 35 4,9 15,20 A. montana [68]

62 Montalicin G 35 (4R),7,9 (15R,20R) A. montana [53]

63 Montalicin H 35 4,7,9 15,20 A. montana [53]

64 Montalicin I 37 4,9 15,20 A. montana [68]

65 Montalicin J 37 4,11 17,22 A. montana [68]

66 Montanacin B 35 (4R,8R),10¼O (15R,20R) A. montana [82]

67 Montanacin C 35 4,8,10¼O 15,(20S) A. montana [82]

68 Montanacin D 35 10¼O 15R-20 A. montana [82]

69 Montanacin E 35 10¼O 15,20 A. montana [82]

70 Montanacin F 35 (29S) (15R,20S) A. montana [83]

71 Montanacin G 35 (8R),10¼O (15R,20S) A. montana [84]

(continued)
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Table 3 (continued)

Name

No.

of C OH THF/epo Plant Ref.

72 (34-epi)-Montanacin H 35 4,8,10¼O (15R,20S) A. montana [84]

73 (34-epi)-Montanacin I 35 (4R,29S) (15R,20R) A. montana [84]

74 (34-epi)-Montanacin J 35 (4R,29S) (15R,20S) A. montana [84]

75 Mosin B 35 (4R) (15R or

S,20S or

R)

A. squamosa [85]

76 Mosin C 35 (4R) (15R,20S) A. squamosa [85]

77 (2,4-cis and trans)-
Mosinone A

37 9¼O (15R,20R) A. squamosa [85]

78 Muricapentocin 35 4,8,12 15,20 A. muricata [67]

79 Muricin A 35 (4R),26,27 (19R) A. muricata [86]

80 Muricin B 35 (4S),26,27 (19R) A. muricata [86]

81 Muricin C 35 4,24,25 21 A. muricata [86]

82 Muricin D 33 4,22,23 19 A. muricata [86]

83 Muricin E 33 4,22,23 16 A. muricata [86]

84 Muricin F 35 4,27,28 21 A. muricata [86]

85 Muricin G 35 4,10 15,20 A. muricata [86]

86 Muricin H 35 24,25 (19R) A. muricata [60]

87 Muricin I 37 24,25 19 A. muricata [60]

88 Muricoreacin 35 4,8,10,19,20 16 A. muricata [87]

89 Murihexocin C 35 4,7,8,19,20 16 A. muricata [87]

90 cis-Panatellin 35 13,18 A. muricata [88]

91 Parisin 37 4,23,24 15,20 A. salzmanii [89]

92 Plagioneurin A 39 10,15-OAc (17R,22R) D. plagioneurum [18]

93 Plagioneurin B 39 10,15-OAc 17–22 D. plagioneurum [18]

94 Plagioneurin C 39 10¼O,15-OAc (17R,22R) D. plagioneurum [18]

95 Plagioneurin D 39 (5R),10¼O,15-

OAc

(17R,22R) D. plagioneurum [18]

96 Plagioneurin E 39 5,10¼O,15-

OAc

17,22 D. plagioneurum [18]

97 Plagionicin B 35 5,10¼O 15,20 D. plagioneurum [18]

98 Plagionicin C 35 4,5,11 15,20 D. plagioneurum [18]

99 Plagionicin D 35 5¼O,10,11 15,20 D. plagioneurum [18]

100 cis-Reticulatacin 37 17,22 A. muricata [88]

101 cis-Reticulatacin-10-
one

37 10¼O 17,22 A. muricata [88]

102 Rolliacocin 35 (4R),11 (15S,20S) R. mucosa [90]

103 Rollicosin 22 (4R),19¼O (15R) R. mucosa [91]

104 cis-Solamin 35 15,20 A. muricata [88]

105 Squadiolin A 37 15,16,28 19,24 A. squamosa [37]

106 Squadiolin B 37 19,20,23,24 16 A. squamosa [37]

107 Squadiolin C 37 4,21,22 16 A. squamosa [37]

(continued)
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3.3 Bis-THF Annonaceous Acetogenins, Including
Derivatives with Adjacent or Non-adjacent Bis-THF
Rings

The primary structural feature of bis-THF AGEs is two THF rings flanking one or

two hydroxy groups. Two subtypes of this group can be identified based on the

nature of the bis-THF moieties, namely, (1) compounds with an adjacent bis-THF

moiety and (2) those with a non-adjacent bis-THF moiety, in which the latter

possesses a four-carbon aliphatic chain between the THF rings. Since 1997,

63 new bis-THF AGEs were found, including 48 adjacent bis-THF AGEs isolated

from 15 species in the four genera, Annona (35 species), Asimina (four species),

Rollinia (five species), and Uvaria (four species), along with 15 non-adjacent

bis-THF AGEs from six species in the four genera, Annona (11 species), Asimina
(one species), Goniothalamus (two species), and Rollinia (one species) (see

Table 4). Interestingly, aromin-A (21) from A. cherimola possesses one THF ring

that is cyclized between C-4 and C-7 by an ether linkage [116], which shares many

similarities with the analogues found from Xylopia aromatica [120]. As a result, the
bis-THF ring-containing compounds have been organized into groups of adjacent

and non-adjacent compounds.

Table 3 (continued)

Name

No.

of C OH THF/epo Plant Ref.

108 Squafosacin B 37 15,20 A. squamosa [37]

109 Squafosacin C 35 17,22 A. squamosa [37]

110 Squafosacin F 35 (15S,20S) A. squamosa [37]

111 Squafosacin G 37 (19S,24S) A. squamosa [37]

112 Squamocenina 37 25B 17–22 A. squamosa [57]

113 (2,4-cis and trans)-
Squamoxinone

37 (11S),36¼O (17R,22R) A. squamosa [69]

114 (2,4-cis and trans)-
Squamoxinone B

37 11,36¼O 17,22 A. squamosa [35]

115 (2,4-cis and trans)
Squamoxinone C

35 11,34¼O 17,22 A. squamosa [35]

116 Tucupentol 35 4,8,19,20 15 A. montana [92]

117 cis-Uvariamicin I 37 15,20 A. muricata [88]

118 cis-Uvariamicin IV 37 13,18 A. muricata [88]

119 Mixture of (2,4-cis and
-trans)-xylomaticinones

37 (10R),36¼O (15R,20R) G. giganteus [93]

aThis compound has the same name as one of the linear AGEs [48]
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Table 4 Bis-THF AGEs isolated since 1997 until the end of 2014

Name

No.

of C OH THF/epo Plant Ref.

Adjacent Bis-THF AGEs

1 Annocatacin A 35 (4S) (23S) A. muricata [94]

2 Annocatacin B 35 (4S) 23 A. muricata [94]

3 Annonisin 35 4,8 13,22 A. atemoya [95]

4 Annosquacin A 35 11,20 A. squamosa [96]

5 Annosquacin B 37 13,22 A. squamosa [96]

6 Annosquacin C 37 25 13,22 A. squamosa [96]

7 Annosquacin D 37 13,22 A. squamosa [96]

8 Annosquacin-I 37 23 10,19 A. squamosa [97]

9 (2,4-cis and trans)-
9-Hydroxy-

asimicinone

37 (9S),36¼O (15R,24R) A. squamosa [35]

10 (2,4-cis and trans)-
9-Oxo-asimicinone

35 9¼O,36¼O (15R,24R) A. squamosa [98]

11 Asimitrin 37 (4R,17R) (15R,24R) A. triloba [99]

12 Atemotetrolin 37 28,29 15,24 A. atemoya [100]

13 Bullacin B 37 (6R) (15R,24R) A. squamosa [98]

14 Bulladecin 37 4,23,24 11,20 A. atemoya [100]

15 27-

Hydroxybullatacin

37 (4R,27S) (15R,24S) A. glabra [63]

16 Calamistrin F 37 (5R) 17,(26R) U. calamistrata [73]

17 Calamistrin G 37 (5S) (17R,26S) U. calamistrata [73]

18 Carolin A 37 28 15,24 A. spinescens [101]

19 Carolin B 37 29 15,24 A. spinescens [101]

20 Carolin C 35 26 1322 A. spinescens [101]

21 Chamuvarinin 37 15 U. chamae [102]

22 Cornifolin 37 7 17,26 A. cornifolia [103]

23 9-Hydroxyfolianin 37 9 (12R,21S) A. cornifolia [104]

24 Folianin B 37 12,21 A. cornifolia [104]

25 Glabracin A 37 (4R),23,24 (10S) A. glabra [105]

26 Glabracin B 37 (4R),23,24 (10S) A. glabra [105]

27 Guanaconetin-1 41 24,30¼OCOCH3 15 A. aff. spraguei [106]

28 Guanaconetin-2 41 15,30¼OCOCH3 24 A. aff. spraguei [106]

29 Guanaconetin-3 39 24¼OCOCH3,30 15 A. aff. spraguei [106]

30 Guanaconetin-4 39 30¼OCOCH3 15,24 A. aff. spraguei [106]

31 Joolanin 37 5¼O 15,24 U. chamae. [107]

32 Purpuracenin 37 (4R) (15R,24S) A. purpurea [108]

33 Purpurediolin 37 28,29S (5R,24S) A. purpurea [109]

34 Purpurenin 37 (10R),28,29S (15R,24S) A. purpurea [109]

35 Rollidecin C 35 20 R. mucosa [110]

36 Rollidecin D 37 22 R. mucosa [110]

37 Rollimusin 37 10,28 15,24 R. mucosa [90]

38 Rollinacin 35 4,10 20 R. mucosa [111]

39 Rollitacin 37 28,29 15,24 R. mucosa [111]

(continued)
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3.4 Miscellaneous

This group includes AGEs with an atypical substituted alkyl chain (see Table 5). For

instance, muricatacin (22) appears like a normal AGE without the γ-lactone ring

moiety and the aliphatic chain between the THF ring and lactone ring [122]. In 2003,

our group reported a novel skeleton of an abridged AGE, rollicosin (23), from the

unripe fruits of Rollinia mucosa, the first identified AGE containing lactone moieties

Table 4 (continued)

Name

No.

of C OH THF/epo Plant Ref.

40 Salzmanolin 37 15,17,28,29 24 A. salzmanii [89]

41 Squamocin-O1 37 (12R,28S) (15R,24S) A. squamosa [112]

42 Squamocin-O2 37 (12S,28S) (15R,24S) A. squamosa [112]

43 (2,4-cis and trans)-
Squamolinone

35 36¼O (15R,24S) A. squamosa [98]

44 2,4-cis-
Trilobacinone

37 36¼O (15R,24R) A. triloba [113]

45 2,4-trans-
Trilobacinone

37 36¼O (15R,24R) A. triloba [113]

46 4-Hydroxytrilobin 37 (4R),10 (15R,24R) A. triloba [99]

47 Tucumanin 37 15,24 A. cherimola [114]

48 Compound 1 37 5 15,24 A. squamosa [115]

Non-adjacent-bis-THF AGEs

1 Aromin-A 35 9¼O 15,20 A. cherimola [116]

2 Annosquatin A 37 13,16,21 A. squamosa [96]

3 Annosquatin B 37 29 13,16,21 A. squamosa [96]

4 Annosquatin-I 37 30 17,24,29 A. squamosa [97]

5 Annosquatin-II 37 4 17,24,29 A. squamosa [97]

6 Mixture of 20,23-

cis-2,4-cis and
trans-
bullatalicinone

37 16,19,24 R. mucosa [90]

7 Mixture of (2,4-cis
and trans)-
gigantecinone

37 36¼O (14S,17R,22R) G. giganteus [117]

8 Goniotricin 37 4,18 10 G. giganteus [93]

9 Squamostanin-A 37 (27R) (15R,18R,23R) A. squamosa [118]

10 12,15-cis-
Squamostatin-A

37 28 16,19,24 A. atemoya [43]

11 Squamostanin-B 37 (27R) (15R,18R,23S) A. squamosa [118]

12 Squamostanin-C 37 (5R) (16R,19R,24R) A. squamosa [119]

13 Squamostanin-D 37 (5R) (16R,19R,24S) A. squamosa [119]

14 12,15-cis-
Squamostatin-D

37 16,19,24 A. atemoya [43]

15 Trilobalicin 35 (4R) 14,17,22 A. triloba [113]
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on both sides of an aliphatic chain [91]. Soon after this report, a Chinese group

communicated the second AGE of this type, squamostolide (24), from

A. squamosa [121].

OO

OH

22 (muricatacin)

OO

OH

OH O
O

23 (rollicosin)

OO

OH

O
O

24 (squamostolide)

4 Chemotaxonomy of the Annonaceae Family

The family Annonaceae is composed of 2000 species including 129 genera found

worldwide. Plants of this family are recognized sources of alkaloids, diterpenes,

flavonoids, and polyketide compounds. Among them, acetogenins are regarded

as characteristic secondary metabolites of this family. More than half of the

annonaceous AGEs have been isolated from the genus Annona. A plausible biosyn-

thesis pathway of AGEs should be related to various polyketide synthases deduced

by different species of plants. Three types of AGEs were selected, including mono-

THF AGEs (MT), adjacent bis-THF AGEs (ABT) and non-adjacent bis-THF AGEs

(NBT). They were all isolated from the plants of the genus Annona according to the
reported literature. By employing qualitative analysis, three patterns of radar charts

were observed for deducing a cladistics chart and the phylogenetic inference of

selected species in the genus Annona. These seem to correlate with the appearance of

the fruits of these plants (see Fig. 3). For instance, the species examined may have

fruits with the skin covered with many short fleshy spines (e.g. A. montana and

Table 5 Miscellaneous types of AGEs isolated since 1997 until the end of 2014

Name No. of C OH THF/epo Plant Ref.

1 Montanacin D 35 10¼O (15R),20 A. montana [82]

2 Montanacin E 35 10¼O (15R),20 A. montana [82]

3 Chamuvarinin 37 15,28 U. chamae [102]

4 Rollicosin 22 (4R),19¼O (15R) R. mucosa [91]

5 Squamostolide 22 19¼O (15R) A. squamosa [121]
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A. muricata), fruits with the skin overlapping scales or knob-like warts (e.g.
A. cherimola, A. glabra, and A. reticulata), and fruits with many round protuber-

ances (e.g. A. purpurea, A. squamosa, and A. atemoya) (see Table 6).
Based on the radar chart analysis of their AGEs, plants of the genus Annona

can be classified into three sub-genera. Sub-genus I with mono-THF (MT) AGEs

(one hydroxy group) as the major type includes A. montana and A. muricata.

Fig. 3 Radar chart of

AGEs. MT mono-THF

AGEs, ABT adjacent

bis-THF AGEs, NBT
non-adjacent

bis-THF AGEs

Table 6 Radar charts of AGEs of the plants in the genus Annona in qualitative analysis and the

appearance of their fruits

A. montana A. muricata A. cherimola A. glabra

A. reticulata A. purpurea A. squamosa A. atemoya

Photographs by the authors: A. montana, A. glabra, A. squamosa; giardinaggi.it: A. muricata; Ken
Lowe: A. cherimola; photomazza.com: A. reticulata; A. purpurea, A. atemoya: wikipedia.org
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Sub-genus II with mono-THF and bis-THF AGEs can be further separated into

two groups, including one with mono-THF (MT) AGEs and the other with adjacent

bis-THF (ABT) AGEs as the major ones. The former includes A. reticulata,
A. cherimola, and A. glabra, whereas the latter includes A. purpurea, A. atemoya
and A. squamosa (see Fig. 4).

The evalution of the patterns of AGEs was extended to other plants of the

Annonaceae. It was found that Rollina mucosa seems to be phylogenetically related

to A. squamosa based on the analysis of AGEs isolated from this particular plant

(see Fig. 5).

Fig. 4 Plausible interrelationships of plants of the genus Annona. 1MT: AGEs with a mono-THF

moiety flanked by one hydroxy group, 2MT: AGEs with a mono-THF moiety flanked by two

hydroxy groups, 1ABT: AGEs with an adjacent bis-THF moiety flanked by one hydroxy group,

2ABT: AGEs with an adjacent bis-THF moiety flanked by two hydroxy groups, NBT: AGEs with

a non-adjacent bis-THF moiety

Fig. 5 Radar chart of AGEs from R. mucosa
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5 Synthesis of Annonaceous Acetogenins

Owing to the great scientific interest in AGEs and their abundant structural types

and interesting biological activities, these components have attracted the attention

of many researchers working on chemical synthesis. However, the structural var-

iations of AGEs, such as the presence of a γ-lactone ring moiety, and 1–3 THF/THP

rings with multiple chiral centers, and an alkyl chain have been considered as

challenging targets to utilize synthesis methods. A number of total syntheses for

pure AGEs samples have also been reported in the literature since the 1990s. Since

1997, the total syntheses of AGEs achieved include those for the mono-THF AGEs:

murisolin (25) [123, 124], longicin (26) [125, 126], and cis-solamin (27) [88, 127],

adjacent bis-THF AGEs: bullatacin (7) [128], rolliniastatin 1 (28) [129, 130],

rollimembrin (29) [130, 131], 10-hydroxyasimicin (30) [132, 133], membranacin

(31) [130, 134], asimicin (8) [135, 136], longimicin D (32) [137, 138], and mucoxin

(33) [139, 140], and non-adjacent bis-THF AGEs: cis-sylvaticin (34) [141, 142] and
gigantecin (35) [143, 144], and others, jimenezin (36) [80, 145], mucocin (37)

[146, 147], pyranicin (38) [148, 149], pyragonicin (39) [148, 150, 151], rollicosin

(23) [91, 152], and squamostolide (24) [121, 153]. Indeed, more than 100 investi-

gations on the synthesis of AGEs have been published during the last 15 years (see

Fig. 6).
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Fig. 6 Number of publications per year on the investigation of AGE synthesis from 1998 to 2011
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Most information on the synthesis of AGEs is evident for the bis-THF AGEs

(BT), followed by AGEs with a THP moiety (O), then the mono-THF AGEs (MT),

and the linear AGEs (L) (see Fig. 7). Moreover, the methodologies described for the

synthesis of the adjacent type (ABT) are about four times more numerous than
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those on the non-adjacent type (NBT). Summarized below are some concepts of

synthesis for AGEs presented according to the previously described classification

method for these natural products.
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Fig. 7 Publications on AGEs divided into four major types from 1988 to 2010. (a) L linear AGEs,

MT mono-THF ring of AGEs, BT bis-THF ring of AGEs, O other AGEs. (b) ABT adjacent

bis-THF ring of AGEss, NBT nonadjacent bis-THF ring of AGEs
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5.1 Linear Annonaceous Acetogenins

Methods for the synthesis of three characteristic linear AGEs, including

montecristin (40), muricatacin (22), and tonkinelin (41), have been proposed. In

particular, 72% of the articles published on synthesis methods have had a special

focus on muricatacin (22), see Chart 1.

O

OOH

OH

40 (montecristin)

O

O

41 (tonkinelin)

5.1.1 Montecristin

Montecristin (40) is a linear C32-AGE with an α,β-unsaturated γ-lactone and a syn-
form glycol moiety along with two cis-form C¼C bonds in its side chain. A rapid

but effective synthesis methodology was developed by the Brückner group, which

was also used to determine the stereostructure of montecristin (40). These inves-

tigators prepared (S)- and (R)-4-hydroxy-5-methyl-dihydrofuran-2(3H )-one (the

lactone substructure) from a commercially available pentenoic ester under asym-

metric dihydroxylation conditions and further performed an asymmetric

dihydroxylation of an appropriate (E)-olefin to obtain an acetonide iodide, which

was conjugated to the lactone group while deprotecting this group simultaneously

(see Table 7) [154].

Chart 1 Analysis of linear

and epoxy ACGs synthesis

from 1998 to 2012
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5.1.2 (�)-Muricatacin

(�)-Muricatacin (22), an AGE with only one terminal γ-lactone unit and a long

alkyl chain moiety, possesses a broad spectrum of biological activities. This

particular AGE has greatly attracted many research groups to further explore its

synthesis. Solladié et al. synthesized the syn- and anti-1,2-diol units of (�)-

muricatacin by a highly stereoselective method, DIBAL-H reduction of

β-hydroxy-γ-ketosulfoxides [155]. The Mioskowski group later produced a high

yield of 96% of natural muricatacin (22) [156] through development of a new

method, an epoxide ring-opening reaction under Lewis acid catalysis. In addition,

Singh’s group synthesized muricatacin (22) efficiently and highly stereoselectively

using a 5-hydroxy-alkylbutan-4-olide obtained from D-mannitol [158]. The Konno

group successfully prepared enantiomerically pure muricatacin (22) (87% yield,

>98% ee) using the Sharpless asymmetric dihydroxylation method [157]. More-

over, Bernard et al. unexpectedly discovered a simple ring expansion procedure that

led to the synthesis of 22. The step involves the use of LiI to catalyze ring expansion

of non-racemic oxaspiropentanes into cyclobutanones (see Table 7) [159].

5.1.3 Tonkinelin

Tonkinelin (41) is a nonclassical linear C37 AGE with the lactone ring in a

(S)-configuration and with an undefined diol moiety [160]. In 2007, Makabe

et al. first synthesized this compound using a Sonogashira cross-coupling reac-

tion to link the dihydroxy and γ-lactone parts of the molecule together (see

Table 7) [161].

5.2 Mono-THF Annonaceous Acetogenins

Mono-THF AGEs are one of the major types of AGEs, and have at least four

stereogenic centers that have made the organic synthesis of these compounds

challenging (Table 8). Several mono-THF AGEs, such as annonacin (42),

corossolin (43), 4-deoxyannoreticuin (44), 4-deoxyannomontacin (45), cis-
gigantrionenin (46), gigantetrocin A (47), (+)-longicin (26), longifolicin (48),

mosin B (49), muricatetrocin C (50), murisolin (25), pseudoannonacin A (51),

reticulatain (52), solamin (53), and tonkinecin (54) have been chosen as targets

for total synthesis. Among them, solamin (53) (29%) was the most popular

synthesis target (see Fig. 8).
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In 2000, Wu et al. synthesized annoacin (42), a typical mono-THF AGE with

seven chiral centers, via a Sharpless asymmetric dihydroxylation reaction method

with the incorporation of three natural hydroxy acids, achieving a high yield of

85% [162, 163]. Wu et al. have also developed a strategy to couple the alkyne
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is

A
sy
m
m
et
ri
c

d
es
y
m
m
et
ri
za
ti
o
n
o
f

th
e
γ-
sy
m
m
et
ri
c
d
io
l

an
d
th
e
N
o
za
k
i-

H
iy
am

a-
K
is
h
i

re
ac
ti
o
n

A
co
m
m
o
n
in
te
rm

ed
ia
te
,
4
-c
y
cl
o
h
ex
en
e-

1
,2
-d
io
l;
l;
(R
)-
m
al
ic

ac
id

an
d
(S
)-

p
ro
p
y
le
n
o
x
id
e

2
0
S
te
p
s,
7
2
%

N
at
u
ra
l
co
m
p
o
u
n
d
ty
p
e

is
1
a
.

[1
7
1
]

(c
o
n
ti
n
u
ed
)
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T
a
b
le

8
(c
o
n
ti
n
u
ed
)

C
o
m
p
o
u
n
d

T
o
ta
l

sy
n
th
es
is

S
y
n
th
es
is
m
et
h
o
d

S
ta
rt
in
g
m
at
er
ia
ls

S
te
p
s
an
d
y
ie
ld
s

O
th
er

p
o
in
ts

R
ef
.

M
o
si
n
B
an
d
o
n
e
o
f

it
s
d
ia
st
er
eo
m
er
s

T
o
ta
l

sy
n
th
es
is

A
sy
m
m
et
ri
c

d
es
y
m
m
et
ri
za
ti
o
n
o
f

th
e
γ-
sy
m
m
et
ri
c
d
io
l

an
d
th
e
N
o
za
k
i-

H
iy
am

a-
K
is
h
i

re
ac
ti
o
n

4
-C
y
cl
o
h
ex
en
e-
1
,2
-d
io
l;
(R
)-
m
al
ic

ac
id

an
d

(S
)-
p
ro
p
y
le
n
o
x
id
e

M
o
si
n
B
(2
0
st
ep
s,

7
2
%
)
an
d
o
n
e
o
f

it
s
d
ia
st
er
eo
m
er
s

(2
0
st
ep
s,
7
8
%
)

1
.
N
at
u
ra
l
ty
p
e
is
1
a
.

2
.
D
ia
st
er
eo
m
er

o
f
m
o
si
n

B
(1
b
)
ex
h
ib
it
ed

a
h
ig
h
er

an
ti
p
ro
li
fe
ra
ti
v
e
ef
fe
ct

th
an

A
d
ri
am

y
ci
n
an
d
h
ad

a
si
m
il
ar

p
ro
fi
le
o
f
g
ro
w
th

in
h
ib
it
io
n
as

n
at
u
ra
l

(1
a
)
ag
ai
n
st
th
e
ca
n
ce
r

ce
ll
s
u
se
d
.

[1
7
2
]

M
u
ri
ca
te
tr
o
ci
n
C

F
ir
st
to
ta
l

sy
n
th
es
is

1
.
S
o
n
o
g
as
h
ir
a
co
u
-

p
li
n
g
an
d
ch
el
at
ed

ad
d
it
io
n

2
.
A
n
o
m
er
ic

O
–
C

re
ar
ra
n
g
em

en
t
an
d

H
A
D
re
ac
ti
o
n

(R
,R
)-
D
im

et
h
y
lt
ar
tr
at
e,
b
u
ta
n
e-
1
,4
-d
io
l
an
d

(R
)-
o
x
ir
an
-2
-y
l
m
et
h
an
o
l

2
2
S
te
p
s,
8
2
%

[1
7
3
]

M
u
ri
ca
te
tr
o
ci
n
C

F
ir
st
to
ta
l

sy
n
th
es
is

1
.
S
o
n
o
g
as
h
ir
a
co
u
-

p
li
n
g
an
d
ch
el
at
ed

ad
d
it
io
n

2
.
A
n
o
m
er
ic

O
–
C

re
ar
ra
n
g
em

en
t
an
d

h
et
er
o
-D

ie
ls
-A

ld
er

(H
A
D
)
re
ac
ti
o
n

(R
,R
)-
D
im

et
h
y
lt
ar
tr
at
e,
b
u
ta
n
e-
1
,4
-d
io
l
an
d

(R
)-
o
x
ir
an
-2
-y
l
m
et
h
an
o
l

2
2
S
te
p
s,
8
2
%

[1
7
4
]

M
u
ri
so
li
n
,
n
at
u
ra
l

1
6
,1
9
-c
is
-m

u
ri
so
li
n

an
d
u
n
n
at
u
ra
l
1
6
,1
9
-

ci
s-
m
u
ri
so
li
n

T
o
ta
l

sy
n
th
es
is

A
sy
m
m
et
ri
c

al
k
y
n
y
la
ti
o
n
o
f

α-
te
tr
ah
y
d
ro
fu
ra
n
ic

al
d
eh
y
d
e
w
it
h
a
d
iy
n
e

an
d
S
o
n
o
g
as
h
ir
a
co
u
-

p
li
n
g
w
it
h
a
γ-
la
ct
o
n
e

se
g
m
en
t

1
,6
-H

ep
ta
d
iy
n
e
an
d
α-
o
x
y
al
d
eh
y
d
e

M
u
ri
so
li
n

(4
st
ep
s,
9
1
%
),

n
at
u
ra
l
1
6
,1
9
-c
is
-

m
u
ri
so
li
n

(1
1
st
ep
s,
8
5
%
),

an
d
u
n
n
at
u
ra
l

1
6
,1
9
-c
is
-

m
u
ri
so
li
n

(1
1
st
ep
s,
8
2
%
)

1
.
T
h
re
e
co
m
p
o
u
n
d
s

sh
o
w
ed

st
ro
n
g
in
h
ib
it
o
ry

ac
ti
v
it
y
ag
ai
n
st
lu
n
g
ca
n
-

ce
r
ce
ll
s
(D

M
S
1
1
4
).

2
.
N
at
u
ra
l
1
6
,1
9
-c
is
-

m
u
ri
so
li
n
ex
h
ib
it
ed

p
o
te
n
t
ac
ti
v
it
y
ag
ai
n
st

st
o
m
ac
h
ca
n
ce
r
ce
ll
s.

[1
7
5
]
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P
se
u
d
o
an
n
o
n
ac
in

A
F
ir
st
to
ta
l

sy
n
th
es
is

C
h
ir
o
n
ap
p
ro
ac
h

L
-G

lu
ta
m
ic

ac
id
;
D
-g
lu
ta
m
ic

ac
id

an
d

L
-l
ac
-

ti
c
ac
id

3
6
S
te
p
s,
8
3
%

1
.
P
se
u
d
o
an
n
o
n
ac
in

A

(1
5
R
,1
6
S,
1
9
S
,2
0
S
),

an
n
o
n
ac
in

A

(1
5
R
,1
6
R
,1
9
R
,2
0
S
).

2
.
T
h
e
sy
n
th
et
ic
p
ro
d
u
ct

(a
m
ix
tu
re

o
f
ep
im

er
s
at

C
-1
0
)
h
ad

sp
ec
tr
o
sc
o
p
ic

d
at
a
id
en
ti
ca
l
to
th
at
o
f
th
e

n
at
u
ra
l
p
ro
d
u
ct
,
b
u
t
a
d
if
-

fe
re
n
t
o
p
ti
ca
l
ro
ta
ti
o
n
.

[1
7
6
]

(1
7
R
,1
8
R
,2
1
R
,2
2
S
)-

an
d
(1
7
S,
1
8
S
,2
1
-

S
,2
2
R
)-
R
et
ic
u
la
ta
in
-

1

M
it
su
n
o
b
u
in
v
er
si
o
n

an
d
h
y
d
ro
ly
si
s

A
cr
o
le
in

an
d
la
u
ry
l
m
ag
n
es
iu
m

b
ro
m
id
e

(1
7
R
,1
8
R
,2
1
R
,2
2
-

S
)-
R
et
ic
u
la
ta
in
-1

(1
7
st
ep
s,
8
7
%
)

1
.
C
o
m
p
ar
is
o
n
o
f
th
e
sp
e-

ci
fi
c
o
p
ti
ca
l
ro
ta
ti
o
n
s
o
f
1
a

an
d
1
b
d
id

n
o
t
al
lo
w
fo
r

th
e
st
ri
ct
d
et
er
m
in
at
io
n
o
f

th
e
ab
so
lu
te
co
n
fi
g
u
ra
ti
o
n
.

H
o
w
ev
er
,
th
e
b
is
-(
R
)-

M
T
P
A
es
te
rs
o
f
1
a
an
d
1
b

sh
o
w
ed

a
cl
ea
r
d
if
fe
re
n
ce

in
ch
em

ic
al
sh
if
ts
in
th
e
1
H

N
M
R
sp
ec
tr
a.

2
.
B
o
th

co
m
p
o
u
n
d
s

sh
o
w
ed

in
h
ib
it
o
ry

ac
ti
v
it
y

ag
ai
n
st
th
e
b
o
v
in
e
h
ea
rt

m
it
o
ch
o
n
d
ri
al
co
m
p
le
x
I.

[1
7
7
]

S
o
la
m
in

T
o
ta
l

sy
n
th
es
is

D
ir
ec
t
co
u
p
li
n
g

b
et
w
ee
n
γ-
la
ct
o
n
e

an
d
m
o
n
o
-T
H
F
u
n
it

D
-G

lu
ta
m
ic

ac
id

1
9
st
ep
s,
9
7
%

T
B
D
P
S
et
h
er

an
d
M
O
M

p
ro
te
ct
io
n
.

[1
7
8
]

(1
5
R
,1
6
R
,1
9
S,
2
0
S
)-

an
d

(1
5
S
,1
6
S,
1
9
R
,2
0
R
)-

ci
s-
S
o
la
m
in

C
o
n
ci
se

to
ta
l

sy
n
th
es
es

P
er
m
an
g
an
at
e-
p
ro
-

m
o
te
d
o
x
id
at
iv
e

cy
cl
iz
at
io
n

T
ri
d
ec
an
al

an
d
(S
)-
et
h
y
l
4
-h
y
d
ro
x
y
p
en
t-
2
-

y
n
o
at
e

ci
s-
S
o
la
m
in

(1
3
st
ep
s,
9
4
%
)

1
.
N
o
p
ro
te
ct
in
g
g
ro
u
p
s.

2
.
R
el
at
iv
e
st
er
eo
ch
em

i-

ca
l
re
la
ti
o
n
sh
ip

o
f
th
e

T
H
F
-d
io
l
p
o
rt
io
n
is
th
re
o
/

ci
s/
th
re
o
,
b
u
t
th
e
ab
so
lu
te

st
er
eo
ch
em

is
tr
y
co
u
ld

n
o
t

b
e
d
efi
n
ed
.

[1
7
9
]

(c
o
n
ti
n
u
ed
)
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T
a
b
le

8
(c
o
n
ti
n
u
ed
)

C
o
m
p
o
u
n
d

T
o
ta
l

sy
n
th
es
is

S
y
n
th
es
is
m
et
h
o
d

S
ta
rt
in
g
m
at
er
ia
ls

S
te
p
s
an
d
y
ie
ld
s

O
th
er

p
o
in
ts

R
ef
.

(1
5
R
,1
6
R
,1
9
S,
2
0
S
)-

an
d

(1
5
S
,1
6
S,
1
9
R
,2
0
R
)-

ci
s-
S
o
la
m
in

T
o
ta
l

sy
n
th
es
is

T
B
H
P
-V

O
(a
ca
c)

2

d
ia
st
er
eo
se
le
ct
iv
e

ep
o
x
id
at
io
n
an
d

cy
cl
iz
at
io
n

1
,8
-D

ii
o
d
o
o
ct
-1
-e
n
e
an
d

O
H

C
12

H
25

O
M

O
M

(9
S

,1
0S

,Z
)-1

0-
(m

et
ho

xy
m

et
ho

xy
)d

oc
os

-5
-e

n-
1-

yn
-9

-o
l

O
O

SP
h

(S
)-5

-m
et

hy
l-3

-(p
he

ny
lth

io
)-d

ih
yd

ro
fu

ra
n-

2(
3H

)-o
ne

1
3
S
te
p
s,
6
0
%

N
at
u
ru
ra
l
ci
s-
so
la
m
in

is

o
f
co
n
fi
g
u
ra
ti
o
n

(1
5
S
,1
6
S
,1
9
R
,2
0
R
)
(1
a
).

[1
8
0
]

(1
5
R
,1
6
R
,1
9
S,
2
0
-

S
,3
4
S)
-
an
d

(1
5
S
,1
6
S,
1
9
R
,2
0
-

R
,3
4
S
)-
ci
s-

S
o
la
m
in

F
ir
st
to
ta
l

sy
n
th
es
is

V
O
(a
ca
c)

2
-c
at
al
y
ze
d

d
ia
st
er
eo
se
le
ct
iv
e

ep
o
x
id
at
io
n
o
f
(Z
)-

b
is
-h
o
m
o
al
ly
li
c
al
co
-

h
o
l
fo
ll
o
w
ed

b
y

sp
o
n
ta
n
eo
u
s
cy
cl
iz
a-

ti
o
n
fo
r
th
e
ci
s-
T
H
F

ri
n
g
fo
rm

at
io
n
.

1
,8
-D

ii
o
d
o
o
ct
-1
-e
n
e
an
d

O
H

C
12

H
25

O
M

O
M

(9
S

,1
0S

,Z
)-1

0-
(m

et
ho

xy
m

et
ho

xy
)d

oc
os

-5
-e

n-
1-

yn
-9

-o
l

O
O

SP
h

(S
)-5

-m
et

hy
l-3

-(p
he

ny
lth

io
)-d

ih
yd

ro
fu

ra
n-

2(
3H

)-o
ne

(1
5
R
,1
6
R
,1
9
S
,2
0
-

S
,3
4
S
)-
ci
s-

S
o
la
m
in

(1
3
st
ep
s,

6
0
%
)

1
.
N
at
u
ra
l
ci
s-
so
la
m
in

is

o
f
th
e
co
n
fi
g
u
ra
ti
o
n

(1
5
R
,1
6
R
,1
9
S
,2
0
S,
3
4
S
).

2
.
B
o
th

co
m
p
o
u
n
d
s

sh
o
w
ed

in
h
ib
it
o
ry

ac
ti
v
it
y

ag
ai
n
st
th
e
b
o
v
in
e
h
ea
rt

m
it
o
ch
o
n
d
ri
al

co
m
p
le
x
I.

[1
8
1
]

S
o
la
m
in

T
o
ta
l

sy
n
th
es
is

1
.
A

ri
n
g
-c
lo
si
n
g

m
et
at
h
es
is
(R
C
M
)

re
ac
ti
o
n
u
si
n
g
a

ru
th
en
iu
m

im
id
az
o
ly
li
d
en
e

co
m
p
le
x

2
.
A
sy
m
m
et
ri
c

ep
o
x
id
at
io
n

P
ro
p
ar
g
y
li
c
al
co
h
o
l

2
4
S
te
p
s,
8
5
%

T
h
e
fi
rs
t
ap
p
li
ca
ti
o
n
o
f

R
C
M

u
si
n
g
th
e
ru
th
en
iu
m

ca
ta
ly
st
fo
r
th
e
to
ta
l
sy
n
-

th
es
is
o
f
so
la
m
in
.

[1
8
2
]
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ci
s-
S
o
la
m
in

A

[(
1
5
R
,1
6
R
,1
9
S
,2
0
S
,

3
4
S)
-c
is
-s
o
la
m
in
]

T
o
ta
l

sy
n
th
es
is

1
.
O
le
fi
n

cr
o
ss
m
et
at
h
es
is

b
et
w
ee
n
th
e
te
tr
ah
y
-

d
ro
fu
ra
n
m
o
ie
ty

an
d

γ-
la
ct
o
n
e
m
o
ie
ty

2
.
A
n
en
zy
m
at
ic

k
in
et
ic
tr
an
se
st
er
i-

fi
ca
ti
o
n
p
ro
ce
d
u
re

w
as

su
cc
es
sf
u
ll
y

ap
p
li
ed

to
th
e
sy
n
th
e-

si
s
o
f
an

o
p
ti
ca
ll
y
p
u
re

γ-
la
ct
o
n
e
m
o
ie
ty

(�
)-
M
u
ri
ca
ta
ci
n

1
1
S
te
p
s,
9
5
%

N
o
p
ro
te
ct
io
n
/

d
ep
ro
te
ct
io
n
st
ep
s.

[1
8
3
]

ci
s-
S
o
la
m
in

A
,

ci
s-
so
la
m
in

B
,
an
d

re
ti
cu
la
ta
ci
n

T
o
ta
l

sy
n
th
es
is

1
.
O
le
fi
n

cr
o
ss
m
et
at
h
es
is

b
et
w
ee
n
th
e
te
tr
ah
y
-

d
ro
fu
ra
n
m
o
ie
ty

an
d

γ-
la
ct
o
n
e
m
o
ie
ty

2
.
A
n
en
zy
m
at
ic

k
in
et
ic
tr
an
se
st
er
i-

fi
ca
ti
o
n
p
ro
ce
d
u
re

w
as

su
cc
es
sf
u
ll
y

ap
p
li
ed

to
th
e
sy
n
th
e-

si
s
o
f
an

o
p
ti
ca
ll
y
p
u
re

γ-
la
ct
o
n
e
m
o
ie
ty

M
u
ri
ca
ta
ci
n

ci
s-
S
o
la
m
in

A

(1
0
st
ep
s,
9
5
%
)

an
d
ci
s-
so
la
m
in

B

(1
0
st
ep
s,
9
3
%
)

an
d
re
ti
cu
la
ta
ci
n

(9
st
ep
s,
9
1
%
)

1
.
N
o
p
ro
te
ct
io
n
/

d
ep
ro
te
ct
io
n
st
ep
s.

2
.
ci
s-
S
o
la
m
in

A
an
d
ci
s-

so
la
m
in

B
ar
e
o
f
th
e

(1
5
R
,1
6
R
,1
9
S
,2
0
S,
3
4
S
)

an
d
ci
s-
so
la
m
in

o
f

(1
5
S
,1
6
S
,1
9
R
,2
0
R
,3
4
S
)

co
n
fi
g
u
ra
ti
o
n
s.

[1
8
4
]

az
a-
S
o
la
m
in
is
o
m
er
s

C
o
u
p
li
n
g
w
it
h
v
in
y
l

io
d
id
e
se
g
m
en
t
an
d

tr
an
s-
p
y
rr
o
li
d
in
e

se
g
m
en
t

2
,5
-t
ra
ns
-B
is
(m

et
h
o
x
y
ca
rb
o
n
y
l)
p
y
rr
o
li
d
in
e;

et
h
y
l
(S
)-
la
ct
at
e
an
d
u
n
d
ec
y
le
n
ic

ac
id

az
a-
S
o
la
m
in

(9
st
ep
s,
4
0
%
)

1
.
S
o
la
m
in

an
al
o
g
s
ac
ti
v
e

ag
ai
n
st
se
v
er
al

tu
m
o
r
ce
ll

li
n
es

w
er
e
al
so

o
b
se
rv
ed
.

2
.
B
ei
n
g
fi
rs
t
sy
n
th
es
iz
ed

w
it
h
a
fa
ci
le

ro
u
te
.

[1
8
5
]

T
o
n
k
in
ec
in

F
ir
st

sy
n
th
es
is

P
al
la
d
iu
m
-c
at
al
y
ze
d

cr
o
ss
-c
o
u
p
li
n
g

ra
ct
io
n
an
d
S
h
ar
p
le
ss

as
y
m
m
et
ri
c

d
ih
y
d
ro
x
y
la
ti
o
n

D
-G

lu
co
se
;
L
-l
ac
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intermediate and the terminal epoxide to produce (10R)-(43) and (10S)-corossolin
(55) [164]. The comparison of the optical rotation, the 13C NMR spectrum and the

in vitro activity of the synthesized compound with the natural form allowed further

postulation of the absolute configuration of the natural form at C-10 as (R).
Mootoo et al. employed an olefin cross metathesis method with THF and

butenolide alkene to convergently synthesize the C-9 epimers of 4-deoxy-

annoreticuin (45) [165] since both stereoisomers exhibit similar cytotoxicity

against prostate tumor and T-cell leukemia cells. However, the identification of

the unassigned configuration at C-9 was unsuccessful owing to the similar physical

data of the two synthetic products.

Orru et al. reported an asymmetric total synthesis of cis-gigantrionenin (46) by

utilizing a rapid and efficient enzyme-catalyzed epoxide hydrolysis method and an

enzyme-triggered double cyclization method for the construction of the THF ring

and the alkyl chain with a double bond. In addition, the Sonogashira coupling

method was employed to overcome a synthesis problem inherent from the linkage

between the THF fragment and γ-lactone segment [167]. Various other methods

were reported also for synthesizing gigantetrocin A (47), such as the Sharpless

asymmetric dihydroxylation, the Horner-Emmons reaction, Swern oxidation, and

the Wittig reaction [169].

Hanessian et al. used D- and L-glutamic acid as chirons corresponding to two

five-carbon segments, harboring stereogenic centers at C-4 and at C-17 of longicin

(26) using the Grubbs RCM reaction as the “chain elongation” strategy, which

underwent coupling and assembling of the complete aliphatic chain. The butenolide

unit was subjected to an aldol reaction with a macrocylic lactone precursor.

annonacin

corossolin

4-deoxyannoreticuin

4-deoxyannomontacin

cis-gigantrionenin

gigantetrocin A

(+)-longicin

7%7%

26%

4%
4% 7%

7%

7%

4%

4%

4%

4%
4%

4%

4%

4%

longifolicin

mosin B

muricatetrocin C

murisolin

pseudo annonacin A

reticulatain

reticulatain-1

solamin

tonkinecin

Fig. 8 Analysis of linear and epoxy AGEs synthesis from 1998 to 2011
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The synthetic product was identical to the natural product according to the reported

physical constants and spectroscopic data obtained [126].

Marshall et al. designed a bidirectional synthesis strategy with minor modifica-

tions toward longifolicin (48), a C35 mono-THF AGE with a threo/trans/threo
configuration. The group successfully achieved a high yield. The allylic stannanes

used in the experiment demonstrated the potential for converging mono-THF AGEs

efficiently [170].

Tanaka et al. attempted to determine the absolute configuration of mosin B (49).

Despite the 1H and 13C NMR spectroscopic data at hand, Mosher ester methodology

and X-ray analysis were not conclusive [171, 172]. An efficient asymmetric

desymmetrization method of cyclic meso-1,2-diols using C2-symmetric

bis-sulfoxide synthesis has provided two possible candidates for determing the

absolute configuration (see Fig. 9). The THF ring fragment was introduced

stereoselectively by a stereodivergent synthesis starting from 4-cyclohexene-1,2-

diol based on a desymmetrization strategy. The γ-lactone fragment was synthesized

via coupling a triflate and a chiral α-sulfenyl γ-lactone. By plotting the difference

between the chemical shifts of the 13C NMR spectroscopic data of natural mosin B

(49) and both candidate structures, the THF moiety of mosin B (49) was even more

closely matched to the 49a configuration (see Fig. 10) [172].

a
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0.04
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–0.12
1 2 3 4 5 6 8 9 10 1314151617181920 2122 30 31323334 35

(ppm)Δd
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0.04

0

–0.04
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1 2 3 4 5 6 8 9 10 1314151617181920 2122 30 31323334 35

(ppm)Δd

Fig. 10 Differences between the characteristic chemical shifts of the carbon atoms of natural

mosin B (49) and those of each candidate 49a (left) and 49b (right) (75 MHz, CDCl3). The x and y

axes represent the carbon number and Δδ (¼ δa,b�δmosin B)
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Muricatetrocin C (50) exhibited excellent cytotoxic activities against three

human cell lines, including PC-3, PACA-2, and A-549; thus it may be regarded

as a potential antitumor agent. Ley et al. provided a stereoselective strategy with a

linear sequence of 22 steps and achieved a 82% yield. They applied

2,3-butanediacetal (BDA)-protected butane tetrol as a building block for the anti-
1,2-diol units. The use of the anomeric oxygen to carbon rearrangement of alkynyl

stannanes for the stereoselective construction of the 2,5-trans-disubstituted THF

ring component, and finally the implementation of a hetero-Diels-Alder (HDA)

reaction allowed construction of the hydroxy-butenolide terminus [173, 174].

Tanaka et al. provided a procedure for the total synthesis of murisolin (25):

asymmetric alkynylation of α-tetrahydrofuranic aldehyde with a diyne and

Sonogashira coupling method using a γ-lactone segment as key steps [175]. The

approach achieved a good yield and high diastereoselectivity. Based on the inter-

esting stereodivergent differences in biological activity of these compounds, unnat-

ural murisolin with an opposiste configuration from that of the natural ones was

synthesized (25a). Using the COMPARE analysis, a tool to examine a pair of

compounds in terms of their mean graphs, both compounds showed inhibitory

activity against DMS114 lung cancer cells, and indicated that they share the same

mode of action (see Fig. 11).

Hanessian et al. used three natural acids and took a chiron approach for the total

synthesis of the erythro,trans,threo-(15R,16S,19S,20S)-diastereomer of annonacin

A (51a) [176]. The inavailability of this compound made the comparison of the

synthetic sample with the natural product difficult and only referred to the physical

data, specifically the optical rotation (see Fig. 12). However, the undefined config-

uration of positions C-4, C-10, and C-34 of annonacin A (51) still remains a

challenge.

Although Makabe et al. successfully synthesized two diastereomers of

reticulatain-1 (52) using the Mitsunobu inversion method in 2004 (see Fig. 13)

[177], the absolute configuration of natural reticulatain-1 (52) has not yet been

resolved. However, the use of the Mosher ester method showed a clear difference

between the two synthetic products in terms of their 1H NMR chemical shifts. This

demonstrated that if Mosher esters were to be prepared, the absolute configuration of

naturally occuring reticulatain-1 (52) could be determined. Moreover, both synthetic

epimers displayed very similar reactivity to bovine heart mitochondrial complex I.
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Kitahara et al. completed the synthesis of solamin (53) via direct coupling

between a long chain iodide and γ-lactone, which resulted in an excellent yield of

97% from D-glutamic acid in 19 steps [178]. Heck et al. further described a

convergent total synthesis method for solamin (53) in 2004 [182]. The central

THF core was obtained by means of a ring-closing metathesis (RCM) reaction

using a ruthenium imidazolylidene complex. All the stereoisomers of solamin (53)

could be obtained readily by employing this strategy using (E)- or (Z )-allyl alcohol
and (+)- or (�)-DET for the asymmetric epoxidations. Brown et al. synthesized cis-
solamin (27) and its diastereoisomer, 15,16-di-epi-solamin (also named as cis-
solamin B, 27a) with potassium permanganate under phase-transfer conditions

with an excellent yield (94%) (see Fig. 14) [179]. No hydroxy group protection

was required during this approach. The absolute configuration of cis-solamin (27)

based only on the optical rotation data has remained uncertain. Makabe et al.
reported the synthesis of two possible variants of cis-solamin (27) using VO

(acac)2-catalyzed diastereoselective epoxidation followed by cyclization of

bis-homoallylic alcohol, in which the specific rotation ([α]21D +26�cm2/g) of the

product with the (15R,16R,19S,20S) configuration matched with the natural
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Fig. 12 Structures of analogues of annonacin A (51 and 51a)
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cis-solamin (27) ([α]D +22�cm2/g) [180, 181]. Konno et al. developed a synthesis

strategy for cis-solamin (27) via the enzymatic kinetic transesterification method

producing an optically pure γ-lactone moiety and the olefin cross-metathesis reac-

tion constructing two distinct motifs between the tetrahydrofuran moiety and

γ-lactone moiety [183]. This approach also favored the synthesis of solamin-type

AGEs, like the isomer of cis-solamin (27a) and cis-reticulatacin (56) [184]. In

addition, Shen et al. were able to couple vinyl iodide and trans-pyrrolidine
segments to prepare the four possible relative configurations of aza-solamin

(57a–57d), in which the THF core unit is replaced by pyrrolidine [185]. The

stereochemistry proposed was supported by 1H NMR spectroscopic analysis.

Tonkinecin (54) is a mono-THF AGE with an unusual C-5 carbinol center. Wu

et al. reported the first total synthesis of tonkinecin (54) by an efficient and highly

stereoseclective palladium-catalyzed cross-coupling reaction [163, 186]. Four

stereogenic centers were derived from three carbohydrates, D-glucose, L-lactate,

and D-xylose, and two stereogenic centers were produced via Sharpless asymmetric

dihydroxylation. The data of the synthetic product matched with those of natural

product.

5.3 Adjacent Bis-THF Annonaceous Acetogenins

Evolution of synthesis methodology after 1998 has allowed higher yields of adja-

cent bis-THF AGEs (Fig. 15; Table 9).

In 1999, Mootoo et al. reported a two-directional strategy for synthesizing the

bis-THF core of asimicin (8). This method relied on the iodoetherification reaction

for desymmetrization of a C2-symmetric precursor in a relatively easy and inex-

pensive reaction through large-scale preparations [205].

Sinha et al. divided asimicin (8) into two major fragments, the butenolide moiety

and the bis-THF component [187]. Three strategies were employed comprising: the

naked carbon skeleton strategy, the convergent strategy, and the hybrid synthesis

strategy to construct the bis-THF component. The advantages of the naked carbon

skeleton strategy relied on the production of all stereogenic centers via specific
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positioning of the oxygen functions onto the unsaturated, nonfunctionalized carbon

skeleton. The convergent strategy can couple two series of diastereomeric frag-

ments while taking into account their efficiency and versatility. The hybrid

approach involves partially functionalized intermediates integrating the advantages

of the linear and the convergent strategies that further improves synthesis efficiency

and diversity. The butenolide fragment was prepared from deca-1,9-diene via an

eight-step procedure that achieved a good yields. As a result, asimicin (8) was

produced successfully with its spectroscopic data identical to those of the naturally

occurring compound.

Roush et al. reported a double asymmetric [3 + 2]-annulation reaction toward

the synthesis of asimicin (8), which used a bis-THF core with a trans-threo-
trans configuration [188]. The key step with this approach is that the chiral

(E)-γ-(dimethylphenylsilyl)allylborane reagent reacts with aldehydes to afford

chiral, nonracemic anti-β-silyloxy allysilanes with high enantioselectivity. In

order to develop a highly stereoselective synthesis of asimicin (8), the coupling

of a 2,5-trans-tetrahydrofuryl aldehyde with the chiral allysilane was demonstrated

(see Fig. 16). This approach provided the general synthesis of six diastereomeric

bis-THF structures and the derived six diastereomeric desilylated bis-THF struc-

tures were related to the core sub-structure of several bis-THF type of AGEs.

Marshall et al. constructed the bis-THF core of asimicin (8) using a bidirectional

outside-in hydroxy mesylate cascade cyclization pathway from 4-penten-1-ol, and

then a subsequent Grubbs cross-metathesis reaction, which resulted in a good yield

[136]. It is worth noting that almost 100% of the material was recovered from this

study. They further synthesized three terminal hydroxy analogs 58a–58c and a trun-

cated analog 59 of asimicin (8) via the key Grubbs cross-metathesis reaction method

[189]. Cytotoxicity testing of these analogs against HCT-116 human colon cancer cells

revealed that the cytotoxic effect was not attributed to the terminal hydroxy group.
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R1

OH OH

R2
n

16 R1 = CH3(CH2)9, R2 = OH, n = 7
58a R1 = HO(CH2)6, R2 = OH, n = 7
58b R1 = HO(CH2)11, R2 = OH, n = 7
58c R1 = HO(CH2)11, R2 = H, n = 6
59 R1 = CH3(CH2)7, R2 = OH, n = 7

three terminal hydroxy analogs 58a-58c and a truncated analog 59 of asimicin (8)
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OOH

60 (asimilobin)

O

O
O O

OH OHOH
61 (asiminocin)

O

O
O O

OH OH

OH

(10R)

62 (asimin)

O

O
O O

OH OH

(30S)

OH

63 (bullanin)

15a

O

C10H21

SiPh

OTBS

CHO

TBSO

OTBDPS
SiMe2Ph

OTBS
9

16

SnCl4. CH2Cl2, 0 °C
4 Å m.s., 80%

O

O

8 (asimicin)

OTBDPS

TBSO

PhMe2Si

OTBS

PhMe2Si

TBSO

9

8

17
only observed diastereomer

Fig. 16 [3 + 2]-Annulation reactions of chiral allylsilanes and chiral aldehydes to synthesize

asimicin (8) and its analogues
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To investigate the structure of asimilobin (60), a bullatacin-type of AGE, Wang

et al. published a short and convergent route to synthesize (+)- and (�)-asimilobins

via a Wittig reaction [190, 191]. With this approach, the corrected absolute config-

uration of naturally occurring asimilobin (60) was clearly indicated by the optical

rotation. Natural asimilobin (60), with an positive optical rotation value of [α]D
+6.0�cm2/g, compares with (+)-asimilobin ([α]D +6.7�cm2/g), but not (�)-

asimilobin ([α]D �11.4�cm2/g) (see Fig. 17).

Marshall et al. developed a modular synthesis for initial synthetsis targets, such

as asiminocin (61), asimin (62), asimicin (8), and bullanin (63) [210]. This modular

synthesis focused on the effects of two pairs of allylic stannanes from parts of these

AGEs, namely, their aliphatic termini and the spacer groups. The two parts were

attached to the hydrofuran core precursor via allylation and cyclization methods to

give bis-THF rings. Then, a Sonogashira coupling method was used to connect the

butenolide termini to the bis-THF rings to result in a completed synthesis target

of AGEs.

Marshall et al. also reported a study on the total synthesis of asimin (62) using an

enantioenriched γ-OMOM allylic indium reagent, a dialkyl zinc reagent and aldol

condensation, in which 12 chiral centers were constructed precisely via 17 steps

along with a good overall yield [192]. Interestingly, the spectroscopic data of

synthetic (10R)-hydroxyasimin are similiar to those of natural asimin (62) (see

Fig. 18). In addition, Marshall et al. described a convenient route to synthesize

(30S)-bullanin (63). Its optical rotation of [α]D +24�cm2/g is in close agreement

with the natural product, [α]D +28�cm2/g. With this approach, a Sharpless asym-

metric dihydroxylation and SE2
0 additions of oxygenated nonracemic allylic

OOH

O

asimiobin, [ ] +6.0°cm2g-1

HO O O

(a) naturally occurring asimilobin (60)

(b) synthetic asimilobins

OOH

O

(+)-asimilobin, [ ]D24

D
20

D
20

+6.7°cm2g-1

HO O O

OOH

O

(–)-asimilobin, [ ] –11.4°cm2g-1

HO O O

a

a

a

Fig. 17 Structure of asimilobin (60)
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stannane and indium reagents to γ-oxygenated aldehydes were employed via a

25-step procedure to construct the stereocenters of the THF segment

[194]. According to the literature, this approach resulted in a 100% yield of the

synthetic sample [194].

Roush et al. completed the total synthesis of bullatacin (7) through sequential

chelate-controlled [3 + 2]-annulation reactions. The highly enantiomerically

enriched allylsilane and racemic aldehyde played a central role in the kinetic

resolution obtained [195].

Ley et al. proposed a template approach to the synthesis of 10-hydroxyasimicin

(30). The bis-THF fragment was prepared via a ring closing metathesis (RCM)

reaction from the material, (S,S)-dimethyltartrate, which was found easy to

desymmetrize for further chain extension [133]. The butenolide unit was prepared

from butane-1,4-diol under a HDA reaction with a good yield. Then, selective

hydrogenation and deprotection produced the target product.

Marshall et al. expedited a previously described four-component modular

synthesis on the C-4,C-30-dihydroxylated and C-5-hydroxylated bis-THF units

of AGEs [196]. In this work, AGEs such as (30S)-hydroxybullatacin (64),

uvarigrandin A (65), and (5R)-uvarigrandin A (66) were successfully synthesized

to confirm their structures. The main features of this method were the addition of

chiral α-oxygenated allylic stannane and indium reagents to the acylic core alde-

hyde precursor, followed by a THF ring closing reaction and Sonogashira coupling

attaching the butenolide subunit. Among the products the synthesized (30S)-
hydroxybullatacin (64) and uvarigrandin A (65) had physical properties identical

to the literature values of the natural compounds [211, 212]. However, the data of

synthesized (5R)-uvarigrandin A (66) were not identical to those of the naturally

occurring narumicin I (67) as evidenced by the Mosher ester method [31].

A convergent and highly stereoseclective route for the synthesis of

10-hydroxytrilobacin (68) and its three diastereomers was published by Roush

et al. (see Fig. 18) [197]. In this work, a [3 + 2]-annulation reaction with simple

modification from the same precursors was demonstrated as a potential method for

the syntheses of these AGEs.

O
OH

OOH

O

15

(19R,20S): 10-hydroxytrilobacin (68)
(19S,20S): 4,10-dihydroxysquamocin N
(19R,20R): 10-hydroxyasimicin
(19S,20R): an unnatural acetogenin

4O
OH

n-C10H21
1920

OH

10

Fig. 18 Structures of stereoisomers of 10-hydroxytrilobacin (68)
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O

O
O O

OH OH

5

OH
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O

O
O O

OH OH

5

OH

66 ((5R)-uvarigrandin A)

O

O
O O

OH OH OH

67 ((5Ror S,24R)-narumicin I)

O O
OH

O

O

OH

OH

69 (longimicin C)

O

O
O O

OH OH

OH
OH

70 (asimitrin)

Yao et al. reported for the first time the total synthesis of longimicin C (69) in

2005 [198]. The C2-symmetrical bis-THF segment of 69 was prepared via a

Sharpless dihydroxylation procedure and intramolecular Williamson etherification

for the incorporation of the stereocenters. An iterative acetylene–epoxide coupling

strategy was used subsequently to assemble all fragments allowing the elaboration

of the target compound.

Brown et al. completed the synthesis of membranacin (31) using metal-oxo- and

metal-peroxy-mediated oxidative cyclizations as the key steps in a 17-step proce-

dure. They achieved a good overall yield. The required starting material, triene, was

prepared prior to the introduction of the (2S)-2,10-camphorsultam auxiliary [199].
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Mucoxin (33) was obtained as the first AGE with a hydroxy group substituted on

the bis-THF rings [139]. In 2006, Borhan et al. studied the synthesis of the proposed
mucoxin (33) structure using a neighboring-group-directed regioselective cycliza-

tion approach, in which a methylene-interrupted epoxydiol and the one-pot

1,2,-n-triol cyclization were employed for constructing this AGE [140]. When

the synthetic product was compared to the naturally occurring compound by
1H NMR spectroscopy, differences (>0.1 ppm) in the chemical shifts of the

bis-THF (C-8–C-17) region of the molecule were evident. To confirm the exact

configuration of mucoxin (33), exciton coupled circular dichroism (ECCD) spec-

troscopy, and a 1D-NOESY NMR measurement were employed to reveal that the

stereochemical discrepancies are due to a stereochemical misassignment of the

natural mucoxin (33) (see Fig. 19). Mohapatra et al. synthesized asimitrin (70)

using the commercially available carbohydrate, 1,2:5,6-di-O-isopropylidene-α-D-
glucofuranose, as the starting material. This was further elaborated with respect

to the adjacent trans-bis-THF subunit via stereoselective intramolecular

oxymercuration and chelation-controlled Grignard reactions [193]. The strategy

was based on a retrosynthesis reaction, in which the butenolide moiety was coupled

with the bis-THF fragment.

Mootoo et al. reported the synthesis of the bis-THF core of rolliniastatin (28) from

pyranoside precursors (see Fig. 20) [200]. The C-6 allylated 2,3-dideoxypyranoside

precursors were prepared via Ferrier reaction of tri-O-acetyl-D-glucal and t-butanol or

mucoxin (synthetic)

OO

OH

HO OH
OO

15
(R)

(S)(S)(S)(S)(S)

mucoxin (proposed structure)

OO

OH

HO OH
OO

15

threo

trans trans

cis

Fig. 19 Structures of synthetic mucoxin and proposed mucoxin (33)

O
R

O

28 ((+)-rolliniastatin, R = OH)
31 ((+)-membranacin, R = H)

HO O O
OH

Fig. 20 Structures of AGEs with the bis-THF core as that of rolliniastatin (28)
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trifluoroethanol. Iodoetherification reaction of the precursors was employed further

to obtain a highly functionalized and selective cis-2,5-disubstituted THF, allowing a
68% yield of rolliniastatin (28) to be obtained.

Lee et al. synthesized under stereocontrol rolliniastatin (28), rollimembrin (29),

and membranacin (31) [130]. A radical cyclization of β-alkoxyvinyl sulfoxide-
Pummerer rearrangement-allylation methodology was developed to demonstrate

the synthesis of the compound with a threo,cis,threo,cis,erythro-bis-oxolane moiety

flanked by dihydroxy groups. The two major segments were then coupled by

allylation-olefin cross metathesis. This approach enables an efficient and selective

production of the bis-THF type of AGEs.

5.4 Non-adjacent Bis-THF Annonaceous Acetogenins

Methods of chemical synthesis for non-adjacent bis-THF structures are not yet well

developed (Table 10). Since 1998, six naturally occurring structures have been

investigated by total synthesis in detail, including bullatanocin (squamostatin C)

(71), (+)-4-deoxygigantecin (72), (+)-14-deoxy-9-oxygigantecin (73), (+)-

gigantecin (74), squamostatin-D (75), and (+)-sylvaticin (76) (see Fig. 21).

Bullatanocin (squamostatin C) (71) is a typical example of a non-adjacent

2,5-trans-disubstituted THF. Mootoo et al. described a preparation of the bis-THF

element of this AGE using the construction of THF-allylic alcohol moieties (see

Fig. 22), which underwent iodoetherification of two 1,2-O-isopropylidene-5-alkene
precursors that emerged from two relatively simple mono-THF structures

[213, 214]. This approach showed enantiodivergence and resulted in a good yield.

The potent antitumor agent AGE, (+)-gigantecin (74), has remained a big

challenge to investigators because of the unclear configuration of the THF moieties

(see Fig. 23). Crimmins et al. chose an enantioselective methodology utilizing a

modified asymmetric aldol reaction with chlorotitanium enolates of oxazolidinone

glycolates to synthesize three key subunits of this molecule, namely, the butenolide,

the C-9–C-16 fragment, and the C-17–C-34 fragment. These were synthesized

individually using different starting materials (see Fig. 24a) [216]. The fragments

were assembled to give (+)-gigantecin (74) as the final product achieving a 71%

yield. Furthermore, Hoye et al. reported a more convenient one-pot reaction to

synthesize gigantecin (74) by coupling three component olefin metatheses via a

13-step protocol, resulting in an 87% yield (see Fig. 24b) [144]. This method was

also employed reversely to construct 14-deoxy-9-oxygigantecin (73), a constitu-

tional isomer of gigantecin (74).

(+)-4-Deoxygigantecin (72) possesses a similar structure to gigantecin (74) (see

Fig. 23). Makabe et al. used a convergent route to determine the absolute config-

uration of (+)-4-deoxygigantecin (72) (see Fig. 24c) [215], in which the synthesis of

(+)-4-deoxygigantecin (72) from (�)-muricatacin (22) and (�)-(S)-ethyl lactate
had been reported previously [220]. The optical rotation value of the synthetic
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Fig. 23 Structures of gigantecin (74), 14-deoxy-9-oxygigantecin (73), and 4-deoxygigantecin
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Fig. 22 Synthesis of the non-adjacent bis-THF core of bullatanocin (71) using THF-allylic

alcohol moieties
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compound ([α]23D +16.0�cm2/g) matched with that of the natural product ([α]D
+15.5�cm2/g).

Marshall et al. proposed a synthesis strategy for squamostatin D (75) by

constructing chiral centers incorporating several groups and steps. The stategy

included a C-36 methyl group from (S)-lactic acid, a γ-alkoxy allylic stannane

(C-23/C-24) by a BF3-promoted addition, a Sharpless asymmetric dihydroxylation

(C-19/C-20), a γ-alkoxy allylic indium chloride (C-15/C-16) addition, and an

addition of an organozinc reagent catalyzed by a chiral titanium triflic amide

(C-12) (see Fig. 25) [217].
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+
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O COOH

OH

C-17—C-34 fragment butenolide fragment

c

Fig. 24 Synthesis strategies of (a) (+)-gigantecin (74) byCrimmins and She [216], (b) (+)-14-deoxy-

9-oxygigantecin (74) by Hoye et al. [144], and (c) (+)-4-deoxygigantecin (73) byMakabe et al. [215]
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Both cis-sylvaticin (34) and sylvaticin (76) (Fig. 26) show potent antitumor

activity containing the non-adjacent THF rings. Sylvaticin (76) bears one cis- and
one trans-THF ring, while cis-sylvaticin (34) possesses two cis-THF moieties.

Donohoe et al. used an oxidative cyclization strategy and a cross-metathesis

reaction as efficient and concise routes for the synthesis of these AGEs

[218]. The starting material, (E,E)-tetradecatetraene, was utilized to protect the

tetraol group for constructing the two THF rings with >95% stereoselectivity. In

addition, the trans-THF ring of sylvaticin (76) was prepared via a one-pot hydride

shift/intramolecular oxo-carbenium ion reduction methodology using cis-THF as

O
C10H21

O
O

O

OH

OH
81215

16

1920

23

24
OH

75 (squamostatin D)

chiral allylic stannane
SE2' homoaldol

asymmetric
dihydroxylation

chiral allylic indium
SE2' homoaldol

chiral allylic indium
SE2' homoaldol

(S)-lactate

Fig. 25 Retrosynthesis analysis of squamostatin D (75)
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Fig. 26 Structures of sylvacticin (76) and its epimers
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precursor [221]. This work provides a shortcut for producing both natural products,

in which cis-sylvaticin (34) was synthesized in only 13 steps with a commercially

available diene product while 19 steps were needed for sylvaticin (76). The optical

rotation values and NMR data of the synthesized products and their Mosher esters

were similar to those reported in literature [141], which confirmed the configura-

tions of these two compounds. In addition, the C-4,C-36 bis-epimers of cis-
sylvaticin (34) and sylvaticin (76) showed a poor consistency of their optical

rotation values with those in the literature.

O O
O

O

OH

OHOHOH

76 (sylvaticin) 

5.5 Other AGEs

Except for the above mentioned type AGEs, we summarize procedures for the

synthesis of five classes of other AGEs, like the adjacent THF–THP, nonadjacent

THF–THP, THP, tri-THF, and bis-lactone types of AGEs, performed during 1998–

2011. In the subgroups, synthesis of the THF–THP type AGEs have been reported

the most (see Fig. 27). Related studies for other AGEs are listed in Table 11.

jimenezin

montanacin D

mucocin

muconin

pyragonicin

3%

26%

8%6%9%3%

6%

11%

8%
20%

pyranicin

goniocin

cyclogoniodenin T

rollicosin

squamostolide

Fig. 27 Analysis of other AGEs syntheses from 1998 to 2011
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5.5.1 Adjacent Type THF–THP AGEs

Takahashi et al. successfully conducted the first total synthesis of jimenezin (36)

and its 19-epimer (36a) through a convergent route by Pd-catalyzed cross-coupling

reaction of a THP–THF segment and a vinyl iodide butenolide, of which both were

synthesized from carbohydrates, L-rhamnose and D-galactose [222, 223]. However,

the physical data of H-19α of jimenezin (36a) were different from the natural

jimenezin (36) so that the latter compound was corrected with a H-19β configura-

tion. To resolve the stereochemistry of the THP moiety of jimenezin (36), Bandur

et al. synthesized (�)-jimenezin via a stereocontrolled process, such as the intra-

molecular allylboration for building the THP ring and an intramolecular

Williamson reaction for closing the THF ring [146]. The synthesized product,

(�)-jimenezin, was found to be identical with respect to its spectroscopic data

with the naturally occurring jimenezin (36) (Fig. 28).

Another example is muconin (77) due to its broad bioactivities and unique

structure. Schaus et al. synthesized 77 by an advanced methodology from chiral

building blocks. It was attempted to synthesize the THF–THP fragment using the

hydrolytic kinetic resolution (HKR) of tetradecene oxide and to synthesize the

butenolide segment via HKR of racemic epoxide [224]. Yang and Kitahara

et al. succeeded in the total synthesis of 77 via a convergent route, in which two

key building blocks I and II were derived from D-glutamic acid (see Fig. 29)

[225, 226]. Also, Takahashi et al. proposed a new synthetic strategy of 77 via a

successive ether-ring formation reaction under acidic and basic conditions or a
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Fig. 28 Jimenezin (36) and its 19-Hα isomer and retrosynthesis analysis of jimenezin (36)
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one-pot double cyclization utilizing the TBAF reagent and diasteroselective reduc-

tion of acyclic ketones with Zn(BH4)2 [227, 228]. Yoshimitsu et al. designed a

synthesis strategy for 77 from (�)-muricatacin (22), in which the novel α-C-H
hydroxyalkylation and α0-C-H oxidation of tetrahydrofuran were developed and

achieved as key processes [229].

Cris�ostomo et al. reported the synthesis of muconin (77) based on Sonogashira

coupling between a terminal alkyne with the THF–THP fragment and iodine in the

γ-lactone fragment [230]. The precursor of the THF–THP fragment was synthe-

sized from 5-hexen-1-ol as the starting material, and the stereroselective exo-
cyclization of the THF ring was mediated by means of the Katsuki-Sharpless

asymmetric epoxidation and Sharpless asymmetric dihydroxylation. The unique

characteristic of the method was established based on the consecutive

enantioselective reaction to ensure the high enantiomeric purity of the products.

5.5.2 Non-adjacent THF–THP Type

In 1999Wang et al. published the first non-adjacent THF–THP AGE, montanacin D

(78), but the absolute configuration of the THP ring of the naturally occuring AGE

was undefined. Takahashi et al. reported the total synthesis of montanacin D (78)
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Fig. 29 Retrosynthesis analysis of muconin (77)
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and its (4S,8R) isomer for the first time (Fig. 30) [231]. They designed a cross-

metathesis strategy for the synthesis of an α,β-unsaturated ketone bearing a THP

lactone unit with a THF derivative (Fig. 31). Thus, the synthesized product

suggested that the naturally occurring montanacin D (78) should be assigned

from its spectroscopic data to be of the (4R,8S) configuration (Fig. 30).

Neogi et al. demonstrated the total synthesis of mucocin (37) from cyclodode-

catriene and verified the proposed structure [232]. Through the “naked” carbon

O O
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OH OH O

O
48
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skeleton strategy, the seven stereocenters on the center fragment were prepared

from double AE and double AD reactions. The THF and THP ring were closed and

produced in one step as the key feature. In the continued conformational studies of

mucocin (37), Takahashi and Nakata et al. proposed a series of synthesis method-

ologies for mucocin (37) [233–236]. Takahachi et al. synthesized mucocin (37) by

using carbohydrates as the key starting point, in which the THP and THF moieties

were synthesized from β-selective C-glycosidation and a chelation-controlled addi-
tion of an ethynyl group, respectively, and the γ-lactone was prepared via radical

cyclization from commercial rhamnose.

Baurle et al. synthesized mucocin (37) by the addition of a THP organometallic

compound to a THF aldehyde by an appropriate metalloorganic coupling reaction

[237]. Four years later, Evans et al. synthesized 37 by means of a temporary silicon-

tethered ring-closing metathesis homo-coupling reaction and an enantioselective

alkyne/aldehyde addition [239]. Zhu andMootoo et al. developed amodular synthesis

of 37 by olefinic coupling reaction [240]. The crossmetathesis reaction on the terminal

alkene moiety of THP and THF segments was employed to assemble the non-

adjacently-linked five and six membered rings. Then, the nonadjacent THP and

THF rings and the butenolide unit were connected by Julia–Kocienski olefination,

which was similar to the Wittig-reduction method for bullantanocin synthesis

(Fig. 32). The synthesized product showed the identical spectroscopic data with

natural mucocin (37).

5.5.3 THP Type

Strand and Rein et al. synthesized pyragonicin (39) by stereoselective coupling and

hydrogenation of the key asymmetric Horner-Wadsworth-Emmons (HWE)

approach (Fig. 33) to confirm the proposed structure and for further bioactivity
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studies [150]. The major characteristic of the coupling reaction was to use an

adjacent unprotected hydroxy group and a base-sensitive butenolide moiety to

undergo Carreira’s asymmetric acetylide addition, which generally can be used

for a fragment with a 1,4-diol subunit. The spectroscopic data of synthesized

product were the same as for the proposed pyragonicin (39).

In 2006, Takahashi et al. synthesized pyragonicin (39) via an olefin cross-

metathesis between THP fragment and terminal γ-lactone unit in the presence of

a Grubbs second-generation catalyst (Fig. 34) [241]. The THP fragment was

obtained from asymmetric dihydroxylation and 6-exo-cyclization, and the γ-lactone
unit was prepared by an alkylation of γ-lactone with iodide. A twofold yield

increase in comparison with that of the previous study was obtained [150].

Pyranicin (38) is the first AGEwith a THP moiety and an axial hydroxy group on
the THP ring. Takahashi et al. showed the first total synthesis of 38 in a

stereocontrolled manner [242]. A retrosynthesis analysis suggested 38 may be

synthesized by a Wittig reaction of the phosphonium salt of a 16,20-syn-19,20-
cis-THP ring, which could be cyclized via a SmI2-induced reduction of a

β-alkoxyacrylate derivative, and an aldehyde of the lactone unit. Strand and Rein

et al. synthesized 38 from cyclohexadiene with an overall yield of 6.3% [149] by

a similar principle to one Takahashi et al. proposed [150]. Strand and co-workers
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further summarized the divergence en route to pyragonicin (39) and pyranicin (38)

in detail [243]. Soon afterwards, Griggs and Phillips proposed a convenient 13-step

and efficient synthesis of pyranicin (38) (Fig. 35), in which the pyran subunit was

prepared by an Achmatowicz oxidation-Kishi reduction and the other two subunits

were made by Fu’s alkyl-alkyl Suzuki coupling reaction and Carreira alkynylation

to give the desired compound [244]. The physical data of the synthesized com-

pound were in excellent agreement with those of naturally occurring pyranicin (38).
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5.5.4 Tri-THF Type

Goniocin (79) and cyclogoniodenin T (80) are a new subgroup of the AGEs that

possesses three adjacent THF rings. Initially, Sinha et al. planned to synthesize

goniocin (79) using rhenium oxide in tandem oxidative polycyclizations [245, 246].

A mixture of trifluoroacetylperrhenate and trifluoroacetic anhydride (TFAA) was

proven to increase the efficiency of triple-oxidative cyclizations (Fig. 36). How-

ever, they obtained 17,18-bis-epi-goniocin (79a) rather than 79. Later on, Sinha

et al. proposed an asymmetric total synthesis of goniocin (79) and cyclogoniodenin

T (80) from a trienol and its ent-form via a tandem epoxide opening cascade of

Sharpless asymmetric dihydroxylation (AD) and epoxidation (AE) reaction as well

as Williamson etherification [247]. Both synthetic materials were found to be
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Fig. 36 Sinha’s strategy to

synthesize the stereoisomer

79a of goniocin (79)
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identical with the naturally occurring compounds 79 and 80, thereby confirming the

proposed absolute configurations. The only disadvantage of this work was the low

yield obtained.

5.5.5 Bis-lactone Type

Rollicosin (23) and squamostolide (24) are of the characteristic subclass of AGEs

that are composed of two terminal γ-lactone rings linked to an alkyl chain. They can
be regarded as derivatives of classical THF-containing AGEs stemming from the

oxidative cleavage in biosynthesis. Quinn et al. synthesized rollicosin (23) using the

tandem ring-closing/crossmetathesis (RCM/CM) strategy [152], in which the allyl

butenolide segment was obtained by a site-selective initiation of the catalyst as the

key step. Sequentially, the C-4 stereocenter of 23 was introduced by an AD-mix-β
reaction. Coupling the triflate with the enolate, oxidation, and deprotection, 23 was

obtained in 9% yield over 12 steps from the C2-symmetric dienediol. To obtain 23,

Makabe et al. reported a synthesis of 23 and its (4R,15S,16S,21S)-configured isomer

(Fig. 37) [248]. The retrosynthesis analysis indicated that rollicosin (23) could be

dissected into two building blocks, a hydroxy lactone with a terminal alkyne

fragment and an iodine substituted α,β-unsaturated lactone. Both building blocks

could be prepared from the corresponding primary alcohols. By palladium-

catalyzed coupling of the two building blocks the target products were obtained.

The 1H and 13C NMR spectra of the (4R,15R,16R,21S) product showed good

agreement with those of the naturally occurring rollicosin (23). Interestingly, both

synthetic compounds displayed the same activity (IC50¼ 0.6 μM) with the bovine

heart mitochondrial complex I. The same approach was also applied to the

rollicosin analogue, squamostolide (24), resulting in a good yield [153]. In addition,
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HO

Fig. 37 Retrosynthesis of

rollicosin (23) [91, 152]
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Wu and Quinn et al. proposed a total synthesis of 24 [219]. Quinn et al. synthesized

24 from D-mannitol as the starting material over nine steps, in which the catalyst

(LnRu¼) plays an important role in the inherent selectivity of the five-membered

ring formation, which is the key step for the highly selective tandem ring-closing/

cross metathesis reaction used (Fig. 38).

6 Biological Activity and Mechanism of Action

of Annonaceous Acetogenins

In this section, the biological function and mechanism of action of AGEs are both

discussed in addition to the clarification of the linkage between the mitochondrial

respiratory chain and cellular apoptosis [249]. Apoptosis, also known as

programmed cell death, is a normal physiological process that selectively and

desirably destroys cells and tissues without triggering any inflammatory response,

as opposed to necrotic cell death. Instead of focusing on the well-established

inhibition of bullatacin (7) on mitochondrial complex I, this compound was found

capable of inducing apoptotic cell death. This is based on the morphological

changes observed with bullatacin (7)-treated Hep 2.2.15 cells, as determined by

double staining using fluorescein-isothiocyanate (FITC)-labeled annexin V and

propidium iodide (PI) [250]. These findings have opened a new means of exploring

the mechanism of action of AGEs on apoptosis.

Although AGEs have exhibited diverse biological activities, including

antibacterial [251], insecticidal [252], cytotoxic [1], and immunosuppressive

effects [253], investigators have developed a particular interest on their potential

anticancer effects and on the underlying mechanisms of activity. However, both the
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squamostolide (24)
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cytotoxic and pesticidal activities are related to ATP generation and NADH-

oxidation in the mitochondria. Therefore, several studies have focused on the

interaction of AGEs with mitochondrial complex I.

6.1 Pesticidal Activities

Annonaceous plants have potential use as pesticides, and McLaughlin et al. were

the first group to report this application. They determined the pesticidal potencies of

extracts from the paw paw tree (Asimina triloba) by the brine shrimp lethality test

(Artemia salina L. larvae). Also, similar pesticidal activities were found against the

striped cucumber beetle (Acalymma vittatum F.), the Mexican bean beetle

(Epilachna varivestis Mulsant), mosquito larvae (Aedes aegypti L.), blowfly larvae
(Calliphora vicina Meigen), the melon aphid (Aphis gossyphii Glover), the two-

spotted-spider mite (Tetranychus urticae Koch) and the free-living nematode

(Caenorhabditis elegans Maupas). During preliminary screening work, asimicin

(8) was isolated and its pesticidal action was evaluated [135]. Utilizing a

bioactivity-guided isolation and fractionation method, bullatacin (7) was purified

and its pesticidal effects were observed at a fairly low concentration (1 ppm),

whereas bullatacinone (81) lacked any discernible pesticidal activity at the concen-

trations tested [254]. McLaughlin et al. conducted a controlled study to investigate

the pesticidal potencies of extracts from various parts of plant of the paw paw tree

(Asimina triloba) using the brine shrimp test [255].

McLaughlin et al. further evaluated the pesticidal properties of 44 AGEs using a
yellow fever mosquito larvae (YFM) assay [256]. The results clearly demonstrated

that many AGEs possess pesticidal properties. In addition, the results focused on

adjacent bis-THF AGEs with three hydroxy groups. For example, bullatacin (7) and

trilobin (82) were the most potent AGEs in this aspect. They further used AGEs of

the mono-THF, adjacent bis-THF, and nonadjacent bis-THF types as insecticidal

baits for testing the potent toxicity of these compounds against insecticide-

susceptible and -resistant German cockroaches. The resultant pesticidal activities

were compared with conventional synthetic insecticides [257]. Ohsawa et al. eval-
uated the insecticidal activities of AGEs from the seeds of the pond apple, A. glabra
with a micro-sprayer on the cabbage leaf or with a filter paper [258]. Guadano et al.
also found that annonacin (42) showed antifeedant effects on L. decemlineata,
whereas squamocin was toxic to L. decemlineata andM. persicae. They also proved
that both AGEs were not mutagenic but indeed toxic to the insects in the absence of

a metabolic energy-activating system [259].
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OH OH
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Londershausen et al. also determined how extracts of the ground seeds of

A. squamosa revealed interesting insecticidal properties, in which AGEs were deter-

mined to be the active components through an activity-monitored fractionation

procedure. The measurement of ATP-levels (at the LT50 value) in Plutella xylostella
under treatment with squamocin (6) and antimycin A were 1.45 and 1.35 μmol/g

weight [4]. Further studies demonstrated that squamocin (6) showed an inhibitory

effect on NADH-cytochrome c-reductase and complex I of insect mitochondria with

IC50 values of 4–8 μmol/g protein and 0.8 μM, respectively. Similar results were

observed for the inhibition of squamocin (6) on complex I in bovine heart muscle

(IC50 <0.1 μM) or Neurospora crassa cells (IC50: 0.3 μM). However, no effects on

other coupling sites of mitochondrial complexes were observed [4]. These experi-

mental results were established by Lewis et al. in 1993 [260]. Friedrich et al. and
McLaughlin et al. simultaneously reported that the insecticidal action is attributed to

the inhibition of AGEs on mitochondria complex I [261, 262]. Friedrich et al. found

the inhibition of mitochondrial and bacterial NADH:ubiquinone oxidoreductase

(complex I) by AGEs did not rely on pure competition [261]. They demonstrated

how AGEs also affect the electron-transfer step from the high-potential iron-sulphur

cluster to ubiquinone by directly acting on the ubiquinone-catalytic site of complex

I [261].

Recently, a Brazilian group has found that two AGEs, annonacinone (83) and

corossolone (84) from A. muricata, showed IC50 values ranging from 25.9 to 37.6 μg/
cm3 against the promastigote form of Leishmania chagasi, whereas the IC50 values

ranged from 13.5 to 28.7 μg/cm3 against the amastigote form of this protozoan [263].
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6.2 Cytotoxic, Cancer-Related, and Ionophore Activities
(Anticancer Activity)

Jolad et al. first reported the significant in vivo cytotoxic activity of uvaricin (1)

using the murine P-388 lymphocytic leukemic test system [1]. In 1993, McLaughlin

et al. reported the usage of normal mice bearing L1210 murine leukemia and

athymic mice bearing A2780 conventional ovarian cancer xenografts as models

to study the cytotoxic action of bullatacin (7) and its analogues. These compounds

also demonstrated potential insecticidal activity in insect-derived Sf9 cells. It was
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postulated that the toxicity of AGEs in both cases is due to the strong inhibitory

effect on the mitochondrial electron transport with specific action at complex I

[264]. Degli Esposti et al. first used mammalian mitochondria to study the action of

AGEs on NADH:ubiquinone reductase (complex I). They reported that bullatacin

(7) inhibited the proton pumping function of complex I with similar efficiency

under steady-state and non-steady-state conditions, while comparing to the action

of rotenone and piericidin [265]. Their ability to inhibit mitochondrial complex I,

the main gate for cellular energy production, has helped promote AGEs as candi-

dates for the development of a new class of antitumor drugs with a different

mechanism of action than conventional cancer chemotherapeutic agents.

Besides blocking NADH:ubiquinone oxidoreductase (complex I) in the electron

transport system, AGEs are also considered as powerful inhibitors of NADH

oxidases peculiar to the plasma membranes of cancer cells. Both mechanisms of

action led to the inhibition of ATP production and may also be accountable for the

observation on the effectiveness of AGEs killing multiple-drug resistant (MDR)

tumors than their non-resistant counterparts. This effect was due to the requirement

of ATP for the MDR pumps on cell membranes. In addition, Oberlies et al.
observed that AGEs can inhibit selectively cell growth in in vitro cell inhibition

assays against three murine (P388, PO3, and M17/Adr) and two human (H8 and

H125) cancer cell lines [266]. Interestingly, the work of McLaughlin et al. showed
that certain members of this class of natural products exhibit inhibitory activity

against some drug-resistant cancers. Currently, MDR cancers are hard to cure due

to the mechanism developed by the cancer cells in overcoming the anticancer

agents being administered therapeutically. Owing to the biochemical differences

between MDR and parental cancer cells, the ATP-dependent P-glycoprotein medi-

ated pumps (P-gp) found in MDR cancer cells require a higher demand for ATP.

Also, Oberlies et al. tested the effect of bullatacin (7) on two cell lines, MDR human

mammary adenocarcinoma (MCF-7/Adr) cells and parental, non-resistant wild-

type (MCF-7/wt) cells [267]. Thus, ATP depletion could be another mode of action

that offers an advantage for AGEs to be developed into novel chemotherapeutic

agents for MDR tumors.

McLaughlin et al. also proposed a model for explaining the action of AGEs

[268]. They suspected that the lactone ring alone could directly interact with the

binding to complex I, while the THF rings with flanking OH groups function as

hydrophilic anchors at the membrane surface that allow lateral diffusion (or random

distribution) of the lactone ring in the interior membrane. To verify this model,

Kuwabara et al. synthesized a series of analogues with two terminal γ-lactone rings
[269]. However, the bioassay results showed that these analogues did not have the

same degree of effectiveness as the AGEs. For the AGEs abundant in plants from

Taiwan, our group has collaborated with biochemists and pharmacologists coun-

trywide to clarify their mechanism of actions. Yuan et al. found that annonacin (42)
could arrest T24 bladder cancer cells at the G1 phase and cause cytotoxicity in a

Bax- and caspase-3-related pathway [270]. In addition, squamocin (6) was also

observed to arrest the same cancer cells at the G1 phase and resulted in a selective

cytotoxicity in S-phase-enriched T24 cells via the same pathway of cleaving the
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functional protein of PARP thus inducing cellular apoptosis [271]. Squamocin (6)

was also found to inhibit the proliferation of K562 cells via G2/M arrest in

association with the induction of p21 and p27 and the reduction of Cdk1 and

Cdc25C kinase activities [271].

6.3 Neurotoxic Activities

In 1999, Caparros-Lefebvre et al. found an unexpectedly high percentage of

atypical parkinsonism in Guadeloupe, French West Indies, by a 1-year epidemio-

logical study from August 1995 to August 1996. The study reported that progres-

sive supranuclear palsy (PSP) and atypical parkinsonism were apparent in those

patients who had drunk herbal tea or eaten the fruits from annonaceous plants

(custard apple or paw paw family) in Guadeloupe [272]. Originally, a relationship

was speculated between dietary neurotoxins from the tropical herbal teas and fruits

of Annona muricata, A. squamosa, and A. reticulata and atypical parkinsonism of

patients as being due to chronic poisoning by benzyl-tetrahydro-isoquinolines

thought to be potent dopaminergic neurotoxins [272–274]. In addition, in 2002,

Lannuzel et al. found that both a crude extract and pure compounds, such as the

alkaloids, coreximine, and reticuline, from A. muricata root bark could affect

physiological functions and the survival of mesencephalic dopaminergic neurons.

This finding matched closely with Caparros-Lefebvre’s hypothesis [275]. On the

other hand, the major AGE, annonacin (42), in A. muricata, a potent inhibitor of

mitochondrial respiratory chain at the level of complex I was investigated for

potential neurotoxic activity in vitro. Annonacin (42) was highly toxic to the

dopaminergic and other mesencephalic neurons, and 42-treated neurons, by impair-

ment of energy production [276]. Subsequently, in 2004, Champy et al. found that

neurodegeneration in the rat brain was induced under a chronic systemic exposure

of annonacin (42) intravenously for 28 days [277]. The aforementioned in vitro and

in vivo studies provided evidence that neurotoxicity between the consumption of

annonaceous products and the occurrence of atypical Parkinson’s disease. Simi-

larly, atypical Parkinson’s disease also occurred in people who consumed tradi-

tionally annonaceous fruits in Guam and New Caledonia [278]. Moreover, a

temperate annonaceous plant in Eastern United States named paw paw fruit

(A. triloba) also contains a high percentage of annonacin (42). Its ethyl acetate

extract possesses about 10% annonacin (42), which induced 50% death of cortical

neurons in an in vitro experiment [279]. Did this side effect come from the alkaloids

and/or acetogenins of annonaceous plants? If true, is the edible pulp of various ripe

annonaceous fruits suitable for dietary food? The edible pulp of these plants are

important and delicious fruit resources of many countries in the world. Meanwhile,

the seeds of these plants are well-known for their toxicity and abundance of

acetogenins. The content of annonaceous acetogenins and dopaminergic alkaloids

in the pulp of the fruits should be investigated in future studies to clarify their

potential for chronic neurotoxicity. As of now, no reports on the chemical compo-

sition of the edible pulp of annonaceous fruits are available.
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6.4 Other Activities

6.4.1 Anti-inflammatory Effects

In a search for phytochemicals with anti-inflammatory activity, 15 representative

AGEs were evaluated for their COX-2 inhibitory activity. Among them, isodesace-

tyluvaricin (9), from the Formosan tropical fruit tree, Annona glabra, exhibited the

most potent inhibitory activity. Reverse transcription PCR in cultures of A431

human epidermoid carcinoma cells and luciferase assays on lipopolysaccharide-

stimulated expression of COX-2 in RAW 264.7 mouse leukemic monocyte-

macrophages revealed that the treatment of isodesacetyluvaricin (9) reduced the

activities of two COX-2 promoter-transcription factors: cAMP response element-

binding factor and nuclear factor of activated T-cells. In these tests, isodesacety-

luvaricin (9) did not affect cell proliferation, as measured by a colorimetric assay, or

intracellular store-operated calcium influx, as determined by fluorescence imaging.

Thus, isodesacetyluvaricin (9) may serve as a lead compound for targeting inflam-

matory diseases as well as angiogenesis and cancer metastasis [280].

6.4.2 Promotion of Biofilm Formation in Microbes

An Argentinian group found that Pseudomonas aeruginosa PA100 and

P. plecoglossicida J26 increased their biofilm formation when squamocin (6) was

added to the culture medium [251]. Although the evaluated AGEs possessed similar

structures as the autoinducer, AHL, bioassays using C. violaceum showed that

squamocin (6) is not an autoinducer agonist. It was proposed that this compound

is indirectly involved in a quorum sensing mechanism by inducing a stress-related

increase in AI production for a given incubation time. Therefore, the exacerbation

of biofilm formation was found to be due to increased production of AI-1

[281]. Squamocin (6) and laherradurin (85) stimulated P. plecoglossicida J26

biofilm formation, which led to an increase in consumption of naphthalene in the

absence of planktonic cells. The authors proposed that the AGEs, squamocin (6)

and laherradurin (85), can be used as biofilm formation promoters to allow more

efficient, safe, and durable naphthalene bioremediation processes [282].
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6.4.3 Interaction of AGEs with Membranes

With regard to the interaction of AGEs with membranes, McLaughlin’s group used
NMR spectroscopy to measure the space between AGEs and a bilayer membrane.
1H difference NOE NMR spectra indicated that the lactone rings of asimicin (8) and

parviflorin (86), of which the latter has two fewer carbons in its alkyl chain, were

located below the glycerol backbone in the membrane [268]. An Argentinian group

designed an FTIR experiment and provided molecular dynamics simulations of the

interactions of AGEs with artificial lipid bilayers. According to their results, AGEs

can interact to different extents with the phosphate and carbonyl groups of mem-

branes in the liquid crystalline state. The THF rings, through their flanking hydroxy

groups, form the hydrogen bond interactions that act as hydrophilic anchors in the

lipid membrane [283, 284]. Our group used dipalmitoylphosphatidylcholine

(DPPC) as a monolayer membrane to measure the change of surface pressure of

membrane after treatment with squamocin (6). These preliminary data showed that

AGEs can disrupt the integrity of such membranes (see Fig. 39). These studies

should be helpful in clarifying the mechanisms of action of AGEs in the membrane

environment.
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6.4.4 AGEs as Cation Ionophores

Although many research investigators have examined the mechanisms of actions of

the AGEs, such as the inhibitory action of mitochondria complex I (NADH:

ubiquinone oxidoreductase) [285], induction of programmed cell death by the

expression of pro-apoptotic Bax, Bad, and caspase-3 [270], and the structure-

activity relationships of either natural, semi-synthetic or synthetic compounds,

the diverse bioactivities of the various types of AGEs still remain to be elucidated

in more detail. Several researchers have investigated the physicochemical features

of various AGEs, and have provided direct evidence for new structure-activity

relationships for these compounds.

Sasaki et al. first reported the ionophore activity of AGEs, and NMR studies

revealed that the structurally related analogues of AGEs form supramolecular

complexes with metal cations [286]. These studies indicated that hydroxylated

bis-THF derivatives, the structural components of the more potent cytotoxic

AGEs, may form supramolecular complexes with metal cations. In particular,

some formed 2:1 ligand:metal complexes with calcium cations with high selectivity

[286]. Earlier, in 1995, however, Araya et al. evaluated the ion-transport and

ion-binding activities of AGEs using a W-08 apparatus and did not find any

particular activity [287], Sasaki et al. later indicated that the two AGEs bullatacin

(7) and asimicin (8) and their structurally related analogues assembled with bivalent

cations, such as Ca2+ and Mg2+ [288, 289]. Peyrat et al. evaluated the 13C NMR

longitudinal relaxation times (T1) for both annonacin (42) and squamocin (6) in the

absence and presence of Ca2+ ions to assess the structural changes that accompany

complexations. They considered that the potent cytotoxic activities shown by the

THF-γ-lactone derivatives could be explained by their ionophoric ability. Their

results also showed differences in the stoichiometry of the complexes for mono-

THF AGEs and bis-THF AGEs with Ca2+ ions [290].

In biological studies of living cells, a point often considered was how AGEs

could play a role in the bioavailability of the cations in cell membranes due to their

amphiphilic nature. While culturing smooth muscle cells of the human coronary

artery, our group observed that squamocin (6) could induce a transient but strong

increase in the large-conductance Ca2+-activated K+ channels [291]. In a whole-cell

configuration, this AGE (0.3–100 μM) induced a Ca2+-activated K+ current (IK(Ca))
in a concentration-dependent manner with an EC50 value of 4 μM. When cells were

exposed to a Ca2+-free solution, squamocin (6) (3 μM) induced a transient increase

in IK(Ca). In the continued presence of squamocin (6), an additional increase in

extracellular Ca2+ (1 mM) caused a significant increase in IK(Ca). In the cell-attached
configuration of single-channel recordings, squamocin (6) applied to the bath

increased the activity of large-conductance Ca2+-activated K+ (BKCa) channels

without altering the single-channel conductance. These findings provide evidence

that squamocin (6) can activate IK(Ca) in coronary arterial smooth muscle cells. The

initial transient activation of IK(Ca) may reflect squamocin (6)-induced Ca2+ release

from intracellular Ca2+ stores, whereas the sustained activation of IK(Ca) may arise
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from the squamocin (6)-induced Ca2+ influx across the cell membrane. The stim-

ulatory effects of squamocin (6) on these channels would affect the functional

activity of vascular smooth muscle cells [287].

We speculated that AGEs may use their hydrophilic centers (THF rings with

flanking hydroxy groups) to bind with cations like Ca2+ and surround the ion core by

the peripheral hydrophobic regions (long chains). This arrangement allows the AGE

molecules to dissolve effectively in the membrane and diffuse transversely into cells

as ionophores. The interaction was clarified between mono-THF AGEs and Ca2+ by

isothermal titration calorimetry, which is a powerful and sensitive technique for

measuring the heat of interaction of reacting species in dilute solution. Interestingly,

it was found that the mono-THF AGEs, annonacin (42) and uvariamicin-I (87),

interacted with Ca2+ by an exothermic process, indicating the formation of

AGE-calcium complexes [37]. Furthermore, our group used various types of

AGEs, including three mono-THF AGEs, two adjacent bis-THF AGEs, two

non-adjacent bis-THFAGEs, and one linear AGE to clarify the relationship between

the Ca2+-chelating ability and their cytotoxicity. From the results, NMR spectros-

copy and isothermal titration calorimetry showed that calcium ions are chelated by

the hydroxylated THF ring of acetogenins, which results from formation of com-

plexes that aid the Ca2+ cations in penetrating cell membranes and in elevating the

intracellular calcium level (see Fig. 40). This disruption of intracellular calcium

homeostasis induces mitochondrial depolarization and mediates cell toxicity [292].

O
O

OH OOH

87 (uvariamicin-I)

Fig. 40 Calcium-chelation model for an adjacent bis-THF AGE/Ca2+ complex that enhances cell-

membrane penetration. The lipid bilayer can be that of the cell membrane or the mitochondrial

membrane

200 C.-C. Liaw et al.



7 Medicinal Chemistry of Annonaceous Acetogenins

(Annonaceous Acetogenin Mimics)

7.1 Structure-Activity Relationship

The structure-activity relationship studies of AGEs have proven to be interesting to

medicinal and natural products chemists alike. Miyoshi et al. noted that the alkyl

spacer between the γ-lactone and hydroxylated THF ring moieties play an impor-

tant role for AGEs to elicit potent inhibitory activities on the NADH oxidase

[293]. They summarized several structure-activity relationship observations of

AGEs as follows: (1) the adjacent bis-THF ring moiety is not an essential structural

factor for inhibition, and the mono-THF-containing compounds can maintain

potent activities; (2) this stereochemical configuration of the THF ring moiety is

also not essential for potent activity irrespective of the number (one or two) of THF

rings; (3) The THF rings of the AGEs have strong interactions with the interface of

lipid bilayers irrespective of the configuration in the THF region; (4) the length of

the alkyl side chain is very important for the elicitation of potent activity

[294]. Takada et al. also tested the NADH oxidase activity of two naturally

occurring AGEs, bullatacin (7) and diepomuricanin (88), and several synthesized

analogues in a comparison with piericidin A [295]. They concluded that both ring

moieties, the γ-lactone ring and the tetrahydrofuran ring, acted in a cooperative

manner on the enzyme and that the optimal length of the alkyl spacer is 13 carbon

atoms. These results supported the above hypothesis that Miyoshi et al. offered.

O

OOO

88 (diepomuricanin)

To consider solely the role of the THF ring moieties, Murai et al. synthesized
Δlac-AGE (89) (an acetogenin derivative without the α,β-unsaturated γ-lactone
ring). This was also shown to be a novel type of inhibitor that acts at the terminal

electron transfer step of mitochondrial NADH:ubiquinone oxidoreductase (com-

plex I). They also prepared a photolabile Δlac-AGE (90) connected to a biotin

probe to trace the labeled peptide without the use of a radioisotope. This photolabile

Δlac-AGE elicited potent inhibition of bovine heart mitochondrial complex I at

nanomolar levels (see Fig. 41) [296]. Ichimaru et al. further synthesized a series of

Δlac-AGEs, in which the stereochemistry around the hydroxylated tetrahydrofuran

ring moiety was systematically modified, and examined their inhibitory effects on

complex I. The results revealed that the bis-THF ring analogues are much more

potent than are the mono-THF ring analogues and that the stereochemistry around

the bis-THF ring moiety plays a significant role in the inhibitory effects on
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complex 1 [297]. The synthetic bis-6-(4-butylphenyloxy)-1-hydroxyhexyl Δlac-
AGE (91) showed a similar IC50 value to that observed for bullatacin (7) in terms

of the reduction of NADH oxidase activity (0.60–0.65 mmol NADH/min/mg of

protein) in submitochondrial particles (see Fig. 41). Intriguingly, Ichimaru et al.
demonstrated that the inhibitory site of complex I on which the Δlac-AGEs act

might be different from that of the natural AGEs [296, 297].

In addition to the total syntheses of various AGEs, some specialized analogues

were designed to improve the bioactivities through, for example, modifications of

the γ-lactone ring, the THF ring, and the hydroxy group moieties on the aliphatic

chain.

7.2 Modifications of the γ-Lactone Ring Moiety

Hoppen et al. designed and prepared quinone-mucocin (92) and quinone-

squamocin D (93) to elucidate the mechanisms of action of the AGEs. The IC50

values of quinone-mucocin (92) and quinone-squamocin D (93) in the inhibition of

the mitochondrial NADH-ubiquinone oxidoreductase complex were 3.6 and 1.7 nM
[298]. These results supported their hypothesis: AGEs are competitive inhibitors at

the ubiquinone binding site of complex I based on the structural similarity between

the butenolide and the quinone. Arndt et al. synthesized a systematic variation of

featured structures, the butenolide and the ether components, to evaluate the critical

factors for the interaction of the AGEs with complex I. Their results and data from

the smaller substructures indicated that the substructures of the AGEs require the

polyether component and the lipophilic side chain for strong binding of the AGEs to

complex I [299].
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Fig. 41 Structures of Δlac-AGE (89) and modified analogues 90 and 91
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In addition, aromatic heterocycles are commonly found as base structures of

potent complex I inhibitors. Duval et al. thus replaced the α,β-unsaturated γ-lactone
moiety of squamocin (6) with benzimidazole via an unusual condensation-

oxidative decarboxylation reaction with 1,2-diamines in the presence of acetic

acid and oxygen. Although they did not clarify the inhibitory ability of modified

squamocin toward complex I, one of the benzimidazole analogues showed cyto-

toxicity (KB 3-1 cells) with an IC50 value of 2.2� 10�3 μM and induced a 61%

accumulation of the G1 phase of the cell cycle at concentrations of 1–5 nM, with

apoptosis above 10 nM [300]. In 2006, this same group of investigators partially

synthesized a series of heterocyclic analogues of squamocin (6). Their results

suggested that the binding of this hybrid inhibitor was responsible for a negative

allosteric effect at the level of the first ubiquinone-binding site of mitochondrial

complex I [301]. This group also prepared a small assembly of the γ-ketoester
derivatives of squamocin (6) and screened their biological activities, including their

cytotoxicity against KB 3-1 cells, and also evaluated the inhibition of mitochondrial

complexes I and III. However, these modified analogues with an open γ-lactone
ring did not show any better activity than that of the parent compound, squamocin

(6) [302].

Except for the adjacent bis-THF and non-adjacent bis-THF AGEs, Kojima

et al. prepared a series of α,β-unsaturated-γ-lactone-free, nitrogen-containing het-

erocyclic analogues of solamin (53). The cytotoxic activities of the compounds

were investigated against 39 tumor cell lines. One of these, a 1-methylpyrazol-5-yl

derivative (94) showed a selective increase in cytotoxicity against NCI-H23 cells

with potency a 80 times greater than that of solamin (53) [303].
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7.3 Modification of the THF Ring Moiety of Acetogenins

In 2000, two independent groups proposed replacing the ethylene bridge in the

AGE THF rings with normal- and iso-terminal lactone moieties, respectively, based

on both the difficulty associated with total syntheses of AGEs and the straightfor-

ward means by which their structures can be simplified [304, 305].

Yao and co-workers studied two other series of simplified acetogenin deriva-

tives, AA005 (95) and its analogues, which showed potent antitumor activities and

significant selectivity between normal cells and cancer cells (see Fig. 42)

[306]. Zeng et al. designed and synthesized a series of (4R)-hydroxy analogues of

AGEs based on the naturally occurring lead compound, bullatacin (7). Preliminary

screening data showed that the IC50 values of (4R)-hydroxylated AA005 (96) were

1.6� 10�3 and 8� 10�2 μg/cm3 against HT-29 and HCT-8 cells (see Fig. 42). A

remarkable enhancement effect was observed for AA005 (95) and its (4R)-hydrox-
ylated analogues 96 and 97 (see Fig. 42) [307]. The results obtained indicated that

both the butenolide and ethylene glycol subunits play essential roles in mediating

the cytotoxicity of those compounds against selected tumor cell lines. Recently,

additional evidence has indicated that AA005 (95) can cause growth inhibition and

autophagy of colon cancer cells by depleting ATP, activating AMP-activated

protein kinase (AMPK) and inhibiting the mTOR complex 1 (mTORC1) signal

pathway. Compound AA005 (95) also inhibits cisplatin-triggered up-regulation of

mTOR and synergizes with this cancer chemotherapeutic drug in the suppression of

proliferation and induction of apoptosis of colon cancer cells [307]. However, the

presence of a hydroxy group at C-10 and the absolute configuration of the methyl

group on the butenolide moiety are less important for their activities [308].

While Rodier et al. introduced a benzoyl group to adjust the moiety between the

ether linkage, analogues 98a–98g of this type (Fig. 43) displayed interesting cell

cycle effects. The analogues were found to be less potent than the cytotoxic agent,
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96 ((4R)-hydroxylated AA005)

97 ((10R)-hydroxylated AA005)

Fig. 42 The structures of Zeng-type simplified mimics 95–97 of AGEs
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bullatacinone (81), a compound with the same terminal lactone unit [309]. Fujita

et al. replaced the bis-adjacent THF ring by a 1,2-cyclopentanediol bis-ether

skeleton to obtain simplified mimics 99a–99d (see Fig. 44). Based on the evaluation

of the inhibitory effects on mitochondrial NADH:ubiquinone oxidoreductase (com-

plex I), compounds containing the 1,2-cyclopentanediol bis-ether motif also

showed very potent inhibitory activity at the nanomolar level [310].

For a study of AGE mimics, Liu et al. designed, synthesized, and evaluated a

new series of compounds containing a terminal lactam [311]. They found that the

N-methylated lactam-containing mimics of AGEs 100a–100c and 101 (see Fig. 45),

the modified analogues of AA005 (95), exhibited comparable potencies to that of

O
O

R''

R
R' RR'

O

O

O

98a: R = OH, R' = H, R'' = Ph
98b: R = OH, R' = H, R'' = 4-CF3-Ph
98c: R = OH, R' = H, R' = naphthyl
98d: R = OH, R' = H, R' = dodecyl
98e: R = H, R' = OH, R' = dodecyl
98f: R = OH, R' = H, R' = N-butylamin
98g: R = OH, R' = H, R' = N-acetylamin

Fig. 43 The structures of Rodier-type simplified mimics of AGEs 98a–98g
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Fig. 44 The structures of Fujita-type simplified mimic of AGEs 99a–99d
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Fig. 45 The structures of modified analogues 100a–100c and 101 of AA005 (95)
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the parent compound and similar selectivity for the cancer cells represented. It was

also revealed that the stereogenic center on the lactam is not essential for cytotoxic

activity. Liu et al. synthesized a series of analogues by replacing the acyclic

bis-ether functionality of AA005 (95) with certain conformationally constrained

fragments. Interestingly, most newly synthesized mimetics were found to exhibit

potent activities against breast cancer cells and showed selectivity between cancer-

ous and non-cancerous cells. Among those, an N,N0-dimethyl bis-amide mimic 101

of AGE exhibited greater potency against MDA-MB-468 cells than did its parent

molecule, AA005 (95) (see Fig. 42). Xiao et al. indicated that certain bis-amide

analogues of AA005 (95) make this unique class of anticancer agents simpler and

allow more flexibility for their future development [312]. Also, analogues bearing a

biphenyl moiety in the hydrocarbon chain part of AA005 (95) exhibit more potent

antiproliferative activity and preferentially target cancer cells over normal

cells [312].

7.4 Replacement of the Hydroxy Group
on the Aliphatic Chain

Investigators have studied the effects of the replacement of the hydroxy groups

on the aliphatic chain of AGEs. Ye et al. obtained the halogen-substituted AGEs,

(4S)-chloro-4-deoxygigantetrocin A (102) and (4S)-18-dichloro-4,18-dideoxya-
similobin (103), by treating gigantetrocin A (47) with triphenylphosphine and

CCl4. However, the chlorinated products showed decreased bioactivities in the

brine shrimp lethality test and when evaluated against selected human tumor cell

lines [313]. In contrast, Kojima et al. made C-4-fluorinated solamin (104) and

evaluated its cytotoxic activities against 39 cancer cell lines (see Fig. 46). They

found 104 to show more potent growth inhibitory activity against cancer cell lines

than solamin (53) [314].
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In related work, Gallardo et al. made 10-oximeguanacone (105), the first bioac-

tive nitrogenated AGE, which showed potent inhibition toward complex I by the

titration of the NADH oxidase and NADH:ubiquinone oxidoreductase activities

(see Fig. 46) [315]. Duret et al. partially synthesized amino derivatives from two

natural AGEs, rolliniastatin-1 (28) and squamocin (6). Although it is noteworthy

that these amino-AGEs still retain some activity, more studies are required to

confirm the potencies of these derivatives as new specific and efficient anticancer

agents [316].

A variety of chemical strategies have been applied to investigate biological

processes. Recently, fluorescent modifications became powerful tools for visualiz-

ing the distribution of bioactive natural products in cells and investigating their

targeting. In 2005, Derbre et al. synthesized hybrids consisting of an AGE tail

connected to a fluorescent tag (see Fig. 47). Using fluorescence microscopy, two of

the fluorescent-hybridized AGEs 106 and 107 were observed initially in Jurkat cell

mitochondria, but they diffused into the cytosol of apoptotic cells, supporting

the conclusion that squamocin (6) passes through the plasma membrane and targets

the mitochondria. Indeed, both semi-synthetic fluorescent derivatives were shown

to be potent apoptosis inducers that were directed to this organelle. Moreover,

they proposed that the lactone moiety seems not to interfere with mitochondrial
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Fig. 46 The structures of C-4–fluorinated solamin (104) and guanacone-10-oxime (105)
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targeting but apparently influenced the activity [317]. Alexander et al. attached
ethyl 7-dimethylaminocoumarin-4-acetate to the diols of (�)-mucocin (37)

through amide coupling chemistry. Although coumarin-labeled-mucocin can also

induce fluorescently coded morphogenic responses, no expected response was

found [318]. This result might be due to the occupation of the mitochondrial

recognition site by the fluorescent coumarin group. To overcome this above

disadvantage, Tanaka et al. labeled the terminal aliphatic chain of solamin

(53) with the fluorescent groups, 7-nitrobenzo[c][1,2,5]oxadiazol-4-yl-amino

(NBD-NH-) and 5-dimethylaminonaphthalen-1-yl-sulfonamide (dansyl-NH-), to

produce NBD-labeled solamin (108) and dansyl-labeled solamin (109), in 2007

and 2009 [319, 320]. It was anticipated that these compounds may be used to

explore the cellular targeting of AGEs.
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N
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Liu et al. modified the C-10 hydroxy group of some AGE mimics to introduce a

label based on the results of the cytotoxicity screening of parallel synthetic ana-

logues. Fluorescent-imaging studies revealed that the AA005-flu derivatives 110

and 111 (AA005 (95) connected with fluorescent groups) in normal human cells

was significantly different from that in cancer cells (see Fig. 48). AA005-flu

accumulated in the mitochondria of the cancer cells. This direct and visible

evidence suggests that membrane recognition of AA005 (95) is involved in its

selective bioactivity [321].

The Yao group recently also developed three representative AA005-like mole-

cules 112–114 via formation of small nitrogen-containing heterocycles or amide

bond based on the concept of click chemistry, which was introduced by Sharpless in

2001, describing the tailored chemistry to generate compounds quickly and reliably

by joining small units together (see Fig. 49) [322]. These nitrogen-containing

analogues exhibited significantly inhibitory activities against several cancer cell

lines in low micromolar concentrations.
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7.5 Mimic Synthesis Study

Yao’s group further designed a series of linear dimeric compounds mimicking

naturally occurring AGEs, for example the AGE mimic 115 (see Fig. 50), and

evaluated the cytotoxic activities of these analogues toward the growth of cancer

cells by the MTT method. Interestingly enough, these compounds showed selective

action favoring the human cancer cell lines used. The authors pointed out that

with appropriate conformational constraint their assembled moieties of AGEs

might be useful to optimize the potential anticancer properties of this class of

compounds [323].

OH
O O

OO

OH

1522

O

ON
H

R

O O
N
H

O

O OHO

O O
N
H

S

N
H

O

O

HO

OH

O

110: R =

111 : R =

Fig. 48 The structures of AA005-flu derivatives 110 and 111

OH
O O

OO

OH N
N

N

OH
O O

N
H

OO

OH O

OH
O O

OO

OH

N

112

113

114

Fig. 49 Three newly proposed AA005-like molecules, 112–114

Acetogenins from Annonaceae 209



8 Annonaceous Acetogenin-Containing Products and Their

Potential Development

On many websites, paw paw extract-containing products are commonly available;

however, there are only a few reports that mention quality control studies for

annonaceous acetogenin-containing products [324]. In 1976, McLaughlin et al.
found that extracts of the leaves and twigs of the U.S. native paw paw tree, Asimina
triloba, were active in the cytotoxicity screens of the U.S. National Cancer Institute
(NCI). Following their phytochemical study to determine the compounds present

[255], McLaughlin et al. used the three most active AGEs, bullatacin (7), asimicin

(8), and trilobacin (116) (Fig. 51), to serve as marker compounds for the examina-

tion of various extracts of the paw paw tree by LC/MS/MS. In this work, they

demonstrated that small twigs collected in the months of May and June were the

optimum plant sources for the commercial harvesting of paw paw biomass for

extraction. McLaughlin further developed some useful commercial products

containing the AGEs, including a head lice shampoo (in 2001), and ointment,

lotion, and spray for plant pests, as well as paw paw capsules (in 2003) for

human administration. The entire process from the safety and toxicology of the

AGEs to the introduction of commercial products was described in McLaughlin’s
2008 review [325]. More recently, Cuendet et al. reported the potential of a

standardized extract from the twigs of A. triloba to mediate a cancer chemopre-

ventative effect in the N-methyl-N-nitrosourea-induced mammary carcinogenesis

model. As McLaughlin et al. did before, they used three potent bioactive AGEs,

bullatacin (7), asimicin (8), and trilobacin (116) in their standardized extract.

Mammary tumor latency was increased from 55 to 66 days in Sprague-Dawley

rats given a diet containing paw paw extract (1250 and 2500 mg/kg diet; based on

maximum tolerated dose studies) [326].
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In Taiwan and elsewhere, plants of the genus Annona are important economic

crops for their edible fruits. The abundant material obtained from the seeds and the

potent cytotoxic effects of the AGEs from this material has stimulated the possible

further development of these compounds as pharmaceutical products. In addition to

the aforementioned studies, oral gavage (p.o.) animal studies have been performed

by MDS Pharma Services-Taiwan for which our group provided the material

(unpublished data). An extract powder from A. muricata, WYC-AA07, was applied

to a xenograft tumor in a SCID mouse model using implanted human MCF-7 breast

tumor cells. WYC-AA07 at 10 mg/kg was administered p.o. daily for a total of ten

doses. The tumor sizes, body weights and signs of overt animal toxicity after dosing

were monitored and recorded for 25 days. This extract caused significant decreases

in tumor weights as measured from days 13 to days 25. However, it also caused

significant decreases in body weight on days 9, 13, 17, and 21 (unpublished data).

Another SCID mouse xenograft experiment was performed on this extract using

implanted human HT-29 colon tumor cells. Extract WYC-AA07 at 20 mg/kg

p.o. caused death in half of the animals and a significant decrease in body weight

on day 8 (unpublished data). Recently, the acute toxicity of squamocin (6) was

evaluated in nude mice at 20 mg/kg p.o. Most of the animals showed an abnormal

movement pattern that caused the mice to move uncontrollably in a lateral direc-

tion. However, the mice apparently recovered after the administration of squamocin

(6) was stopped. Moreover, a Chinese group also investigated the antitumor activ-

ities of AGEs in vivo using S180 and HepS xenografts in mice. Their results

revealed that three types of AGEs effectively suppressed tumor growth in a dose-

dependent fashion. Interesting, their results also matched with those of previous

studies: adjacent bis-THF AGEs were more active than nonadjacent bis-THF

AGEs, nonadjacent bis-THF AGEs were more active than mono-THF AGEs

[327]. Furthermore, the present authors performed a pharmacokinetic study using

LC-MS to validate the quantification of AGEs in rats [328].

On the other hand, an ethnopharmacological investigation reported a similar side

effect of AGEs in that a neurodegenerative tauopathy endemic to the Caribbean

island of Guadeloupe was suspected to be linked to the consumption of

annonaceous plants [274], Escobar-Khondiker et al. further found that annonacin

induced the retrograde transport of mitochondria to decrease ATP levels, which

induces changes in the intracellular distribution of tau in a way that shares charac-

teristics with some neurodegenerative diseases [329]. The demonstrated adverse

effects of AGEs on neuronal cells should be of major concern when considering

their potential commercial development.

9 Summary and Perspectives

The annonaceous acetogenins (AGEs) are one of the most interesting classes of

plant-derived natural products to have been investigated during the last three

decades. They exhibit a wide variety of biological activities. Impressively, some
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of them have comparable cytotoxic potency to the widely used anticancer agent,

paclitaxel, against various cancer cells. Two structural features, the hydroxylated

tetrahydrofuran (THF) and γ-lactone ring moieties, are considered to be the

pharmacophores that block the electron transport system of mitochondrial complex

I. Much effort has been dedicated to elucidating the underlying cytotoxic mecha-

nisms of the AGEs and to synthesizing AGE analogues by altering the spacing

between the two pharmacophores, or removing either one of these units (ΔLac
AGEs or muricatacin (22)), or mimicking the THF rings by ether linkages.

Although none of the modified AGEs obtained thus far has demonstrated activities

comparable to those of the naturally occurring AGEs, studies on the synthesis and

mechanisms of action of these compounds have provided solid fundamental knowl-

edge and drug discovery insights. For example, some of the studies on analogues of

AGEs have created a series of compounds that are based on completely different

skeletons, of which some also show excellent bioactivities against various cancer

cells. Not only promising antitumor effects, but also serious side effects of the

AGEs have been found, such as neurotoxicity and the generation of symptoms of

atypical parkinsonism. These may greatly limit prospects for the drug development

of the AGEs. It is recommended that the composition of AGEs and dopaminergic

alkaloids in the edible pulps of commercially used annonaceous fruits be evaluated

so that their potential for causing neurotoxicity-related side effects can be clarified.
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