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ABSTRACT 

ISOLATION AND STRUCTURE ELUCIDATION OF ANTIPROLIFERATIVE 

NATURAL PRODUCTS FROM MADAGASCAR 

 

Brian Thacher Murphy 

 

 As part of an ongoing search for bioactive natural products from the endemic 

rainforests and surrounding ocean in Madagascar, a total of four extracts were 

comprehensively studied and were found to contain novel and/or bioactive compounds.  

The following dissertation discusses the isolation, structure elucidation, and bioactivity 

studies of these isolates.   

 The following compounds from plants of Madagascar’s rainforest are discussed in 

the order they were studied: flavonoids and long-chain compounds from Schizolaena 

hystrix, a cyclohexene derivative and butenolides from Artabotrys madagascariensis, and 

limonoids from Malleastrum sp.  From the Malagasy marine ascidian Trididemnum sp. 

collected in the Indian Ocean, the identification as well as the potential biosynthetic 

origin of polyketide derived bistramides is reported.    

 In an attempt to explore other facets of natural products chemistry, the second part 

of this dissertation discusses the process of designing potential anticancer agents based on 

the scaffold of a natural product.  The biomolecular target of these studies is an enzyme 

that is overexpressed in tumor cells, namely Cdc25B, whose inhibition catalyzes cell 

cycle arrest at the G2/M transition of the cell cycle.  Several analogs of a potent Cdc25B 

inhibitor were synthesized and tested in the enzyme-based assay.   
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I.  Introduction: Natural Products Drug Discovery  

 

1.1 Introduction 

 The term “cancer” refers to more than 100 diseases, particularly represented by 

rapid production of abnormal cells that have the ability to affect any part of the body.  

This disease exerts its fatal effects through the process of metastasis, or the spreading of 

these new cells to other parts of the body.  The World Health Organization (WHO) 

estimated that of the 58 million deaths in 2005, 7.6 million (13%) resulted from cancer.1 

Lung, stomach, and breast cancer are the most fatal of cancers, resulting in approximately 

1.3, 1.0, and 0.5 million deaths per year, respectively.1           

  The Kingston research group at Virginia Tech focuses on combating cancer by 

two different means: 1) employing chemical synthesis to improve the activity and 

biological compatibility of the tubulin interacting drugs paclitaxel (Taxol®), epothilone 

D, and discodermolide, and 2) using separation techniques to isolate new therapeutic 

agents from natural products of plant and marine origin.  

 

1.1.1  Potential Drugs from Natural Products  

 Paclitaxel is a taxane diterpenoid isolated from the bark of the Pacific yew tree, 

Taxus brevifolia Nutt. (Taxaceae).2 Since its approval as an anticancer drug by the Food 

and Drug Administration in 1992, it has been used to treat several different types of 

cancer including ovarian, breast, and lung.3,4  The story of taxol is the embodiment of a 

successful natural products isolation program, and has been the justification and guiding 

inspiration for the multitude of natural product drug discovery initiatives in the period 
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since.  Some of the recent advances of bioactive components from plants, microbial 

species, and marine organisms will briefly be discussed according to the means by which 

they act on cancer.  The Harbor Branch Media Lab has compiled a well organized list of 

the following data under sponsorship from the National Sea Grant Program.5   
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Figure 1.1. Structures of paclitaxel, epothilone D, and discodermolide 

 

 Like paclitaxel, discodermolide targets tubulin by stabilizing microtubules, 

halting cell division, and thus triggering cell cycle arrest.6,7  It is a polyketide lactone 

isolated from the sponge Discodermia dissolute (Porifera) of the Bahamas.8  The drug 

 2



was is in Phase I clinical trials for the treatment of lung, pancreatic, and several other 

paclitaxel-resistant cancers, but unfortunately toxicity issues caused it to be withdrawn.   

 Other promising microtubule agents include the linear peptide dolastatins.  

Originally thought to come from the Indian Ocean sea mollusk Dollabella auricularia, it 

was later found that these metabolites were actually a product of a symbiotic 

cyanobacterium (Symploca sp.) D. auricularia.9,10 Dolastatin-10 was shown to inhibit 

tubulin formation and affected tubulin-dependent guanosine triphosphate hydrolysis.11 It 

was discontinued from Phase II clinical trials as a single agent, however a synthetic 

analog of the structurally similar dolastatin-15, synthadotin, is orally active and currently 

in Phase II clinical trials for non-small cell lung cancer and also hormone refractory 

prostate cancer.12   
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Figure 1.2. Structure of dolastatin-10 and synthadotin  

 

  Curacin A is another example of a tubulin polymerization inhibitor.  Originally 

isolated from the Curaçao marine cyanobacterium Lyngbya majuscule (Cyanophyta) by 
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Gerwick et al.,13 it was proposed that this polyketide derivative was of mixed 

polyketide/non-ribosomal peptide origin.14 It exerts its biological activity by binding to 

the colchicines site on tubulin thus blocking cell cycle progression.15 Its in vitro 

antiproliferative and cytotoxic activity was directed toward breast, renal, and colon 

cancer cell lines.16  However, the poor water solubility of this compound prevented 

successful in vivo results.  This prompted many synthetic studies, and a more hydrophilic 

analog that retained curacin A’s potent activity was prepared (1.6).17 Preclinical 

evaluation of these potential drugs is currently underway.   
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Figure 1.3. Structure of curacin A (1.5) and 1.6. 

 

Curacin A is simply another example of the extraction of novel bioactive agents 

from natural sources and their development to combat various diseases.   
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1.1.2  International Cooperative Biodiversity Group (ICBG) program 

 The ICBG is a program of the National Institutes of Health (NIH), the Biological 

Sciences Directorate of the National Science Foundation (NSF), and the Foreign 

Agricultural Service and Forest Service of the USDA.  The nine participating branches of 

the NIH include the Fogarty International Center, the National Cancer Institute, the 

National Institute of Allergy and Infectious Diseases, and the National Heart, Blood, and 

Lung Institute.  In 2003, the program gave out six awards of approximately $600,000 

each per year.18

 Focused on expanding the interactions between drug development, biodiversity, 

and economic growth, the ICBG has collected over 5,000 species of plants, animals and 

fungi in Latin America, Africa, Asia and some Pacific islands.18  Screening these samples 

against various diseases guides the process of drug discovery.  An incentive for 

participating countries is to reap the direct benefit of any drug isolated from their region, 

subsequently encouraging further preservation of their biodiversity.   

 The current thesis presents work that was only made possible through a joint 

international effort of scientists.  The bioactive plants that will be discussed were 

collected by botanists from the Missouri Botanical Garden and the Centre National 

d’Application des Recherches Pharmaceutiques in Madagascar.  The bioactive marine 

organism to be discussed was collected by Centre National de Recherches sur 

l’Environnement and Centre National de Recherches Oceanographiques.  Preliminary 

extraction of these plants and organisms took place at some of the aforementioned 

institutions, while biological testing was conducted at Virginia Tech and Eisai Research 

Institute.      
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II.  Antiproliferative Flavanones and Long-chain Compounds of Schizolaena hystrix 

(Sarcolaenaceae) from the Madagascar Rainforest 1, 2  

 

2.1 Introduction 

 Bioassay-guided fractionation of an ethanol extract of a Madagascar collection of 

Schizolaena hystrix afforded four new flavanones, schizolaenones A-C, and 4'-O-

methylbonnanione A, as well as the six known flavonoids.  In addition, two new long-

chain compounds, 3S-acetoxy-eicosanoic acid ethyl ester, and 3S-acetoxy-doeicosanoic 

acid, were isolated along with two known long-chain moieties.  Structures were 

elucidated using various methods of 1- and 2-D NMR spectroscopy in conjunction with 

mass spectrometry.  All of the isolates were tested for antiproliferative activity against the 

A2780 human ovarian cancer cell line and displayed weak activity.  This chapter is an 

expanded version of two published papers on this plant species.1,2   

 

2.1.1  Previous Investigations of the Schizolaena hystrix 

 Indigenous to the humid forests of Anjanaharibe-Sud (Antsiranana) to Fort Carnot 

(Fianarantsoa) in Madagascar, S. hystrix is a 14-35 m tall tree brandishing large, leathery 

leaves.3 Lowry et al. reported eighteen species belonging to the genus Schizolaena, eight 

of which were reported for the first time.3 The family Sarcolaenceae is the largest of the 

nine vascular plant families endemic to Madagascar and comprises nine genera with 

about 50 species. The only past chemical investigation of S. hystrix was a fatty acid 

analysis, which revealed the presence of fatty acids predominantly of the 16:0, 18:1Δ9, 

and 18:2Δ9, 12-types.4  There are no other published reports on the chemical constituents 
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of S. hystrix, and since many of the species of Schizolaena have only recently been 

discovered, there have been few attempts to characterize the chemistry of this genus. 

 

2.1.2 Chemical Investigation of Schizolaena hystrix 

 In our continuing search for biologically active natural products from tropical 

rainforests as part of an International Cooperative Biodiversity Group (ICBG) program, 

we obtained an extract from Schizolaena hystrix of the family Sarcolaenaceae.  The 

ethanol extract of the fruit of S. hystrix was found to be active in the A2780 human 

ovarian cancer cell assay, with an IC50 value of 10 μg/mL.  Bioassay-guided fractionation 

of this extract led to the isolation of four new prenylated and geranyl substituted 

flavanones, schizolaenones A-C (2.1-2.3), and 4'-O-methylbonnanione A (2.4), as well as 

six known flavonoids, nymphaeol A (2.5), bonannione A (2.6), bonanniol A (2.7), 

diplacol (2.8), macarangaflavanone B (2.9), and 3'-prenylaringenin (2.10).  Two new and 

two known long-chain compounds, 3S-acetoxy-eicosanoic acid ethyl ester (2.11), 3S-

acetoxy-doeicosanoic acid (2.13), 3S-acetoxy-eicosanoic acid (2.12), and 1-hydroxy-

dodecan-2-one (2.14) were also isolated from the plant.  The isolation and structure 

elucidation of the novel compounds, as well as the antiproliferative activity of all of the 

isolates will be discussed.   
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Figure 2.1. Compounds of Schizolaena hystrix. 

 

2.1.3 Previous Investigations of Flavonoids 

 Flavonoids are a class of polyaromatic molecules derived from a combination of 

acetate and shikimate biosynthetic pathways, and are extremely abundant in nature.5 

Among the beneficial properties reported in the literature are anticancer, anti-

inflammatory, and antioxidant activities.  Regarding the latter, flavonoids are well known 

protectors against cardiovascular disease, due to their ability to scavenge reactive oxygen 

species, namely hydroxyl and superoxide free radicals.6  Two such examples are the 

 11



flavonols quercetin (2.15) and kaempferol (2.16), which are common constituents of 

various fruits, red wine, and tea.   

            R      
2.15    OH      
2.16     H

O

o

HO

OH

R

OH

OH

 

Figure 2.2. Flavonol antioxidants. 

 

 A specific subclass of flavonoids known as prenylated flavonoids is well 

characterized in a review by Botta et al.7 It is postulated that the range of diverse 

bioactivities can be attributed to the addition of C5 and C10 units on the aromatic rings, 

thus increasing the molecule’s lipophilicity and affinity to biological membranes.7  In 

recent years, studies on the families Leguminosae and Moraceae have yielded the greatest 

number of novel prenylated metabolites. 

 Cidade et al. reported two new prenylated flavones, artocarpesin (2.17) and 

artelastin (2.18), and four known prenylated flavonoids from the wood of Artocarpus 

elasticus. Each isolate displayed in vitro cytotoxicity against various tumor cell lines, 

with 2.18 exhibiting the greatest inhibitory activity.8   
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Figure 2.3. Prenylated flavones from Artocarpus elasticus. 

         

 Further antiproliferative and cytotoxic studies were carried out by Miranda et al.9 

Six prenylated flavonoids from hops (Humulus lupulus) were isolated and evaluated for 

antiproliferative activity against human breast (MCF-7), colon (HT-29), and ovarian 

(A2780) cancer cell lines in vitro. Xanthohumol (2.19) and isoxanthohumol (2.20) caused 

a dose-dependant decrease in the growth of all of the cancer cells.  Xanthohumol in 

particular exhibited an IC50 value of 0.52 μM against the A2780 cell line. 
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Figure 2.4. Prenylated flavonoids from hops. 
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2.2 Results and Discussion 

2.2.1  Isolation of Compounds from Schizolaena hystrix 

 Fourteen compounds were isolated from the fruits of Schizolaena hystrix by 

employing bioassay-guided fractionation, as shown in Schemes 2.1-2.3.  The crude plant 

extract was suspended between hexanes and 90% aqueous methanol to yield two separate 

fractions.  The aqueous methanol fraction was found to be active, thus it was further 

separated using preparative reversed-phase C-18 HPLC.  An isocratic flow of 87% 

aqueous methanol afforded 10 fractions, three of which were pure flavanones: fractions E 

(2.5, 19 mg), F (2.6, 32 mg), and J (2.1, 95 mg).    Preparative TLC using a cyano bonded 

phase silica gel on two separate HPLC fractions afforded the flavanol N (2.7, 13 mg), and 

the flavanones O (2.9, 1.9 mg), and S (2.2, 13 mg).  Semi-preparative reversed-phase 

HPLC was employed to purify the flavanone 2.2, affording 4 mg of pure compound. 

 The hexanes fraction from the liquid-liquid partitioning also displayed weak 

antiproliferative activity, thus it was chromatographed using solid phase extraction (SPE) 

on a diol column.  A step-gradient of hexanes to chloroform was employed to yield two 

weakly active fractions.  There was no improvement in activity, thus the most abundant 

fractions were further separated (A and B).  Cyano bonded phase and silica preparative 

TLC afforded the long chain compounds G (2.11, 3.4 mg), L (2.13, 4.3 mg), and M (2.12, 

2.8 mg). 

 In a second attempt to isolate compounds with greater bioactivity from S. hystrix, 

an additional 650 mg of crude ethanol plant extract was subjected to liquid-liquid 

partitioning as described above.  The aqueous methanol fraction was chromatographed 

over an open C-18 column, and the resultant active fraction (8) was separated using 
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preparative RP-C18 HPLC.  The two most bioactive fractions (15 and 17), as well as the 

second most abundant fraction (12) were further separated.  Fraction 15 was purified by 

semi-preparative HPLC on a cyano bonded phase column using hexanes and chloroform 

as the eluent to yield fraction 34 (2.8, 2.5 mg).  Preparative silica TLC of 17 afforded the 

long-chain alcohol (2.14, 2.0 mg), and the novel flavanone (2.3, 11 mg).  Fraction 12 was 

subjected to semi-preparative amino HPLC using 4:1 chloroform:methanol as the eluent.  

Fraction 24 was a prenylated flavanone (2.10, 8.3 mg). 
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Scheme 2.1.  Separation of aqueous methanol fraction of Schizolaena hystrix.  
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Scheme 2.2.  Second separation of aqueous methanol fraction of Schizolaena hystrix. 
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Scheme 2.3.  Separation of hexanes fraction of Schizolaena hystrix.  

 

2.2.2. Structure Elucidation of Schizolaenone A (2.1) 

 Schizolaenone A (2.1) was obtained as a light yellow amorphous solid. Positive-

ion HRFABMS analysis gave a pseudomolecular ion at m/z 477.2592, which suggested a 

formula of C30H37O5 ([M+1]+).  The 1H NMR spectrum of 2.1 showed the presence of 

one chelated hydroxyl group (δH 12.4, s, 5-OH), one methylene α to the carbonyl (δH 

3.09, dd, J = 13.0, 17.0 Hz, Hax-3 and δH 2.77, dd, J = 3.0, 17.0 Hz, Heq-3), and one 

oxymethine (δH 5.30, dd, J = 3.0, 13.0 Hz, H-2) (Table 2.1).  These data suggested that 

2.1 possess a flavanone skeleton.  The observation of one doublet (δH 6.84, d, J = 8.0 Hz, 
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H-5'), one doublet of doublets (δH 7.19, dd, J = 2.0, 8.0 Hz, H-6'), and one broad singlet 

(δH 7.18, br s, H-2') implied the B-ring substitution pattern as shown for 2.1.  In addition, 

the coupling constants of the B ring protons illustrated an ABX-type spin system.  Prenyl 

and geranyl substituents gave rise to three olefinic (δH 5.03, m; δH 5.26, m; and δH 5.32, 

m), four methylene (δH 2.07, m; δH 2.09, m; δH 3.37, d, J = 4.0 Hz; δH 3.39, d, J = 3.6 Hz), 

and four methyl signals, representing a total of five methyl groups (δH 1.81, 1.78, 1.78, 

1.67, and 1.59, all s).  The HMBC spectrum of 2.1 revealed correlations of H-2' (δH 7.18, 

s) with C-4' (δC 155.2) and C-1'' (δC 130.3), and thus indicated the presence of the geranyl 

substituent on the B ring.  Geranyl methyl protons H3-9'' (δH 1.67, s) and H3-10'' (δH 1.59, 

s) both showed correlations to olefinic carbons C-7'' (δC 124.0) and C-8'' (δC 132.5), and 

H3-4'' (δH 1.81, s) showed a correlation with C-3'' (δC 140.1).  Furthermore, the olefinic 

prenyl proton H-2''' (δH 5.32, m) displayed correlations to C-6 (δC 107.0), while H3-4′′ and 

H3-5''' (δH 1.78, s) correlated with C-2''' (δC 121.6) and C-3''' (δC 135.8).  The chelated 

OH-5 proton (δH 12.4, s) correlated with three quaternary carbons (C-5, C-6, and C-10 at 

δC 161.5, 107.0, and 103.3).  The lone A ring proton H-8 (δH 5.99, s) showed correlations 

with four of the six aromatic A ring carbons (C-7, C-9, C-6, and C-10 at δC 164.4, 161.5, 

107.0 and 103.3).  These correlations confirmed the proposed structure of 2.1.  The 

absolute configuration of schizolaenone A was determined to be 2S by analysis of its 

circular dichroism (CD) spectrum and comparison with literature values.10  

 



 2.1 f 2.2 f 2.3 g 2.4 f

position    13Cb 1Hb,c (J, Hz)    13Cb 1Hb,c (J, Hz)    13Cb 1Hb,c (J, Hz)    13Cb 1Hb,c (J, Hz) 
2 79.4 5.30 dd (3.0, 13.0) 79.2 5.27 dd (2.5, 10.0)  5.24 dd (3.2, 12.8) 79.0 5.34 dd (2.8, 13.0) 
3ax 
3eq 

43.7 
 

3.09 dd (13.0, 17.0) 
2.77 dd (3.0, 17.0) 

43.5 
 

3.04 dd (10.0, 13.0) 
2.75 dd (2.5, 13.0)  3.05 dd (12.8, 16.8) 

2.68 dd (3.2, 16.8) 
43.4 
 

3.09 dd (13.0, 17.0) 
2.78 dd (2.8, 17.0) 

4 196.6  196.5  197.8  196.3  
5 161.5  161.3  162.4  161.3  
6 107.0  107.2  109.7  106.9  
7 164.4  164.3  165.9  164.2  
8 96.0 5.99 s 95.9 5.98 s 95.4 5.94 s 95.8 5.99 s 
9 161.5  161.4  162.5  161.3  
10 103.3  103.1  103.2  103.1  
1' 130.9  130.8  131.9  130.7  
2' 128.6 7.18e br s 119.8 6.73 d (2.0) 119.2 d 6.91 s d 127.9 7.38 d (8.8) 
3' 127.6  127.8  146.8  114.4 6.95 d (8.8) 
4' 155.2  142.8  116.2 d 6.78 s d 160.2  
5' 116.4 6.84 d (8.0)  144.3  146.5  114.4 6.95 d (8.8) 
6' 126.1 7.19 dd (2.0, 8.0) 111.5 6.86 d (2.0) 114.7d 6.78 s d 127.9 7.38 d (8.8) 
1" 30.3 3.39 d (3.6) 29.9 3.37 d (6.5) 21.8 3.21 d (7.2) 29.8 3.37 d (7.2) 
2" 121.6d 5.26d m 121.6d 5.25d m 123.9 5.19 m 121.4 5.25 t 
3" 140.1  139.6  135.2  139.8  
4" 16.6 1.81 s 16.4 1.80 s 16.2 1.74 s 16.5 1.80 s 
5" 40.1 2.07 m 39.9 2.07 m 40.9 2.04 m 39.9 2.04 m 
6" 26.7 2.09 m 26.6 2.10 m 27.7 1.94 m 26.5 2.07 m 
7" 124.0 5.03 m 123.9 5.05 m 125.4 5.06 m 123.8 5.05 m 
8" 132.5  132.3  132.0  132.3  
9" 26.0 1.67 s 25.9 1.67 s 25.8 1.62 s 25.8 1.67 s 
10" 18.1 1.59 s 17.9 1.59 s 17.7 1.56 s 18.0 1.59 s 
1'" 21.4 3.37 d (4.0) 21.3 3.35 d (7.0)     
2'" 121.6d 5.32d m 121.5d 5.32d m     
3'" 135.8  135.6      
4'" 26.2 1.78 s 26.0 1.78 s     
5"' 18.3 1.78 s 18.1 1.78 s     
MeO-4'       55.5 3.83 s 
HO-5  12.4 s  12.4 s    12.4 s 

a Assignments based on COSY, HMBC, HSQC.  b Chemical shifts (δ) in ppm.  c br s: broad singlet; d: doublet; m: multiplet.  d Values are interchangeable.  e Signal 
overlapped with H-6′.  f  in CDCl3. g  in CD3OD. 

Table 2.1.  NMR Spectral Data of Flavanones 2.1-2.4 a
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Figure 2.5. Select 2D correlations of schizolaenone A (2.1). 

 

2.2.3. Structure Elucidation of Schizolaenone B (2.2) 

 Schizolaenone B (2.2) was obtained as a yellow amorphous solid. Positive-ion 

HRFABMS analysis gave a pseudomolecular ion at m/z 493.2569, which suggested a 

formula of C30H37O6 ([M+1]+). Compound 2.2 had very similar NMR and mass spectral 

data to those of 2.1, suggesting their structural similarity.  A sixteen mass unit difference 

in the HRFABMS as well as the absence of proton H-5' in the 1H NMR spectrum of 2.2 

indicated the presence of an extra B ring hydroxyl group to be the sole difference 

between 2.1 and 2.2.  The 1H spectrum of 2.2 showed the presence of an aromatic proton 

in the A ring, a chelated hydroxyl proton, a methylene α to a carbonyl, an oxymethine, 

and the same signals for both prenyl and geranyl substituents as those of 2.1. The B ring 

aromatic signals of H-2' (δH 6.73, d, J = 2.0 Hz) and H-6' (δH 6.86, d, J = 2.0 Hz) 

supported the proposed substitution pattern.  The two B ring protons both showed HMBC 

correlations with C-2 (δC 79.2) and C-4' (δC 142.8), while an additional HMBC 

correlation indicated the proximity of H-2' (δH 6.73, d, J = 2.0 Hz) with C-1'' (δC 29.9).  

The absolute configuration of schizolaenone B was determined to be 2S, as deduced upon 

analysis of its CD spectrum and comparison with literature values.10     
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2.2.4. Structure Elucidation of Schizolaenone C (2.3) 

 Schizolaenone C (2.3) was obtained as a light yellow amorphous solid. Positive-

ion HRFABMS analysis gave a pseudomolecular ion at m/z 425.19638 ([M+1]+), which 

suggested a formula of C25H28O6.  NMR and FABMS suggested this structure to be 

similar to that of 2.2, though without a C5H9 prenyl substituent.  The 1H NMR spectrum 

of 2.3 in CD3OD showed the presence of one methylene α to the carbonyl, and one 

oxymethine.  When a 1H NMR spectrum of 2.3 was taken in DMSO-d6, one chelated 

hydroxyl proton was observed (δH 12.4, s, OH-5).  The observation of two aromatic 

singlets in CD3OD integrating to a total of three hydrogen atoms (δH 6.78, s, H-2' or H-6' 

and H-4'; δH 6.91, s, H-6' or H-2') in addition to key correlations in the HMBC spectrum 

of H-2' and H-6' to C-2 (δC 80.4), and Hax-3 to C-1' (δC 131.9) implied the B-ring 

substitution pattern as shown for 2.3.  The HMBC spectrum of 2.3 correlated H-1'' with 

C-5 (δC 162.4), C-6 (δC 109.7), and C-7 (δC 165.9), thus indicating the presence of the 

geranyl substituent on the A ring.  The absolute configuration of Schizolaenone C was 

determined to be 2S by analysis of its CD spectrum and comparison with literature 

values.10

 

2.2.5. Structure Elucidation of 4'-O-Methylbonnanione A (2.4) 

 4'-O-methylbonnanione A (2.4) was obtained as a pale yellow solid.  Positive-ion 

HRFABMS analysis gave a pseudomolecular ion at m/z 423.2139, which suggested a 

formula of C26H31O5 ([M+1]+).  The basic flavanone skeleton was present in 2.4 as 

indicated in the 1H spectrum by a downfield singlet (H-8, δH 5.99) and three characteristic 

doublets of doublets (δH 5.34, J = 2.8, 13.0 Hz, H-2; δH 3.09, J = 13.0, 17.0 Hz, Hax-3 and 
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δH 2.78, J = 2.8, 17.0 Hz, Heq-3).  In addition, a pair of downfield doublets characteristic 

of para-substitution (δH 6.95, J = 8.8 Hz, H-3', 5' and δH 7.38, J = 8.8 Hz, H-2', 6'), a 3H 

singlet (δH 3.83, C-4'-OMe), a singlet for a chelated hydroxy proton (δH 12.4, 5-OH), and 

signals for a geranyl group were observed. The 1H spectrum also shared features with 

those of bonannione A,11 indicating nearly identical structures. HMBC data placed the 

geranyl substituent on the A ring, as H-1'' (δH 3.37, d, J = 7.2 Hz) correlated with three 

nearby quaternary carbons (δC 161.3, C-5; δC 106.9, C-6; δC 164.2, C-7).  Confirmation of 

2.4 was finalized with correlations of aromatic protons H-2', 6' with C-2 (δC 79.0) and C-

4' (δC 160.2), and H-3', 5' with C-1' (δC 130.7).  The absolute configuration of 4'-O-

methylbonnanione A was determined to be 2S, as deduced upon analysis of its CD 

spectrum and comparison with literature values.10 

 

2.2.6. Structure Elucidation of 3S-Acetoxy-eicosanoic Acid Ethyl Ester (2.11)   

 3S-acetoxy-eicosanoic acid ethyl ester (2.11) was obtained as transparent oil.  

Positive-ion HRFABMS analysis gave a pseudomolecular ion at m/z 399.34839 ([M+1]+), 

which suggested a molecular formula of C24H46O4.  The presence of acetoxy and ethyl 

moieties in 2.11 were suggested by abundant fragments at [M + 1 - 59]+ (loss of C2H3O2) 

and [M + 1 - 28]+ (loss of C2H4) via a McLafferty-type rearrangement.  In addition, the 

13C NMR spectrum of 2.11 in C6D6 displayed signals for two ester carbonyls (δC 169.6, 

C-1'' and 170.0, C-1) as well as two sp3-oxygenated carbons (δC 60.3, C-1' and 70.6, C-

3).  The 1H NMR spectrum of 2.11 in C6D6 showed the presence of one oxymethine (δH 

5.42, m, H-3), one oxygenated methylene (δH 3.95, m, H2-1'), one methyl alpha to a 

carbonyl (δH 1.72, s, H3-2''), one broad multiplet between δH 1.18-1.34 (30H, m, H2-5 
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through 19), and two upfield methyl triplets (0.91, t, J = 6.6 Hz, H3-20 and 0.96, t, J = 7.0 

Hz, H3-2').  These data inferred that 2.11 was a long-chain fatty acid ethyl ester with an 

acetoxy substituent.  The COSY NMR spectrum displayed key connectivity between H2-

1' and H3-2', as well as H-3 with both H2-2 (δH 2.35, dd, J = 5.0, 15.2 Hz, Hα-2 and 2.46, 

dd, J = 7.6, 15.2 Hz, Hβ-2), and H2-4 (δH 1.46 and 1.53, each m).  The final arrangement 

of 2.11 was fortified via HMBC correlations of H-1' with the carbonyl at C-1, and of H-3 

with both carbonyl moieties C-1 and C-1'', thus confirming the location of the acetoxy 

substituent at C-3 and subsequently establishing the precise position of the ester carbonyl 

of the fatty acid chain.  These correlations confirmed the proposed structure of 2.11.  The 

absolute configuration of 3-acetoxy-eicosanoic acid ethyl ester was determined to be 3S 

by analysis of its optical rotation spectrum and comparison with literature values of 

similar 3-acetoxy fatty acid esters.12  
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Figure 2.6. Select 2D correlations of 2.11. 
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Figure 2.7. Mass spectral analysis of 2.11. 

 

2.2.7. Structure Elucidation of 3S-Acetoxy-doeicosanoic Acid (2.13)  

 3S-acetoxy-doeicosanoic acid (2.13) was obtained as transparent oil.  Positive-ion 

HRFABMS analysis gave a pseudomolecular ion at m/z 399.34457 ([M+1]+), which 

suggested a formula of C24H46O4.  Though the proposed molecular formula was identical 

to that of 2.11, subtle differences in the 1H and 13C NMR spectra suggested a slightly 

different structure.  The absence of the C-1' methylene and C-2' methyl signals, as in the 

1H spectrum of 2.11, offered the proposition that the C2H5 moiety may not be present.  In 

addition, the 13C NMR spectrum of 2.13 showed the presence of only one sp3-oxygenated 

carbon (δC 68.1, C-3) and signals representative of two methyl groups (δC 14.3, C-22 and 

20.6, C-2'').  The C-2' signal of the C2H5 moiety in 2.11 was clearly not present in the 13C 

NMR spectrum of 2.13.  In comparison with 2.11, the C-1 carbonyl signal (δC 175.7) 

underwent a slight downfield chemical shift, signaling the presence of a carboxylic acid 

in 2.13.  This proposition was further supported by the presence of two carbonyl peaks in 

the IR spectrum of 2.13, the acid functionality at C-1 (1716 cm-1) and the ester moiety at 

C-1'' (1742 cm-1).  Finally, aside from the minor structural differences between 2.11 and 
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2.13, their respective COSY and HMBC NMR spectra displayed identical correlations, 

thus confirming the structure of 2.13.  The absolute configuration of 3-acetoxy-

doeicosanoic acid was determined to be 3S by analysis of its OR data and comparison 

with literature values of similar 3-acetoxy fatty acid esters.12  

 

2.2.8. Identification of Known Compounds from Schizolaena hystrix 

 Nymphaeol A (2.5), bonannione A (2.6), bonanniol A (2.7), diplacol (2.8), 

macarangaflavanone B (2.9), 3'-prenylaringenin (2.10), 3S-acetoxy-eicosanoic acid 

(2.12), and 1-hydroxy-dodecan-2-one (2.14) were all identified by analysis of 1- and 2-D 

NMR and mass spectra, as well as comparison to spectral data found in literature.11, 13-19

 

2.2.9. Evaluation of Antiproliferative Activity of Compounds from Schizolaena hystrix. 

 All of the isolates were tested against the A2780 human ovarian cancer cell line, 

as previously reported.20 The results are shown in Table 2.2.  All isolates displayed weak 

bioactivity with IC50 values ranging from 13-70 μM.  Interestingly, nymphaeol A 

contains an extra B ring hydroxyl substituent compared with its counterpart, bonannione 

A, and was found to be about twice as active, with an IC50 value of 14 μM as compared 

to 32 μM for the latter compound.   
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Table 2.2. Antiproliferative Activity of Compounds 2.1-2.14a 

 
compound IC50 (μM) 

schizolaenone A (2.1) 21 
schizolaenone B (2.2) 22 
Schizolaenone C (2.3) 21 
4'-O-methylbonannione A (2.4) 40 
nymphaeol A (2.5) 14 
bonannione A (2.6) 32 
bonanniol A (2.7) 64 
diplacol (2.8) 13 
Macarangaflavanone B (2.9) 43 
3'-prenylaringenin (2.10) 29 
3-acetoxy-eicosanoic acid ethyl ester (2.11) 48 
3-acetoxy-eicosanoic acid (2.12) 54 
3-acetoxy-doeicosanoic acid (2.13) 63 
1-hydroxy-dodecan-2-one (2.14) 70     

 

 aConcentration of each compound that inhibited 50% of the growth of the A2780 human 
ovarian cell line according to the procedure described,10 with actinomycin D (IC50 1-3 
ng/mL) as the positive control.  

 

2.3 Experimental Section. 

General Experimental Procedures.  CD analysis was performed on a JASCO J-720 

spectropolarimeter.  IR and UV spectra were measured on MIDAC M-series FTIR and 

Shimadzu UV-1201 spectrophotometers, respectively.  Melting point was taken using 

Buchi Melting Point B-540.  NMR spectra were obtained on JEOL Eclipse 500, Varion 

Inova 400, and Varion Unity 400 spectrometers.  Mass spectra were obtained on a JEOL 

JMS-HX-110 instrument.  Chemical shifts are given in δ (ppm), and coupling constants 

(J) are reported in Hz.  HPLC was performed using either Shimadzu LC-8A pumps 

coupled with a Varian Dynamax preparative C18 column (250 x 21.4 mm), or Shimadzu 

LC-10AT pumps coupled with a Varian Dynamax semi-preparative C18 column (250 x 10 

mm).  Both HPLC systems employed a Shimadzu SPD-M10A diode array detector.  
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Preparative TLC was performed on Merck HPTLC cyano (CN) plates (10 x 10 cm), 200 

μm thickness.   

 

Plant Material.  The plant sample used was a collection of fruits of Schizolaena hystrix 

(Sarcolaenaceae), and duplicates of the voucher specimen (Rakotondrafara 225) are 

deposited at the Missouri Botanical Garden (MO), the Muséum National d’Histoire 

Naturelle, Paris (P), the Départment des Recherches Forestières et Pisicoles, Madagascar 

(TEF), and the Centre National d’Applications des Recherches Pharmaceutiques 

(CNARP), Madagascar.  The collection was made in the province of Toamasina, 15-20 

km SE of the village of Ambarifotsy, in forest adjacent to the Zahamena Protected Areas 

at 560 m in elevation on 30 May 2003 by A. Rakotondrafara, S. Randrianasolo, N.M. 

Andrianjafy, L.J. Razafitsalama, L.M. Randrianjanaka, A. Belalahy, Randrianjafisoa, and 

R. Mananjara.    

 

Extract Preparation.  The dried plant sample described above (336 g) was extracted 

with EtOH to give 27.3 g of extract designated MG 1938 (7.02 g).   

 

Cell Growth Inhibition Assay.  The A2780 human ovarian cancer cell line 

antiproliferative assay was performed at Virginia Polytechnic Institute and State 

University as previously reported.20   

 

Bioassay-guided Fractionation of Flavonoids from S. hystrix.  Extract MG 1938 (0.93 

g) was suspended in aqueous MeOH (MeOH-H2O, 9:1, 350 mL) and extracted with 
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hexanes (2 x 150 mL).  The aqueous MeOH fraction displayed antiproliferative activity 

(IC50 = 10 μg/mL), and was further chromatographed by preparative RP-C18 HPLC using 

MeOH-H2O (87:13) to yield ten fractions (A-J).  Fraction J was identified as 2.1 (tR 27.9 

min, 122 mg), while fractions E and F were identified as nymphaeol A (tR 12.1 min, 42.6 

mg) and bonannione A (tR 14.5 min, 50.4 mg), respectively.  Fraction D (20.6 mg, IC50 = 

9.0 μg/mL) was further separated via preparative TLC on CN plates (95:5, CHCl3-

hexane) to afford bonanniol A (Rf  0.31, 2.7 mg) and macarangaflavanone B (Rf  0.56, 

1.79 mg).  Fraction I (70.4 mg, IC50 = 10 μg/mL) was separated using CN preparative 

TLC (CHCl3-hexane, 95:5) to afford compound 2.2 (Rf 0.60, 13.5 mg), and fraction Q (Rf 

0.85, 6.66 mg).  Using a MeOH-H2O system (85:15), fraction Q required 

chromatographic purification over semi-preparative RP-C18 HPLC to afford 2.4 (tR 12.5 

min, 1.99 mg).   

 An additional 650 mg of MG 1938 was separated using the aforementioned 

liquid-liquid partitioning technique. The aqueous MeOH fraction displayed 

antiproliferative activity (493 mg, IC50 = 11 μg/mL), and was therefore chromatographed 

over a RP-C18 flash column (30 g, 2.5 x 6.5 cm) using a step gradient of H2O to MeOH 

in 10% increments to furnish 10 fractions (1-10).  Fraction 8 (134 mg, 10 μg/mL) was 

further separated using an isocratic flow of 80% aqueous MeOH on a preparative RP-C18 

HPLC column to furnish 9 fractions (11-19).  Fraction 12 (tR 9.7 min, 17.6 mg, IC50 = 20 

μg/mL ) was subjected to semi-preparative NH2 HPLC (isocratic flow of CHCl3-MeOH, 

4:1) to afford 5 fractions (20-24), of which fraction 24 was identified as 3'-

prenylaringenin (tR  16.0 min, 8.3 mg, IC50 = 10 μg/mL).  Fraction 15 (tR  14.7 min, 9.5 

mg, IC50 = 9.5 μg/mL) was separated via semi-preparative CN HPLC (isocratic flow of 
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CHCl3-hexanes, 77:23) to yield 10 fractions (25-34), of which fraction 34 was a broad 

peak identified as diplacol (tR  22.5 min, 2.5 mg, IC50 = 5.8 μg/mL).  Fraction 18 (tR  20.5 

min, 23.5 mg, IC50 = 8.1 μg/mL) was chromatographed using Si PTLC (CHCl3-MeOH, 

95:5) to afford 4 fractions (35-38).  Fractions 36 and 37 were identified as 1-hydroxy-

dodecan-2-one (Rf  0.50, 2.0 mg) and 2.3 (Rf  0.33, 11.5 mg), respectively.  The structures 

of the known compounds were identified by comparison of their spectral data with 

literature values.11, 13-15, 17-19   

 

Bioassay-guided Fractionation of Long-chain Compounds from S. hystrix.  The 

hexanes fraction from liquid-liquid partitioning displayed antiproliferative activity (133 

mg, IC50 = 20 μg/mL), and was further chromatographed with diol Solid Phase Extraction 

(SPE) using a step gradient of hexane-CHCl3-MeOH to yield five fractions (A-E).  10 mg 

of fraction A (35.8 mg, 25 μg/mL) was further chromatographed over CN PTLC plates 

(hexanes) to furnish 3 fractions (F-H).  Fraction G was identified as 2.11 (Rf 0.51, 3.4 

mg).  10 mg of fraction B (52.6 mg, 20 μg/mL) was separated over Si PTLC and eluted 

with hexanes to yield 5 fractions (I-M).  Fraction L was identified as 2.13 (Rf 0.25, 4.3 

mg), while fraction M was identified as 2.12 (Rf 0.06, 2.8 mg).  The structures of the 

known compounds were identified by comparison of their spectral data with literature 

values.16    

 

Schizolaenone A (2.1): yellow amorphous solid; [α]D + 2.7° (c 0.44, MeOH); UV 

(MeOH) λmax (log ε) 224 (2.25) nm, 293 (2.10) nm; IR νmax 2966, 2920, 2853, 1633, 
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1597, 1447, 1149, 1085, 1063, 819 cm-1; CD (MeOH, c 0.039) [θ ]293 -24; 1H and 13C 

NMR, see Table 2.1;  HRFABMS m/z 477.2592 [M+1]+ (calcd for C30H37O5, 477.2641).   

 

Schizolaenone B (2.2): yellow amorphous solid; [α]D -3.9° (c 0.53, MeOH); UV 

(MeOH) λmax (log ε) 231 (2.18), 292 (2.15) nm; IR νmax 2966, 2914, 2855, 1633, 1597, 

1446, 1297, 1152, 1085, 1065 cm-1; CD (MeOH, c 0.076) [θ ]295 -2.2; 1H and 13C NMR, 

see Table 2.1; HRFABMS m/z 493.2569 [M+1]+ (calcd for C30H37O6, 493.2590).   

 

Schizolaenone C (2.3): yellow amorphous solid; [α]D  -1.0° (c 0.20, MeOH); UV 

(MeOH) λmax (log ε) 233 (4.10) nm, 288 (4.06) nm, 340 (3.55) nm; IR νmax 3318, 2973, 

2921, 1641, 1598, 1454, 1343, 1305, 1161, 1090 cm-1; CD (MeOH, c 0.042) [θ ]299 –6.5;  

1H  NMR (DMSO-d6): δH 1.52 (3H, s, H-10''), 1.59 (3H, s, H-9''), 1.68 (3H, s, H-4''), 1.88 

(2H, m, H-6''), 1.97 (2H, m, H-5''), 2.65 (1H, dd, J = 3.0, 17.0 Hz, Heq-3), 3.10 (2H, d, J = 

7.5 Hz, H-1''), 3.13 (1H, dd, J = 12.5, 17.0 Hz, Hax-3), 5.03 (1H, m, H-7''), 5.11 (1H, m, 

H-2''), 5.32 (1H, dd, J = 3.0, 12.5 Hz, H-2), 5.96 (1H, s, H-8), 6.72 (2H, br s, H-4', 6' a), 

6.85 (1H, s, H-2' a), 12.4 (1H, s, OH-5) ppm, a values are interchangeable; 1H and 13C 

NMR (CD3OD), see Table 2.1; HRFABMS m/z 425.19638 [M+1]+ (calcd for C25H29O6, 

425.19642).   

 

4'-O-Methylbonannione A (2.4): pale yellow solid, mp 133-136°C; [α]D -3.2° (c 0.15, 

MeOH); UV (MeOH) λmax (log ε) 296 (1.97) nm; IR νmax 2922, 2851, 1627, 1582, 1458, 

1312, 1295, 1252, 1173, 1089, 830 cm-1; CD (MeOH, c 0.012) [θ ]290 -3.6; 1H and 13C 

NMR, see Table 2.1;  HRFABMS m/z 423.2139  [M-1]+ (calcd for C26H31O5, 423.2172).   
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Nymphaeol A (2.5):  1H  NMR (CD3OD): δH 1.55 (3H, s, H-10''), 1.60 (3H, s, H-9''), 1.73 

(3H, s, H-4''), 1.93 (2H, m, H-6''), 2.03 (2H, m, H-5''), 2.65 (1H, dd, J = 2.8, 17.2 Hz, 

Heq-3), 3.04 (1H, dd, J = 12.8, 17.2 Hz, Hax-3), 3.20 (2H, d, J = 6.8 Hz, H-1''), 5.05 (1H, 

br t, J = 6.8 Hz, H-7''), 5.17 (1H, br t, J = 6.0 Hz, H-2''), 5.23 (1H, dd, J = 2.8, 12.8 Hz, 

H-2), 5.93 (1H, s, H-8), 6.77 (2H, br s, H-5', 6'), 6.90 (1H, br s, H-2') ppm. 

 

Bonnanione A (2.6):  1H  NMR (CD3OD): δH 1.55 (3H, s, H-10''), 1.61 (3H, s, H-9''), 

1.74 (3H, s, H-4''), 1.93 (2H, m, H-6''), 2.03 (2H, m, H-5''), 2.65 (1H, dd, J = 2.8, 17.2 

Hz, Heq-3), 3.07 (1H, dd, J = 12.8, 17.2 Hz, Hax-3), 3.20 (2H, d, J = 7.2 Hz, H-1''), 5.05 

(1H, br t, J = 7.2 Hz, H-7''), 5.18 (1H, br t, J = 6.8 Hz, H-2''), 5.32 (1H, dd, J = 2.8, 13.2 

Hz, H-2), 5.92 (1H, s, H-8), 6.80 (2H, d, J = 8.4 Hz, H-3', 5'), 7.29 (2H, d, J = 8.8 Hz, H-

2', 6') ppm. 

 

Bonnaniol A (2.7):  1H  NMR (CDCl3): δH 1.59 (3H, s, H-10''), 1.67 (3H, s, H-9''), 1.81 

(3H, s, H-4''), 2.08 (4H, m, H-5'', 6''), 3.38 (2H, d, J = 7.6 Hz, H-1''), 4.53 (1H, d, J = 12 

Hz, H-3), 4.99 (1H, d, J = 12 Hz, H-2), 5.03 (1H, m, H-7''), 5.25 (1H, br t, J = 6.8 Hz, H-

2''), 6.00 (1H, s, H-8), 6.91 (2H, d, J = 8.4 Hz, H-3', 5'), 7.42 (2H, d, J = 8.8 Hz, H-2', 6') 

ppm. 

 

Diplacol (2.8):  1H  NMR (CD3OD): δH 1.55 (3H, s, H-10''), 1.61 (3H, s, H-9''), 1.74 (3H, 

s, H-4''), 1.95 (2H, m, H-6''), 2.03 (2H, m, H-5''),  3.21 (2H, d, J = 6.8 Hz, H-1''), 4.48 

(1H, d, J = 11.6 Hz, H-3), 4.87 (1H, d, J = 11.6 Hz, H-2), 5.05 (1H, m, H-7''), 5.18 (1H, 
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m, H-2''), 5.91 (1H, s, H-8), 6.78 (1H, d, J = 7.6 Hz, H-5'), 6.83 (1H, d, J = 7.6 Hz, H-6'), 

6.94 (1H, s, H-2') ppm. 

 

Macarangaflavanone B (2.9):  1H  NMR (CDCl3): δH 1.72 (6H, s, H-4''', 5'''), 1.78 (6H, 

s, H-4'', 5''), 2.80 (1H, dd, J = 2.8, 17.2 Hz, Heq-3), 3.05 (1H, dd, J = 12.8, 17.2 Hz, Hax-

3), 3.30 (2H, d, J = 6.0 Hz, H-1'''), 3.37 (2H, d, J = 6.0 Hz, H-1''), 5.21 (1H, m, H-2'''), 

5.31 (1H, m, H-2''), 5.31 (1H, dd, J = 2.8, 12.8 Hz, H-2), 6.01 (1H, s, H-8), 6.84 (1H, d, J 

= 8.0 Hz, H-5'), 7.17 (1H, s, H-2'), 7.18 (1H, d, J = 8.0 Hz, H-6') ppm. 

 

3'-Prenylaringenin (2.10):  1H  NMR (CDCl3): δH 1.77 (6H, s, H-4'', 5''), 2.75 (1H, dd, J 

= 2.8, 17.2 Hz, Heq-3), 3.10 (1H, dd, J = 12.8, 17.2 Hz, Hax-3), 3.37 (2H, d, J = 7.2 Hz, 

H-1''), 5.31 (1H, m, H-2''), 5.31 (1H, dd, J = 2.8, 12.8 Hz, H-2), 5.97 (1H, d, J = 2.0 Hz, 

H-6), 5.99 (1H, d, J = 2.0 Hz, H-8), 6.84 (1H, d, J = 8.8 Hz, H-5'), 7.17 (1H, s, H-2'), 

7.18 (1H, d, J = 8.8 Hz, H-6') ppm. 

 

3S-Acetoxy-eicosanoic Acid Ethyl Ester (2.11): transparent oil; [α]D + 2.1° (c 0.20, 

CHCl3); UV (CHCl3) λmax (log ε) 240 (1.94) nm; IR νmax 2927, 2854, 1741, 1464, 1371, 

1238 cm-1; 1H-NMR (CDCl3): δH  0.86 (3H, t, J = 6.5 Hz, H-20), 0.86 (3H, t, J = 6.5 Hz, 

H-2'), 1.26-1.23 (30H, m, H-5 through 19), 1.58 (2H, m, H-4), 2.03 (3H, s, H-2''), 2.54 

(2H, m, H-2), 4.14 (2H, q, J = 7.0, 14.0 Hz, H-1'), 5.21 (1H, m, H-3) ppm, 1H-NMR 

(C6D6): δH 0.91 (3H, t, J = 6.6 Hz, H-20), 0.96 (3H, t, J = 7.0 Hz, H-2'), 1.18-1.34 (30H, 

m, H-5 through 19), 1.46 and 1.53 (2H, each m, H-4), 1.72 (3H, s, H-2''), 2.35 (1H, dd, J 

= 5.0, 15.2 Hz, Hα-2), 2.46 (1H, dd, J = 7.6, 15.2 Hz, Hβ-2), 3.95 (2H, m, H-1'), 5.42 (1H, 
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m, H-3) ppm, and 13C NMR (C6D6): 14.1 (C-2'), 14.3 (C-20), [23.0, 25.5, 29.7 x 2, 29.8, 

29.9, 30.0, 30.1, 32.2 (C5-19) ], 20.6 (C2''), 34.4 (C-4), 39.5 (C-2), 60.3 (C-1'), 70.6 (C-

3), 169.6 (C-1''), 170.0 (C-1) ppm;  HRFABMS m/z 399.3484 [M+1]+ (calcd for 

C24H47O4, m/z 399.3474).   

 

3S-Acetoxy-eicosanoic Acid (2.12): transparent oil; 1H-NMR (C6D6): δH 0.92 (3H, t, J = 

6.4 Hz, H-20), 1.18-1.34 (30H, m, H-5 through 19), 1.50 (2H, m, H-4), 1.70 (3H, s, H-

2''), 2.27 (1H, dd, J = 4.8, 15.6 Hz, Hα-2), 2.41 (1H, dd, J = 7.6, 15.6 Hz, Hβ-2), 5.37 

(1H, m, H-3) ppm;  HRFABMS m/z 371.3157 [M+1]+ (calcd for C22H43O4, m/z 

371.3161).   

 

3S-Acetoxy-doeicosanoic Acid (2.13): transparent oil; [α]D + 1.5° (c 0.13, CHCl3); UV 

(CHCl3) λmax (log ε) 253 (2.88) nm; IR νmax 2920, 2854, 1742, 1716, 1466, 1371, 1234 

cm-1; 1H-NMR (C6D6): δH 0.92 (3H, t, J = 6.4 Hz, H-22), 1.14-1.34 (34H, m, H-5 through 

21), 1.47 (2H, m, H-4), 1.70 (3H, s, H-2''), 2.27 (1H, dd, J = 4.8, 16 Hz, Hα-2), 2.42 (1H, 

dd, J = 7.6, 15.6 Hz, Hβ-2), 5.37 (1H, m, H-3) ppm and 13C NMR (C6D6): 14.3 (C-22), 

[23.0, 25.5, 29.7, 29.8, 29.9, 30.0 x 2, 30.1, 32.3 (C5-21) ], 20.6 (C2''), 34.3 (C-4), 40.9 

(C-2), 68.1 (C-3), 169.8 (C-1''), 175.7 (C-1) ppm;  HRFABMS m/z 399.3446 [M+1]+ 

(calcd for C24H47O4, 399.3474).   

 

1-Hydroxy-dodecan-2-one (2.14): 1H-NMR (CDCl3): δH 0.88 (3H, t, J = 6.8 Hz, H-11), 

1.23-1.30 (14H, m, H-4 through 10), 1.63 (2H, m, H-3), 2.35 (2H, t, J = 8.0 Hz, H-2), 

3.75 (2H, s, H-1') ppm; FABMS m/z 228.27 [M+1]+ (calcd for C14H28O2, m/z 228.37).  
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III.  Antiproliferative Compounds of Artabotrys madagascariensis from the 

Madagascar Rainforest 1  

 

3.1 Introduction 

 Bioassay-guided fractionation of an ethanol extract of Artabotrys 

madagascariensis led to the isolation of a new oxygenated cyclohexene derivative, two 

butenolides, and a tetracyclic triperpene.  The butenolides have been reported to have 

potent cytotoxicity (0.08-2.0 μg/mL) against a variety of tumor cell lines.2  Structure 

elucidation was carried out by one and two-dimensional NMR spectroscopy, and the absolute 

configuration of compounds 3.1 - 3.3 was verified by analysis of their CD spectra and optical 

rotations.  Two of the isolates, melodorinol (3.2) and acetylmelodorinol (3.3), were found to 

display antiproliferative activity against five different tumor cell lines with IC50 values ranging 

from 2.4 to 12 μM.  This chapter is an expanded version of a published paper on this plant 

species.1        

 
3.1.1  Previous Investigations of Artabotrys madagascariensis 

 Often referred to as the custard-apple family, Annonaceae is the largest family of 

Magnoliales, consisting of approximately 2300 species in 130 genera. To our knowledge, 

there are no known published reports on the chemistry of A. madagascariensis Miq, 

however a survey of the literature on the genus Artabotrys revealed a large number of 

chemical investigations.  The genus Artabotrys contains approximately 100 species of 

lianas situated throughout the tropical areas of Africa, Asia, and the western Pacific.3  

From it have been isolated isoquinoline and cytotoxic aporphine alkaloids,4,5 

butyrolactones,6 sesquiterpenes,7 flavonol glycosides,8 and the antimalarial 
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chemotherapeutic peroxides yingzhaosu A-D,9-11 thus affirming the truly diverse 

structural repertoire of this genus.    

 
3.1.2 Chemical Investigation of Artabotrys madagascariensis 

 In our continuing search for biologically active natural products from tropical 

rainforests as part of an International Cooperative Biodiversity Group (ICBG) program, 

we obtained an ethanol extract from Artabotrys madagascariensis of the family 

Annonaceae.  Bioassay-guided fractionation of an ethanol extract of the leaves and fruits 

of A. madagascariensis led to the isolation of the novel compound artabotrene (3.1), two 

bioactive butenolides, melodorinol (3.2) and acetylmelodorinol (3.3), and the tetracyclic 

triterpene polycarpol (3.4).  Structure elucidation was determined on the basis of one and 

two-dimensional NMR spectra, and absolute configuration was verified upon analysis of 

CD and optical rotation data.   
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Figure 3.1. Compounds of Artabotrys madagascariensis. 
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3.2 Results and Discussion 

3.2.1  Isolation of Compounds from A. madagascariensis 

 Four compounds were isolated from the leaves and fruits of A. madagascariensis 

by employing bioassay-guided fractionation, as shown in Scheme 3.1.  The crude plant 

extract was suspended between hexanes and 90% aqueous methanol to yield two separate 

fractions.  The aqueous methanol fraction was then diluted to 60% methanol and 

partitioned with chloroform.  The organic chloroform layer was found to be active, thus it 

was further separated using silica gel flash column chromatography.  Three fractions 

were produced from the flash column; the two least polar were found to be active 

(fractions A and B). 

 Fraction A was separated using preparative silica gel HPLC with chloroform as 

the eluent to afford six fractions, two of which were pure compounds: fraction F (3.3, 27 

mg) and fraction G (3.4, 15 mg).  Fraction B was also separated using preparative silica 

gel HPLC with chloroform to afford four fractions, two of which were pure compounds: 

fraction J (3.2, 3.8 mg) and fraction K (3.1, 0.5 mg). 
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Scheme 3.1. Isolation of compounds from A. madagascariensis. 
 

 

3.2.2. Structure Elucidation of Artabotrene (3.1) 

Artabotrene (3.1) was obtained as a transparent oil.  Positive-ion HRFABMS analysis 

gave a pseudomolecular ion at m/z 365.12430 ([M+H]+), which suggested a molecular 

formula of C18H20O8.  1H and 13C NMR data are presented in Table 3.1.  The 13C NMR 

spectrum of 3.1 in CDCl3 displayed resonances for three ester carbonyls (δC 168.7, C-7'; 
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170.3, 2-OCOCH3; and 170.4, 3-OCOCH3) as well as two acetyl methyls (δC 20.6, 2-

OCOCH3; and 20.9, 3-OCOCH3), five sp3-oxygenated carbons (δC 76.3, C-1; 74.7, C-2; 

71.2, C-3; 73.8, C-4; and 65.1, C-7), and eight sp2-carbons (δC 125.4, C-5; 131.6, C-6; 

129.3, C-1'; 129.9, C-2', -6'; 128.6, C-3', -5'; and 133.7, C-4').  The 1H NMR spectrum of 

3.1 in CDCl3 suggested the existence of a mono-substituted benzene ring, due to 

characteristic resonances in the aromatic region (δH 8.08, d, J = 8.0 Hz, H-2', -6'; 7.48, t, J 

= 8.0 Hz, H-3', -5'; and 7.61, t, J = 7.6 Hz, H-4').  This left two sp2-carbons unaccounted 

for (C-5 and C-6), and analysis of the COSY spectrum identified them as being part of 

the six-membered ring via connectivity of H-6 (δH 5.83, ddd, J = 10.4, 2.0, 2.0 Hz) with 

H-5 (δH 5.62, ddd, J = 10.4, 2.8, 2.8 Hz), H-5 with H-4 (δH 4.53, m), H-4 with H-3 (δH 

5.77, m), and H-3 with H-2 (δH 5.33, d, J = 8.0 Hz).  The contour between H-4 and H-3 

was weak, thus the proposed linkage was confirmed by the employment of 1D TOCSY. 

The HMBC correlation of H-2 to the carbonyl signal at δC 170.3 (Figure 3.2), proved the 

location of that particular acetoxy group.  The placement of a hydroxyl moiety (δH 2.92, 

br s) at position 4 was also confirmed by a COSY spectrum.  Another hydroxyl group 

was placed at the 1-position based on the molecular formula and the 13C chemical shift of 

C-1.  The location of the second acetoxy moiety at the 3-position was supported by the 

deshielded nature of H-3, in comparison with typical hydroxylated protons.   
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Figure 3.2.  HMBC spectrum of artabotrene (3.1). 
 

Key HMBC correlations of C-1 with protons H-2, -6, and -7 (δH 4.72, d, J = 12.8 Hz, Hα-

7 and 4.65, d, J = 12.8 Hz, Hβ-7), were observed.  Finally, the flat structure was 

confirmed through HMBC correlations of H2-7 and H-2′, -6′ with C-7′, thus placing the 

carbonyl directly adjacent to the aromatic ring.  The relative configuration of 3.1 was 

determined by analysis of its ROESY spectrum (Figure 3.3).  H-2 showed a through 

space correlation with H-4, representing axial-axial proton interactions, and the same 

type of interaction was observed between H-3 and the protons at H2-7.  This half-chair 
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conformation along with critical 2D correlations are shown in Figure 3.3.  A compound 

with an identical flat structure was previously reported as a synthetic intermediate, 

though the configuration was slightly different.12 The absolute configuration of 3.1 was 

determined by comparison of its CD spectrum with that of a known polyoxygenated 

cyclohexene derivative from Uvaria rufa with identical relative but known absolute 

configuration.13 This analog, uvarirufol B, contained an OBz moiety at the 3-position as 

opposed to the acetoxy present in 3.1.  Artabotrol had a CD spectrum with a trend 

opposite to that of uvarirufol B.  These differences indicated that the two compounds had 

the opposite absolute stereochemistry.  In addition, the sign of optical rotation for 3.1 in 

CHCl3 ([α]D + 89.4°) was opposite to that of its counterpart uvarirufol B ([α]D - 178°).  

Hence the absolute configuration of artabotrene (3.1) was determined to be (1S, 2R, 3S, 

4R).    

 
 

H

OAc

H

OH

H

AcO
HO

CH2OBz
O

O OH

AcO
OAc

OH

1

2

ROESY
COSY
HMBC  

 
Figure 3.3.  Select 2D NMR correlations of artabotrene (3.1). 
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Table 3.1.  NMR Spectroscopic Data of Artabotrene (3.1) in CDCl3
a 

 
 3.1 

position    13Cb 1Hb,c (J, Hz) 
1 76.3 - 
2 74.7 5.33 d (8.0) 
3 71.2 5.77 m 
4 73.8 4.53 m 
5 125.4 5.62 ddd (10.4, 2.8, 2.8) 
6 131.6 5.83 ddd (10.4, 2.0, 2.0) 
7 4.72 d (12.8) 
 

65.1 
 4.65 d (12.8) 

2-OCOCH3 170.3 - 
2-OCOCH3 20.6 1.87 s 
3-OCOCH3 170.4 - 
3-OCOCH3 20.9 2.04 s 
1' 129.3 - 
2', 6' 129.9 8.08 d (8.0) 
3', 5' 128.6 7.48 t (8.0) 
4' 
7’ 
1-OH 
4-OH 
 

133.7 
168.7 

- 
- 
 

7.61 t (7.6) 
- 
3.87 br s 
2.92 br s 
 

aAssignments based on COSY, HMBC, HSQC.  
bChemical shifts (δ) in ppm.  c br s: broad singlet; d: 
doublet; m: multiplet.  J values in bracket. 

 
 

3.2.3. Identification of Known Compounds from A. madagascariensis 

 The butenolides melodorinol (3.2) and acetylmelodorinol (3.3) were identified on 

the basis of their one- and two-dimensional NMR spectra (Figure 3.4), optical rotation 

data, and subsequent comparison to literature values.2,14 The existence of benzoyl 

derivatives in Annonaceous plants is not uncommon, and a brief summary of biosynthetic 

origins of these compounds has been published.14  However, there have been a few 

reports involving the isolation of such C-7 benzoyl derivatives,2, 14, 17 and the total 

synthesis of these compounds by various methods has been reported.15, 16  

 44



 

O

O

OH O

O

H H

ROESYCOSY
HMBC  

Figure 3.4.  Select 2D NMR correlations of melodorinol (3.2). 
 

 The triterpene polycarpol (3.4) was originally isolated from the leaves and stem 

barks of Polyalthia oliveri (Annonaceae).18 It has recently been reported to be an agonist 

of liver X receptors, thus increasing cellular cholesterol efflux, lowering LDL, and 

raising HDL levels.19 Its flat structure was identified on the basis of one- and two 

dimensional NMR data, while analysis of its ROESY spectrum confirmed its 

configuration.    
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Figure 3.5.  Select 2D NMR correlations of polycarpol (3.4). 
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3.2.4. Antiproliferative Evaluation of Compounds from A. madagascariensis. 

 All of the isolates were tested against the A2780 human ovarian cancer cell line,20 

and compounds 3.2 and 3.3 were tested against four additional cell lines (MDA-MB-435, 

breast cancer; HT-29, colon cancer; H522-T1, non-small cell cancer; U937, histiocytic 

lymphoma). The results are shown in Table 3.2.  Of the four compounds, 3.2 and 3.3 

displayed moderate antiproliferative activity, with the additional acetyl moiety of 3.3 

apparently leading to the increase in activity.  Overall, compounds 3.2 and 3.3 exhibited 

general antiproliferative activity toward tumor cells, and thus further exploration of their 

bioactive potential was stopped.  It was postulated that the γ-(Z)-alkylidenebutenolide 

moiety was responsible for the general bioactivity of these compounds.2    

 

Table 3.2. Antiproliferative Data of Compounds 3.1-3.4 
compound IC50 (μM) 

 A2780a MDA-MB-
435b

HT-29b H522-T1b U937b

3.1 55 - - - - 
3.2 12 8.6 5.8 7.3 6.2 
3.3 6.9 6.8 2.6 2.4 5.6 
3.4 41 - - - - 

     aConcentration of each compound that inhibited 50% of the growth of the A2780 
human ovarian cell line according to the procedure described,21  with actinomycin D (IC50 
0.8-2.4 nM) as the positive control.  Assay carried out by Ms. Peggy Brodie.  
   bConcentration of a compound which inhibited cell growth by 50% compared to 
untreated cell populations, with vinblastine as the positive control (average IC50 0.27 nM 
(MDA-MB-435), 0.53 nM (HT-29), 1.38 nM (H522-T1) and 0.49 nM (U937).  These 
assays were carried out at the Eisai Research Institute, Waltham, MA.   

 

3.3 Experimental Section. 

General Experimental Procedures. 

 IR and UV spectra were measured on MIDAC M-series FTIR and Shimadzu UV-

1201 spectrophotometers, respectively.  Optical rotations were recorded on a Perkin-
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Elmer 241 polarimeter.  CD analysis was performed on a Jasco J-720 spectropolarimeter, 

and data is expressed in terms of circular-dichroic absorption, Δε (cm2 x mmole-1).  NMR 

spectra were obtained on JEOL Eclipse 500, Varion Inova 400, and Varion Unity 400 

spectrometers.  Mass spectra were obtained on a JEOL JMS-HX-110 instrument.  

Chemical shifts are given in δ (ppm), and coupling constants (J) are reported in Hz.  

HPLC was performed using either Shimadzu LC-8A pumps coupled with a Varian 

Dynamax preparative silica column (250 x 21.4 mm), or Shimadzu LC-10AT pumps 

coupled with a Varian Dynamax semi-preparative silica column (250 x 10 mm).  Both 

HPLC systems employed a Shimadzu SPD-M10A diode array detector.   

 

Plant Material. 

Samples of leaves and fruits of Artabotrys madagascariensis Miq were collected by 

botanists from the Missouri Botanical Garden in December 2004. The plant was a well 

branched shrub with green aromatic fruit growing in a degraded forest, on calcareous 

rock on the Montagne des Français, Antsiranana province, Madagascar (12.23.27 S / 

49.20.01. E, elevation 410 m). The herbarium voucher specimen for the sample is 

Stephan Rakotonandrasana et al. 884. Duplicate voucher specimens were deposited at 

herbaria of the Centre National d'Application des Recherches Pharmaceutiques, 

Madagascar (CNARP), the Parc Botanique et Zoologique de Tsimbazaza, Madagascar 

(TAN), the Missouri Botanical Garden, St. Louis, Missouri (MO), and the Muséum 

National d'Histoires Naturelles, Paris, France (P).  
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Antiproliferative Bioassays. 

 The A2780 ovarian cancer cell line antiproliferative assay was performed at 

Virginia Polytechnic Institute and State University as previously reported.20   

Additional activity testing was performed at Eisai Research Institute, in Andover, 

MA.  Antiproliferative effects of compounds 3.2 and 3.3 were evaluated in four cultured 

human cancer cell lines: MDA-MB-435 breast cancer cells, HT-29 colon cancer cells, 

H522-T1 non-small cell cancer cells, and U937 histiocytic lymphoma cells.  The cells 

were placed into 96-well plates and grown in the absence or continuous presence of 0.3 – 

10,000 nM compounds for 96 h.  Cell growth was assessed using the CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega) according to manufacturer's 

recommendations.  Luminescence was read on a Victor2V 1420 MultiLabel HTS Counter 

(Perkin-Elmer/Wallac).  IC50 values were determined as the concentration of a compound 

which inhibits cell growth by 50% compared to untreated cell populations.  Two separate 

replicate experiments were performed. 

 

Extract Preparation 

 The leaves and fruit of A. madagascariensis were extracted with ethanol by 

scientists at CNARP, Antananarivo, Madagascar to yield extract MG 2898. 

 

Bioassay-guided Fractionation of Compounds from A. madagascariensis. 

 Extract MG 2898 (1.5 g) was suspended in aqueous MeOH (MeOH-H2O, 9:1, 350 

mL) and extracted with hexanes (2 x 150 mL).  The aqueous MeOH fraction was then 
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adjusted to 60 % aqueous MeOH, and extracted with CHCl3 (2 x 150 mL).  The CHCl3 

fraction displayed antiproliferative activity (420 mg, IC50 = 2.9 μg/mL), and 100 mg was 

further chromatographed over silica gel using a step gradient of CHCl3-isopropanol to 

yield three fractions (A-C).  Fraction A (54.8 mg, 3.1 μg/mL) was further 

chromatographed using an isocratic flow of 100 % CHCl3 (10.0 mL/min) on a preparative 

silica HPLC column to furnish six fractions (D-I).  Fraction F was identified as 3.3 (tR  8.7 

min, 27 mg).  Fraction G was identified as 3.4 (tR 12.0 min, 15 mg).   

 Fraction B (19.5 mg, 6.2 μg/mL) also displayed antiproliferative activity, 

therefore it was subjected to preparative silica HPLC using the previously described 

conditions to yield four fractions (J-M).  Fraction J was identified as 3.2 (tR 17.6 min, 3.8 

mg).  Fraction K was identified as the novel compound 3.1 (tR 16.5 min, 0.5 mg).  An 

additional 3.0 mg of 3.1 was later obtained through similar fractionation techniques.  It 

should be noted that the activity of fraction B was due to the presence of the pair of 

butenolides (3.3 and 3.4), which proved to be quite abundant throughout the plant.  The 

structure of the known compound 3.4 was identified by interpretation of one and two-

dimensional NMR spectra.   

 

Artabotrene (1S, 2R, 3S, 4R) (3.1): Transparent oil, [α]D + 89.4° (c 0.10, CHCl3); UV 

(CH3OH) λmax (log ε) 230 (3.92) nm, 272 (3.42) nm; IR νmax 3454, 2956, 1748, 1722, 

1369, 1272, 1241, 1227, 1114, 1044, 1026, 711 cm-1; CD (MeOH) [θ ]210 -69, [θ ]240 

15.7, [θ ]260 21.4, [θ ]287 10.4; 1H and 13C NMR (CDCl3), see Table 3.1; HRFABMS m/z 

365.1243 [M+1]+ (calcd for C18H21O8, 365.1236).   
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Melodorinol (3.2): [α]D + 35.9° (c 0.17, CHCl3),  1H-NMR (CD3OD): δH 4.37 (2H, ddd, 

J = 6.0, 10.8, 16.8 Hz, H-8), 5.06 (1H, dt, J = 6.0, 8.4 Hz, H-7), 5.49 (1H, d, J = 8.4 Hz, 

H-6), 6.30 (1H, d, J = 5.6 Hz, H-3), 7.45 (2H, t, J = 8.0 Hz, H-13, 15), 7.59 (1H, t, J = 7.2 

Hz, H-14), 7.67 (1H, d, J = 5.2 Hz, H-4), 8.03 (2H, d, J = 7.2 Hz, H-12, 16) ppm and 13C-

NMR (CD3OD): δC 65.8 (C-7), 68.3 (C-8), 115.2 (C-6), 121.5 (C-3), 129.5 (C-13, 15), 

130.6 (C-12, 16), 131.2 (C-11), 134.3 (C-14), 145.8 (C-4), 151.7 (C-5), 167.7 (C-10), 

171.0 (C-2). 

 

Acetylmelodorinol  (3.3): [α]D + 22.3° (c 0.21, CHCl3), 1H-NMR (CD3OD): δH 2.07 

(3H, s, H-17, 4.52 (2H, ddd, J = 6.4, 12.0, 29.6 Hz, H-8), 5.52 (1H, d, J = 8.0 Hz, H-6), 

6.11 (1H, m, H-7), 6.34 (1H, d, J = 5.2 Hz, H-3), 7.46 (2H, t, J = 7.6 Hz, H-13, 15), 7.60 

(1H, t, J = 7.2 Hz, H-14), 7.67 (1H, d, J = 5.2 Hz, H-4), 8.00 (2H, d, J = 7.2 Hz, H-12, 

16) ppm and 13C-NMR (CD3OD): δC 20.7 (C-17), 65.7 (C-8), 68.5 (C-7), 109.7 (C-6), 

122.1 (C-3), 129.6 (C-13, 15), 130.6 (C-12, 16), 130.9 (C-11), 134.5 (C-14), 145.5 (C-4), 

152.7 (C-5), 167.4 (C-10), 170.5 (C-2), 171.6 (C-16). 

 

Polycarpol (3.4): 1H-NMR (CDCl3): δH 0.60 (3H, s, H-18), 0.87 (3H, s, H-21), 0.87 (3H, 

s, H-28), 0.93 (3H, s, H-30), 0.97 (3H, s, H-19), 0.99 (3H, s, H-29), 1.03 (2H, m, H-22), 

1.09 (1H, dd, J = 3.2, 9.6 Hz, H-5), 1.37 (1H, m, H-20), 1.44 (1H, dd, J = 3.2, 10.4 Hz, 

Hα-1), 1.59 (3H, s, H-27), 1.66 (1H, m, H-17), 1.68 (3H, s, H-26), 1.70-1.73 (2H, m, H-

2), 1.73 (1H, m, Hα-16), 1.85 (1H, m, Hα-23), 1.94 (1H, m, Hβ-16), 1.96 (1H, m, Hβ-1), 

1.97 (1H, m, Hβ-23), 1.99 (1H, m, Hα-6), 2.02 (1H, m, Hα-12), 2.15 (1H, ddd, J = 3.6, 

5.2, 13.6 Hz, Hβ-6), 2.28 (1H, br d, J = 14.4, Hβ-12), 3.24 (1H, dd, J = 3.6, 9.2, H-3), 
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4.26 (1H, dd, J = 4.4, 7.6, H-15), 5.08 (1H, br t, J = 6.0, H-24), 5.30 (1H, br d, J = 4.4, H-

11), 5.84 (1H, br d, J = 5.6, H-11) ppm and 13C-NMR (CDCl3): δC 15.8 (C-21 or C-28), 

15.9 (C-18), 17.1 (C-30), 17.6 (C-27), 18.4 (C-21 or C-28), 22.8 (C-19), 22.9 (C-6), 24.8 

(C-23), 25.7 (C-26), 27.7 (C-2), 28.1 (C-29), 35.7 (C-20), 35.8 (C-1), 36.2 (C-22), 37.4 

(C-10), 38.5 (C-4), 38.7 (C-12), 40.1 (C-16), 44.3 (C-13), 48.8 (C-17), 48.9 (C-5), 51.9 

(C-14), 74.8 (C-15), 78.9 (C-3), 116.0 (C-11), 121.3 (C-7), 124.9 (C-24), 131.2 (C-25), 

140.8 (C-8), 146.0 (C-9). 
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IV.  Antiproliferative Limonoids of a Malleastrum sp. from the Madagascar 

Rainforest 1  

 

4.1 Introduction 

 Bioassay-guided fractionation of an ethanol extract of a Malleastrum sp. afforded 

three new limonoids (4.1 - 4.3), designated malleastrones A-C, respectively.  Structure 

elucidation of the isolates was carried out by analysis of one and two-dimensional NMR 

spectroscopy and X-ray diffraction data.  The novel isolates 4.1 - 4.3 were tested for 

antiproliferative activity against the A2780 human ovarian cancer cell line, and exhibited 

IC50 values of 0.49, 0.63, and 18 μM, respectively.  This chapter is an expanded version 

of a published paper on this plant species.1   

 
4.1.1  Previous Investigations of Malleastrum sp. 

 Meliaceae, or the mahogany family, comprises approximately 550 species 

contained within 51 genera. Of the 51 genera, 22 are endemic to southern and eastern 

Africa and Madagascar.2 Meliaceae is most widely known for its production of 

structurally unique, highly oxygenated, and biologically active limonoids.  To our 

knowledge this is the first reported chemical investigation of the genus Malleastrum.      

 
4.1.2 Chemical Investigation of Malleastrum sp. 

    In our continuing search for biologically active natural products from tropical 

rainforests as part of an International Cooperative Biodiversity Group (ICBG) program, 

we obtained an extract from Malleastrum sp. of the family Meliaceae.  The taxonomy of 

the Malleastrum genus is complex, and it has not proved possible to identify this 
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collection to the species level.  Bioassay-guided fractionation of an ethanol extract of 

Malleastrum sp. afforded three new limonoids (4.1 - 4.3), designated malleastrones A-C, 

respectively.  Each contained a tetranortriterpenoid skeleton that has rarely been reported 

in literature.3,4  Structure elucidation of 4.1 and 4.2 was carried out by analysis of one and 

two-dimensional NMR spectroscopy and X-ray diffraction data, while the structure of 4.3 

was elucidated by analysis of g-COSY, g-HSQC, g-HMBC, and ROESY data, and 

comparison of 13C chemical shifts with those of malleastrone A (4.1).  The novel isolates 

were tested for antiproliferative activity against a variety of tumor cell lines, and 

exhibited IC50 values ranging from 0.19 – 0.63 μM.   
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Figure 4.1. Compounds of Malleastrum sp. 

 

4.1.3 Previous Investigations of Limonoids 

 Limonoids are a class of highly oxygenated and modified triterpenes called 

tetranortriterpenoids, and boast a diverse and imaginative structural repertoire.  
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Limonoids are best known for being responsible for the bitter taste of citrus fruits.  The 

first limonoid to be isolated from a bitter citrus fruit was limonin (4.4), and the term 

“limonoids” is derived from this compound.5 These molecules occur predominantly in 

plants of the order Rutales, and more specifically from the families Rutaceae and 

Meliaceae.5 A wide range of biological activities for this compound class has been 

reported, including anti-microbial,6 insecticidal,7 anti-HIV,8,9 anti-malarial,10,11 and anti-

cancer.12,13  

 In regard to the latter, obacunone (4.5) was found to significantly enhance the 

cytotoxicity against of two microtubule inhibitors, taxol and vinblastine, against drug-

sensitive KB-3-1 and multidrug resistant KB-V1 cells.12  
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Figure 4.2. Structures of bioactive limonoids. 

 

It has been reported that plants of the Meliaceae family are of frequent occurrence 

in southern and eastern Africa and Madagascar and that twenty-two out of fifty-one 

genera of Meliaceae can be found there.14 Additionally, the chemistry of approximately 

forty-four species from only nineteen genera have been studied, leaving much potential 
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for further discovery of bioactive limonoids and other molecules from the Meliaceae 

family.14   

 

4.2 Results and Discussion 

4.2.1  Isolation of Compounds from Malleastrum sp. 

 Three new compounds were isolated from an extract of a Malleastrum sp. 

collected in Madagascar by employing bioassay-guided fractionation, as shown in 

Scheme 4.1.  The crude plant extract was suspended between hexanes and 90% aqueous 

methanol. Dilution of the aqueous methanol fraction to 60% MeOH allowed further 

partitioning with dichloromethane.  The dichloromethane fraction was found to be active, 

thus it was further separated over a flash silica column to afford three fractions, of which 

the chloroform fraction was active (fraction D).  To further separate the rather large 

amount of material a more nonpolar step gradient was utilized on a flash silica column to 

afford eight fractions, of which fraction M contained both the majority of the weight and 

the activity.  Finally, semi-preparative HPLC was utilized on a diol column with an 

isocratic flow of 68% hexanes / 32% DCM.  This technique afforded two pure limonoids, 

fractions V (4.1, 1.8 mg) and W (4.2, 1.9 mg).  

 The aqueous methanol fraction (C) also displayed moderate antiproliferative 

activity, thus it was partitioned between butanol and water.  The butanol fraction was 

selected for separation and was applied to a RP-C18 preparative HPLC column using a 

gradient from 50 – 100 % aqueous methanol.  The most nonpolar fraction (U) displayed 

the greatest activity, thus it was separated via C8 semi-preparative HPLC to afford one 

new limonoid, X (4.3, 0.8 mg).    
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Scheme 4.1.  Separation of aqueous methanol fraction of Malleastrum sp. 

 

4.2.2. Structure Elucidation of Malleastrone A (4.1) 

Compound 4.1 was obtained as a colorless oil.  Positive-ion HRFABMS analysis 

gave a pseudomolecular ion at m/z 583.2518 ([M+H]+), which suggested a molecular 

formula of C32H38O10.  The 13C and g-HSQC NMR spectra of 4.1 in CDCl3 afforded 
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evidence of two ester carbonyls (δC 179.7, C-1''; 170.7, C-1'), two ketone carbonyls (δC 

201.3, C-3; 202.3, C-7), two sp2-oxygenated carbons (δC 140.9, C-19; 142.0, C-21), and 

an additional four sp2 carbons (δC 155.4, C-1; 128.4, C-2; 123.2, C-18; 112.5, C-20).  

There was also evidence of six sp3-oxygenated carbons (δC 106.1, C-6; 75.6, C-11; 85.9, 

C-12; 74.6, C-14; 59.8, C-15; 77.8, C-22), one sp3 methylene (δC 33.5, C-16), four sp3 

methines (δC 63.2, C-5; 43.0, C-9; 38.7, C-17; 33.9, C-2''), four quaternary carbons (δC 

51.8, C-4; 49.1, C-8; 38.4, C-10; 46.3, C-13), and seven methyl groups (δC 28.0, C-23; 

26.8, C-24; 25.6, C-25; 16.1, C-26; 21.0, C-2'; 18.1, C-3''; 19.1, C-4''). Select 1H NMR 

resonances of 4.1 in CDCl3 exhibited the characteristic pattern of a monosubstituted furan 

moiety (δH 7.16, br s, H-19; 6.17, br d, J = 1.0 Hz, H-20; 7.34, br t, J = 1.5 Hz, H-21), in 

addition to four sp3-oxygenated hydrogens (δH 4.27, t, J = 3.0 Hz, H-11; 5.01, d, J = 3.5 

Hz, H-12; 3.84, s, H-15; 4.34, d, J = 9.5 Hz, and 4.15, d, J = 9.5 Hz, H2-22), and two 

unsaturated methines (δH 7.51, d, J = 10 Hz, H-1; 6.03, d, J = 10 Hz, H-2).  1H and 13C 

NMR data can be found in Table 4.1.   

The combination of g-COSY and g-HMBC spectra were critical in both 

assembling and linking together rings A-E (Figure 4.3).  Ring A was assembled via a 

COSY correlation from H-1 to H-2, and subsequent HMBC correlations of H-1, H-2, and 

H3-23 (δH 1.50, s) to the carbonyl (C-3).  The linkage of ring A to B was evidenced by 

HMBC correlations from H3-24 (δH 1.62, s) to C-1, C-10, and C-9, in addition to a 

correlation of H3-25 (δH 1.73, s) to C-9 and a carbonyl at C-7.  Also, the H-5 methine (δH 

2.91, s) displayed long range correlations with C-1 and a signal typical for a di-

oxygenated quaternary carbon (δC 106.1, C-6).  The H2-22 oxymethylene was found to be 

 60



cyclized between rings A and B via HMBC correlations to C-3, C-4, C-5 and C-6.  

Fusion of ring B to the highly oxygenated C ring was determined primarily on the basis 

of COSY correlations from H-9 (δH 3.38, d, J = 3.5 Hz) to H-11, and H-11 to H-12, but 

was further supported by HMBC correlations from H3-25 and H3-26 (δH 1.33, s) to the 

quaternary epoxide carbon C-14.  H3-26 also exhibited long range correlations with C-12, 

C-13, and C-17.  The aforementioned data along with COSY connectivity from H-17 (δH 

3.00, dd, J = 11, 6.0 Hz) to a methylene at position 16 (δH 2.12, dd, J = 13, 6.5 Hz, and 

1.83, dd, J = 13, 11 Hz), and H2-16 to an oxymethine (δH 3.84, s, H-15), thus suggested 

the fusion of ring C with a five-membered ring.  The C ring epoxide moiety was partly 

deduced based on a characteristic 13C signal for a shielded, cyclic epoxide carbon (δC 

59.8, C-15).  A long range correlation from H-17 to C-18 and C-19 placed the 

monosubstituted furan moiety on C-17.  The hydroxyl substituent was assigned to C-11 

based on the chemical shit of H-11 (δH 4.27) and C-11 (δC 75.6).    
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Figure 4.3. Select 2D NMR correlations of malleastrone A (4.1). 
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Despite repeated efforts the relative positions of the remaining isobutyroxy and 

acetoxy substituents could not be assigned by NMR techniques due to a weak 2-D 

resonance of H-12 in conjunction with the absence of a hydrogen atom at C-6. 

Compound 4.1 was thus crystallized from a mixture of CHCl3 and EtOH at room 

temperature and subjected to X-ray crystallography by Dr. Carla Slebodnick.  The X-ray 

diffraction pattern (Figure 4.4) placed the isobutyroxy moiety at C-12 and the acetoxy 

substituent at C-6, completing the flat structure of 4.1.  The relative configuration of 4.1 

was also established by its crystal structure, although the crystal quality did not allow 

assignment of absolute configuration.     

 

 
 
 

Figure 4.4.  Crystal structure of malleastrone A (4.1). 
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Table 4.1.  NMR Spectral Data of Limonoids 4.1-4.3 in CDCl3 
a,b

 4.1 4.2 4.3 

Pos    13C 1Hc (J, Hz)    13C 1Hc (J, Hz)    13C 1Hc (J, Hz) 

1 155.4 7.51 d (10) 155.3 7.50 d (10) 71.9 4.35 d (8.4) 
2 128.4 6.03 d (10) 128.4 6.03 d (10) 46.4  3.04 dd (17, 8.4) 
      2.55 d (17) 
3 201.3  201.3  212.4  
4 51.8  51.8  52.8  
5 63.2 2.91 s 63.2 2.91 s 56.1 3.68 s 
6 106.1  106.1  109.4  
7 202.3  202.3  199.6  
8 49.1  49.1  49.5  
9 43.0 3.38 d (3.5) 43.0 3.38 d (4.0) 41.0 3.26 s 
10 38.4  38.4  40.4  
11 75.6 4.27 t (3.0) 75.6 4.27 t (3.0) 75.2 4.07 br s 
12 85.9 5.01 d (3.5) 85.8 5.01 d (3.5) 85.3 4.90 br s 
13 46.3  46.3  45.4  
14 74.6  74.6  70.9  
15 59.8 3.84 s 59.8 3.84 s 57.3 4.02 s 
16 33.5 2.12 dd (13, 6.5) 33.6 2.12 dd (13, 6.5) 32.3 2.21 dd (14, 6.5) 
  1.83 dd (13, 11)  1.83 dd (13, 11)  1.94 dd (14, 11) 
17 38.7 3.00 dd (11, 6.0) 38.7 3.00 dd (11, 6.0) 41.2 2.89 dd (11, 6.8) 
18 123.2  123.2  122.7  
19 140.9 7.16 br s 140.9 7.16 br s 140.4 7.12 d (1.0) 
20 112.5 6.17 br d (1.0) 112.6 6.18 br s 111.9 6.12 br s 
21 142.0 7.34 br t (1.5) 142.0 7.34 br t (1.6) 142.3 7.31 d (1.6) 
22 77.8 4.34 d (9.5) 77.8 4.34 d (9.5) 78.9 4.48 d (9.0) 
  4.15 d (9.5)  4.15 d (9.5)  4.08 d (9.0) 
23 28.0 1.50 s 28.0 1.50 s 26.7 1.49 s 
24 26.8 1.62 s 26.8 1.62 s 17.3 1.29 s 
25 25.6 1.73 s 25.6 1.73 s 23.0 1.51 s 
26 16.1 1.33 s 16.1 1.33 s 14.8 1.12 s 
1' 170.7  170.7  170.8  
2' 21.0 2.10 s 21.0 2.10 s 21.4 2.13 s 
1" 179.7  179.4  178.2  
2" 33.9 2.44 m 40.9 2.24 m 34.1 2.43 m 
3" 18.1 1.07 d (6.5) 25.8 1.60 m 18.4 1.03 d (7.0)d

    1.36 m   
4" 19.1 1.06 d (7.5) 11.8 0.90 t (7.0) 18.9 1.04 d (7.0)d

5"   16.9 1.03 d (7.5)   
11-OH  4.09 br s   4.14 s  3.49 s 
1-OH      3.11 br s 

a Assignments based on COSY, HMBC, HSQC.  b Chemical shifts (δ) in ppm.   c br s: broad singlet; d: doublet; m: 
multiplet.   d Values are interchangeable.  e Signal overlapped with H-6’. 
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4.2.3. Structure Elucidation of Malleastrone B (4.2) 

Compound 4.2 was obtained as a colorless oil.  Positive-ion HRFABMS analysis 

gave a pseudomolecular ion at m/z 597.2781 ([M+H]+), which suggested a molecular 

formula of C33H40O10.  Compound 4.2 exhibited nearly identical 1H and 13C NMR 

resonances to those of 4.1, and the g-COSY and g-HMBC spectra further confirmed that 

both compounds shared an identical basic skeleton.  The distinction between the two sets 

of spectra, however, is demonstrated by the presence of an additional methylene carbon 

signal at δC 25.8 (C-3''), consistent with the additional fourteen mass units found by mass 

spectrometry.  As opposed to consecutive doublets in the upfield region of the 1H NMR 

spectrum of 4.1 (δH 1.07, d, J = 6.5 Hz, H3-3''; 1.06, d, J = 7.5 Hz, H3-4''), 4.2 displayed 

adjacent doublet (δH 1.03, d, J = 7.5 Hz, H3-5'') and triplet signals (δH 0.90, t, J = 7.0 Hz, 

H3-4'') suggesting a modification to the C-12 substituent.  The COSY spectrum of 4.2 

afforded connectivity between H-2'' (δH 2.24, m) and H3-5'', and H2-3'' and H3-4'', though 

no contour was present to represent H-2'' and H2-3''.  Thus, to finalize the flat structure of 

4.2 and to avoid overlapping proton resonances, 1-D TOCSY was employed with 

enhancement of the methyl triplet (H3-4'') (Figure 4.5).  Five resonances were observed, 

and two of them were assigned as non-equivalent methylene hydrogens (δH 1.60 m, Ha-

3''; 1.36, m, Hb-3'').   
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Figure 4.5.  1D TOCSY spectrum of malleastrone B (4.2). 

 

The relative configuration of 4.2 was determined upon analysis of its ROESY 

spectrum (Figure 4.6) and by comparison of 1H and 13C NMR chemical shifts to that of 

4.1, though the configuration at C-2'' was unable to be determined.  For this reason, 

several attempts to crystallize 4.2 were made until finally a slow and controlled 

evaporation of CHCl3 / ethanol proved to be successful.  The resulting crystals were of 

good quality, and analysis of their X-ray diffraction data (obtained by Dr. Carla 

Slebodnick) confirmed the previously assigned relative configuration of 4.2, identified 

the configuration at C-2'', and allowed for the determination of the absolute configuration 

of malleastrone B due to sufficient crystal quality (4S, 5R, 6R, 8R, 9R, 10R, 11R, 12R, 

13R, 14R, 15R, 17S, 2''S).  Since compound 4.1 has an identical relative configuration 
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and a nearly superimposable CD spectrum with that of 4.2, its absolute configuration 

could also be assigned as (4S, 5R, 6R, 8R, 9R, 10R, 11R, 12R, 13R, 14R, 15R, 17S).26      

 

Figure 4.6. Crystal structure and select ROESY correlations of malleastrone B (4.2). 

 

4.2.4. Structure Elucidation of Malleastrone C (4.3) 

Compound 4.3 was obtained as light-green oil.  Positive-ion HRFABMS analysis 

gave a pseudomolecular ion at m/z 583.2925, assigned as [M-H2O+H]+.  To confirm this 

assignment, low-resolution positive-ion ESIMS under direct infusion afforded a 

pseudomolecular ion [M+H]+ of m/z 601.2, which confirmed the molecular formula of 

C32H40O11.  The molecular ion peak proved to be unstable even under a low collision 

energy condition of 10 volts.  The dominant ion was observed at m/z 541.2 [M-C2H3O2], 

namely loss of the acetoxy moiety at position 6.  Compound 4.3 shared similar 1H and 
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13C spectral patterns to those of 4.1, although additional signals and noticeable 

differences in chemical shift suggested the presence of slightly different functionalities.  

The molecular weight of 4.3 was eighteen mass units greater than that of 4.1, indicating 

the addition of a molecule water.  The absence of two olefinic hydrogen resonances in the 

1H NMR spectrum in addition to a downfield shift of the C-3 carbonyl (δC 212.4) signal 

signified a change to the A-ring.  Two α-methylene hydrogens (δH 3.04, dd, J = 17.4, 8.4 

Hz, Ha-2 and 2.55, d, J = 17 Hz, Hb-2) showed a COSY correlation to one sp3-oxygenated 

methine (δH 4.35, d, J = 8.4 Hz, H-1), thus a hydroxyl moiety was placed at the 1-

position.   
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Figure 4.7.  Select A-ring 2D NMR correlations of malleastrone C (4.3). 

 

J-based analysis of the 1H NMR signal of H-1 determined the 1-OH (δH 3.11, br 

s) to be equatorial.  Further analysis of ROESY and CD spectra confirmed the relative 

and absolute configuration of the remainder of the molecule to be (1R, 4S, 5R, 6R, 8R, 

9R, 10R, 11R, 12R, 13R, 14R, 15R, 17S), similar to that of 4.1 and 4.2.    
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Figure 4.8.  COSY spectrum of malleastrone C (4.3). 

 

4.2.5. Evaluation of the Antiproliferative Activities of Compounds from Malleastrum sp. 

All of the isolates were tested against the A2780 human ovarian cancer cell line as 

previously reported15 and compounds 4.1 and 4.2 were tested against four additional cell 

lines. The results are shown in Table 4.2.  Of the three compounds, 4.1 and 4.2 displayed 

considerable antiproliferative activity, while 4.3 was comparatively inactive (18 µM) 

against the A2780 cell line.  It is apparent that saturation at the 1-position of this 

particular limonoid skeleton results in a complete loss of its antiproliferative properties.  

Overall, 4.1 and 4.2 appeared to exhibit general antiproliferative activity toward tumor 

cells, and so no further exploration of their bioactive potential was carried out.   
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Table 4.2.  Antiproliferative Data of Compounds 4.1-4.3 
 

compound IC50 (μM) 
 A2780a MDA-MB-

435b
HT-29b H522-T1b U937b

4.1 0.49 0.41 0.24 0.24 0.20 
4.2 0.63 0.34 0.22 0.23 0.19 
4.3 18 - - - - 

aConcentration of each compound that inhibited 50% of the growth of the A2780 human ovarian 
cell line according to the procedure described,15 with paclitaxel (IC50 23.4 nM) as the positive 
control.  Assay was carried out by Ms. Peggy Brodie.    
bConcentration of a compound which inhibited cell growth by 50% compared to untreated cell 
populations, with vinblastine as the positive control (average IC50 0.27 nM (MDA-MB-435), 0.53 
nM (HT-29), 1.38 nM (H522-T1) and 0.49 nM (U937).  Assays were carried out by Eisai 
Research Institute, Waltham, MA.   

 

4.2.6. Biosynthetic History of Limonoids. 

Regarding isolates 4.1 - 4.3, the particular hexacyclic tetranortriterpenoid skeleton 

is of rare occurrence in nature.3,4  Generally speaking the biosynthetic origin of limonoids 

is traced to the triterpene euphane, whose C8 side chain undergoes cyclization and loss of 

four carbons to yield the C-17 substituted furan moiety.16  

 

H

H
H

H

 

Figure 4.9.  Structure of euphane. 

 

Aside from the latter, reports of further biosynthetic modifications to the limonoid 

skeleton that describe mechanistic details have been limited.  It is widely accepted and 

generally stated that after initial formation of the tetranortriterpenoid skeleton limonoids 
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undergo a series of oxidations and skeletal rearrangements via ring cleavage reactions.16-

19 In the case of the Malleastrum limonoids, esterification, D-ring epoxidation, and 

cyclization to yield an A/B-ring substituted tetrahydrofuran moiety are some of the 

modifications required to afford structures 4.1 - 4.3.  Thus, much work remains in order 

to divulge the specific biosynthetic mechanisms of such highly oxidized and bioactive 

chemical species.                        

 

4.3 Experimental Section. 

General Experimental Procedures.  IR and UV spectra were measured on MIDAC M-

series FTIR and Shimadzu UV-1201 spectrophotometers, respectively.  Melting point 

was obtained on a Buchi MP B-540 apparatus.  NMR spectra were obtained on JEOL 

Eclipse 500, Varion Inova 400, and Varion Unity 400 spectrometers.  Mass spectra were 

obtained on a JEOL JMS-HX-110 instrument and a Finnigan LTQ LC/MS.  CD analysis 

was performed on a JASCO J-720 spectropolarimeter.  Chemical shifts are given in δ 

(ppm), and coupling constants (J) are reported in Hz.  HPLC was performed using 

Shimadzu LC-10AT pumps coupled with Varian Dynamax semi-preparative diol and C-8 

columns (250 × 10 mm).  The HPLC system employed a Shimadzu SPD-M10A diode 

array detector.   

 

Plant Material.  The sample of Malleastrum sp. (Meliaceae) was collected by botanists 

from the Missouri Botanical Garden in mid elevation humid forest in the Zahamena 

region of Madagascar, in the province of Toamasina, 250 m from the hamlet of Antenina, 

4 km from Ankosy (17°32’32”S, 48°43’20” E, 1250 m elevation) under the vernacular 
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name Fanazava beravina, in December 2002. Duplicates of the voucher specimen 

(Randrianjanaka 766) were deposited at the Missouri Botanical Garden, the Muséum 

National d’Histoire Naturelle, Paris, the Département des Recherches Forestières et 

Pisicoles, Madagascar, and the Centre National d’Application des Recherches 

Pharmaceutique, Madagascar. The tree had a height of 7 m and trunk diameter at breast 

height of 8 cm.

 

Antiproliferative Bioassays.  The A2780 ovarian cancer cell line antiproliferative assay 

was performed by Ms. Peggy Brodie at Virginia Polytechnic Institute and State 

University as previously reported.15

Antiproliferative effects of compounds 4.1 and 4.2 were evaluated by scientists at the 

Eisai Research Institute in four cultured human cancer cell lines: MDA-MB-435 breast 

cancer cells, HT-29 colon cancer cells, H522-T1 non-small cell cancer cells, and U937 

histiocytic lymphoma cells.  The cells were placed into 96-well plates and grown in the 

absence or continuous presence of 0.3 – 10000 nM compounds for 96 h.  Cell growth was 

assessed using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega) 

according to manufacturer's recommendations.  Luminescence was read on a Victor2V 

1420 MultiLabel HTS Counter (Perkin-Elmer/Wallac).  IC50 values were determined as 

the concentration of a compound which inhibits cell growth by 50% compared to 

untreated cell populations.  Two separate replicate experiments were performed. 

 

Bioassay Guided Fractionation of Compounds from Malleastrum sp.  The dried plant 

sample described above (422 g) was extracted by scientists at CNARP, Antananarivo, 
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Madagascar with EtOH to give 3.57 g of extract designated MG 1695.  Extract MG 1695 

(1.2 g) was suspended in aqueous MeOH (MeOH-H2O, 9:1, 500 mL) and extracted with 

hexanes (2 × 200 mL; > 20 μg/mL).  The aqueous layer was then diluted to 40% water 

and extracted with DCM (2 × 200 mL).  The DCM and aqueous MeOH fractions 

displayed antiproliferative activity (IC50 = 2.9 and 15 μg/mL, respectively). The DCM 

fraction was further chromatographed over a flash silica gel column to yield three 

fractions (D-F).  Fraction D (497 mg, IC50 = 2.4 μg/mL) was chromatographed over a 

flash silica column to yield eight fractions (I-P).  Malleastrone A (4.1, tR 25 min, 1.9 mg, 

IC50 = 0.49 μM, A2780) and B (4.2, tR 21.5 min, 1.8 mg, IC50 = 0.63 μM, A2780) were 

isolated from fraction M (304 mg, IC50 = 1.7 μg/mL) via semi-preparative diol HPLC 

using an isocratic flow of hexanes-DCM (68:32).  Compound 4.3 was extracted out of the 

aqueous MeOH fraction, which was partitioned between H2O and BuOH.  The BuOH 

fraction (425 mg, IC50 = 11 μg/mL) was subjected to a flash C18 column and subsequent 

preparative C18 HPLC over 25 minutes with a gradient of 50-100 % MeOH to yield five 

fractions (Q-U).  Fraction U (tR 25-35 min, 45 mg, IC50 = 3.3 μg/mL), or the MeOH 

flush, was subjected to semi-preparative C8 HPLC employing an isocratic flow of 

MeOH-H2O (62:38) to afford malleastrone C (4.3, tR 23.5 min, 0.8 mg, IC50 = 18 μM, 

A2780).       

 

X-ray Diffraction Studies.20  Colorless needles of 1 were crystallized from CHCl3/EtOH 

at room temperature.  The chosen crystal was cut (0.016 × 0.067 × 0.194 mm3) and 

mounted on the goniometer of an Oxford Diffraction Gemini diffractometer equipped 

with a Sapphire 3™ CCD detector.   The data collection routine, unit cell refinement, and 
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data processing were carried out with the program CrysAlisPro.21 The Laue symmetry 

and systematic absences were consistent with the orthorhombic space group P212121.  

The structure was solved by direct methods and refined using SHELXTL NT.10 The 

asymmetric unit of the structure comprises one crystallographically independent 

molecule.  The final refinement model involved anisotropic displacement parameters for 

non-hydrogen atoms and a riding model for all hydrogen atoms.  Due to insufficient 

crystal quality, the absolute configuration could not be determined from the Friedel pairs; 

the Friedel pairs were therefore merged for the final refinement.  SHELXTL NT was 

used for molecular graphics generation.22  

A colorless paralellepiped crystal of 2 (0.053 mm × 0.087 mm × 0.121 mm) was 

crystallized from chloroform/ethanol at room temperature.  The crystal was centered on 

the goniometer of an Oxford Diffraction Nova Diffractometer operating with Cu 

radiation.  The data collection routine, unit cell refinement, and data processing were 

carried out with the program CrysAlis.23 The Laue symmetry and systematic absences 

were consistent with the monoclinic space groups P21 and P21/m.  As 2 was known to be 

enantiomerically pure, the chiral space group P21 was chosen.  The structure was solved 

by direct methods and refined using SHELXTL NT.22 The asymmetric unit of the 

structure comprises one crystallographically independent molecule.  The final refinement 

model involved anisotropic displacement parameters for non-hydrogen atoms and a 

riding model for all hydrogen atoms.  The absolute configuration was established from 

anomalous dispersion effects with the Flack parameter refining to 0.0(2).  Using the 

Bijvoet pair method,24, 25 the correlation for the correct enantiomer, P2(true), was 1.000 
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and the incorrect enantiomer, P3(false), was 0.2x10-24.  SHELXTL NT was used for 

molecular graphics generation.22

 

Malleastrone A (4.1): colorless needles; mp 252-254 °C; UV (CHCl3) λmax (log ε) 243 

(3.46) nm; IR νmax 3473, 2918, 2850, 1721, 1685, 1458, 1375, 1259, 1162, 1004 cm-1; 

CD (MeOH, c 0.0180) [θ ]233 53.7, [θ ]337 -11.1; 1H and 13C NMR, see Table 4.1; 

HRFABMS m/z 583.2518 [M+1]+ (calcd for C32H39O10, 583.2543).   

 

Malleastrone B (4.2): colorless needles; mp 239-241 °C; UV (CHCl3) λmax (log ε) 246 

(3.47) nm; IR νmax 3462, 2934, 1722, 1687, 1457, 1375, 1260, 1159, 1006 cm-1; CD 

(MeOH, c 0.0012) [θ ]235 16.7, [θ ]335 -1.65; 1H and 13C NMR, see Table 4.1; HRFABMS 

m/z 597.2781 [M+1]+ (calcd for C33H41O10, 597.2700).   

 

Malleastrone C (4.3): light-green oil; UV (CHCl3) λmax (log ε) 245 (3.52), 275 (3.20)  

nm; IR νmax 3423, 2919, 2850, 1719 (br), 1456, 1377, 1256 cm-1; CD (MeOH, c 0.0090) 

[θ ]249 3.02, [θ ]275 5.05, [θ ]319 -1.04; 1H and 13C NMR, see Table 4.1; HRFABMS m/z 

583.2925 [M-H2O+1]+ (calcd for C32H39O10, 583.2543) and ESIMS m/z 601.2 

(C32H40O11).   
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V.  Antiproliferative Bistramides from the Ascidian Trididemnum sp. from 

Madagascar.1  

 

5.1 Introduction 

Bioassay-guided fractionation of a marine extract from a Trididemnum sp. 

(Didemnidae) afforded two known bistramides, compounds that have been reported to 

exhibit antiproliferative activity in the nanomolar range against a number of tumor cell 

lines in vitro.  In addition, screening of 1H NMR spectra of a number of HPLC fractions 

showed the presence of several potentially new bistramide derivatives in this extract, 

though small sample weights prevented attempts at structure elucidation.  This chapter 

explores the metabolite-producing pattern of Trididemnum sp., and probes its therapeutic 

potential.  The current chapter is an expanded version of a conference paper and an oral 

presentation given on this topic.1  

 

5.1.1  Previous Investigations of Trididemnum species 

 Trididemnum is an ascidian of the family Didemnidae.  This marine invertebrate 

has been the source of a number of potent bioactive compounds whose structural 

repertoire is a classic example of the metabolic diversity to be expected from such aquatic 

organisms.  Of the classes of compound derived from this genus, the most frequently 

reported in literature and subsequently the most bioactive are the didemnins. 

 Didemnins are a class of cyclic depsipeptides with a short amino acid side chain, 

as previously discussed in regard to the antineoplastic agent Aplidin®.2 Rinehart et al. 
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reported the first occurrence of these amino acid macrocycles from Trididemnum 

solidum,3 and several more studies reporting didemnin analogs were to follow.4-8   

 One of the original isolates was didemnin B, a compound with potent antiviral 

and antitumor activity that focused attention on the study of marine metabolites as 

sources for potential drugs.  Didemnin B inhibited several DNA and RNA viral 

diseases,3b including Dengue9 and Rift Valley fevers,10 the latter of which did not have an 

existing therapy.  It was also the first marine-derived compound to enter Phase I and 

Phase II clinical trials by the National Cancer Institute as a potential antitumor agent.11-13 

It exerts its activity by inhibiting protein and DNA synthesis,14 though host toxicity and a 

short bioactive lifespan necessitated its withdrawal from Phase II clinical trials in the mid 

1990’s.   
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Figure 5.1. Structure of didemnin B 

 

As much as this was a disappointment, the didemnin B experience initiated many 

marine natural products studies and allowed for the facile clinical development of other 
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marine compounds, such as the didemnin B analog Aplidine.2  To date, a plethora of 

compounds with bioactivity in the nanomolar range are being discovered from sources in 

the ocean, including a structural class known as the bistramides.    

 

5.1.2 Previous Investigations of Bistramides 

 Bistramides are a class of polyethers with methylated tetrahydropyran and 

spiroketal subunits.  The first of its kind, bistramide A, was discovered in 1988 by 

Gouiffes et al. from the ascidian Lissoclinum bistratum.15 Since that study there has been 

only one report of the isolation of additional bistramides (analogs B-D and K).16 

Interestingly, of the 31 studies to date that focus on these bistramides, only two are 

reports of isolation, while three examine structural elucidation techniques,17-19 ten pertain 

to their synthesis,20-28 and the remaining 16 investigate their mechanistic and bioactive 

properties.29-44  Two patents have also been filed on behalf of the bistramides in regard to 

their bioactive properties and potential pharmaceutical preparation.45-46  
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Figure 5.2. Structures of bistramides A, D, and K. 

 

5.1.3 Bioactive Properties of Bistramides 

 The bistramides have been shown to display diverse bioactive behavior including 

immunomodulating35 and weak antimalarial activity,33 but their most important trait is 

their antitumor properties.  Bistramide A was originally determined to be a potent 

cytotoxic agent, displaying IC50 values of 45, 20, and 22 nM against the KB, P388, and 

normal endothelial cells, respectively.3 It later caused in vitro arrest of a non-small cell 

bronco-pulmonary carcinoma cell line (NSCLC-N6), and induced terminal differentiation 

in the G1 phase of the cell cycle.41 A follow-up study reported similar NSCLC-N6 in vivo 

activity for bistramides D and K, but with less toxicity.40,16 Soon thereafter, Liscia et al. 

monitored the expression of a number of different genes in NSCLC-N6 and found that 

bistramide D increased the expression of the p53 gene, thus emphasizing the role of 
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bistramides in cell proliferation and differentiation.34 These findings eventually led to the 

major breakthrough that allowed the determination of how the bistramides exert their 

potent antiproliferative activities.   

  Statsuk et al. reported in Nature, Chemical Biology that actin, a protein essential 

for cellular motility and division, was the primary cellular receptor of bistramide A.31 

Much like tubulin, actin is a chief component of the cytoskeleton and plays a critical role 

in various cellular processes.47  In a series of cell-based and in vitro studies in 

conjunction with affinity-based protein isolation, it was determined that bistramide A 

aggravates the actin cytoskeleton by depolymerizing filamentous F-actin and binding to 

monomeric G-actin.  An actin-bistramide A complex was later crystallized, allowing for 

detailed analysis of the binding interactions of the marine metabolite with its monomeric 

G-actin counterpart (Figure 5.3).30 Using multiple hydrogen-bonding and hydrophobic 

interactions with nearby residues, bistramide A was found to occupy a “deep cleft” 

between subdomains 1 and 3.  Though the precise mechanistic details for 

depolymerization of F-actin have yet to be elucidated, it is thought that the marine 

metabolite caps F-actin at its barbed end.30   
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*Reprinted with permission from Rizvi et al.  Copyright 2006 American Chemical Society.  Approved by C. Arleen 

Courtney, ACS Copyright office, J. Am. Chem Soc. 2006, 128, 3882-3883, Figure 1B. 

Figure 5.3. Crystal structure of bistramide A-actin complex.30

 

The inhibition of actin polymerization by such a unique class of natural products 

emphasizes the need to further explore the bistramides as potential leads for a new class 

of anticancer agent.  From a pharmaceutical standpoint, the issue of sufficient supply of 

these compounds must be addressed.  Though there have been many total synthetic 

studies, from a biochemical standpoint it is still unclear as to whether these metabolites 

are products derived from the ascidian itself or if they result from a symbiotic 

relationship with particular marine algae.  Comparative studies of the biological and 

chemical environment to which two different organisms produce such bistramides may 

shed light on the true metabolic origin of such structurally unique compounds, and may 

potentially provide researchers with the ammunition necessary for their facile production.  
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To date the only natural source of bistramides has been from L. bistratum, and herein is 

the first report of these potential antitumor therapies from any other source.   

 

5.1.4 Chemical Investigation of a Trididemnum sp. 

 In our continuing search for biologically active natural products from Madagascar 

as part of an International Cooperative Biodiversity Group (ICBG) program, we obtained 

an extract from a Trididemnum sp. of the family Didemnidae.  The ethanol extract of 

Trididemnum sp. was found to be active in the A2780 human ovarian cancer cell assay, 

with an IC50 value of 2.0 μg/mL.  Bioassay-guided fractionation of this extract led to the 

isolation of two known bistramides.  In addition, analysis of NMR spectra of several 

other HPLC fractions displays the ability of this genus to produce a number of unique 

polyketide derivatives that would undoubtedly expand upon the structural repertoire of 

the bistramide class. The bioactivity and structure elucidation of the known compounds 

will be reported, as will the broader theme of potential therapeutic value of the genus 

Trididemnum.  

 

5.2 Results and Discussion 

5.2.1  Isolation of Compounds from a Trididemnum sp. 

 Two known compounds were isolated from a Trididemnum sp. by employing 

bioassay-guided fractionation, as shown in Schemes 5.1 and 5.2.  For initial fractionation 

(Scheme 5.1), the crude extract was suspended between hexanes and 90% aqueous 

methanol.  Dilution of the aqueous methanol fraction to 60% MeOH allowed further 

partitioning with dichloromethane.  The dichloromethane fraction was found to be active, 
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thus it was further separated over a reversed phase flash C18 column to afford six 

fractions, of which fraction G displayed the greatest activity.  Finally, semi-preparative 

reversed phase C18 HPLC was used to separate fraction G with an isocratic flow of 73% 

aqueous methanol.  This technique afforded one pure bistramide, fraction 27 (5.1, 1.1 

mg), although many of the adjacent fractions displayed similar 1H NMR profiles.  

 In order to isolate a greater quantity of these bistramides for the purpose of 

structure elucidation and further bioactivity testing, an additional mass of crude marine 

extract was obtained and an identical liquid-liquid partitioning procedure was employed 

(Scheme 5.2).  The active dichloromethane fraction was separated over a reversed phase 

flash C18 column to afford four fractions, of which fraction U displayed the greatest 

activity.  Semi-preparative reversed phase C18 HPLC was used to separate U with an 

isocratic flow of 73% aqueous methanol.  This technique afforded bistramide D, as 

fraction 67 (5.2, 0.8 mg). 
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Scheme 5.1.  Separation of the DCM fraction of a Trididemnum sp. 
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Scheme 5.2.  Second separation of the DCM fraction of a Trididemnum sp. 
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Table 5.1.  13C NMR Spectral Data of Bistramide A (5.1) in CDCl3 
a,b

 5.1 Bistramide A16 ΔδC

Pos. 13C (ppm) (ppm) 
1 18.4 18.4 - 
2 144.5 144.5 - 
3 132.1 132.1 - 
4 198.9 198.9 - 
5 45.2 45.2 - 
6 64.8 64.8 - 
7 30.8 30.8 - 
8 26.5 26.5 - 
9 33.3 33.3 - 
10 17.1 17.1 - 
11 74.8 74.8 - 
12 32.3 32.3 - 
13 173.5 173.4 0.1 
14 44.7 44.9 0.2 
15 73.8 73.8 - 
16 43.3 43.4 0.1 
17 15.6 15.6  
18 175.2 175.1 0.1 
19 39.5 39.5 - 
20 25.9 25.9 - 
21 30.4 30.4 - 
22 74.3 74.3 - 
23 34.9 34.9 - 
24 18.0 17.9 0.1 
25 27.9 27.9 - 
26 36.1 36.1 - 
27 95.5 95.4 0.1 
28 35.5 35.5 - 
29 19.2 19.2 - 
30 31.3 31.3 - 
31 69.1 69.1 - 
32 34.1 34.1 - 
33 33.5 33.5 - 
34 31.9 31.9 - 
35 21.0 21.0 - 
36 131.4 131.3 0.1 
37 137.2 137.1 0.1 
38 11.8 11.8 - 
39 73.3 73.3 - 
40 21.7 21.8 0.1 
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5.2.2. Structure Confirmation of Bistramide A (5.1) 

 Initial screening of the active parent fraction of bistramide A (fraction G) by 

LCMS afforded a complex mixture of peaks.  The purpose of this screening was to use 

molecular weight to identify the structural class of the active components in this fraction.  

Therefore, a thorough literature search led to the composition of a mini-library of 

compounds that had previously been isolated from the family Didemnidae, or the genus 

Trididemnum; the molecular weights obtained from some of the major peaks in the 

LCMS chromatogram closely resembled the range of molecular weights for the class of 

secondary marine metabolites known as the bistramides.   

Bistramide A was identified primarily by comparison of its MS, 1H and 13C NMR 

data in CDCl3 with those in the literature.16 A molecular ion of m/z 705.5 [M+H]+ 

suggested a formula of C40H68N2O8, identical to that observed for bistramide A.  A 

comparison of 13C data is shown in Table 5.1.  Of the 40 carbons in the skeleton, eight 

deviate from literature values by only 0.1 ppm, while one carbon deviates by 0.2 ppm.  

The remaining resonances display identical chemical shift values to their corresponding 

literature carbons, indicating a high probability that 5.1 is indeed bistramide A.  Select 

HMBC and COSY correlations positioned each spin system in the vicinity of its 

corresponding functional groups, and thus further solidified the proposed structural 

assignment.   

 

5.2.3. Structure Elucidation of Bistramide D (5.2) 

 The structure elucidation process of bistramide D was more difficult than that of 

bistramide A.  Since a relatively small amount was isolated (0.7 mg), NMR data had to 
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be acquired in a Shigimi NMR tube.  This made the task of acquiring NMR data in 

CDCl3, the solvent used in the literature, a difficult process predominantly due to 

difficulties involved with sample shimming in the Shigemi tube.  The use of CD3OD 

avoided these problems and allowed facile shimming that improved the quality of the 

NMR spectra, especially giving improved signal resolution in the 1H NMR spectrum.  

Unfortunately, the advantage of comparing exact chemical shift values with those in 

literature was lost. 

 A molecular ion of m/z 707.6 ([M+H]+) suggested a molecular formula of 

C40H70N2O8, which is two mass units greater than 5.1.  The 1H NMR spectrum of 5.2 

displayed a similar overall pattern to that of 5.1, suggesting the structural similarity of the 

two compounds.  The major difference was the loss of a ketone carbonyl resonance and 

the addition of a hydroxylated methine resonance in the 13C NMR spectrum.  

Furthermore, there was a dramatic shielding effect on C-2 as a result of the loss of a 

conjugated system (127.0 and 144.5 ppm for 5.2 and 5.1, respectively).  These data 

suggested the possible reduction of the C-4 carbonyl group to a hydroxyl group; this 

would account for the additional two mass units in the mass spectrum.  HMBC 

spectroscopy and a series of 1D TOCSY experiments proved this to be the case.  

Connectivity from H3-1 to H2-12 was established through the employment of COSY and 

1D TOCSY, which also served to confirm the spin system between H2-14 and H3-17.  

HMBC correlations of H2-14 and H2-12 to C-13, H3-17 to C-15, C-16, and C-18, and H2-

19 to C-18, helped locate the multifunctional unit in the center of the molecule (Figure 

5.4).   
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Figure 5.4. Select 2D NMR correlations of C12-C19 of 5.2 

  

COSY and 1D TOCSY experiments also exposed the spin system from H-34 to 

H3-40.  HMBC correlations supported the fragment shown in Figure 5.5, namely from 

H3-40 to C-37, and H-39, H3-38 and H3-35 to C-36.   

O
O

OH
31

35

36

40

COSY             HMBC  

Figure 5.5. Select 2D NMR correlations of C31-C40 of 5.2 

 

Severe overlapping in the 1.2 to 1.7 ppm region of the 1H NMR spectrum prevented 

assignment of methylene resonances involved in the spiroketal moiety, and this task was 

further hindered by the lack of comparable literature data.  As a direct result definitive 

assignment of certain methylene resonances in the 13C spectrum was not possible.  

However, existence of a spiroketal system in the fragment of the molecule yet to be 

discussed (C-22 to C-31) was strongly supported by a 13C resonance at 96.8, typical of 

the resonance for the deshielded ketal carbon at position 27.  Moreover, based on the 
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molecular formula the degrees of unsaturation support the bicyclic structure, as opposed 

to an acyclic derivative as found in bistramide K.   

Unfortunately, bistramide D decomposed in the NMR tube when an attempt was 

made to acquire 2D spectra in CDCl3 for comparison with literature NMR data.  This 

prevented stereochemical studies on the molecule, and consequently prohibited any 

further spectroscopic or biochemical analysis.  Regardless, a comparison of the 13C data 

of 5.2 with those of bistramide A is shown in Table 5.2.  Despite differing solvents, 

chemical shift similarities between the two metabolites provide strong evidence for the 

proposed structure of 5.2.  
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Table 5.2.  13C NMR Spectral Data of 5.2 in CD3OD and bistramide A in CDCl3 
a,b

 5.2 Bistramide A16 ΔδC

Pos. 13C (ppm) (ppm) 
1 17.9 18.4 0.5 
2 127.0 144.5 17.5 
3 135.2 132.1 3.1 
4 71.7 198.9 127.2 
5 44.0 45.2 1.2 
6 69.4 64.8 4.6 
7 29.1 30.8 1.7 
8 27.6 26.5 1.1 
9 N/A 33.3 N/A 
10 17.1 17.1 - 
11 75.6 74.8 0.8 
12 34.4 32.3 2.1 
13 174.6 173.4 1.2 
14 44.6 44.9 0.3 
15 73.3 73.8 0.5 
16 45.5 43.4 0.1 
17 15.3 15.6 0.3 
18 177.5 175.1 2.4 
19 40.6 39.5 1.1 
20 N/A 25.9 N/A 
21 N/A 30.4 N/A 
22 75.8 74.3 1.5 
23 N/A 34.9 N/A 
24 18.4 17.9 0.5 
25 N/A 27.9 N/A 
26 N/A 36.1 N/A 
27 96.8 95.4 1.4 
28 N/A 35.5 N/A 
29 N/A 19.2 N/A 
30 N/A 31.3 N/A 
31 70.3 69.1 1.2 
32 N/A 34.1 N/A 
33 34.9 33.5 1.4 
34 N/A 31.9 N/A 
35 21.5 21.0 0.5 
36 132.2 131.3 0.9 
37 138.6 137.1 1.5 
38 11.9 11.8 0.1 
39 74.1 73.3 0.8 
40 22.2 21.8 0.4 
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5.2.4. Antiproliferative Activity of (5.1) 

 Bistramide A (5.1) exhibited an IC50 value of 0.26 μM against the A2780 human 

ovarian cancer cell line.  Compared with IC50 values against other cell lines reported in 

literature (45, 20, and 22 nM against the KB, P388, and normal endothelial cells, 

respectively),3 the value against the A2780 cell line is about ten fold less active.  This 

suggests that bistramide A may show some selectivity toward tumor cells, rather than 

exhibiting general cytotoxicity.  It is probable however, that bistramide A is not the most 

active compound from its parent fraction.  The NMR spectra of the HPLC fractions 

flanking the fraction containing bistramide A had resonances that were similar to those of 

bistramide A but were not assignable to any known bistramide.  Lack of sample 

prevented the isolation and structure elucidation of these compounds.  Further isolation of 

these derivatives will only be possible if more crude marine extract was to become 

available.           

 

5.2.5. Biosynthetic Studies and the Future of the Trididemnum Genus 

The work described above took several months to complete, and although it did 

not yield any new compounds it did serve to illustrate the rich chemical diversity of this 

species of Trididemnum.  The analysis has detected a minimum of 10-15 bistramide or 

bistramide-derived secondary metabolites from one fraction alone (fraction U).  Taking 

into account that only five known naturally occurring bistramides have been isolated over 

the past 20 years, this represents a large increase in the members of this structural class.  

Given the nanomolar potency against certain cell lines and their unique mechanism of 
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action against cancer, further isolation of novel bistramide derivatives will increase the 

chances of discovering analogs that exhibit similar activity with less toxicity.   

The current work has proven this species to be a prolific supplier of diverse, yet 

small quantities of these structurally unique bistramides, and furthermore suggests that 

the Trididemnum sp. is a potential source of a diverse range of potently bioactive 

molecules.  From the cyclic depsipeptide didemnins that inhibit protein biosynthesis, to 

the polyketide derived bistramides that bind to actin, the prolific metabolite-producing 

pattern of this ascidian certainly warrants further investigation.   

Another example of a genus prone to producing bioactive metabolites is that of 

the marine actinomycete Salinispora.  The several species identified to date have 

produced the ornithine decarboxylase inhibitors saliniketal A and B (bicyclic 

polyketides),48 the potent DNA damaging agent and highly cytotoxic lomaiviticin A (a 

diazobenzofluorene glycoside),49 and the proteasome inhibitor salinosporamide A with a 

β-lactone-γ-lactam ring system, currently in clinical trials,50 among others.  Should 

Trididemnum follow the metabolite-producing pattern exhibited by Salinispora, it is 

strongly urged that more focus be placed on taxonomic classification, structural 

characterization and subsequent biomedical application of this genus, as it may serve as a 

significant source of diverse chemotherapeutic agents.        

Another important question must be raised, however, and that is of the true 

biosynthetic origin of these actin-binding bistramides.  Unlike traditional phytochemical 

systems, it is often the case that marine invertebrates rely directly on symbiotic 

microorganisms for survival.  These microorganisms may contribute to the diet or may 

even serve as primary or secondary chemical defenses of the host organism.51  
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Consequently, the task of pinpointing the true producer of a secondary metabolite 

becomes quite difficult.  The current frontier of biosynthetic investigations of naturally 

occurring marine metabolites involves selective DNA sequencing and genome mapping 

of natural product producing genes, and this technique has been demonstrated on a few 

occasions.52-54  

In the case of this Trididemnum sp. a survey of the literature reveals significant 

evidence that may provide a glimpse into some of its intricate biosynthetic machinery.  

As stated earlier, the bistramides were originally isolated from the ascidian Lissoclinum 

bistratum.15,16 It has been reported that other species of Lissoclinum, as well as a few 

species of Trididemnum, contain an obligate symbiont of bacterial nature, namely 

Prochloron spp.55  Prochloron spp. act as important nutrient sources for their host 

ascidians (particularly of the family Didemnidae) via photosynthesis and nitrogen 

fixation.56 These bacteria have been implicated in the production of cyclic peptides,57,58 a 

class of compounds found in both Lissoclinum (bistratamides) and Trididemnum 

(didemnins).  Since Prochloron spp. exist in both of these genera, it is reasonable to 

hypothesize that bistramides are of a bacterial origin, and not a product of two separate 

ascidians.  Furthermore, a recent study by Frank et al. gives further weight to the bacterial 

origin hypothesis.59 Employing gene sequencing, genetic engineering of specific 

polyketide pathways, and site-directed mutagenic techniques, a biosynthetic pathway was 

proposed for spirangien, a cytotoxic metabolite from the myxobacterium Sorangium 

cellulosum.  This metabolite is significant to the current study because it contains the 

unique bicyclic spiroketal ring system found in the bistramides (C22 - C31, Figure 5.6).           
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Figure 5.6.  Spiroketal-containing marine metabolites 

 

The bacterium was shown to contain enzymes capable of catalyzing the formation of the 

spiroketal moiety.  Similar spiroketal ring systems were found in the polyketide 

monensin from Streptomyces cinnamonensis, and were proposed to derive from a set of 

bacterial enzymes termed MonB.60  Although slightly different biosynthetic mechanisms 

were proposed for each of the aforementioned spiroketal functionalities, it is evident that 

all of the metabolites were isolated from bacteria, thus strengthening the current 

proposition that Prochloron spp. are at least partly responsible for the production of 

bistramides in Lissoclinum bistratum and Trididemnum sp. 

 

5.3 Experimental Section. 

General Experimental Procedures.  NMR spectra were obtained on JEOL Eclipse 500 

and Varion Inova 400 spectrometers.  Mass spectra were obtained on a JEOL JMS-HX-

110 instrument and a Finnigan LTQ LC/MS.  CD analysis was performed on a JASCO J-

720 spectropolarimeter.  Chemical shifts are given in δ (ppm), and coupling constants (J) 

are reported in Hz.  HPLC was performed using Shimadzu LC-10AT pumps coupled with 

analytical and semi-preparative Phenomenex Luna C18 columns (250 × 4.6 and 250 × 10 
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mm, respectively) and a semi-preparative Varian Lichrosorb diol phase column (250 × 10 

mm).  The HPLC system employed a Shimadzu SPD-M10A diode array detector and a 

Shimadzu FRC-10A fraction collector.   

 

Antiproliferative Bioassays.  The A2780 ovarian cancer cell line antiproliferative assay 

was performed at Virginia Polytechnic Institute and State University by Ms. Peggy 

Brodie as previously reported.61

 

Bioassay Guided Fractionation of Compounds from Trididemnum sp.  The dried 

marine sample was extracted with EtOH to give 3.3 g of extract designated NB 0405_31.  

Extract NB 0405_31 (2.5 g; 2.0 μg/mL) was suspended in aqueous MeOH (MeOH-H2O, 

9:1, 1,000 mL) and extracted with hexanes (2 × 500 mL; 14 μg/mL).  The aqueous layer 

was then diluted to 40% water and extracted with DCM (2 × 500 mL).  The DCM 

fraction displayed antiproliferative activity (IC50 = 0.10 μg/mL), thus it was further 

chromatographed over a reversed phase C18 column to yield six fractions (E-J).  Fraction 

G (30.3 mg, IC50 = 0.13 μg/mL) was determined to be the most active.   

Fraction G was found to be extremely complex, and a direct HPLC separation 

method required an abnormally long run time.  After much trial and error, a method was 

developed that gave excellent separation of most fractional components, but the last 

compound to elute was at tR 155 minutes.  Before proceeding with such a long separation 

process it was necessary to determine whether the later eluting species exhibited activity; 

if these species were found to be inactive, it would be possible to reduce the run time by 

simply recovering all of the inactive and highly retained components with a methanol 
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flush.  To locate the source(s) of activity, a unique small-scale microplate collection 

method was used.  The newly developed semi-preparative HPLC conditions (column: 

250 × 10.0 mm, flow rate: 2.0 mL/min) were adjusted to be compatible on an analytical 

scale (column: 250 × 4.60 mm, flow rate: 1.0 mL/min).  Fraction G (0.5 mg) was injected 

into the analytical column and 1 mL of eluent was collected in each of 70 wells of the 

microplate, each well corresponding to one specific minute of the run.  The sample was 

then concentrated at the bottom of the wells by evaporation on a Genevac evaporator and 

the plate was submitted directly for bioassay against the A2780 cell line.  Since the exact 

weight of sample in each well was unknown, it was assumed that the HPLC separation 

resulted in an equal distribution of sample throughout the wells.  This allowed for 

approximation of the sample weight in each well and therefore an approximate 

concentration of sample that was applied to the single-dose A2780 assay (in the “single-

dose” method one concentration of a given sample is tested, rather than a series of 

concentrations of a given sample).  This served to give a preliminary indication of where 

the activity might be located.    

Unfortunately, the assay results showed that the activity was distributed through 

several wells toward the middle and end of the run, eliminating the possibility of 

shortening the method.  Consequently, semi-preparative reversed phase C18 HPLC with 

an isocratic flow of 73% aqueous methanol was used to separate fraction G (Figure 5.7).  

This technique afforded one pure compound, bistramide A (5.1, fraction 27, tR 135 min, 

1.1 mg, IC50 = 0.27 μM).  It should be noted that other pure compounds were collected, 

but the very small quantities obtained prevented their structure elucidation.  Fraction H 

was also active (32.5 mg, IC50 = 0.46 μg/mL), and its HPLC profile was nearly identical 
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chromatogram to that of fraction G, with the exception of a few more strongly retained 

species.     
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Figure 5.7.  Semi-preparative HPLC chromatogram of fraction G @ 239 nm 

 

The separation of fraction G yielded many potentially active fractions, which 

ranged in weight from 0.20 mg to 0.90 mg.  This limited weight prevented further 

bioassay testing, because if each sample was tested it would not be able to be recovered 

for structure elucidation.  This necessitated the use of more unconventional methods for 

which to guide the fractionation process.  A quick screening of the 1H NMR spectra of 

these HPLC fractions revealed that many had characteristic resonances of a bistramide-

type skeleton.  Since bistramides are known bioactive agents, there was a high probability 

that this was the cause of the bioactivity exhibited by the sample.  Due to their structural 

complexity and insufficient sample weight for analysis by NMR spectroscopy, a re-

extraction of NB 0405_31 was undertaken in the hope of re-isolating some of these 

bistramides.   
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Extract NB 0405_31 (0.76 g) was suspended in aqueous MeOH (MeOH-H2O, 9:1, 

500 mL) and extracted with hexanes (2 × 250 mL; 3.3 μg/mL).  The aqueous layer was 

then diluted to 40% water and extracted with DCM (2 × 250 mL).  The DCM fraction 

displayed antiproliferative activity (IC50 = 1.7 μg/mL) and was further chromatographed 

over a reversed phase C18 column to yield four fractions (T-W).  Fraction U (49.6 mg, 

IC50 = 0.20 μg/mL) was the most active.  Semi-preparative reversed phase C18 HPLC 

using 73% aqueous MeOH resulted in the collection of fractions 31-80 (Figure 5.8).  

Based on sample weight and its 1H NMR spectrum, fraction 67 was purified on a semi-

preparative diol phase HPLC column using an isocratic flow of 87% DCM and 13% 

MeOH to afford bistramide D (5.2, tR 7.0 min, 0.7 mg, IC50 = not tested).  Fractions V 

and W were also moderately active (26.2 mg, IC50 = 1.2 μg/mL and 18.6 mg, IC50 = 0.37 

μg/mL, respectively).  Fraction V was separated over an open silica column to yield three 

fractions with activity weaker than that of the parent fraction (IC50 values from 2.2 - 12 

μg/mL).  Fraction W was separated using a diol HPLC column to afford moderately 

active fractions with very small quantities of bistramides and long-chain compounds.  It 

was judged that there was only a small possibility for purification and structure 

elucidation of the bioactive compounds in this fraction, and thus fraction W and fraction 

V, were not studied further.   
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Figure 5.8.  Semi-preparative HPLC chromatogram of fraction U @239 nm 

 

Despite employing identical fractionation procedures for the two crude marine 

extracts, it was apparent by the HPLC chromatogram that fraction U contained a few 

more weakly UV-active non-polar constituents (tR 180 – 260 min), when compared with 

fraction G.  This greatly lengthened the HPLC run and the separation of this fraction 

required one month of HPLC time.  Though there was excellent reproducibility from 

fractions G to U, co-elution of the active bistramides with other minor components 

ultimately prevented successful purification of most of these metabolites, therefore 

preventing structure elucidation and further bioassay work.   

 

Bistramide A (5.1): light green oil; CD (MeOH, c 0.0077) [θ ]215 -5.44, [θ ]246 1.87, [θ 

]259 2.68; 1H NMR (CDCl3): δH 0.80 (3H, d, H-24, J = 6.5 Hz), 0.86 (3H, d, H-10, J = 7.0 

Hz), 0.94 (3H, d, H-35, J = 6.5 Hz), 1.24 (3H, d, H-17, J = 6.5 Hz), 1.25 (3H, d, H-40, J 
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= 7.5 Hz), 1.10 – 1.90 (24H, m, H-7, 8, 9, 20, 21, 23, 25, 26, 28, 29, 30, 32, 33), 1.91 

(3H, dd, H-1, J = 1.5, 6.5 Hz), 2.19 (1H, m, Ha-12), 2.33 (1H, m, H-24), 2.37 (1H, m, H-

16), 2.52 (1H, dd, Ha-5, J = 3.0, 16.5 Hz), 2.76 (1H, dd, Hb-12, J = 11.5, 15.0 Hz), 2.90 

(1H, dd, Hb-5, J = 9.0, 17.0 Hz), 3.14 (1H, t, H-22, J = 9.5 Hz), 3.25 (1H, m, Ha-14), 3.30 

(2H, m, H-19), 3.46 (1H, m, H-31), 3.51 (1H, m, Hb-14), 3.71 (1H, m, H-15), 4.06 (1H, 

dd, H-11, J = 4.5, 11.0 Hz), 4.19 (1H, m, H-6), 5.18 (1H, d, H-36, J = 9.0 Hz), 6.12 (1H, 

dd, H-3, J = 1.5, 16.0 Hz), (1H, dd, H-2, J = 6.5, 16.0 Hz), 6.96 (1H, t, NH-19, J = 5.5 

Hz), 7.32 (1H, t, NH-14, J = 5.5 Hz); 13C NMR, see Table 5.1; LCEIMS m/z 705.5 

[M+H]+ (calcd for C40H69N2O8, 705.5).   

 

Bistramide D (5.2): light green oil; 1H NMR (CD3OD): δH 0.83 (3H, d, H-24, J = 6.5 

Hz), 0.85 (3H, d, H-10, J = 7.0 Hz), 0.95 (3H, d, H-35, J = 6.5 Hz), 1.14 (3H, d, H-17, J 

= 7.0 Hz), 1.20 (3H, d, H-40, J = 6.5 Hz), 1.25 – 1.95 (22H, m, H-7, 9, 20, 21, 23, 25, 26, 

28, 29, 30, 32, 33), 1.35 (2H, m, H-8), 1.38 (2H, m, H-33), 1.43 and 1.65 (2H, m, H-5), 

1.61 (3H, s, H-38), 1.67 (d, H-1, J = 6.5 Hz), 2.23 (1H, dd, Ha-12, J = 4.0, 15.0 Hz), 2.38 

(2H, m, H-16, 34), 2.70 (1H, dd, Hb-12, J = 11.0, 15.0 Hz), 3.15-3.20 (2H, m, Ha-14, 22), 

3.23 (2H, m, H-19), 3.44 (1H, dd, Hb-14, J = 4.0, 14.0 Hz), 3.52 (1H, m, H-31), 3.73 (1H, 

m, H-15), 3.81(1H, m, H-6), 4.11 (1H, m, H-4), 4.14 (1H, m, H-39), 4.27 (1H, ddd, H-11, 

J = 4.0, 6.5, 8.5 Hz), 5.13 (1H, d, H-36, J = 9.0 Hz), 5.45 (1H, ddd, H-3, J = 1.5, 7.0, 15.5 

Hz), 5.64 (1H, dd, H-2, J = 7.0, 15.5 Hz).  LCEIMS m/z 707.6 [M+H]+, 729.5 [M+Na]+ 

(calcd for C40H71N2O8, 707.5; calcd for C40H70N2O8Na, 729.5).    
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VI.  Miscellaneous Plants Studied 

 

6.1 Introduction 

 Throughout the course of our research, occasionally we are unable to extract any 

substance of worthy bioactivity or novelty.  However, for purposes of building 

phytochemical libraries, these plants and their constituents will be reported. 

      

6.1.1  Investigation of Ravensara floribunda (MG 1916). 

 An ethanol extract of the leaves of Ravensara floribunda (Lauraceae) displayed 

an IC50 value of 18 µg/mL in the A2780 human ovarian cancer cell assay.  Liquid/liquid 

partitioning of 201 mg of crude material followed by separation of the aqueous fraction 

over reversed-phase HPLC afforded 22 mg of colorless crystals.  The molecule’s identity 

was confirmed by comparison of 1H and 13C NMR data with the literature,1 in addition to 

analysis of x-ray diffraction data.  The substance was identified as cryptomoscatone D1 

(6.1), a 6-[ω-arylalkenyl]-5,6-dihydro-pyrone.  It displayed an IC50 value of 47 µM (8.5 

µg/mL).   
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6.1.2  Investigation of Plagioscyphus sp. (MG 2157) 

 An ethanol extract of the leaves of Plagioscyphus sp. (Sapindaceae) displayed an 

IC50 value of 20 µg/mL in the A2780 human ovarian cancer cell assay.  Liquid/liquid 

partitioning of 1 g of crude material followed by consecutive polyamide and MCI gel 

columns afforded an impure flavonol glycoside.  Purification over reversed-phase C-18 

HPLC afforded 2.1 mg of a yellow oil.  The compound was identified as kaempferol-3-

O-α-L-rhamnopyranoside (6.2) on the basis of extensive interpretation of one and two-

dimensional NMR data.  It was inactive in the A2780 assay.  Throughout fractionation of 

MG 2157 activity was continuously lost, thus further fractionation of the plant was 

stopped.   

 The crude extract was also active against the Akt enzyme-based assay at an IC50 

value of 9.3 µg/mL, however further fractionation resulted only in the loss of this 

activity.  Fractionation of the plant was stopped.    
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6.1.3  Investigation of Pemphis acidula (MG 2317) 

 An ethanol extract of the roots of Pemphis acidula (Lythraceae) displayed an IC50 

value of 9.4 µg/mL in the A2780 human ovarian cancer cell assay.  Upon retesting 

however, the IC50 value was determined to be approximately 25 µg/mL.  Liquid/liquid 

partitioning of 116 mg of crude material followed by separation of the aqueous methanol 

fraction over Sephadex LH-20 led to the collection of seven weakly active fractions (IC50 

range of 22-24 µg/mL).  Reversed-phase HPLC of a fraction containing the bulk of the 

material afforded 0.95 mg of (+)-catechin (6.3).  The structure was identified on the basis 

of interpretation of one and two-dimensional NMR data.  It was inactive in the A2780 

assay.   
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6.1.4  Investigation of Xylopia sp. (MG 1834, 1835) 

 An ethanol extract of the leaves of Xylopia sp. (Annonaceae) displayed an IC50 

value of 14 µg/mL in the A2780 human ovarian cancer cell assay.  Upon retesting 

however, the IC50 value was determined to be approximately 23 µg/mL.  Liquid/liquid 

partitioning of 1.5 g of crude material followed by phenyl HPLC afforded a number of 

fractions, one of which displayed weak activity (IC50 = 15 µg/mL).  By analysis of its 1H 
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NMR spectrum the fraction was believed to contain a mixture of diterpenes, and further 

fractionation failed to increase the bioactivity.  Further separation was stopped.     

An ethanol extract of the wood of Xylopia sp. displayed an IC50 value of 16 

µg/mL in the A2780 assay.  Liquid/liquid partitioning of 200 mg of crude followed by 

separation of the aqueous methanol fraction over a series of C-18 columns failed to 

increase the bioactivity.  Further separation of the plant was stopped.     

 

6.1.5  Investigation of Polyscias sp. (MG 0870) 

 An ethanol extract of the leaves of Polyscias sp. (Araliaceae) displayed an IC50 

value of 12.9 µg/mL in the A2780 human ovarian cancer cell assay.  Liquid/liquid 

partitioning of 363 mg of crude material followed by separation of the aqueous methanol 

fraction over Sephadex LH-20 led to the collection of seven fractions.  Three of the active 

fractions (IC50 = 6.3, 12, and 14 µg/mL) were screened by 1H NMR spectroscopy and 

determined to contain typical resonances of triterpene saponins.  Dr. Prakash 

Chaturvedula, formerly of the Kingston research group, had isolated several bioactive 

oleanane saponins from Polyscias amplifolia.c  Since it appeared as though the activity of 

MG 0870 was due to similar triterpene saponins, and since these compounds are 

unattractive drug candidates, further separation of the plant was stopped.   

      

6.1.6  Investigation of Rhopalocarpus macrorhamnifolius (MG 1813) 

 An ethanol extract of the fruits of Polyscias sp. (Araliaceae) displayed an IC50 

value of 18 µg/mL in the A2780 human ovarian cancer cell assay.  Liquid/liquid 

partitioning of 260 mg of crude material followed by separation of the aqueous methanol 
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fraction over consecutive polyamide and C-18 columns failed to increase the bioactivity.  

The brown flaky texture of most of the fractions in addition to the loss of approximately 

half of the plant mass on the polyamide column suggested the presence of tannins.  Thus, 

further separation of the plant was stopped.   

 

6.1.7  Investigation of Potameia sp. (MG 1848, 1849) 

 An ethanol extract of the wood of Potameia sp. (Lauraceae) displayed an IC50 

value of 21.8 µg/mL in the A2780 human ovarian cancer cell assay.  Liquid/liquid 

partitioning of 200 mg of crude material followed by separation of the aqueous methanol 

fraction over consecutive LH-20 and C-18 columns failed to increase the bioactivity.  

Activity of all fractions never exceeded the original bioactivity of the crude extract, thus 

further separation of the plant was stopped.   

 An ethanol extract of the leaves of Potameia sp. displayed an IC50 value of 19.4 

µg/mL in the A2780 assay.  Liquid/liquid partitioning of 120 mg of crude material 

followed by separation of the aqueous methanol fraction over an SPE diol column failed 

to increase the bioactivity.  Activity of all fractions never exceeded the original 

bioactivity of the crude extract, thus further separation of the plant was stopped.   

 

6.1.8  Investigation of Rothmannia sp. (MG 1891, 1893) 

 An ethanol extract of the roots of Rothmannia sp. (MG 1891; Rubiaceae) 

displayed an IC50 value of 19.1 µg/mL in the A2780 human ovarian cancer cell assay.  

Liquid/liquid partitioning of 100 mg of crude material followed by separation of the 

weakly active chloroform and aqueous methanol fractions (IC50 = 15, 22 µg/mL, 
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respectively) over an MCI gel column failed to produce significant bioactivity.  Further 

separation of the plant was stopped.     

An ethanol extract of the fruits and leaves of Rothmannia sp. (MG 1893) 

displayed an IC50 value of 29.7 µg/mL in the A2780 human ovarian cancer cell assay.  

Liquid/liquid partitioning of 100 mg of crude between hexanes and 90% aqueous 

methanol failed to produce significant bioactivity.  Further separation of the plant was 

stopped.     

 

6.1.9  Investigation of Terminalia sp. (MG 2182). 

 An ethanol extract of the bark of Terminalia sp. (Combretaceae) displayed an IC50 

value of 4.7 µg/mL in the Akt enzyme-based assay.  Liquid/liquid partitioning of 200 mg 

of crude material was followed by a separation of the aqueous fraction over a reversed-

phase polyamide column.  The resulting fractions all displayed 1H NMR profiles 

resembling high molecular weight tannins.  Consequently, further separation of the plant 

was stopped. 
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VII.  Synthesis and Bioactivities of Simplified Adociaquinone B and 

Naphthoquinone Derivatives against Cdc25B Phosphatase 1  
 

7.1 Introduction 

 Some simplified adociaquinone B analogs and a series of 1,4-naphthoquinone 

derivatives were synthesized and tested against the three enzymes Cdc25B, MKP1, and 

MKP2. Cdc25B in particular is an enzyme overexpressed in cancer cells and its inhibition 

may represent a potential method of chemotherapeutic treatment.  A number of analogs 

exhibited significant inhibitory activity against these enzymes, and the bioassay data in 

addition to structure–activity relationships of these compounds will be discussed. 

 
7.1.1  Role of Cdc25B in Regulation of the Cell Cycle 

 The cell cycle is a process that regulates the growth and maintenance of 

organisms via four stages (G1, S, G2, M), and ultimately results in mitosis.  Transition 

through these stages is regulated by various cyclin dependant kinase (CDK)-cyclin 

complexes (Figure 7.1), whose activation by a subclass of dual-specificity protein 

tyrosine phosphatases, namely Cdc25A, B, and C, is a biochemical prerequisite.2 Studies 

have linked the oncogenesis of several types of human tumors with the overexpression of 

Cdc25A and B, thus suggesting that the inhibition of these dual-specificity phosphatases 

may prove to be a viable and attractive method of cancer treatment.2-5  

Cdc25B was shown to primarily activate CDK1-cyclin A and CDK1-cyclin B at 

the G2-M transition of the cell cycle via dephosphorylation of nearby Thr14 and Tyr15 

residues,5-9 though more recent studies have proven that each of the three Cdc25s is 

involved in the G1-S and G2-M transitions.10-12  These findings have demonstrated the 
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difficulty in limiting a Cdc25 enzyme and its corresponding CDK-cyclin complex to one 

specific cellular role.13  
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Figure 7.1. CDK-cyclin complexes and the cell cycle.13

 

At a chemical level, promotion of the transition between G2-M by CDK1-cyclin 

A and B is catalyzed via dephosphorylation by a specific cysteine thiolate anion found in 

a shallow pocket of Cdc25B (Figure 7.2).14-16 Binding to or oxidation of this thiolate 

anion prevents activation of the CDK1-cyclin complex, hence triggering cell cycle 

arrest.17,18  
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Figure 7.2. Cdc25B dephosphorylation mechanism. 
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Figure 7.3. Structures of potent Cdc25B inhibitors. 

 

A majority of the known Cdc25B inhibitors are quinones or quinone-type 

compounds.  Naphthoquinone derivative NSC 672121 (7.1; 2.0 μM inhibition of 

Cdc25B) has received considerable attention after emerging from an activity-based 

screening of a National Cancer Institute (NCI) chemical repository of 10,070 

compounds.19 Since then, several studies have attempted to improve this scaffold through 

analog synthesis.20-25 Furthermore, Dr. Shugeng Cao in the group has previously reported 

a number of isolates from the Indonesian sponge Xestospongia sp., and among them 

identified what is believed to be the most potent known inhibitor of Cdc25B, 

adociaquinone B (7.2; 0.08-0.11 µM).26  Reported herein is the design and synthesis of 

simplified adociaquinone B analogs in addition to several naphthoquinone derivatives, 

and their subsequent ability to inhibit Cdc25B dual-specificity phosphatase. 

 
7.2 Results and Discussion 

7.2.1  Synthesis of Cdc25B Inhibitors 

Compounds 7.10-7.14 were prepared via coupling reactions of naphthoquinone 

derivatives with hypotaurine, ethanolamine, and ethanol.  Compounds 7.3-7.8 were 
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purchased from commercial entities.  Compound 7.9 was synthesized by Dr. Shugeng 

Cao following the methods in the literature as previously described.27-30  
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Figure 7.4. Structures of Cdc25B inhibiting quinones. 
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7.2.2  Bioactivity 

Table 7.1. Biological Activities of Compounds 7.2 – 7.13 (µM) 

 
Compound 

 
Cdc25Ba

 
MKP-1a

 
MKP-2a

 
A2780b

Adociaquinone B  0.08/0.11 1.10 1.53 26 
7.3  > 50 > 50 > 50 5.7 
7.4 2.76 8.45 19.8 2.9 
7.5 9.51 > 50 > 50 0.58 
7.6 3.38 24.0 20.5 2.4 
7.7 1.98 13.0 12.4 2.7 
7.8 1.00 9.37 6.90 0.43 
7.9 2.3 38.7 > 50 6.9 
7.10 0.94 17.8 42.6 6.1 
7.11 0.88 33.8 > 50 0.29 
7.12 > 50 > 50 > 50 46 
7.13 > 50 > 50 > 50 * 
7.14 0.27 0.82 1.35 0.40 
a IC50 values (μM), assay was carried out by Caleb Foster at the University of Pittsburgh; b 
antiproliferative activity (IC50 μM); growth of the A2780 human ovarian cell line according to 
the procedure described.26,31,32 with paclitaxel (IC50 23.4 nM) as the positive control.  Assay 
was carried out by Ms. Peggie Brodie.  
* The fluorescence reading was not indicative of the true biological activity of 7.13.  Though 
fluorescence indicated that 7.13 was not active, microscopic analysis clearly showed that 
significant inhibition of the growth of A2780 cells occurred.     

 

7.2.3  Discussion 

A number of simplified adociaquinone B analogs were synthesized in order to 

explore the notion of retaining the potent inhibitory activity while reducing some of its 

structural complexity.  Most of the syntheses proceeded as expected, though a few of the 

reaction products are worthy of further explanation.  The first step in the mechanism of 

formation of 7.10 is postulated to be a Michael-type addition of the amino group on 

hypotaurine at the 3-position of 7.4.  However, the mechanism of the following 

cyclization step involving sulfur remains unclear.  Similarly, 7.14 is postulated to form 
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through a Michael-type addition of ethanol at the 4-position of orthoquinone, followed by 

auto-oxidation to yield the final product.  In regard to the formation of 7.12, an 

unexpected loss of the C-2 methyl resonance was observed in the 1H NMR spectrum.  It 

is postulated that two molecules of ethanolamine are involved in a reverse-Mannich type 

reaction, ultimately resulting in loss of methyleneimino-ethanol at the C-2 position 

(Figure 7.5).  Loss of a methyl group from quinones has been reported some time ago, 

and mechanistic details were described.33,34  
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Figure 7.5. Proposed mechanism for formation of 7.12. 
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Compounds 7.9 and 7.10 were two of the desired synthetic targets.  Though 7.9 

displayed inhibition of Cdc25B at 2.3 μM, it was still significantly less active than 

adociaquinone B, thus highlighting the necessity of the tricyclic benzofuranone moiety on 

the west hemisphere.  As opposed to the most potent inhibitor, 7.14 (0.27 μM), 7.10 and 

7.11 displayed some promising selectivity toward Cdc25B at 0.94 and 0.88 μM, 

respectively. 

Compounds 7.3 – 7.14 were also tested for activity against two additional 

enzymes.  Mitogen-activated protein kinase phosphatase-1 (MKP-1) and structurally 

similar MKP-3 are dual specificity phosphatases that are overexpressed in many human 

tumors and can protect cells from apoptosis caused by DNA-damaging agents or cellular 

stress.  In the case of the current study, assaying against these enzymes assists in the 

identification of selective Cdc25B inhibitors.    

With a few exceptions (7.12 and 7.13), the current data clearly support the notion 

that naphthoquinone-type molecules have the potential to be effective therapeutic agents, 

though their exact mechanism of Cdc25 inhibition is still a topic of discussion.  A few 

computational studies have attempted to utilize modeling to predict various binding 

interactions of the Cdc25 dual-specificity phosphatases.  The docking orientation of 

Cdc25B with its Cdk2-CycA protein substrate has previously been reported, and therein 

the possibility was recognized of targeting several potential small molecule binding 

pockets to achieve disruption of protein substrate recognition.35  Additionally, in an effort 

to postulate a mechanism of enzyme inhibition, attempts were made to dock known small 

molecule inhibitors of Cdc25B within its shallow active site.36  One docking program 

showed hydrogen bonding between the quinone carbonyl oxygens with Arg482 and 
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Arg544 of the shallow pocket.  As previously suggested,19 this implies that the quinone 

functionality is necessary for specific enzyme-ligand binding that propagates the 

observed activity.  An alternate docking program bound the inhibitors in such a way that 

the quinone moiety was in close proximity to the Cys473 thiol residue.36  Indeed, the 

structurally similar para-quinolinediones DA3003-1 (7.15) and JUN1111 (7.16) were 

shown to engage in redox cycling, thus irreversibly oxidizing the Cys473 thiol to its 

sulfonic product via production of reactive oxygen species (ROS).37   

 

N
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N
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Figure 7.6. DA3003-1 and JUN1111. 

 

In relation to our current study, the simplification of adociaquinone B by deletion 

of two rings on the west hemisphere may have diminished its ability to effectively bind 

with residues in the active pocket of Cdc25B, thus reducing its potency.  Considering that 

experimental evidence from the previous study of adociaquinone B26 allowed us to 

hypothesize the mechanism of action to be oxidation of the catalytic cysteine, the current 

bioassay data suggest the fused tricyclic benzofuranone moiety may play a pivotal role in 

effectively positioning the quinone for Cys473 thiolate oxidation.  Furthermore, 

comparison of 7.9 with 7.10 and 7.11 could suggest that the absence of three ring units on 
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the west hemisphere of adociaquinone B may grant the resulting small molecule more 

versatility by allowing increased access to the binding site.  And though the 

aforementioned studies have shown intermolecular hydrogen bonding between Cdc25B 

residues and polar heteroatoms of small molecules to be crucial, without further 

experimental evidence our structure activity analysis remains speculation.   

The study of Cdc25 dual-specificity phosphatases continues to generate much 

interest due to their oncogenetic properties, and consequently this class of enzyme may 

prove to be of great therapeutic value.  Their intrinsic relationship with CDKs, subjects 

essential for the regulation of the cell cycle, has inevitably identified them as potential 

targets for treatment of various cancers.  Recently, Cazales et al. have reported that 

inhibiting Cdc25 phosphatase activity alters microtubule dynamics and impairs mitotic 

spindle assembly, resulting in disruption of mitotic process.38 Furthermore, they observed 

an enhancement of activity on the proliferation of human HT29 colon cancer cells upon 

combination of the microtubule-targeting paclitaxel with a Cdc25B inhibitor.  This 

stresses the complex and enduring role of the Cdc25 family in cell cycle regulation and 

warrants further studies on their mechanism of action so as to pave the road for facile 

preparation of small molecule inhibitors.  

 

7.3 Experimental Section. 

General Experimental Procedures.  All of the reagents and solvents received from 

commercial sources were used without further purification.  1H and 13C NMR spectra 

were obtained on Varian Unity 400 MHz, Inova 400 MHz, and JEOL Eclipse 500 MHz 
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spectrometers.  Low resolution FAB and EI mass spectra were obtained on a JEOL HX-

110 instrument, and a Finnigan LTQ LC/MS, respectively.   

 

Synthesis of compound 7.10.  A solution of hypotaurine (60 mg, 550.0 μmol) in water 

(10 mL) was added to a stirred solution of 1,4-napthoquinone (7.4) (60 mg, 379.0 µmol) 

in 20 mL acetonitrile/ethanol (1:1), and the mixture was stirred at 40°C for four hours.  

The crude product solution was refrigerated to yield a yellow precipitate, and filtered to 

afford compound 7.10 (62.6 mg, 63%): 1H NMR (DMSO-d6) δ 9.16 (1H, br s), 7.99 (2H, 

dd, J = 4.0, 1.6 Hz), 7.89 (1H, t, J = 7.6 Hz), 7.77 (1H, t, J = 7.6 Hz), 3.85 (2H, br t, J = 

5.5 Hz), 3.38 (2H, br t, J = 5.5 Hz); 13C NMR  (DMSO-d6) δ 178.7, 174.6, 146.8, 135.7, 

132.9, 132.5, 130.0, 126.4, 125.8, 111.1, 48.26, 39.18; EIMS m/z 264.1 [M+H]+ (calcd 

for C12H10O4NS, 264.03). 

 

Synthesis of compound 7.11.  A solution of hypotaurine (9.3 mg, 85.0 μmol) in water 

(10 mL) was added to a stirred solution of 5-hydroxy-1,4-napthoquinone (7.7) (10 mg, 

57.0 µmol) in 20 mL acetonitrile/ethanol (1:1), and the mixture was stirred at 40°C for 

four hours.  This specific regioisomer was identified upon comparison of its 1H and 13C 

NMR data with those in the literature.41  The crude product was purified over a flash 

silica column (CHCl3/EtOAc 1:1) to afford yellow needle-like crystals, compound 7.11 

(3.6 mg, 23%): 1H NMR (DMSO-d6) δ 12.83 (1H, s), 9.50 (1H, br s), 7.64 (1H, t, J = 7.2 

Hz), 7.55 (1H, dd, J = 7.6, 0.8 Hz), 7.34 (1H, dd, J = 7.6, 0.8 Hz), 3.87 (2H, m), 3.41 

(2H, m); 13C NMR  (DMSO-d6) δ 181.5, 177.9, 160.8, 147.8, 135.0, 130.2, 125.8, 119.1, 

113.7, 110.0, 48.2, 39.8; EIMS m/z 280.1 [M+H]+ (calcd for C12H10O5NS, 280.02). 
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Synthesis of compound 7.12.  Ethanolamine (80.5 μL, 1.34 mmol) was added to a 

stirred solution of 2-methyl-1,4-napthoquinone (7.6) (230 mg, 134 µmol) in 5 mL 

acetonitrile, and the mixture was stirred at 45°C for two hours.  The structure was 

elucidated by one and two-dimensional NMR methods and subsequently confirmed by X-

ray crystallography (Figure 7.7).  The crude product was purified by silica gel TLC 

(EtOAc) to afford orange crystals, compound 7.12 (Rf 0.44, 9.6 mg, 3.3%): 1H NMR 

(DMSO-d6) δ 7.98 (1H, dd, J = 8.0, 1.2 Hz), 7.93 (1H, dd, J = 7.6, 1.2 Hz), 7.82 (1H, dt, 

J = 8.0, 1.2 Hz), 7.72 (1H, dt, J = 7.6, 1.2 Hz), 7.34 (1H, br t, J = 5.6 Hz), 5.72 (1H, s), 

4.87 (1H, t, J = 5.6 Hz), 3.58 (2H, q, J = 5.6 Hz), 3.23 (2H, q, J = 5.6 Hz); 13C NMR  

(DMSO-d6) δ 181.6, 181.4, 148.7, 134.9, 133.1, 132.2, 130.3, 125.9, 125.3, 99.6, 58.4, 

44.6; FABMS m/z 199.4 [M–H2O] (calcd for C12H9O2N, 199.21). 

 

 

Figure 7.7. Crystal structure of 7.12. 
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Synthesis of compound 7.13.  Ethanolamine (80.5 μL, 1.34 mmol) was added to a 

stirred solution of 2-methyl-1,4-napthoquinone (7.6) (230 mg, 134 µmol) in 5 mL 

acetonitrile, and the mixture was stirred at 45°C for two hours.  The crude product was 

purified by silica gel TLC (EtOAc) to afford compound 7.13 as red, needle-like crystals 

(Rf 0.75, 62.0 mg, 20%): 1H NMR (DMSO-d6) δ 7.87 (2H, t, J = 6.8 Hz), 7.73 (1H, t, J = 

7.6 Hz) 7.64 (1H, t, J = 7.6 Hz), 6.47 (1H, br s), 4.92 (1H, br t, J = 5.2 Hz), 3.57 (4H, m), 

2.06 (3H, s); 13C NMR  (DMSO-d6) δ 182.1, 181.7, 146.8, 134.3, 132.7, 132.0, 130.2, 

125.6, 125.4, 110.8, 60.5, 46.8, 10.7; FABMS m/z 232.1 [M+H]+ (calcd for C13H14O3N, 

232.10). 

 

Synthesis of compound 7.14.  A solution of 1,2-napthoquinone (30 mg, 190 µmol) in 20 

mL acetonitrile/ethanol (1:1) and in the presence of a catalytic amount of DMAP, was 

stirred at 40°C for five hours.  The crude product was purified using silica gel column 

chromatography (CHCl3/EtOAc 1:1) followed by an open reversed phase C18 column 

(MeOH/H2O 3:2)  to afford compound 7.14 as yellow needle-like crystals (3.8 mg, 10%): 

1H NMR (CD3CN) δ 8.00 (1H, d, J = 8.4 Hz), 7.91 (1H, d, J = 8.0 Hz), 7.75 (1H, t, J = 

8.0 Hz), 7.63 (1H, t, J = 8.4 Hz), 5.94 (1H, s), 4.24 (2H, q, J = 6.8 Hz), 1.49 (3H, t, J = 

6.8 Hz); 13C NMR  (CD3CN) δ 180.6, 180.2, 168.5, 135.9, 133.2, 132.3, 131.6, 129.1, 

125.4, 104.3, 66.9, 14.2; FABMS m/z 203.7 [M+H]+ (calcd for C12H10O3, 203.21). 

 

Antiproliferative bioassay.  Determination of antiproliferative activity was performed at 

Virginia Polytechnic Institute and State University against the A2780 ovarian cancer cell 
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line as previously described.31 The A2780 cell line is a drug - sensitive human ovarian 

cancer cell line.31,32

 

In vitro phosphatase assays.  Determination of in vitro inhibitory activity against the 

Cdc25B enzyme was performed at the University of Pittsburgh, using methods previously 

described.19,41-43
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VIII. General Conclusions 
 
  

Of the fourteen compounds isolated from Schizolaena hystrix, six were known 

substances while eight were reported for the first time.  All of the candidates, which were 

either long chain compounds or flavonoids, were very weakly active in the A2780 human 

ovarian cancer cell line.  None of the isolates represent interesting drug candidates. 

From Artabotrys madagascariensis was isolated one new cyclohexene derivative, 

two known butenolides, and one known triterpene.  The two butenolide derivatives have 

a brief history of being cytotoxic, and further testing carried out by the Eisai Research 

Institute in a panel of cancer cell lines confirmed their generally cytotoxic profile.  

Despite their interesting structural characteristics and overall simplicity, at this time they 

do not represent viable drug leads. 

Extraction of an unidentified Malleastrum species led to the isolation of three 

novel limonoids with triterpenoid skeletons seldom reported in literature.  Two of the 

three were relatively active in the A2780 cell line, though further testing at the Eisai 

Research Institute showed a pattern of general toxicity.  Whereas they may not be useful 

in further oncogenic studies, limonoids have a rich history of acting as effective anti-

insecticidal agents. Given their high overall yield in the plant, should these agents exhibit 

said activity, they may be of some commercial interest.  

Two known marine metabolites with potent activity against a number of tumor 

cell lines were isolated from an unidentified species of the marine ascidian Trididemnum.  

A plethora of bioactivity and synthetic studies on the five known analogs of this class of 

molecule have been published, partly due to their strong therapeutic potential.  These 

 138



bistramides are actin interacting agents that most likely are the product of a symbiotic 

microbial relationship.  It is highly recommended that further exploration of 

Trididemnum be undertaken in order to isolate new bistramides derivatives, since their 

presence is plentiful in this particular unidentified species.  The prospect of improving 

their bioactive potential by isolating new derivatives is supported by the difference in 

toxicity of some known bistramides analogs; upon isolation of bistramide D it was 

discovered that this analog displayed similar anticancer properties, but was less toxic than 

bistramide A.  Isolation of additional derivatives may provide similar selectivity profiles.      

A number of naphthoquinone analogs were synthesized and specially designed to 

inhibit Cdc25B, an enzyme overexpressed in certain tumors that is responsible for the 

transition between the G2/M phases of the cell cycle.  Based on the most potent known 

inhibitor, adociaquinone B, these simplified analogs showed much promise as potential 

therapeutic agents.  Despite these promising preliminary results, much work remains in 

understanding their mechanism of action, particularly to determine whether redox cycling 

or direct binding to the enzyme’s active site is responsible for the observed activity.  

Design of further simplified naphthoquinone derivatives should take place once the exact 

mechanism of action is determined.  Co-crystallization of some of these inhibitors with 

Cdc25B would represent an impressive step toward understanding inhibitor-enzyme 

interactions, though there are currently no plans to attempt such studies.      
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Table 8.1. Summary of Natural Products Isolated 
 

Compound Natural 
Product Class 

Plant IC50 
(µM) 

New / 
Known 

Schizolaenone A Flavonoid S. hystrix 21 New 
Schizolaenone B Flavonoid S. hystrix 22 New 
Schizolaenone C Flavonoid S. hystrix 21 New 
4'-O-Methylbonannione A Flavonoid S. hystrix 40 New 
Nymphaeol A Flavonoid S. hystrix 14 Known 
Bonnanione A Flavonoid S. hystrix 32 Known 
Bonnaniol A Flavonoid S. hystrix 64 Known 
Diplacol Flavonoid S. hystrix 13 Known 
Macarangaflavanone B Flavonoid S. hystrix 43 Known 
3'-Prenylaringenin Flavonoid S. hystrix 29 Known 
3-Acetoxy-eicosanoic acid 
ethyl ester 

Long-chain 
ester 

S. hystrix 48 New 

3S-Acetoxy-eicosanoic 
acid 

Long-chain acid S. hystrix 54 Known 

3-Acetoxy-doeicosanoic 
acid 

Long-chain acid S. hystrix 63 New 

1-Hydroxy-dodecan-2-one Long-chain 
alcohol 

S. hystrix 70 Known 

Artabotrene Cyclohexene 
derivative 

A. Madagascariensis 55 New 

Melodorinol Butenolide A. Madagascariensis 12 Known 
Acetylmelodorinol Butenolide A. Madagascariensis 6.9 Known 
Polycarpol Triterpene A. Madagascariensis 41 Known 
Malleastrone A Limonoid Malleastrum sp. 0.49 New 
Malleastrone B Limonoid Malleastrum sp. 0.63 New 
Malleastrone C Limonoid Malleastrum sp. 18 New 
Bistramide A Bistramide Trididemnum sp. 0.19 Known 
Bistramide D Bistramide Trididemnum sp. n/t Known 
Cryptomoscatone D1 ω- Pyrone R. floribunda 47 Known 
Kaempferol-3-O-α-L-
rhamnopyranoside 

Flavonol 
glycoside 

Plagioscyphus sp. N/A Known 

(+)-Catechin Flavonoid P. acidula N/A Known 
* n/t = not tested; N/A = not active 
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APPENDIX 

(1H and 13C NMR Spectra) 
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2.2. Schizolaenone B (in CDCl3) 
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2.3. Schizolaenone C (in CD3OD) 
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2.4. 4'-O-Methylbonnanione A (in CDCl3) 
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2.4. 4'-O-Methylbonnanione A (in CDCl3) 
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2.5. Nymphaeol A (in CD3OD) 
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2.7. Bonanniol A (in CDCl3) 
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2.9. Macarangaflavanone B (in CD3OD) 
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2.11. 3S-acetoxy-eicosanoic acid ethyl ester (in C
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2.12. 3S-Acetoxy-eicosanoic acid (in C6D6) 
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2.13. 3S-Acetoxy-eicosanoic acid ethyl ester (in C6D6) 
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2.14. 1-hydroxy-dodecan-2-one (in CDCl3) 
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3.1. Artabotrene (in CDCl3) 
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3.2. Melodorinol (in CDCl3) 

 

3.3. Acetylmelodorinol (in CDCl3) 
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3.4. Polycarpol (in CDCl3) 
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4.1. Malleastrone A (in CDCl3) 
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4.2. Malleastrone B (in CDCl3) 
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4.3. Malleastrone C (1H in CD3OD, 13C in CDCl3) 
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5.1. Bistramide A (in CDCl3) 
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5.2. Bistramide D (in CD3OD) 
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6.2. Kaempferol-3-O-α-L-rhamnoside (in CD3OD) 
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7.3. Benzoquinone (in CD3OD) 
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7.5. Anthraquinone (in CDCl3) 
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7.7. 5-Hydroxy-1,4-napthoquinone (in CD3CN) 
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7.10. (in d-DMSO) 
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