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Abstract 
 

New Zealand has a diverse and mostly unexplored marine environment. Ascidians found 

in New Zealand waters are a previously documented excellent source of bioactive marine 

natural products. This thesis presents the results of investigation of the secondary 

metabolite chemistry of two species of New Zealand ascidians, Pseudodistoma opacum, 

collected in Maori Bay, Muriwai, Auckland and Aplidium scabellum, collected at Great 

Barrier Island.  

Four new metabolites, (-)-7-bromohomotrypargine (2.82) and opacalines A-C (2.83-2.85), 

all belonging to the β-carboline family, were isolated from the ascidian P. opacum. The 

debromo analogues of opacalines A and C were synthesized and the library was evaluated 

for growth inhibition properties against a range of neglected disease parasite assays. The 

β-carbolines tested were found to be non-cytotoxic and display mild antimalarial activity, 

with IC50 ranging from 5-27 μM towards Trypanosoma brucei rhodesiense and 4-12 μM 

towards Plasmodium falciparum. A biosynthetic pathway for the four new metabolites is 

proposed, with arginine and homoarginine undergoing transamination to give the 

respective α-keto acid precursors, followed by a Pictet-Spengler reaction to form the β-

carboline skeleton. 

Examination of the natural product chemistry of the ascidian Aplidium scabellum led to 

the isolation of five new natural products, 2-geranyl-6-methoxy-1,4-hydroquinone-4-

sulfate (3.57) and scabellones A-D (3.59-3.62), as well as the known chromenol, 8-

methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58), and quinone, 

verapliquinone A (3.63). Results from biomimetic synthesis of scabellones A-D utilizing 

either 2-methoxy-6-geranyl-1,4-hydroquinone or 2-methoxy-6-geranyl-1,4-benzoquinone 

as starting material identified the latter as the species necessary for the formation of the 

scabellones. Unexpected products were also isolated from different biomimetic synthesis 

attempts, including verapliquinone C and 3-methoxy-7-prenyl-1,4-naphthoquinone. A 

biosynthesis route for scabellones A-D was proposed based on the results obtained from 

the biomimetic reactions, with 2-geranyl-1,4-benzoquinone as the starting material and 

scabellone A as the common intermediate to scabellones B-D. Scabellone B (3.59) was 

found to exhibit antimalarial properties (IC50 3.4 μM), opening the potential for structure-

activity relationship studies. 2-Geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) was 
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found to inhibit the respiratory burst of human neutrophils and is non-cytotoxic, making 

this natural product a potential anti-inflammatory agent. In contrast, its desulfated 

counterpart, 2-geranyl-6-methoxy-1,4-hydroquinone, was found to be an apoptotic 

cytotoxin. 
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1.1 Marine-Derived Drugs 

The need to find more potent and effective drugs for diseases and sickness has always 

been ongoing. With the oceans covering 70% of the Earth’s surface and being 

environmentally unique, its vast biodiversity has huge potential as a source for novel 

secondary metabolites and drug leads. In the past, difficulties in collection of specimens 

have now been improved with new developments in techniques and technology. 

Developments in scuba diving gear enables researchers to dive in the ocean and collect 

samples by hand, while techniques such as dredging enables deep sea collections. 

Methods for isolation and structure elucidation have also propelled research into marine 

natural products forward, with continual advances in techniques such as NMR and HPLC. 

Although at most times, quantities of bioactive metabolites which could become potential 

therapeutics are isolated in minute quantities will not be sustainable if extraction is the 

only source, efforts in developing aquaculture and/or sythnesis aim to overcome this 

problem. Many secondary metabolites of marine origin have been developed into drugs or 

are potential drug leads, including ziconotide, halichondrin B, ET-743 and aplidine. 

Ziconotide is synthetic ω-conotoxin MVIIA, originally isolated from the cone snail Conus 

magus,
1
 which is now sold under the trade name, Prialt. Prialt (Ziconotide) is the first drug 

approved by Food and Drug Administration (US) that is derived from a marine natural 

product. This drug was also subsequently approved by the European Regulatory Agency. 

Ziconotide is used to treat chronic and severe pain usually associated with cancer or 

AIDS. This drug is more effective than morphine and targets calcium channel and inhibits 

nerve signals to be conducted.
2
 

Isolated from the marine sponge Halichondria okadai, halichondrin B (1.1) is a polyether 

macrolide, which showed potent in vitro and in vivo anticancer activity towards the murine 

melanoma cell line and the leukemia cell line.
3
 This metabolite interacts with tubulin and 

microtubules by binding. Total synthesis of the natural product was achieved in 1992 and 

involved around 90 steps.
4
 Halichondrin B proceeded to phase I clinical trial in 2002. A 

synthetic analogue of halichondrin B, eribulin mesylate (1.2), was tested to be as potent as 

its parent compound.
5
 Eribulin mesylate binds to tubulin and causes cell cycle arrest at 

mitosis.
6
 This analogue, marketed as Havalen, was approved by the Food and Drugs 
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Administration (FDA) last year as treatment for metastatic breast cancer previously 

exposed to therapy.
7
 

 

 

 

 

 

 

 

 

 

 

 

 

ET-743 or Trabectedin (1.3), was approved in 2007 in Europe under the trade name 

Yondelis
®
 for soft tissue sarcoma where patients failed to respond to the current drug 

treatment.
8
 This is the first anticancer drug approved with a marine origin. Later, in 2009, 

this drug was approved in Europe as treatment for patients with relapse or platinum-drug 

sensitive ovarian cancer.
8
 ET-743, a tetrahydroisoquinoline alkaloid, was isolated from the 

ascidian Ecteinascidia turbinata.
9
 Total synthesis of this metabolite was reported in 

1996.
10

 The alkaloid binds to the minor groove of DNA, selectively alkylates guanine 

residues which leads to inhibition of DNA repair. This makes the damage on DNA 

permanent and eventually leads to cell death.
11

 ET-743 has been given orphan drug status 

by the European Commission and the Food and Drug Adminstration for soft tissue 

sarcoma and ovarian cancer. Currently, phase II clinical trial of ET-743 as treatment for 

breast cancer, lung cancer, prostate cancer and paediatric tumours are ongoing. 

Halichondrin B (1.1) 

Erubulin mesylate (1.2) ET-743 (1.3) 
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Aplidine (1.4) is an analogue of the cyclic depsipeptide, didemnin B (1.5). Didemnin B 

was isolated from the Caribbean ascidian Trididemnum solidum and displayed antitumour 

properties.
12

 This compound became the first marine natural product to reach human 

clinical trials. It, however, was dropped after phase II clinical trials due to cardiotoxicity.
13

 

Although closely related, aplidine (1.4) was found to be less toxic than didemnin B but 

with a more potent antitumour activity across a broad spectrum both in vivo and in vitro. 

Aplidine was isolated from the ascidian Aplidium albicans and is sometimes referred to as 

dehydrodidemnin B.
14

 This compound is now in phase II clinical trials for solid and 

haematological malignant neoplasias and phase III clinical trials for multiple myeloma. It 

has also been granted orphan drug status by the European Commission and the Food and 

Drug Adminstration for acute lymphoblastic leukemia and multiple myeloma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Didemnin B (1.5) 

Aplidine (1.4) 
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1.2 Structure-Activity Relationship Studies 

Structure-activity relationship studies on metabolites which offer potential therapeutic 

properties often provide valuable information regarding any future development of the 

compound. For example, the metabolite may exhibit potent biological activities but with 

associated cytotoxicity to normal cells. It is possible that the presence of the entire 

structure is needed to exhibit a particular biological activity, but often only a specific 

moiety is needed. Hence, it is important to identify the necessary fragment of the structural 

scaffold responsible for the target activity. A modified, structurally simplified analogue 

will hopefully lead to a more simple synthetic route and eliminate adverse properties. 

Three examples with recent developments, the manzamines, ascididemin and 

halenaquinone, will be discussed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Manzamine A (1.6) 8-Hydroxymanzamine A (1.7) Manzamine F (1.8) 

Analogue 1.9 Analogue 1.10 
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Since the isolation of manzamine A in 1986,
15

 members of the manzamine alkaloid family 

have been shown to exhibit activity towards parasite such as Plasmodium falciparum, the 

vector responsible for malaria, and the bacterium Mycobacterium tuberculosis, responsible 

for tuberculosis.
16

 A recent series of SAR studies into modifications of manzamine A 

(1.6), 8-hydroxymanzamine A (1.7) and manzamine F (1.8) revealed correlations between 

certain structural features of the compound and their biological activities.
17

 The double 

bond present in the 8-membered nitrogen-containing ring of manzamine A and 8-

hydroxymanzamine A was found to be important for antimalarial activity. Reduction of 

the double bond decreased antimalarial activity from IC50 values of 4.5 and 8.0 ng/mL, for 

manzamine A and 8-hydroxymanzamine A respectively, to ~200 ng/mL. Modification of 

manzamine F, which had a comparatively low antimalarial activity (IC50 780 ng/mL), by 

replacing the carbonyl functional group on the 8-membered ring with a hydrazone (1.9) or 

ethyl chain (1.10), increased antimalarial activity with IC50 ~ <100 ng/mL. Moreover, 

cytotoxicity observed for manzamine A was completely reduced. This study illustrated the 

importance of the 8-membered ring unit in the biological activities of the manzamines. 

 

 

 

 

 

 

 

 

 

Ascididemin (1.11), a pyridoacridone alkaloid, was isolated in 1988 from the Okinawan 

ascidian Didemnum sp. and was shown to be cytotoxic towards L1210 murine leukemia 

cell line with IC50 0.39 μg/mL.
18

 This metabolite was also found to have anti-tuberculosis 

activity.
19

 Recently, a series of natural and synthetic pyridoacridone alkaloids, including 

Ascididemnin (1.11) Kuanoniamine D (1.12) Kuanoniamine A (1.13) 

Analogue 1.14 Analogue 1.15 
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ascididemin, kuanoniamine D (1.12) and kuanoniamine A (1.13), were evaluated for anti-

tuberculosis activity.
20

 Of the eight pyridoacridone natural products tested, all were 

cytotoxic towards both Vero and P388 cell lines, with ascididemin exhibiting the most 

potent anti-tuberculosis activity. The series of synthetic analogues with modification at the 

4-position of the pyrido[2,3,4-kl]acridine-6-one core showed that substitution at this 

position with sulfur-containing or a bulky amino moiety reduced cytotoxicity 

significantly. Overall, of the amino analogues, the amide derivative of pyrazinecarboxylic 

acid substituted at the 4-position (1.14) was shown to be non-cytotoxic, exhibited 

moderate anti-tuberculosis activity and was found to have antibacterial activity towards 

Bacillus subtilis with a radius of 10 mm at 120 µg/disc in a disc diffusion assay. From the 

sulfur-containing analogues, sulfides were more potent than sulfoxides, with alkyl sulfides 

exhibiting more anti-tuberculosis activity than aryl sulfides. Furthermore, the alkyl sulfide 

analogue 1.15 exhibited the same anti-tuberculosis potency as ascididemin with much less 

cytotoxicity. Since potency of 1.15 was comparable to that of ascididemin, this analogue 

was tested against a panel of singly-drug-resistant strains of Mycobacterium tuberculosis 

and displayed MIC values of less than 0.35 µM across all strains tested, demonstrating 

that the pyrido[2,3,4-kl]acridin-6-one structurally simplified scaffold could be responsible 

for the biological activities displayed by the pyridoacridone compounds. 

 

 

 

 

 

 

 

 

 

Halenaquinone (1.16) Orhalquinone (1.17) 

Analogue 1.18 
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A very recent structure-activity relationship study on halenaquinone (1.16), a secondary 

metabolite isolated from Xestospongia exigua,
21

 identified the reactive site of the 

compound with thiol and primary amines under biomimetic reaction conditions.
22

 While 

thiol nucleophiles used in the reaction, N-acetyl-L-cysteine, reacted at the quinone ring of 

halenaquinone, primary amine nucleophiles used in the reaction, for example N-acetyl-L-

lysine, preferred the furan ring. A series of amine analogues were synthesized and tested, 

along with halenaquinone and orhalquinone (1.17), against a range of assays. The quinone 

ring was found to be important for activity against bee venom phospholipase A2, with 

halenaquinone being the most potent inhibitor of the series. However, halenaquinone was 

inactive against both the chloroquine resistant Plasmodium falciparum strain FcB1, and 

the chloroquine sensitive P. falciparum strain 3D7. In contrast, orhalquinone and most of 

the amine analogues, which did not have the furan moiety, were active against these two 

strains of P. falciparum. In particular, amine analogue 1.18 showed exceptional 

antiplasmodial activity. Unfortunately the analogues tested all showed enhanced 

cytotoxicity compared with the two natural products. The results from this study will 

enable cellular target(s) identification in the future. 

 

1.3 Selected Bioactive Marine Natural Products 2010 

Besides investigations into known marine natural products which offer potential 

therapeutic properties, the search for new biologically active marine metabolites has never 

ceased. New metabolites are continually being discovered from the diverse population of 

marine organisms. The following are selected examples of bioactive marine natural 

products reported in 2010. 

Mayamycin (1.19) was isolated from cultures of the bacteria Streptomyces sp. strain 

HB202, which, in turn, was isolated from the sponge Halichondria panacea.
23

 The sponge 

was collected from the Baltic Sea. The compound was found to exhibit potent in vitro 

toxicity towards eight human tumour cell lines, all with IC50 values of less than 0.35 µM, 

and antibacterial activity towards a number of strains including Bacillus subtilis (IC50 8.0 

µM), Pseudomonas aeruginosa (IC50 2.5 µM), and Staphyococcus aureus (IC50 2.5 µM). 
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The novel psammaplysin G (1.20) was isolated from the Australian sponge Hyattella sp., 

along with the known psammaplysin F (1.21).
24

 Psammaplysin F showed activity towards 

both chloroquine-resistant (Dd2) Plasmodium falciparum strain and chloroquine-sensitive 

P. falciparum strain (3D7) with IC50 values of 1.4 and 0.87 µM, respectively. At a 

concentration of 40 µM, psammaplysin G showed a 98% inhibition towards chloroquine-

resistant (Dd2) P. falciparum strain. Although both compounds exhibit antimalarial 

activity, only psammaplysin F exhibited cytotoxicity towards the human embryonic 

kidney cell line, HEK293, with an IC50 value of 11 µM.  

Three brominated alkaloids, ceratinadins A-C (1.22-1.24) were isolated from an Okinawan 

sponge Pseudoceratina sp.
25

 Ceratinadins A and B exhibited antifungal activity towards 

Cryptococcus neoformans, with MIC values of 4 and 8 μg/mL, respectively, and Candida 

albicans with MIC values of 2 and 4 μg/mL, respectively. In constrast, ceratinadin C was 

inactive against both strains. 

 

 

 

 

 

 

 

 

Mayamycin (1.19) 
Psammaplysin G (1.20), R = CONH2 

Psammaplysin F (1.21), R = H 

Ceratinadin A (1.22) 

Ceratinadin C (1.24) 

Ceratinadin B (1.23) 
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12-Deoxyascididemin (1.25) was isolated, along with the known ascididemin (1.11) and 

eilatin (1.26), from an Australian ascidian Polysyncraton echinatum.
26

 All three alkaloids 

exhibited potent activity towards Trypanosoma brucei brucei, with observed 

antitrypanosoma IC50 values of 0.077, 0.032 and 1.33 µM for 12-deoxyascididemin, 

ascididemin and eilatin, respectively. 

 

 

 

 

 

 

 

 

The alkaloid, aplidiopsamine A (1.27), was isolated from the ascidian Aplidiopsis 

confluata, collected from Tasmania, Australia.
27

 This compound was found to inhibit the 

growth of both chloroquine-sensitive (3D7) and chloroquine-resistant (Dd2) strains of 

Plasmodium falciparum with IC50 values of 1.47 and 1.65 µM, respectively.  

 

1.4 New Zealand Ascidians 

Ascidians, also known as sea squirts or tunicates, are immobile, soft-bodied filter-feeders 

which are often found encrusted on rocks in places where there is flowing sea water. 

While some ascidian species possess a tough leathery external envelope (the tunic), many 

species of these sessile invertebrates produce secondary metabolites as a defence 

mechanism to deter predators.
28

 Many of the secondary metabolites produced by ascidians 

are amino-acid derivatives, 
29

 with a second dominant class of metabolite being the 

meroterpenoids. Potent approved therapeutic drugs, for example ET-743 and aplidine, 

were isolated from ascidians. 

12-Deoxyascididemin (1.25) 

Eilatin (1.26) 

Aplidiopsamine A (1.27) 
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Ascidians can also be found in New Zealand waters. The New Zealand coastline includes 

a 200 nautical-mile boundary of the Exclusive Economic Zone, which is equivalent to 4.2 

million km
2
.
30

 This vast and long coastline with a rich and diverse marine environment, is 

still mainly unexplored. According to a recent survey, many of the marine life found in 

New Zealand waters are unique to this area.
30

 In the following section, a few examples of 

recently isolated novel metabolites from New Zealand ascidians serve to provide a brief 

introduction into the potential of discovering promising bioactive compounds from these 

sources. 

Coproverdine (1.28) was isolated from an unidentified ascidian collected at Three Kings.
31

 

The initial crude extract showed cytotoxicity towards P388 murine leukaemia cell line and 

the BSC-1 African green monkey kidney cell line. This alkaloid exhibited activity against 

tumour cell lines P388 (IC50 1.6 µM), A549 (IC50 0.3 µM), HT29 (IC50 0.3 µM), MEL28 

(IC50 0.3 µM) and DU145 (IC50 0.3 µM).  

 

 

 

 

 

 

 

 

 

Investigation of the chemistry of specimens of Lissoclinum notti collected near Leigh 

Harbour, Northland led to the discovery of three new pyridoacridine alkaloids: 

isodiplamine (1.29), cystodytin K (1.30) and lissoclinidine (1.31), as well as known 

metabolites diplamine (1.32), cystodytin J (1.33), varacin, varacin A and N
2
,N

2
-7-

trimethylguanine.
32

 Compounds 1.29-1.33 were evaluated for activity against the P388 

murine leukaemia cell line with an observed IC50 range of 1-5 µM. Diplamine was the 

Coproverdine (1.28) Isodiplamine (1.29),  

R1=H, R2=SCH3, R3=H 
 

Cystodytin K (1.30), 

R1=H, R2=H, R3=OCH3 
 

Diplamine (1.32), 

R1=SCH3, R2=H, R3=H 
 

Cystodytin J (1.33), 

R1=H, R2=H, R3=H 

Lissoclinidine (1.31) 
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most potent against the BSC-1 African Green Monkey kidney cell line out of the five 

compounds, with a greater than 4.5 mm of zone of cytotoxicity. Antimicrobial activity 

was also detected against Bacillus subtilis, Escherichia coli, Candida albicans and 

Trichophyton mentagrophytes at modest to potent levels. 

Kottamides A-D (1.34-1.37) were isolated from the New Zealand endemic ascidian 

Pycnoclavella kottae collected at Three Kings Islands.
33

 These imidazolone containing 

alkaloids exhibit moderate activity against the P388 murine leukaemia cell line with IC50 

values ranging from 10-40 µM. Kottamide A was further evaluated and was shown to be 

moderately cytotoxic towards the African Green Monkey kidney cell line (BSC-1). 

 

 

 

 

 

 

From the ascidian Synoicum n. sp., collected in Northland, a 1:9 mixture of E/Z isomers of 

the novel rubrolide O (1.38-1.39) was isolated.
34

 This mixture was found to inhibit 

superoxide production by human neutrophils with an IC50 value of 35 µM in vitro. This 

activity was not due to cell death as the cell viability was comparable to the control.  

 

 

 

 

 

 

Kottamide A (1.34),  

R1=Br, R2=Br 
 

Kottamide B (1.35), 

R1=Br, R2=H 
 

Kottamide C (1.36), 

R1=H, R2=Br 

Kottamide D (1.37) 

E-Rubrolide O (1.38) Z-Rubrolide O (1.39) 
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In a final example, two indole spermidine alkaloids, didemnidines A and B (1.40-1.41), 

were recently isolated from the New Zealand ascidian Didemnum sp.
35

 Didemnidine B 

exhibited growth inhibition of Plasmodium falciparum with an IC50 value of 15 μM in 

vitro. 

 

 

 

 

As the preceding examples have shown, natural products isolated from ascidians exhibited 

activity in a wide range of bioassays. With the New Zealand marine environment being 

unique and mostly unexplored, New Zealand ascidians are an excellent source of bioactive 

marine natural products. 

 

1.5 Summary and Aims 

This thesis presents the results of the examination of specimens of New Zealand ascidians 

Pseudodistoma opacum, collected in Maori Bay, Muriwai, and Aplidium scabellum, 

collected at Great Barrier Island. The structures of nine novel compounds will be 

presented. In chapter two, the isolation and characterization of four new metabolites from 

Pseudodistoma opacum, as well as the synthesis of analogues and results from biological 

testing will be presented and discussed. In chapter three, the isolation and characterization 

of five new natural products from Aplidium scabellum, synthesis of analogues, biomimetic 

synthesis and results from biological testing will be presented and discussed. 

 

 

Didemnidine A (1.40), R = H 

Didemnidine B (1.41), R = Br 
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2.1 Introduction 

Many of the compounds isolated from ascidians of the genus Pseudodistoma (Order 

Enterogona, Family Polyclinidae) fall into the chemical classes of linear amino alcohols, 

purines and alkaloids. Pseudodistomins A (2.1) and B (2.2) were isolated from the 

Okinawan ascidian Pseudodistoma kanoko, the first piperidine alkaloids from this genus, 

in 1987.
36

 The structure of pseudodistomin A was later revised in 1995, from a 3'E, 5'Z-

diene to a 6'E, 8'Z-diene as shown.
37

 These piperidine alkaloids were found to be cytotoxic 

against L1210 and L5178Y murine leukemia cells. Pseudodistomin A had an IC50 of 2.5 

µg/mL towards the L1210 cell line and 2.4 µg/mL against the L5178Y cell line, while for 

pseudodistomin B the values were 0.4 and 0.7 µg/mL respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Three linear unsaturated amino alcohols, crucigasterins 277, 275 and 225 (2.3-2.5) were 

isolated from the Mediterranean ascidian Pseudodistoma crucigaster.
38

 Investigation of 

the ascidian Pseudodistoma obscurum collected in Spain led to the discovery of the 

Pseudodistomin A (2.1) 

Pseudodistomin B (2.2) 

Crucigasterin 277 (2.3) Crucigasterin 225 (2.5) 

Crucigasterin 275 (2.4) 
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structurally related obscuraminols A-F (2.6-2.11), where obscuraminols B-F were 

characterised as their corresponding diacetyl derivatives.
39

 

 

 

 

 

 

 

 

 

 

Pseudodistamine (2.12), along with two new long chain unsaturated amines (2.13-2.14) 

and a β-carboline alkaloid (2.15) were isolated by bioassay-guided fractionation of a South 

African ascidian Pseudodistoma sp.
40

 Of the four metabolites, only 2.13 exhibited activity 

of around 6.0 µg/mL against the LOX (melanoma), A549 (non-small cell lung), SNB-19 

(CNS) and OVCAR-3 (ovarian) human tumour cell lines from the 60-cell antitumour 

screening of the United States National Cancer Institute.  

 

 

 

 

 

 

Four β-carboline alkaloids, arborescidines A-D (2.16-2.19), were isolated from the New 

Caledonian ascidian Pseudodistoma arborescens.
41

 Of the four compounds isolated, only 

Obscuraminol A (2.6) Obscuraminol B (2.7) 

Obscuraminol C (2.8) Obscuraminol D (2.9) 

Obscuraminol E (2.10) Obscuraminol F (2.11) 

Pseudodistamine (2.12) Amine 2.13 

Amine 2.14 β-Carboline 2.15 
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arborescidine D (2.19) displayed activity against KB human buccal carcinoma cells (IC50 

3 μg/mL). Arborescidine C (2.18) was also isolated from Verongula rigida collected at 

Key Largo, Florida.
42

 Total synthesis of these compounds suggested that the structure of 

arborescidine D was incorrect and that it was possible that arborescidine B (2.17) was 

formed from water elimination of arborescidine C.
43

 There has been debate on the 

stereochemistry of arborescidine C. Originally, the compound was assigned the (3S,17S) 

configuration, based on interpretation of the observed CD spectrum of the natural product, 

which assigned C-12b as the S configuration. The X-ray crystal structure of arborescidine 

C was published by the same authors, which revised the stereochemistry of the compound 

to (3R,17R) configuration.
44

 However, enantioselective total synthesis of (-)-arborescidine 

C published in 2004 suggested that the original assignment of S configuration was correct, 

based on optical rotation results.
45

 Bioassay results from recent research on the 

antiproliferative activities against four human tumor cell lines (gastric adenocarcinoma, 

bladder carcinoma, lung cancer and leukemia) of arborescidine A (2.16), B (2.17), C 

(2.18) and derivatives showed no statistical difference between the S/R configurations. 

Interestingly, arborescidine A was selective for leukemia (HL-60) cell line (IC50 34.5 μM), 

while debromoarborescidine A showed no activity towards the leukemia cell line at all.
46

  

 

 

 

 

 

 

 

Studies of three different species of Pseudodistoma ascidians collected in New Zealand 

have identified a range of metabolites covering three structure classes. From the New 

Zealand ascidian Pseudodistoma novaezelandiae, four cytotoxic and antimicrobial amines 

(2.20-2.23) were isolated.
47

 Examination of the ascidian Pseudodistoma cereum collected 

in the Three Kings Island Group, New Zealand led to the isolation of 1,3,7-

Arborescidine A (2.16) Arborescidine B (2.17) 

Arborescidine C (2.18) Arborescidine D (2.19) 
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trimethylisoguanine (2.24) and a 3,9-dimethyl-8-oxoisoguanine (2.25).
48

 Tetracyclic 6-

hydroxyquinoline alkaloids, distomadines A (2.26) and B (2.27), were isolated from the 

New Zealand ascidian Pseudodistoma aureum.
49

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While only a small number of examples of β-carboline alkaloids have been reported from 

ascidians of the genus Pseudodistoma, this class of alkaloids is a large group of 

tryptophan-derived metabolites that have been isolated not only from ascidians, but also 

other marine invertebrates, as well as plants, fungi and animals. A number of β-carboline 

alkaloids possess the ability to intercalate into DNA, affect the central nervous system by 

binding to receptors causing effects such as hallucinations, anxiety, and convulsion, and 

have antitumour, antiviral, antimicrobial and antiparastic properties.
50

 

Hydroxytrypargine (2.28), a tetrahydro-β-carboline, was isolated from the venom of the 

spider Parawixia bistriata, a common species in Brazil. The compound was found to 

induce paralysis before death in honeybees at a dose of 8 ng/g.
51

 A new tetrahydro-β-

Amine 2.20 Amine 2.21 

Amine 2.22 Amine 2.23 

1,3,7-Trimethylisoguanine (2.24) 3,9-Dimethyl-8-isoguanine (2.25) 

Distomadine A (2.26) Distomadine B (2.27) 
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carboline, brunnein A (2.29) and two new dihydro-β-carbolines, brunneins B (2.30) and C 

(2.31), were isolated from the fungi Cortinarius brunneus.
52

 Tabernines A-C (2.32-2.34) 

were isolated from the leaves of Tabernaemontana elegans.
53

 

 

 

 

 

 

 

 

 

 

 

 

 

The cytotoxic 1-vinyl-8-hydroxy-β-carboline (2.35) was isolated from the New Zealand 

marine bryozoan Cribricellina cribraria, displaying activity against P388 murine 

leukemia cell line with and IC50 value of 100 ng/mL.
54

 From another New Zealand 

bryozoan, Pterocella vesiculosa, 5-bromo-8-methoxy-1-methyl-β-carboline (2.36) was 

isolated and this alkaloid also showed activity towards P388 murine leukemia cell line, 

with an IC50 value of 5.1 μg/mL.
55

 

 

 

 

 

Hydroxytrypargine (2.28) Brunnein A (2.29) 

Brunnein B (2.30), R = CH3 

Brunnein C (2.31), R = H 

Tabernine A (2.32) 

Tabernine B (2.33) Tabernine C (2.34) 

1-Vinyl-8-hydroxy-β-carboline (2.35) 5-Bromo-8-hydroxy-1-methyl- 

β-carboline (2.36) 
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β-Carboline alkaloids have been isolated from marine sponges. Manzamine A (1.6), 

isolated from the Okinawan sponge Haliclona sp., was found to inhibit P388 murine 

leukemia cells with an IC50 of 0.07 µg/mL.
15

 Manzamine A was the first member of a 

unique family of β-carbolines, which have been investigated for their antimalarial and 

antiinfective properties.
56

 Manzamine C (2.37), the tetrahydro-β-carboline derivative 

keramamine C (2.38), keramaphidin C (2.39) and tryptamine were isolated from the 

Okinawan sponge Amphimedon sp.
57

 The authors proposed that keramaphidin C was an 

important intermediate for the biosynthesis of manzamine C. Another manzamine 

alkaloid, zamamidine C (2.40), was also isolated from the same sponge, and was shown to 

have significant activity against the parasites Trypanosoma brucei brucei and Plasmodium 

falciparum, with IC50 values of 0.27 and 0.58 µg/mL respectively.
58

 Zamamidine C has an 

unusual structure and is chemically related to manzamine D (2.41), where a second β-

carboline ring structure is attached at N-2 via an ethylene unit on manzamine D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Manzamine A (1.6) Keramamine C (2.38) 

Keramaphidin C (2.39) 

Manzamine C (2.37) 

Zamamidine C (2.40) Manzamine D (2.41) 



Chapter 2: Pseudodistoma opacum 

 

 

21 

 

A α-glucosidase inhibitor, tiruchanduramine (2.42), with an IC50 value of 78.2 µg/mL, was 

isolated from the Indian ascidian Synoicum macroglossum.
59

 Didemnum sp. collected from 

Fiji Islands yielded the tetrahydro-β-carboline, bengacarboline (2.43), which showed 

activity against a twenty-six human tumour panel.
60

 Dimeric β-carbolines (2.44-2.47) have 

been isolated from an Australian collection of Didemnum sp.
61

 

 

 

 

 

 

 

 

 

 

                         X =  

 

Perhaps the most well-known group of β-carboline alkaloids are the eudistomins. The 

eudistomins are the first series of β-carboline alkaloids isolated from ascidians. 

Eudistomins A-Q (2.48-2.63) were isolated from the Caribbean ascidian Eudistoma 

olivaceum.
62

 Some eudistomins from this isolation showed antiviral activity, as well as 

antimicrobial activity to various degrees. The structures of eudistomins C-F (2.49-2.52),
63

 

H-O (2.54-2.61) and Q (2.63) were confirmed by synthesis.
62b

 In addition, eudistomins M-

O were found to be photoactive in the presence of UVA radiation.
64

 Eudistomins C-E and 

J-L were isolated from the ascidian Eudistoma gilboverde, collected in Palau, along with 

the new 2-methyleudistomin D (2.64), 2-methyleudistomin J (2.65) and 14-

methyleudisotmidin C (2.66).
65

 14-Methyleudistomin C was the most potent antitumour 

compound of 2.64-2.66, with IC50 values of <1 µg/mL against four human tumour cell 

Tiruchanduramine (2.42) Bengacarboline (2.43) 

2.44, R1 = R2 = R3 = H, R4 = X 

2.45, R2 = R3 = R4 = H, R1 = X 

2.46, R1 = R2 = R4 = H, R3 = X 

2.47, R1 = R3 = R4 = H, R2 = X 
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lines: melanoma (LOX), ovarian (OVCAR-3), colon (COLO-205) and leukemia (MOLT-

4).
65

 

The first metabolites ever reported from a New Zealand ascidian belonged to the 

eudistomin β-carboline family. From the New Zealand ascidian Ritterella sigillinoides, 

eudistomin K, eudistomin K sulfoxide (2.67), debromoeudistomin K (2.68), eudistomins C 

and O were isolated.
66

 Eudistomin K was found to be active against P388 leukemia cell 

line at and IC50 value of 0.01 µg/mL, while eudistomin K sulfoxide was found to inhibit 

Herpes simplex type 1 and Polio vaccine type 1 viruses at the concentration of 200 

ng/mL.
66-67

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eudistomin A (2.48), R1 = OH, R2 = Br 

Eudistomin M (2.59), R1 = OH, R2 = H 

Eudistomin C (2.49), R1 = R4 = H, R2 = OH, R3 = Br 

Eudistomin E (2.51), R1 = Br, R2 = OH, R3 = R4 = H 

Eudistomin F (2.52), R1 = H, R2 = OH, R3 = Br,  

                                  R4 = COOCH3 

Eudistomin K (2.57), R1 = R2 = R4 = H, R3 = Br 

Eudistomin L (2.58), R1 = R3 = R4 = H, R2 = Br 

Eudistomin D (2.50), R1 = Br, R2 = OH, R3 = H 

Eudistomin J (2.56), R1 = H, R2 = OH, R3 = Br 

Eudistomin N (2.60), R1 = R3 = H, R2 = Br 

Eudistomin O (2.61), R1 = R2 = H, R3 = Br 

Eudistomin G (2.53), R1 = H, R2 = Br 

Eudistomin H (2.54), R1 = Br, R2 = H 

Eudistomin I (2.55), R1 = R2 = H 

Eudistomin P (2.62), R1 = OH, R2 = Br 

Eudistomin Q (2.63), R1 = OH, R2 = H 

2-Methyleudistomin D (2.64), R1 = Br, R2 = H 

2-Methyleudistomin J (2.65), R1 = H, R2 = Br 

14-Methyleudistomidin C (2.66) 
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Eudistomins R, S and T (2.69-2.71), were isolated from Eudistoma olivaceum collected in 

Bermuda, along with known eudistomins G-I (2.53-2.55) and P (2.62).
68

 Of the three new 

alkaloids, eudistomin T displayed antibacterial properties.
69

  

 

 

 

Examination of a Carribean collection of the ascidian Lissoclinum fragile led to the 

isolation of eudistomin U (2.72) and its 3,4-dihydro-β-carboline derivative, isoeudistomin 

U.
70

 The structure of the latter metabolite, originally proposed as an α-carboline, was 

corrected by synthesis to β-carboline.
71

 The next metabolite in the series, eudistomin V 

(2.73) was isolated from the Australian ascidian Pseudodistoma aureum.
72

 This compound 

was isolated along with eudistomin H and I. 

 

 

 

 

Eudistomin W (2.74) and X (2.75) were isolated from the Micronesian ascidian Eudistoma 

sp.
73

 Both eudistomins W and X were found to be antifungal, however, only eudistomin X 

displayed antibacterial properties. The absolute configuration of natural product 

eudistomin X has recently been established as (10R) by stereospecific synthesis.
74

  

 

 

Eudistomin K sulfoxide (2.67) Debromoeudistomin K (2.68) 

Eudistomin R (2.69), R1 = H, R2 = Br 

Eudistomin S (2.70), R1 = Br, R2 = H 

Eudistomin T (2.71), R1 = H, R2 = H 

Eudistomin U (2.72) Eudistomin V (2.73) 
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Seven eudistomin alkaloids, eudistomin Y1-Y7 (2.76-2.82), were isolated from the Korean 

ascidian Eudistoma sp.
75

 Eudistomin Y6 displayed selective antibacterial activity against 

the Gram-positive bacteria Staphylococcus epidermidis ATCC12228 and Bacillus subtilis 

ATCC 6633 with minimum inhibitory concentrations at 12.5 and 25 µg/mL, respectively. 

Synthesis of eudistomin Y1-Y6 has been recently reported.
75

 

 

 

 

 

 

 

 

 

 

 

Eudistomin W (2.74) Eudistomin X (2.75) 

Eudistomin Y1 (2.76), R1 = R2 = R3 = R4 = H 

Eudistomin Y2 (2.77), R1 = Br, R2 = R3 = R4 = H 

Eudistomin Y3 (2.78), R1 = R2 = R4 = H, R3 = H 

Eudistomin Y4 (2.79), R1 = R3 = Br, R2 = R4 = H 

Eudistomin Y5 (2.80), R1 = R2 = H, R3 = R4 = Br 

Eudistomin Y6 (2.81), R1 = R3 = R4 = Br, R2 = H 

Eudistomin Y7 (2.82), R1 = H, R2 = R3 = R4 = Br 



Chapter 2: Pseudodistoma opacum 

 

 

25 

 

2.2 Collection and Extraction 

Specimens (collection number 2008 MB1-2) of Pseudodistoma opacum (Brewin, 1950) 

(Order Enterogona, Family Polyclinidae) were collected from intertidal pools at Maori 

Bay, Muriwai, New Zealand, and were frozen as soon as possible. The frozen ascidian was 

immersed in methanol, filtered and dried in vacuo. This process was repeated until the 

filtered methanol was almost colourless. The combined green extract were dried and 

stored in a freezer until required. 

 

 

 

Figure 2.1 Pseudodistoma opacum photographed on rocks in Maori Bay. 
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2.3 Isolation of natural products 

2.3.1 Isolation Procedures 

The green extract was subjected to C18 flash chromatography with a steep gradient from 

water to methanol. The fractions 25-75% methanol were combined and subjected to 

repeated reversed-phase C18 flash chromatography with a steep gradient from water 

(0.05% TFA) to methanol (0.05% TFA) until the fractions can be combined to give a 

mixture of only related compounds, as judged by HPLC retention times and UV profiles. 

This first mixture was flushed with water (0.05 % TFA) before being eluted with methanol 

(0.05% TFA). This fraction was subjected to purification using Sephadex LH20 column 

chromatography eluting with methanol (0.05% TFA) to yield 7-bromohomotrypargine 

(2.82) (0.56 mg, 0.0008% wet weight). The second mixture was subjected to purification 

using Sephadex LH20, eluting with methanol (0.05% TFA). The yellow oil obtained was 

subjected to subsequent purification using reversed-phase C18 flash column 

chromatography, flushing at a constant solvent mixture of 20% methanol in water to yield 

opacaline A (2.83) (1.94 mg, 0.0028%), opacaline B (2.84) (6.43 mg, 0.0093%) and 

opacaline C (2.85) (<0.5 mg, <0.0007%).  

The following sections will discuss the structure elucidation of 2.83-2.85 first, then the 

structure elucidation of 2.82. 

 

 

 

 

 

 

 

 

(-)-7-Bromohomotrypargine (2.82) Opacaline A (2.83) 

Opacaline B (2.84) Opacaline C (2.85) 
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2.3.2 Structure Elucidation of Opacaline A (2.83) 

 

 

 

Two pseudomolecular ions at m/z 360 and 362 of equal intensity in the FAB mass 

spectrum indicated that compound 2.83 contained one bromine atom in its molecular 

structure. The molecular formulae C16H18
79

BrN5 and C16H18
81

BrN5 derived from 

HRFABMS data confirmed that this was a brominated molecule. The presence of five 

aromatic protons (δH 8.55, 8.38, 8.32, 7.96, 7.60) and four alkyl methylene proton 

resonances (δH 3.45, 3.25, 1.98, 1.75) were observed in the 
1
H NMR spectrum. The 

13
C 

NMR data identified sixteen carbon signals, including seven quaternary carbon resonances 

(δC 158.7, 145.9, 143.1, 135.5, 134.8, 127.3, 120.6) as shown in Figure 2.2. From 
1
H-

13
C 

HSQC NMR data, four methylene (δC 42.0, 30.9, 29.6, 27.0) and five aromatic (δC 130.6, 

126.7, 125.8, 117.0, 116.9) carbon resonances were detected. Two aromatic and one 

aliphatic spin-systems were identified by analysis of 
1
H-

1
H COSY NMR data. One of the 

two aromatic spin-systems (δH 8.32 (d, J = 8.6 Hz), 7.96 (s), 7.60 (dd, J = 8.6, 1.5 Hz)) 

supported the presence of a 1,2,4-trisubstituted benzene ring moiety. Interpretation of 
1
H-

13
C HMBC NMR data (Figure 2.3) revealed correlations from proton resonance δH 8.32 

(H-5) to quaternary carbons resonances δC 145.9 (C-8a), 134.8 (C-4a) and 127.3 (C-7), 

while proton resonance δH 7.96 (H-8) showed a correlation to both the quaternary carbon 

resonance at δC 120.6 (C-4b) and the protonated carbon resonance at δC 126.7 (C-6). In 

addition, this latter proton resonance also showed a cross-peak to δN 120.6 (N-9) in the 
1
H-

15
N HMBC NMR spectrum. Collectively, this suggested that the trisubstituted benzene 

ring was part of an indole moiety (Figure 2.3(a)). 
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Figure 2.2 
1
H and 

13
C NMR spectra in CD3OD of opacaline A (2.83) (δH 1.50-9.00, 400 MHz, δC 20-165, 

100 MHz). 

 

The observation of the two aromatic protons (δH 8.55 (d, J = 6.2 Hz) and 8.38 (d, J = 6.2 

Hz)), which formed the second aromatic proton spin-system, both correlating to a 
15

N 

resonance at δN 190.9, indicated that these two protons belonged to a 2,3,4-trisubstitued 

pyridine ring (Figure 2.3(b)). From the pyridine ring proton resonance δH 8.38 (H-3) 

correlations to resonances δC 143.1 (C-1), 134.8 (C-4a) and δN 190.0 (N-2) were detected 

in 
1
H-

13
C and 

1
H-

15
N HMBC NMR data sets (Figure 2.3(b)). The HMBC NMR data also 

showed correlations from proton resonances δH 8.55 (H-4) to δC 135.5 (C-9a), 130.6 (C-3), 

120.6 (C-4b) and δN 190.0 (N-2). The observation of both H-3 (δH 8.38) and H-5 (δH 8.32) 

correlating to C-4a (δC 134.8), and H-4 (δH 8.55) and H-8 (δH 7.96) correlating to C-4b (δC 

120.6) established fusion of the indole and pyridine moieties forming a β-carboline core 

structure. The bromine atom was placed at the quaternary C-7 (δC 127.3) of the β-

carboline ring based on 
13

C NMR chemical shift
76

 and 
1
H-

13
C HMBC correlations. 
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(a)                                                             (b) 

 

 

 

 

Figure 2.3 
1
H-

13
C and 

1
H-

15
N HMBC correlations of the β-carboline core of opacaline A (2.83): (a) 1,2,4-

trisubstituted benzene ring fragment, (b) 2,3,4-trisubstituted pyridine ring fragment. 

 

The aliphatic spin-system (δH 3.45, 3.25, 1.98, 1.75) identified by the analysis of 
1
H-

1
H 

COSY was consistent with four methylene groups forming a contiguous chain starting at a 

methylene resonance at δH 3.45, through a second methylene resonance at δH 1.98, which 

in turn correlated to a third methylene resonance at δH 1.75, and finally terminated at the 

last methylene resonance at δH 3.25. The presence of a long range HMBC NMR 

correlation from δH 1.98 (H2-11) to C-1 (δC 143.1) and δH 3.45 (H2-10) to C-1 (δC 143.1), 

C-9a (δC 135.5) and N-2 (δN 190.0) confirmed the connection of the 4-carbon aliphatic 

chain at C-1 of the β-carboline ring (Figure 2.4). The β-carboline ring and alkyl chain 

accounted for C15H14BrN2, with CH5N3 unaccounted for from the molecular formula of 

C16H19BrN5. This suggested the possibility of a guanidine moiety being the missing 

fragment of the metabolite. Correlation from H2-13 (δH 3.25) to a carbon resonance at δC 

158.7 confirmed that a guanidinium functionality was present at the terminus of the 

aliphatic chain. Thus the structure of opacaline A was determined, as shown, to be a new 

example of a 7-bromo-β-carboline bearing an alkyl guanidine chain at C-1 (Table 2.1). 

 

 

 

 

Figure 2.4 
1
H-

13
C and 

1
H-

15
N HMBC correlations on side chain of opacaline A (2.83). 
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Table 2.1 NMR assignment for opacaline A (2.83) in CD3OD. 

position δC
a
/ δN

b
 δH

c
 (mult, J in Hz) HMBC

d
 

1 143.1 - - 

2 190.0 - - 

3 130.6 8.38 (d, 6.2) 1, 2, 4, 4a 

4 117.0 8.55 (d, 6.2) 2, 3, 4b, 9a 

4a 134.8 - - 

4b 120.6 - - 

5 125.8 8.32 (d, 8.6) 4a, 7, 8a 

6 126.7 7.60 (dd, 8.6, 1.5) 4b, 8 

7 127.3 - - 

8 116.9 7.96 (s) 4b, 6, 9 

8a 145.9 - - 

9 120.6 - - 

9a 135.5 - - 

10 30.9 3.45 (t, 7.8) 1, 2, 9a, 11, 12 

11 27.0 1.98 (m) 1, 10, 13 

12 29.6 1.75 (m) 10, 11, 13, 14 

13 42.0 3.25 (t, 7.0) 11, 12, 14, 15 

14 84.0 - - 

15 158.7 - - 

a
 100 MHz 

b
 60.8 MHz, chemical shift indirectly determined from 

1
H-

15
N HMBC NMR data. 

c
 400 MHz 

d
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon or 

nitrogen resonance(s). 
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2.3.3 Structure Elucidation of Opacaline B (2.84) 

 

 

 

Opacaline B (2.84) was considered an analogue of opacaline A (2.83) because of the 

similarity of the observed NMR spectra. The difference between opacaline B and its co-

metabolite, opacaline A, was an extra oxygen, according to the molecular formula derived 

from HRFABMS. The presence of two pseudomolecular ions of equal intensity of m/z 376 

and 378 for C16H18
79

BrN5O and C16H18
81

BrN5O respectively, confirmed the natural 

product also contained a bromine atom. Analysis of NMR data identified opacaline B as a 

homologue of opacaline A, with the extra oxygen present attached to one of the nitrogen 

atoms. There were five aromatic (δH 8.57, 8.39, 8.33, 7.99, 7.62) and four methylene 

protons signals (δH 3.63, 3.26, 2.03, 1.79) observed in the 
1
H NMR spectrum. From the 

13
C and 

1
H-

13
C HSQC NMR data, seven quaternary (δC 158.8, 144.5, 142.9, 132.8, 130.9, 

127.8, 116.5), five methine (δC 131.1, 127.1, 125.8, 117.2, 114.0) and four methylene 

carbons resonances (δC 42.0, 30.9, 29.6, 28.4) were identified (Figure 2.5).  

 

 

Figure 2.5 
1
H and 

13
C NMR spectra in CD3OD of opacaline B (2.84) (δH 1.50-9.00, 600 MHz, δC 20-170, 

150 MHz). 
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Analysis of 
1
H-

1
H COSY NMR data established the presence of two aromatic and one 

aliphatic proton spin-systems. The aromatic spin-system consisting of three protons (δH 

8.33 (d, J = 8.4 Hz), 7.99 (d, J = 1.5 Hz), 7.62 (dd, J = 8.4, 1.5 Hz)) supported the 

presence of a 1,2,4-trisubstituted benzene ring, while the second aromatic spin-system (δH 

8.57 (d, J = 6.0 Hz), 8.39 (d, J = 6.0 Hz)) was consistent with a 2,3,4-trisusubstitued 

pyridine ring. Correlations from a proton resonance at δH 8.33 (H-5) to carbon resonances 

at δC 144.5 (C-8a), 130.9 (C-4a), 127.8 (C-7), 116.5 (C-4b) (Figure 2.6(a)) and from 

proton resonance at δH 8.57 (H-4) to δC 142.9 (C-1), 132.8 (C-9a), 131.1 (C-3), 116.5 (C-

4b) (Figure 2.6(b)) observed in 
1
H-

13
C HMBC NMR data indicated that the benzene ring 

and the pyridine ring were both part of a fused three-ring system, and the possibility that 

opacaline B was also a β-carboline alkaloid. Confirmation of the presence of this moiety 

was made through interpretation of 
1
H-

15
N HMBC NMR data where cross-peaks were 

observed between protons H-3 (δH 8.39) and H-4 (δH 8.57) to δN 191.9 (N-2), as well as 

proton H-8 (δH 7.99) to δN 164.6 (N-9). The bromine atom was, again, positioned at C-7 

(δC 127.8) based on 
13

C chemical shift, and by comparison of observed carbon resonance 

with opacaline A. 

      (a)                                                                 (b) 

 

 

 

Figure 2.6 
1
H-

13
C and 

1
H-

15
N HMBC correlations of the β-carboline core of opacaline B (2.84): (a) 1,2,4-

trisubstituted benzene ring fragment, (b) 2,3,4-trisubstitued pyridine ring fragment. 

 

The aliphatic spin-system identified in 
1
H-

1
H COSY NMR spectrum consisted of four 

contiguous methylene resonances, extending from the methylene resonance at δH 3.65 

through a second methylene resonance at δH 2.03, which in turn correlated to a third 

methylene resonance at δH 1.79, before terminating at the last methylene resonance in this 

spin-system at δH 3.26. Correlation between proton resonances at δH 3.63 (H2-10) and δH 

2.03 (H2-11), both from the aliphatic chain, to a carbon resonance at C-1 (δC 142.9) 

observed in 
1
H-

13
C HMBC NMR data established that the side chain was connected to the 

β-carboline ring at C-1. Cross-peaks from proton H2-10 (δH 3.63) to N-2 (δN 191.9) and C-



Chapter 2: Pseudodistoma opacum 

 

 

33 

 

9a (δC 132.8) provided further evidence to confirm this connection. The presence of a 

guanidinium moiety at the chain terminus was identified by observation of an HMBC 

NMR correlation between H2-13 (δH 3.26) and a quaternary carbon resonance at δC 158.8 

(C-15) (Figure 2.7). 

 

 

 

Figure 2.7 
1
H-

13
C and 

1
H-

15
N HMBC correlations on side chain of opacaline B (2.84). 

 

Since all protonated and quaternary carbons had been accounted for, this strongly 

suggested that the extra oxygen was attached to a nitrogen atom. This oxygen can be 

located on either N-2 (δN 191.9), a pyridinium oxide, or N-9 (δN 164.6). Typically, a 

pyridine N-2 resonance would be around 300 ppm (free base), however, because the 

natural products were isolated as a TFA salt, the induced positive charge shifted the 

resonance upfield to around 200 ppm.
77

 Comparing the N-2 
15

N chemical shifts of 

opacaline A and opacaline B, deduced from 
1
H-

15
N HMBC NMR data, it was obvious that 

there was no difference between the two chemical shifts (δN 190.0 for opacaline A and δN 

191.9 for opacaline B). These chemical shifts were in agreement with a protonated 

pyridinium salt. This result indicated that opacaline B was more likely to be a N-hydroxy 

β-carboline. The N-9 chemical shift for opacaline A was 120.6 ppm, while for opacaline B 

it was 164.6 ppm. Values from these two natural products were in agreement with 

previously published data in (CD3)2CO for the natural product annomontine (2.86), with 

N-9 at δN 120.5, and N-hydroxyannomontine (2.87), where the resonance for N-9 shifted 

downfield to δN 132.4.
78

 Opacaline B was therefore concluded to be a N-hydroxy analogue 

of opacaline A (Table 2.2). 

 

 

 

 

 

Annomontine (2.86), R = H 

N-Hydroxyannomontine (2.87), R = OH 
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Table 2.2 NMR assignment for opacaline B (2.84) in CD3OD. 

position δC / δN
a
 δH (mult, J in Hz)

b
 HMBC

c
 

1 142.9 - - 

2 191.9 - - 

3 131.1 8.39 (d, 6.0) 1, 2, 4, 4a 

4 117.1 8.57 (d, 6.0) 1, 2, 3, 4b, 9, 9a 

4a 130.9 - - 

4b 116.5  - - 

5 125.7 8.32 (d, 8.4) 4a, 4b, 7, 8a 

6 127.1 7.62 (dd, 8.7, 1.5) 4b, 7, 8 

7 127.8 - - 

8 114.0 7.99 (d, 1.5) 4b, 6, 7, 8a, 9 

8a 144.5 - - 

9 164.6 - - 

9a 132.8 - - 

10 30.9 3.63 (t, 7.8) 1, 2, 9a, 11, 12 

11 29.6 2.02 (m) 1, 10, 12, 13 

12 28.4 1.79 (m) 10, 11, 13, 14 

13 42.0 3.26 (t, 7.0) 11, 12, 14, 15 

14 82.3 - - 

15 158.7 - - 

a
 150 MHz 

b
 60.8 MHz, chemical shift indirectly determined from 

1
H-

15
N HMBC NMR data. 

c
 600 MHz 

d
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon or 

nitrogen resonance(s). 
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2.3.4 Structure Elucidation of Opacaline C (2.85) 

 

 

 

There were similarities in the NMR data observed for opacaline C (2.85) with those 

observed for both opacaline A (2.83) and B (2.84). Opacaline C (2.85) displayed two 

pseudomolecular ions at m/z 346 and 348 in equal intensity in (+)-FAB mass spectrum, 

which confirmed the presence of a bromine atom. With a molecular formula of 

C15H16BrN5 estabalished from (+)-HRFAB mass spectrometry, opacaline C was 14 mass 

units, possibly a methylene fragment, less than opacaline A. The NMR data and molecular 

formula suggested that opacaline C was a homologue of opacaline A. 

 

Figure 2.8 
1
H spectrum in CD3OD of opacaline C (2.85) (δH 2.00-9.00, 600 MHz). 

 

Five aromatic (δH 8.47, 8.37, 8.29, 7.94, 7.57) and six methylene protons resonances (δH 

3.45, 3.37, 2.20) were identified in the 
1
H NMR spectrum of 2.85 (Figure 2.8). From 

13
C 

and 
1
H-

13
C HMBC NMR data, a total of fifteen carbon signals, including seven quaternary 

(δC 158.8, 145.6, 142.6, 135.5, 134.3, 126.7, 120.5), five methine (δC 131.2, 126.3, 125.2, 

116.6) and three methylene carbons (δC 41.6, 28.6, 28.3) were detected. The small sample 

size of the natural product prevented acquisition of a 
13

C NMR spectrum with adequate 

signal to noise ratio. Similar to opacaline A, two aromatic and one aliphatic spin-systems 

was present in the 
1
H-

1
H COSY NMR data. 
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                (a)                                                          (b) 

 

 

 

Figure 2.9 
1
H-

13
C HMBC correlations observed for the β-carboline core of opacaline C (2.85): (a) 1,2,4-

trisubstituted ring fragment, (b) 2,3,4-trisubstituted pyridine ring fragment. 

 

The two aromatic spin-systems were in agreement with a 1,2,4-trisubstituted benzene ring 

(δH 8.29 (d, J = 8.5 Hz), 7.94 (br s), 7.57 (dd, J = 8.5, 1.4 Hz)) and a 2,3,4-trisubstituted 

pyridine ring (δH 8.47 (d, J = 6.2 Hz), 8.37 (d, J = 6.2 Hz)) being present in the compound. 

Correlations observed in the 
1
H-

13
C HMBC NMR data from proton resonance at δH 8.29 

(H-5) to a carbon resonance at δC 145.6 (C-8a), from δH 7.94 (H-8) and 7.57 (H-6) to δC 

120.5 (C-4b), from proton resonances at δH 8.37 (H-3) and 8.29 (H-5) to δC 134.3 (C-4a) 

and from δH 8.48 (H-4) to δC 135.5 (C-9a) suggested that the metabolite had a tricyclic β-

carboline moiety (Figure 2.9). The bromine atom was assigned to C-7 (δC 126.7) by 

comparison with opacalines A and B. 

 

 

 

Figure 2.10 Selected 
1
H-

13
C correlations on side chain of opacaline C (2.85). 

The alkyl spin-system of opacaline C contained one less carbon, three, than the four 

determined for both opacalines A and B. The chain extended from a methylene resonance 

at δH 3.45 to a second methylene resonance at δH 2.20 and terminated at the third and final 

methylene resonance at δH 3.37. Cross-peaks observed in the 
1
H-

13
C HMBC NMR 

spectrum from H2-10 (δH 3.45) and H2-11 (δH 2.20) to C-1 (δC 142.6) and from H2-12 (δH 

3.37) to C-14 (δC 158.8) confirmed that, as with opacaline A and B, the alkyl chain of 2.85 

was connected to C-1 of the β-carboline moiety, with a guanidine functionality at the other 

terminus of the alkyl chain (Figure 2.10).  

The structure deduced for opacaline C (2.85) represents the fully aromatised β-carboline 

derivative of the recently published alkaloid (+)-7-bromotrypargine (2.88).
79

 This natural 
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product was isolated as the trifluoroacetic acid salt from the Australian marine sponge 

Ancorina sp., along with 6-bromotryptamine. (+)-7-Bromotrypargine exhibited 

antimalarial activity against both chloroquine-resistant and chloroquine-sensitive 

Plasmodium falciparum strains with IC50 values of 5.4 and 3.5 μM respectively.  

 

 

 

 

Table 2.3 NMR assignment for opacaline C (2.85) in CD3OD. 

position δC
a
  δH

b
 (mult, J in Hz) HMBC

c
 

1 142.6 - - 

3 131.2 8.37 (d, 6.2) 1, 4, 4a 

4 116.6 8.47 (d, 6.2) 9a 

4a 134.3 - - 

4b 120.5 - - 

5 125.2 8.29 (d, 8.5) 4a, 7, 8a 

6 126.3 7.57 (dd, 8.5, 1.1) 4b, 8 

7 126.7 - - 

8 116.6 7.94 (br s) 4b, 6 

8a 145.6 - - 

9a 135.5 - - 

10 28.6 3.45 (t, 7.9) 1, 9a, 11, 12 

11 28.3 2.20 (m) 1, 10, 12 

12 41.6 3.37 (t, 7.0) 10, 11, 14 

14 158.8 - - 

a
 150 MHz 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 

 

 

(+)-7-Bromotrypargine (2.88) 
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2.3.5 Structure Elucidation of 7-bromohomotrypargine (2.82) 

 

 

 

Mass spectrometric analysis of the fourth, and final, natural product (2.82) isolated in this 

study, established a molecular formula of C16H22
79

BrN5 and C16H22
81

BrN5, evidence once 

again for bromine incorporation in the structure of the metabolite. The molecular formula 

was consistent with it being the tetrahydro-β-carboline analogue of opacaline A (2.83), 

which was confirmed by interpretation of 
1
H-

1
H COSY and 

1
H-

13
C HMBC NMR data.  

 

 

Figure 2.11 
1
H and 

13
C NMR spectra in CD3OD of 7-bromohomotrypargine (2.82) (δH 1.50-7.70, 600 MHz, 

δC 15-170, 150 MHz). 

 

From the analysis of the 
1
H NMR spectrum, three aromatic (δH 7.52, 7.41, 7.18), twelve 

alkyl (δH 3.72, 3.47, 3.24, 3.06, 2.26, 2.00, 1.71, 1.65) and one methine proton resonances 

(δH 4.71) were present. From 
13

C and 
1
H-

13
HSQC NMR spectra, the presence of six 

quaternary (δC 158.7, 139.1, 131.0, 126.5, 117.0, 107.8), four methine (δC 124.0, 120.7, 

115.3, 54.6) and six methylene carbon resonances (δC 42.8, 42.2, 32.9, 29.8, 23.4, 19.4) 

were identified (Figure 2.11). Of the three spin-systems present in the 
1
H-

1
H COSY NMR 

spectrum of 2.82, only one was aromatic (δH 7.52 (d, J = 1.5 Hz), 7.41 (d, J = 8.4 Hz), 
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7.18 (dd, J = 8.4, 1.5 Hz)), unlike the other co-metabolites, which had two. The three 

aromatic proton system was indicative of a 1,2,4-trisubstituted benzene ring being present. 

A second COSY-defined spin-system comprised of a pair of diastereotopic protons at δH 

3.72 and 3.47 and a methylene resonance at δH 3.06, while a third spin-system extended 

from a proton resonance at δH 4.71, to a pair of diastereotopic protons with resonance at δH 

2.26, 2.00, through two methylene proton resonances at δH 1.65 and 1.71, before 

terminating at a third methylene proton resonance at δH 3.24. 

Correlations from the aromatic proton resonance at δH 7.41 and diastereotopic protons δH 

3.72, 3.47 to carbon resonance at δC 107.8 observed in the 
1
H-

13
C HMBC NMR data 

indicated that compound 2.82 was a tetrahydro-β-carboline alkaloid. HMBC correlations 

observed from the proton resonance δH 7.52 (H-8) to δC 126.5 (C-4b), from δH 7.41 (H-5) 

to δC 139.1 (C-8a), from δH 3.06 (H-4) to δC 107.8 (C-4a), 131.0 (C-9a) and δH 3.72, 3.47 

(H-3a/b) to δC 54.6 (C-1) confirmed the presence of the tricyclic tetrahydro-β-carboline 

moiety (Figure 2.12). The bromine atom was situated at C-7 (δC 117.0) on comparison 

with NMR data reported in the literature.
79

 

(a)                                                             (b) 

 

 

 

 

Figure 2.12 
1
H-

13
C HMBC correlations on β-carboline core of 7-bromohomotrypargine (2.82): (a) 1,2,4-

trisubstituted ring fragment, (b) 2,3,4-trisubstituted pyridine ring fragment. 

 

The third COSY spin-system suggested an alkyl chain as a substituent attached to the 

tetrahydro-β-carboline. The chain was placed at C-1 of the tetrahydro-β-carboline ring 

based on the correlations observed in the 
1
H-

13
C HMBC spectrum from diastereotopic 

protons H-10a/b (δH 2.26, 2.00) to C-1 (δC 54.6) and C-9a (δC 131.0) and from protons H2-

11 (δH 1.65) to C-1 (δC 54.6). At the other terminus of the alkyl chain was a guanidine 

moiety, confirmed by the diagnostic correlation from H2-13 (δH 3.24) to a carbon 

resonance at δC 158.7 (C-15) (Figure 2.13). 
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Figure 2.13 Selected 
1
H-

13
C correlations on side chain of 7-bromohomotrypargine (2.82). 

Compound 2.82 is the 1,2,3,4-tetrahydro-β-carboline analogue of natural product 2.83, 

discussed earlier in this chapter. As 2.82 is related to 7-bromotrypargine (2.88) by the 

presence of one extra carbon in the alkyl side chain, it was given the trivial name of 7-

bromohomotrypargine (Table 2.4). 

This metabolite was weakly optically active on a relatively dilute sample. The optical 

rotations recorded for 2.82 were [α]D -35.7, [α]365 -75.0 and [α]436 -22.3 (c 0.056, MeOH). 

The structurally related (+)-7-bromotrypargine had an optical rotation of [α]D
22

 +20 (c 

0.025, MeOH).
79

 The R absolute configuration was assigned to (+)-7-bromotrypargine, 

established by comparison with the optical rotation data observed for (+)-trypargine 

([α]D
15

 +37.2 (c 0.54, MeOH)
80

, [α]D
23

 +34.3 (c 1.00, MeOH)
81

), which was assigned the 

R-configuration, and (-)-trypargine ([α]D
21

 -37.3 (c 1.00, MeOH)
80

), which was assigned 

the S-configuration. Therefore, using the same assumptions, the 1S absolute configuration 

was assigned to (-)-7-bromohomotrypargine. 
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Table 2.4 NMR assignment for 7-bromohomotrypargine (2.82) in CD3OD. 

position δC
a
  δH

b
 (mult, J in Hz) HMBC

c
 

1 54.6 4.71 (s) 9a, 11 

3 42.8 3.72 (m) 

3.47 (m) 

1, 4, 4a 

4 19.4 3.06 (m) 3, 4a, 9a 

4a 107.8 - - 

4b 126.5 - - 

5 120.7 7.41 (d, 8.4) 4a, 4b, 7, 8a 

6 124.0 7.18 (dd, 8.4, 1.5) 4b, 7, 8 

7 117.0 - - 

8 115.3 7.52 (d, 1.5) 4b, 6, 7 

8a 139.1 - - 

9a 131.0 - - 

10 32.9 2.26 (m) 

2.00 (m) 

1, 9a, 11, 12 

11 23.4 1.65 (m) 1, 10, 12, 13 

12 29.8 1.71 (m) 10, 11, 13 

13 42.2 3.24 (m) 11, 12, 15 

15 158.7 - - 

a
 150 MHz 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 
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2.4 Biosynthesis 

β-Carboline alkaloids are amino acid derived secondary metabolites. The biosynthesis of 

these alkaloids is known to be derived from the condensation of tryptamine or tryptophan 

with an aldehyde or α-keto acid.
82

 Previous biosynthetic studies on eudistomins H (2.89) 

and I using Eudistoma olivaceum collected in Florida showed that tryptophan and 

tryptamine for eudistomin I, and bromotryptophan and bromotryptamine for eudistomin 

H, along with proline were the amino acid precursors incorporated into the β-carboline 

alkaloids (Scheme 2.1).
83

  

 

 

 

 

Scheme 2.1 Biosynthetic pathway for eudistomin H (2.89). 

Lissoclin C (2.90), isolated from the ascidian Lissoclinum sp., was proposed to be the 

product of condensation of 6-bromotryptamine and 4-imidazolylpyruvic acid, which was 

thought to have been derived by transamination of histidine, followed by decarboxylation 

and subsequent reduction (Scheme 2.2).
82

  

It was suggested that trypargine (2.91) was biosynthesised in a similar pathway with 

tryptamine and arginine as precursors.
84

 Both lissoclin C and trypargine involved, firstly, 

the transamination of the amino acid (histidine/arginine), before condensation with 

tryptamine at C-2, rather than C-1, of the α-keto acid. This intermediate, 1-carboxy-

tetrahydro-β-carboline, is then proposed to undergo decarboxylation, which results in the 

loss of C-1 in the form of formic acid, to yield the dihydro-β-carboline analogue, which 

after reduction affords the tetrahydro-β-carboline metabolites. 

 

 

 

Eudistomin H (2.89) 
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Scheme 2.2 Proposed biosynthetic pathway for lissoclin C (2.90).
82

 

It is possible that opacalines A (2.83), B (2.84), C (2.85) and 7-bromohomotrypargine 

(2.82) follow similar biosynthetic pathways. A suitable amino acid precursor for 

opacalines A and B would be homoarginine, most likely derived from lysine,
85

 while for 

opacaline C and 7-bromohomotrypargine, the amino acid would be arginine (Scheme 2.3). 

Arginine and homoarginine would undergo transamination to give the respective α-keto 

acids, which would proceed to form the 1-carboxytetrahydro-β-carboline intermediates via 

condensation with 6-bromotryptamine. Loss of formic acid at C-1 would give rise to the 

dihydro-β-carbolines, which in turn can be oxidised to generate the fully aromatised β-

carbolines (2.83, 2.84 and 2.85) or reduced to the tetrahydro-β-carboline (2.82).  

α-Keto acids are not as common as aldehydes as the precusor for the condensation step of 

the formation of β-carboline alkaloids.
82

 Enzymes have been isolated from the marine 

environment where transamination only occurred when specific amino acids act as 

substrates. For example L-amino acid oxidase, escapin, was isolated and sequenced from 

the purple ink secretion of the sea hare Aplysia californica.
86

 The oxidase activity of 

escapin was examined and was found to produce large amounts of hydrogen peroxide only 

when L-lysine or L-arginine were used as substrates. There was little or no activity for 
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other amino acid substrates. There is the possibility, therefore, that the ascidian 

Pseudodistoma opacum also possesses a similar transaminase to escapin, since the β-

carbolines isolated are likely derived from lysine and arginine as substrates. 

 

Scheme 2.3 Proposed biosynthetic pathway for natural products isolated (n=1, arginine; n=2, 

homoarginine). 

 

7-Bromotrypargine (2.88) and the debromo counterpart of 7-bromotrypargimine (2.92) 

and 1-carboxy-7-bromotrypargine (2.94) have previously been isolated from marine 

invertebrates. The first from an Australian sponge Ancorina sp.,
79

 and the last two 

compounds from an Indonesian collection of Eudistoma sp.
84

 The isolation of these 

compounds further support that the proposed biosynthetic route for the opacalines is 

feasible. 
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The pale yellow coloured zooids of Pseudodistoma opacum are relatively pronounced and 

easily removed from the opaque test by gentle squeezing of fresh ascidian. Extracts of 

separated zooids and test identified 7-bromohomotrypargine (2.82) to be the dominant 

metabolite present in the zooids, while the fully oxidised β-carbolines, opacalines A-C 

(2.83-2.85), were concentrated in the test. The ecological consequences of this 

translocation of specific metabolites warrant further study. 

 

2.5 Synthesis of Natural Product Analogues 

Several examples of secondary metabolites containing the 7-bromo-β-carboline motif have 

been isolated from marine sources. 7-Bromotrypargine (2.88), isolated from the Australian 

marine sponge Ancorina sp., displayed antimalarial activity when tested against 

chloroquine-resistant and chloroquine-sensitive Plasmodium falciparum strains, as 

mentioned earlier in the chapter.
79

 The recently discovered eudistomidin G (2.53) was 

isolated from the Okinawan ascidian Eudistoma glaucus. This 7-bromo-tetrahydro-β-

carboline alkaloid displayed cytotoxicity against L1210 murine leukemia cells with an 

IC50 value of 4.8 μg/mL.
87

 The extraction of the ascidian Lissoclinum sp., collected from 

the Great Barrier Reef, led to the isolation of lissoclin C (2.90), along with 6-

bromotryptamine.
82

  

 

 

 

 

 

 

 

 

 

Eudistomidin G (2.53) 7-Bromotrypargine (2.88) 

Lissoclin C (2.90) Plakortamine A (2.96) 

Plakortamine B (2.97) Plakortamine D (2.99) 
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Studies of a deep-water sponge Plakortis nigra collected in Palau led to the discovery of 

four new 7-bromo-β-carboline alkaloids, plakortamines A-D (2.96-2.99). All four 

metabolites showed activity when tested against the HCT-116 human colon tumor cell 

line. Plakortamine B, a 7-bromo-1-vinyl-β-carboline, was the most active of the group, 

with an IC50 value of 0.62 μM.
76

  

Eudistalbin A (2.100), isolated from the New Caledonian Eudistoma album in 1992, 

showed activity in vitro against KB human buccal carcinoma cells (ED50 3.2 μg/mL).
88

 

This alkaloid has recently been synthesised using tert-butoxycarbonyl-L-leucine and 

bromotryptamine as starting materials.
89

 The synthetic alkaloid was shown to be active 

against breast carcinoma cell line MDA-231 with an IC50 value of 2.1 μmol/L.
89

 The co-

metabolite, eudistalbin B (2.101) did not show any activity.  

 

 

 

Didemnolines A-D (2.102-2.105), isolated from the ascidian Didemnum sp. collected in 

Northern Mariana Islands, are substituted at the N-9 position of the β-carboline ring.
90

 Of 

the four natural products, didemnolines A and C are brominated at the 7-position. 

Didemnoline C was the most cytotoxic, with an IC50 of 0.28 μg/mL, followed by 

didemnoline B (IC50 3 μg/mL) and A (IC50 6.1 μg/mL) towards KB human epidermoid 

carcinoma cells. The structures were confirmed by synthesis.
91

 

 

 

 

 

Eudistabin A (2.100) 

Plakortamine C (2.98) 

Eudistabin B (2.101) 

Didemnoline A (2.102), R=Br 

Didemnoline B (2.103), R=H 

Didemnoline C (2.104), R=Br 

Didemnoline D (2.105), R=H 
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Eudistomins, as mentioned earlier in the chapter, was a series of β-carboline alkaloids first 

isolated in 1984. Several of the β-carboline alkaloids in this series bear a bromine atom on 

C-7. Bromine is the only substituent on the benzene ring of the tricyclic core for 

eudistomins G (2.53), O (2.61) and R (2.69). While eudistomins A (2.48), C (2.49), F 

(2.52), J (2.56), K (2.57), P (2.62), V (2.73) and 2-methyleudistomin J (2.65) have two 

functionalities on the benzene ring, 7-bromo and either 6-hydroxy (A, C, F, J, K, P, 2-

methyleudistomin J) or 6-bromo (V).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There have been few examples of structure-activity relationship studies regarding the 

effect of bromine substitution at C-7 of β-carboline alkaloids. One such example was 

Eudistomin A (2.48) 

Eudistomin J (2.56), R = OH 

Eudistomin O (2.61), R = H 

Eudistomin C (2.49), R1 = OH, R2 = H  

Eudistomin F (2.52), R1 = OH, R2 = COOCH3 

Eudistomin K (2.57), R1 = H, R2 = H 

Eudistomin G (2.53), R = H 

Eudistomin P (2.62), R = OH 

Eudistomin R (2.69) 

Eudistomin V (2.73) 

2-Methyleudistomin J (2.65) 
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eudistomin D (2.50), which was isolated with eudistomin A-C and E-Q from the Caribean 

ascidian Eudistoma olivaceum.
62b

 Although this natural product was not itself brominated 

at C-7, its analogues were of interest. Particular attention was paid to two analogues of 

eudistomin D, 7-bromoeudistomin D (2.106) and 9-methyl-7-bromoeudistomin D (2.107), 

after structure-activity relationship studies showed an increase in activity for the two 

analogues as an inducer of calcium release from sarcoplasmic reticulum compared to 

caffeine, eudistomin D and other related eudistomin natural products. The studies showed 

that of the eudistomin natural products (eudistomin A, D, G-J, M-O and Q), only the 

bromo-hydroxy-β-carbolines, eudistomin A (2.48), D and J (2.56), exhibited activity as a 

stimulant of calcium release.
92

 However, the concentration of natural products needed to 

be increased by several folds, from that used for 7-bromoeudistomin D, to achieve similar 

potency. Moreover, 7-bromoeudistomin D and 9-methyl-7-bromoeudistomin D were 

shown to be up to 1000 times more effective as a calcium release stimulant than caffeine, 

with none of the unfavourable side effects that caffeine induced. It was established that the 

extra halogen on C-7 and the methyl on N-9 were important for the increase in observed 

activity.
93

  

 

 

 

 

 

 

 

To help confirm the structures of natural products opacalines A, B and C, and to aid any 

future structure-activity relationship studies, the debromo analogues of opacalines A and C 

were synthesised. 

 

 

Eudistomin D (2.50) 7-Bromoeudistomin D (2.106) 

9-Methyl-7-bromoeudistomin D (2.107) 
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2.5.1 Retrosynthesis 

An approach to the synthesis of the target β-carboline alkaloids focused on the 

construction of the tricyclic β-carboline ring core before installation of the guanidine 

moiety. The Pictet-Spengler reaction will be used for the condensation of tryptamine and 

the selected protected aldehyde, which in turn, can be obtained from the oxidation of the 

corresponding protected alcohol (Scheme 2.4).  

 

 

 

 

 

 

Scheme 2.4 Retrosyntheis of β-carbolines. 

 

2.5.2 Synthesis of Debromo-opacaline A 

Commercially available 5-aminopentanol was protected with di-tert-butyl dicarbonate 

before the protected alcohol 2.108 was subjected to oxidation with IBX to form the 

expected aldehyde. Unfortunately, only the corresponding cyclic enecarbamate (2.109, 

Scheme 2.5) was isolated from the reaction mixture. The spectroscopic data obtained for 

this compound matched the data reported in the literature.
94

 It has been proposed that this 

product is the result of a tandem oxidative cyclisation of the protected aminoalcohol, 

followed by a subsequent dehydration.  
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Scheme 2.5 Oxidation of protected alcohol 2.108 with IBX. 

Reagents and conditions: a) IBX (3 eq.), ethyl acetate, reflux, 70%. 

 

The protecting group was changed to phthalimide to eliminate any chance of the cyclic 

enecarbamate forming during oxidation from alcohol to aldehyde. 5-Aminopentanol and 

phthalic anhydride were heated at 145°C for 30 minutes in an open flask with nitrogen 

constantly applied. The protected aminoalcohol 2.110 was obtained, after cooling, in 86% 

yield (Scheme 2.6).  

 

 

 

Scheme 2.6 Protection of 5-aminopentanol with phthalic anhydride. 

Reagents and conditions: a) Phthalic anhydride, 86%. 

 

The alcohol 2.110 was then subjected to oxidation by heating at reflux with IBX in ethyl 

acetate for two hours.
95

 Insoluble side product was filtered off after cooling the mixture on 

ice and the filtrate was dried in vacuo to obtain the aldehyde 2.111 as a yellow oil. The 

presence of a triplet at δH 9.77 in 
1
H NMR spectrum indicated that the oxidation was 

successful. Spectroscopic data for both protected alcohol and aldehyde were comparable 

to those found in the literature.
96

  

Although other oxidation methods were explored, including Dess-Martin periodinane and 

Swern oxidation, IBX in ethyl acetate heated to reflux was the preferred method used for 

the synthesis of aldehyde 2.111 as the reaction required minimal work-up and the best 

yield (deduced from tetrahydro-β-carboline yield). The aldehyde was immediately 

2.109 

2.108 

2.110 
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subjected to the Pictet-Spengler reaction with tryptamine to construct the tetrahydro-β-

caboline skeleton without further purification.
97

  

 

 

 

Scheme 2.7 Preparation of 1,2,3,4-tetrahydro-β-carboline from aldehyde 2.111. 

Reagents and conditions: a) Tryptamine (1.5 eq.), trifluoroacetic acid (2 eq.), triethylamine (3 eq.), 

dichloromethane, 36%. 

 

The protected aldehyde 2.111 and tryptamine were dissolved in dry dichloromethane and 

cooled to -78°C before trifluoroacetic acid was added dropwise to the stirring mixture 

under nitrogen. This mixture as then allowed to warm to room temperature overnight. 

Triethylamine was used to quench the reaction and the organic layer was washed with 

water. Purification by silica gel column chromatography eluting with 6% methanol in 

dichloromethane afforded the product, 1,2,3,4-tetrahydro-β-carboline 2.112 as a yellow 

foam in 36% yield over two steps (Scheme 2.7). 

The structure of the tetrahydro-β-carboline alkaloid 2.112 was confirmed by analysis of 

1
H, 

13
C, COSY, HSQC and HMBC NMR data. From COSY data, connectivity of the 

diastereotopic protons H-3a/3b (δH 3.34, 3.05) with H2-4 (δH 2.75) and protons H2-10 (δH 

1.92) with H-1 (δH 4.14) and H2-11 (δH 1.49) were established. Important correlations 

observed in the HMBC NMR data for protons H-5 (δH 7.44) and H-7 (δH 7.14) to C-8a (δC 

135.8), from proton H-6 (δH 7.07) and H-8 (δH 7.36) to C-4b (δC 127.3) and from protons 

H-3a/3b (δH 3.34, 3.05) to C-4a (δC 108.7) confirmed the core tricyclic tetrahydro-β-

carboline moiety. The observation of HMBC NMR cross-peaks between H2-13 (δH 3.74) 

and C-15/22 (δC 168.7), H-17/20 (δH 7.83) and C-15/22 (δC 168.7), and H-18/19 (δH 7.70) 

and C-16/21 (δH 132.0) confirmed the presence of the phthalimide protecting group at the 

terminus of the alkyl chain. Correlations observed from H2-11 (δH 1.49) to C-1 (δC 52.5), 

C-10 (δC 33.4), C-12 (δC 28.3) and C-13 (δC 37.1) determined the alkyl chain to be 

connected to the tetrahydro-β-carboline moiety at C-1 (δC 52.5). Collectively, this data 

was in agreement with previously published values.
98

 

2.112 2.111 
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For the conversion of tetrahydro-β-carboline 2.112 to the target fully aromatised β-

carboline 2.113, different oxidation methods (manganese dioxide, Pd/C, DDQ at room 

temperature and DDQ at 40°C) were compared. Of the four methods evaluated, DDQ 

oxidation carried out at 40°C gave the best yield at 49%. 

The tetrahydro-β-carboline 2.112 was dissolved in dichloromethane and DDQ (20 eq.) 

was added. This suspension was stirred at 40°C for 7 minutes, then washed with 1M 

potassium hydroxide until the aqueous layer was pale yellow. Purification by silica gel 

column chromatography eluting with 1% methanol in dichloromethane gave the desired 

fully aromatised β-carboline 2.113 as a yellow oil in 49% yield (Scheme 2.8). 

Inspection of 
1
H NMR data observed for 2.113 indicated the disappearance of 

diastereotopic protons H-3a/3b and H2-4 of the starting material and the appearance of two 

additional aromatic doublets (δH 8.34, J = 5.3 Hz, H-3 and δH 7.80, J = 5.3 Hz, H-4), 

consistent with successful oxidation. A molecular formula of C23H19N3O2 from 

HRFABMS provided further evidence that the desired β-carboline 2.113 was synthesised. 

 

 

 

 

 

 

Scheme 2.8 Oxidation of tetrahydro-β-carboline 2.112 with DDQ 

Reagents and conditions: a) DDQ (20 eq.), dichloromethane, 40 °C, 49%. 

 

One other compound was isolated in 11% yield as a side product from the oxidation 

reaction. The molecular formula was deduced to be C23H21N3O2 from HRFAB mass 

spectrometry, which, as expected, was two hydrogen atoms less than the starting material. 

Proton resonances associated with the phthalimide-protected side chain and the β-

carboline benzene ring were all accounted for by analysis of 
1
H NMR data. Resonances 

attributable to H-1, H-3a/3b and H2-4 of the starting material were absent, replaced with 

2.113 

2.114 

2.112 
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new methylene signals at δH 2.91 (overlapping with H2-10) and δH 3.90, identified as H2-4 

and H2-3 respectively by analysis of 2D NMR data. Along with the molecular formula, it 

was evident that this side-product was the 3,4-dihydro-β-carboline 2.114. 

To remove the phthalimide protecting group, the fully aromatised β-carboline 2.113 was 

dissolved in absolute ethanol and hydrazine monohydrate was added. The reaction mixture 

was stirred for two days, then subjected to purification by Sephadex LH-20 column 

chromatography with the desired salt 2.115 eluting with methanol (0.05% TFA) as a 

yellow oil in 24% yield (Scheme 2.9). 

Analysis of 
1
H NMR data indicated that all aromatic proton signals associated with the β-

carboline core structure were present, and, as expected the four proton resonances 

attributable to the phthalimide protecting group were absent. The molecular formula 

derived from HRFAB mass spectrometry of C15H17N3 confirmed that the phthalimide 

group had been removed. 

 

 

 

Scheme 2.9 Deprotection of β-carboline 2.113. 

Reagents and conditions: a) Hydrazine monohydrate (in excess), absolute ethanol, 24%. 

 

Two common methods of installing a guanidine group are the direct coupling of an amine 

with cyanamide,
99

 or a two-step process of formation of a bis-tert-butoxycarbonyl-

protected guanidine followed by deprotection. Direct coupling of the free amine group of 

2.115 with cyanamide yielded no detectable product by NMR spectroscopy, only by mass 

spectrometry, where a pseudomolecular ion observed at m/z 282 in the HRFAB mass 

spectrum suggest formation of the product. Therefore, another method was employed 

which required the use of N,N'-bis(tert-butoxycarbonyl)thiourea.
100

 This reagent was 

synthesised by stirring thiourea in THF under nitrogen at 0°C and adding sodium hydride 

in portions. The suspension was stirred for five minutes at this temperature before stirring 

for another ten minutes at room temperature. The reaction mixture was then cooled to 0°C 

again before di-tert-butyl dicarbonate was added and stirred for thirty minutes at 0°C, and 

then for two hours at room temperature. The resultant yellow slurry was quenched 

2.115 2.113 
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carefully with aqueous saturated sodium bicarbonate. Water was added before the mixture 

was extracted with ethyl acetate. The organic layer was dried to give N,N'-bis(tert-

butoxycarbonyl)thiourea as a white-yellow solid in 75% yield.  

N,N'-Bis(tert-butoxycarbonyl)thiourea and triethylamine were added to a solution of the β-

carboline salt 2.115 in dimethylformide, followed by the dropwise addition of a 

suspension of Mukaiyama’s reagent in dimethylformamide.
101

 The reaction mixture was 

then stirred at room temperature and completion was judged by TLC. The suspension was 

then diluted with water and extracted with dichloromethane.  The combined organic layer 

was dried and purification by silica gel column chromatography eluting with 30% ethyl 

acetate in hexane afforded the protected β-carboline 2.116 as a yellow oil in 39% yield 

(Scheme 2.10). Mukaiyama’s reagent was used in the synthesis to promote the formation 

of the highly electrophilic N,N'-bis(tert-butoxycarbonyl)carbodiimide intermediate 

required for the coupling with N,N'-bis(tert-butoxycarbonyl)thiourea. It was found that 

since the starting material for this reaction was an acid salt, more triethylamine was 

needed for the reaction to proceed. Moreover, increasing the equivalents of triethylamine 

present from twenty to thirty improved the yield by more than ten percent. 

 

 

 

 

 

 

 

 

Scheme 2.10 Guanylation of β-carboline salt 2.115. 

Reagents and conditions: a) N,N’-bis(tert-butoxycarbonyl)thiourea (2 eq.), triethylamine (30 eq.), 

Mukaiyama’s reagent (2 eq.), dimethylformamide, 39%; b) 45% Trifluoroacetic acid in dichloromethane, 

69%. 

2.117 

2.116 
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The presence of a correlation from the new 
1
H NMR resonance at δH 1.50 (18H, s) to C-

19/26 (δC 79.6, 83.3) and H2-13 (δH 3.47) with C-15 (δH 156.6) by analysis of 
1
H-

13
C 

HMBC NMR data and a molecular formula of C26H35N5O4, deduced from HRFAB mass 

spectrometry, provided evidence that the protected guanidine 2.116 was successfully 

synthesised. 

Finally, stirring the bis(tert-butoxycarbonyl)-protected β-carboline 2.116 in a 45% 

solution of trifluoroacetic acid in dichloromethane for thirty minutes, followed by 

purification by Sephadex LH-20 column chromatography gave debromo-opacaline A in 

69% yield (2.117, Scheme 2.10). The disappearance of the singlet at δH 1.50 in the 
1
H 

NMR spectrum suggested that the deprotection was successful. Correlations observed 

from H-4 (δH 8.53), H-3 (δH 8.34) and H2-10 (δH 3.46) to N-2 (δN 187.3), from H-8 (δH 

7.77) to N-9 (δN 118.0), and from H2-12 (δH 1.76) and H2-13 (δH 3.25) to N-14 (δN 82.4) 

from interpretation of 
1
H-

15
N HMBC NMR data indicated that the correlations and the 

nitrogen chemical shifts were comparable with those observed for opacaline A (2.83). The 

molecular formula deduced from HRFAB mass spectrometry for 2.117 was C16H20N5, 

which, when compared to that of opacaline A (C16H19BrN5), further confirmed the 

structure of this debromo analogue 2.117. 

 

2.5.3 Synthesis of Debromo-opacaline C 

Synthesis of the corresponding debromo analogue of opacaline C (2.85) proceeded via 

similar methodology. Thus 4-aminobutanol and phthalic anhydride were heated to 145°C 

for 30 minutes in an open flask with constant nitrogen flow. The protected alcohol 2.118 

was obtained as a colourless oil in 90% yield. Spectroscopic data for protected alcohol 

was comparable to those found in literature.
96

 Originally, IBX oxidation was used to 

oxidise this compound to its corresponding aldehyde because of the ease of isolating the 

product. However, as other methods were explored, Swern oxidation followed by 

purification by silica gel column chromatography gave a significantly better yield for the 

aldehyde, which led to an increase in yield for the subsequent Pictet-Spengler reaction 

(Scheme 2.11).  
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A solution of oxalyl chloride in dichloromethane was stirred under nitrogen and cooled to 

-78°C, before a solution of dimethylsulfoxide in dichloromethane and a solution of the 

protected alcohol in dichloromethane were added dropwise sequentially. The reaction 

mixture was then stirred for fifteen minutes before triethylamine was added. After stirring 

for a further five minutes, the solution was warmed to room temperature and washed with 

water. Purification by silica gel column chromatography eluting with 20% ethyl acetate in 

hexane gave the protected aldehyde 2.119 as a colourless oil, which was immediately 

subjected to the Pictet-Spengler reaction. Spectroscopic data for aldehyde 2.119 was 

comparable to those found in the literature.
96

 

 

 

 

 

 

 

Scheme 2.11 Pictet-Spengler reaction of phthalimidobutanal. 

Reagents and conditions: a) Phthalic anhydride (1 eq), N2, 90%; b) Oxalyl chloride (1.1 eq.), 

dimethylsulfoxide (2 eq.), triethylamine (5 eq.), dichloromethane, 47%; c) Tryptamine (1.5 eq.), 

trifluoroacetic acid (20 eq.), triethylamine (20 eq.), dichloromethane, 65%. 

 

The protected aldehyde 2.119 and tryptamine were dissolved in dry dichloromethane and 

cooled to -78°C before trifluoroacetic acid was added. The mixture was then allowed to 

warm to room temperature overnight. Excess triethylamine was added to quench the 

reaction and the resulting mixture was washed with water. Purification by silica gel 

column chromatography eluting with 3% methanol in dichloromethane afforded the 

desired tetrahydro-β-carboline 2.120 as a yellow foam in 65% yield over two steps.  

The structure of the tetrahydro-β-carboline product was confirmed by spectroscopic and 

spectrometric data analysis and comparison with literature values.
81

 Correlations observed 

in 
1
H-

13
C HMBC data from protons H-5 (δH 7.45) and H-7 (δH 7.12) to C-8a (δC 

135.8/135.6), from protons H-6 (δH 7.07) and H-8 (δH 7.32) to C-4b (δC 127.2), from 

protons H-5 (δH 7.45) H-3a (δH 3.26) and H-3b (δH 3.01) to C-4a (δC 108.8) and from 

2.120 

2.118 2.119 
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protons H-1 (δH 4.10) and H2-4 (δH 2.70) to C-9a (δC 135.8/135.6) were consistent with 

the tricyclic structure. From 
1
H-

1
H COSY NMR data, the connectivity of the three carbon 

alkyl chain was established. An HMBC NMR cross-peak observed between H2-11 (δH 

1.86) and C-1 (δC 51.3) indicated that the alkyl chain was connected to the tetrahydro-β-

carboline moiety at C-1. The presence of the phthalimide protecting group at the terminus 

of the alkyl chain was confirmed by the observation of a correlation from δH 3.74 (H2-12) 

to δC 168.7 (C-14/21).  

Tetrahydro-β-carboline 2.120 and DDQ were dissolved in dry dichloromethane and the 

suspension was stirred at 40°C for five minutes before it was washed with 1M potassium 

hydroxide until the aqueous layer was pale yellow. Purification by silica gel column 

chromatography eluting with 50% ethyl acetate in hexane gave the fully aromatised, 

phthalimide protected β-carboline 2.121 as a yellow oil in 30% yield (Scheme 2.12).  

 

 

 

Scheme 2.12 Oxidation of tetrahydrocarboline 2.120 with DDQ 

Reagents and conditions: a) DDQ (20 eq.), dichloromethane, 40 °C, 30%. 

The appearance of two additional aromatic doublets (δH 8.36 (d, J = 5.6 Hz), H-3 and 7.77 

(m), H-4) in 
1
H NMR data observed for β-carboline 2.121 and disappearance of 

diastereotopic protons H-3a/3b and H2-4 of tetrahydro-β-carboline 2.120 confirmed that 

the oxidation was successful. Unlike the pentanol-derived analogue 2.112, the 

corresponding dihydro-β-carboline intermediate was never isolated from this reaction. 

Removal of the phthalimide protecting group was achieved by dissolving the β-carboline 

2.121 in absolute ethanol with excess hydrazine monohydrate being added with stirring. 

The reaction mixture was stirred for two days, dried and subjected to purification by 

Sephadex LH-20 column chromatography eluting with methanol (0.05% TFA) to give the 

desired β-carboline salt 2.122 as a brown oil in 82% yield (Scheme 2.13). 

All proton signals for the tricyclic β-carboline moiety and the alkyl chain spanning three 

carbons were accounted for in 
1
H NMR data. The absence of aromatic signals for the 

2.121 2.120 
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phthalimide group and a molecular formula of C14H15N3, deduced from HRESI mass 

spectrometry, indicated that the deprotection was successful. 

 

 

 

Scheme 2.13 Deprotection of β-carboline 2.121. 

Reagents and conditions: a) Hydrazine monohydrate (in excess), absolute ethanol, 82%. 

For primary or unhindered amines, the literature recommends that the coupling reaction 

with N,N'-bis(tert-butoxycarbonyl)thiourea in the presence of Mukaiyama’s reagent be 

performed in dimethylformamide. However, in the case of β-carboline salt 2.122, the 

reaction did not proceed at all under these conditions, leading only to the recovery of 

starting material. The solvent was then changed to dichloromethane, typically the reaction 

solvent of choice for hindered or unreactive amines.
101

  

Triethylamine and N,N'-bis(tert-butoxycarbonyl)thiourea were added to a solution of β-

carboline salt 2.122 in dry dichloromethane, followed by addition of Mukaiyama’s 

reagent. The reaction mixture was stirred at room temperature and completion was judged 

by TLC. Upon completion, the reaction was washed with water. Purification by silica gel 

column chromatography eluting with 20% ethyl acetate in hexane gave the target 

protected β-carboline 2.123 in 44% yield. For this analogue, in addition to the change in 

solvent choice, an increase in the number of equivalents of triethylamine, N,N'-bis(tert-

butoxycarbonyl)thiourea and Mukaiyama’s reagent were also required.  

A molecular formula of C25H33N5O4 was deduced from the (+)-HRESI mass spectrometry 

for 2.123. Correlation between H2-12 (δH 3.52) and C-14 (δC 156.8) from 
1
H-

13
C HMBC 

NMR data of β-carboline 2.123 and the presence of two new singlet 
1
H NMR resonances 

(δH 1.52 and 1.48), each accounting for nine protons, suggested that the coupling was 

successful. Collectively, these data provided confirmation that the protected guanidine 

moiety was installed at the terminus of the alkyl side chain. 

The final step in the synthesis of target analogue 2.124 was deprotection. Bis(tert-

butoxycarbonyl)-protected β-carboline 2.123 was stirred in a solution of 45% 

trifluoroacetic acid in dichloromethane for thirty minutes. The reaction was dried and then 

2.122 2.121 
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subjected to Sephadax LH-20 gel filtration flash chromatography eluting with methanol 

(0.05% TFA) to afford to the desired debromo-opacaline C (2.124) as a yellow oil in 84% 

yield (Scheme 2.14). 

 

 

 

 

 

 

 

Scheme 2.14 Installation of guanidine moiety of β-carboline salt 2.122. 

Reagents and conditions: a) N,N’-bis(tert-butoxycarbonyl)thiourea (5 eq.), triethylamine (40 eq.), 

Mukaiyama’s reagent (5 eq.), dichloromethane, 44%; b) 45% Trifluoroacetic acid in dichloromethane, 84%. 

All proton and carbon NMR resonances attributable to the tricyclic β-carboline ring 

structure and the alkyl side chain were present in NMR data. A molecular formula of 

C15H18N5 was determined by analysis of the molecular ion observed in (+)-HRESI mass 

spectrometry and the absence of the singlets δH 1.52 and 1.48 in the 
1
H NMR data for 

2.124 provided evidence that the protecting groups on the guanidine moiety had been 

removed. Comparison of NMR and mass spectrometry data of 2.124 with those of 

opacaline C (2.85) confirmed the synthesis of the target debromo analogue was successful. 

 

2.5.4 Attempted Synthesis of C2-homologue of Opacaline A 

The phthalimide protecting group was important in replacing di-tert-butyl dicarbonate as 

the protecting group for β-carboline synthesis starting with butanol and pentanol because 

it prevented the formation of the unwanted cyclic enecarbamate during oxidation from 

alcohol to aldehyde. It was envisaged that it was possible to synthesise an analogue β-

carboline using aminopropanol as starting material with the synthetic routes devised for 

2.117 and 2.124. 

2.124 

2.123 
2.122 
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Commercially available 3-aminopropanol and phthalic anhydride were heated at 145°C 

for thirty minutes in an open flask with constant nitrogen flow. After cooling, the desired 

protected alcohol 2.125 was obtained as a white solid in 94% yield. Spectroscopic data for 

the protected alcohol were comparable to those found in the literature. The protected 

alcohol was then heated to reflux in ethyl acetate with IBX for two hours. The suspension 

was cooled on ice before the insoluble side-product was filtered off. The aldehyde 2.126 

was isolated as an off-white solid in 91% yield. Spectroscopic data for the protected 

aldehyde was in agreement with values previously reported in the literature.
102

 

Tryptamine and aldehyde 2.126 were dissolved in dry dichloromethane and then cooled to 

-78°C before trifluoroacetic acid was added dropwise under nitrogen. The reaction 

mixture was allowed to warm to room temperature overnight before triethylamine was 

added. The reaction was washed with water and purification by silica gel column 

chromatography eluting with 2% methanol in dichloromethane afforded the desired 

tetrahydro-β-carboline 2.127 as a yellow solid in 34% yield (Scheme 2.15). 

 

 

 

 

 

 

Scheme 2.15 Pictet-Spengler reaction of phthalimidopropanal. 

Reagents and conditions: a) Phthalic anhydride (1 eq.), N2, 94%; b) IBX (3 eq.), ethyl acetate, 91%; c) 

Tryptamine (1.5 eq.), trifluoroacetic acid (20 eq.), triethylamine (20 eq.), dichloromethane, 34%. 

Diagnostic correlations observed in the 
1
H-

13
C HMBC NMR data from protons H-5 (δH 

7.40) and H-7 (δH 7.08) to C-8a (δC 135.7), from protons H-6 (δH 7.02) and H-8 (δH 7.26) 

to C-4b (δC 127.3), from protons H-3a/3b (δH 3.05, 3.33) and H2-4 (δH 2.72) to C-4a (δC 

109.2) confirmed the presence of the tricyclic tetrahydro-β-carboline core. Correlations 

observed from H2-11 (δH 3.93) to C-1 (δC 49.8) and C-13/20 (δC 168.7) established the 

tetrahydro-β-carboline moiety and the phthalimide protecting group were joined by a two 

carbon alkyl chain.  

2.127 

2.126 2.125 
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Attempts to oxidise tetrahydro-β-carboline 2.127 with DDQ were unsuccessful. Different 

reaction conditions, including varying the amount of DDQ from as high as forty to as low 

as one equivalents, using sodium bicarbonate for the partition with dichloromethane, 

replacing the reaction solvent to tetrahydrofuran, and changing reaction time ranging from 

two days to ten minutes, all failed to yield the oxidised product.  

 

2.6 Bioassay 

 

 

 

Selected pure natural products and synthetic targets were tested in neglected disease 

orientated antiparasitic assays at the Swiss Tropical and Public Health Institute. The 

compounds were evaluated against four parasites: Trypanosoma brucei rhodesiense and 

Trypanosoma cruzi, both vectors for Human African Trypanosomiasis, Leishmania 

donovani, which causes leishmaniasis, and Plasmodium falciparum, the parasite 

responsible for malaria in humans. In addition, cytotoxicity towards a non-malignant cell 

line, L6, was measured, to assess the selectivity of action of the test compounds towards 

the parasites. 

Opacalines A (2.83) and B (2.84), along with debromo-opacaline A (2.117), debromo-

opacaline C (2.124) and tetrahydro-β-carboline intermediate 2.127, were evaluated for 

growth inhibition of T. brucei rhodesiense, T. cruzi, L. donovani, P. falciparum and 

cytotoxicity towards L6 cell line. Results (Table 2.5) showed moderate activity for all of 

the compounds towards T. brucei rhodesiense and P. falciparum, while exhibiting low 

cytotoxicity towards the L6 cell line. From the results collected, the fully aromatized β-

carbolines were slightly more potent in antiparasitic activity towards P. falciparum, 

compared to the tetrahydro-β-carboline, and the debromo synthetic analogues were more 

potent towards T. brucei rhodesiense than the brominated natural products. 

Natural products, opacaline A (2.83) and opacaline B (2.84), and synthetic target 

debromo- opacaline A (2.117) exhibit no activity against the P388 murine leukemia cell 

line. This further supports the lack of cytotoxicity observed for these compounds. 

Antiparastic results shown were determined at the Swiss Tropical and Public Health 

Institute, Basel, Switzerland. Results are presented with permission from the 

collaborator, Professor Marcel Kaiser. 



Chapter 2: Pseudodistoma opacum 

 

 

62 

 

Table 2.5 Antiparasitic activity for debromoopacacline A (2.117), opacaline B (2.83), tetrahydrocarboline 

2.127 and debromoopacaline C (2.124) (IC50 in µM). 

Compound T.b.rhod.
a
 T.cruzi

b
 L.don.

c
 P.falc. 

K1
d
 

Cytotox. 

L6
e
 

Opacaline A (2.83) 30 86 130 2.5 79 

Opacaline B (2.83) 27 107 101 4.5 120 

Tetrahydrocarboline 2.127 17 51 150 14 110 

Debromo-opacaline A (2.117) 12 110 >200 6.4 84 

Debromo-opacaline C (2.124) 7.7 130 >200 7.8 101 

Melarsoprol 0.005     

Benznidazole  1.83    

Miltefosine   0.53   

Chloroquine    0.28  

Podophyllotoxin     0.019 

a. Trypanosoma brucei rhodesiense (strain STIB 900), trypomastigotes. 

b. Trypanosoma cruzi (strain Tulahuen C4), amastigotes. 

c. Leishmania donovani (strain MHOM-ET-67/L82), amastigotes. 

d. Plasmodium falciparum (strain K1), IEF. 

e. L6 rat skeletal myoblast cell line. 

 

2.7 Conclusions and Future Work 

The study of the New Zealand ascidian Pseudodistoma opacum, collected at Maori Bay, 

Muriwai, has led to the isolation of four novel metabolites, opacalines A-C and (-)-7-

bromohomotrypargine. Also, the syntheses of debromo-opacalines A and C were 

successfully undertaken. 

As shown in section 2.6, the four selected compounds tested at the Swiss Tropical and 

Public Health Institute all showed moderate antiparasitic activity. Moreover, none of the 

natural or synthetic targets tested show cytotoxicity. This could prove significant as it 

suggests that the antiparasitic activity of the compounds was not due to killing of host 

cells. However, more biological data is needed before further structure-activity 

relationship studies commence. The route implemented for the synthesis of debromo-

opacaline A and C could be used to construct related analogues varying in side chain 

length and composition and substitution on the β-carboline scaffold. 
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3.1 Introduction 

Ascidians of the genus Aplidium (Order Enterogona, Family Polyclinidae) are recognised 

as one of the most abundant groups of ascidians which had been extensively studied.
103

 A 

number of secondary metabolites comprised of meroterpenes, alkaloids and peptides have 

been isolated from ascidians of this genus. These compounds have diverse structural 

features and display a range of bioactivity. Selected examples focusing on meroterpenoids 

and other metabolites, based on structural novelty and bioactivity, from Aplidium sp. will 

be discussed. The first biologically active metabolite reported from an ascidian, 

geranylhydroquinone (3.1), was isolated from an Aplidium sp. and was shown to be active 

against leukemia and tumour development in animal testing.
104

 Cordiachromene A (3.2), 

the chromenol analogue of geranylhydroquinone (3.1), was isolated from Aplidium 

constellatum.
105

 

 

 

 

 

 

 

 

 

 

 

 

The methoxy group-bearing analogues, verapliquinones A (3.3) and B (3.4), along with 

verapliquinones C (3.5) and D (3.6), were isolated from an Aplidium sp. collected in 

French Atlantic waters and were characterised as two pairs of metabolites present as 

Geranylhydroquinone (3.1) 

Verapliquinone A (3.3) Verapliquinone B (3.4) 

Verapliquinone C (3.5) Verapliquinone D (3.6) 

Cordiachromene A (3.2) 
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inseparable mixtures in a 4:1 ratio. The structures of verapliquinones C and D were 

confirmed by conversion to verapliquinones A and B.
106

 The first synthesis of 

verapliquinones A and B was published in 2005, with the quinones obtained as an 

inseparable 2:1 mixture.
107

 

A study on the ascidian Aplidium nordmani collected from the Lagoon of Venice gave 

geranylhydroquinone (3.1) and homarine (3.7) along with carotenoids and sterols.
108

 

 

 

 

New hydroquinone 3.8 and the known geranylhydroquinone (3.1) were isolated from a 

Mediterranean sea collection of Aplidium sp.
109

 Both compounds were evaluated and 

showed cytotoxicity against P388 mouse lymphoma, A-549 human lung carcinoma, HT-

29 human colon carcinoma and MEL-28 human melanoma cell lines. 

Geranylhydroquinone was found to be more potent than the hydroxylated hydroquinone 

3.8. 

 

 

 

 

 

 

 

 

 

A number of monomeric and dimeric cyclic quinones have been isolated from Aplidium 

longithorax. Longithorones and longithorols are quinones or hydroquinones which have a 

Homarine (3.7) (3.8) 

Longithorone A (3.9) Longithorone B (3.10) 

Longithorone C (3.11) Longithorone D (3.12) 
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paracyclophane and/or metacyclophane system present. Longithorone A (3.9), a 

paracyclophane and the first of the longithorones to be isolated from a Palauan collection 

of Aplidium longithorax, showed cytotoxicity to P388 murine leukemia cells with an 

ED50~10 μg/mL.
110

 The biomimetic synthesis of (-)-longithorone A was reported in 

2002.
111

 Longithorones B-I (3.10-3.17) were isolated from the same species at a later date 

and the authors proposed that the biosynthesis of the dimeric longithorones could have 

arisen from Diels-Alder reactions of the appropriate monomeric longithorones.
112

 From an 

Australian collection of Aplidium longithorax, longithorones J (3.18) and K (3.19) were 

isolated.
113

 Longithorone J has a γ-hydroxy-cyclohexenone moiety and longithorone K is 

the dihydro analogue of longithorone B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Longithorone E (3.13) Longithorone F (3.14) 

Longithorone G (3.15) Longithorone H (3.16) 

Longithorone I (3.17) 
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A subsequent study of the Palaun collection of Aplidium longithorax yielded the 

hydroquinols, longithorols A (3.20) and B (3.21), that were characterised as their acetates, 

due to instability issues.
114

 Longithorols C-E (3.22-3.24), isolated from the Australian 

specimen Aplidium longithorax, are monomeric, potentially biosynthetically precursoral 

hydroquinones.
115

 The absolute stereochemistry of longithorol C was determined by 

application of the modified Mosher’s method. It was proposed that the chromenol 

structure of longithorol E (3.24) might be an artifact of longithorol C undergoing an 

intermolecular cyclisation and dehydration during the isolation process. 

 

 

 

 

 

 

 

 

 

 

 

 

Longithorone J (3.18) Longithorone K (3.19) 

Longithorol A (3.20) Longithorol B (3.21) 

Longithorol C (3.22) Longithorol D (3.23) Longithorol E (3.24) 
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Floresolides A-C (3.25-3.27) were isolated from an Indonesian Aplidium sp. and are 

chemically related to the longithorols.
116

 This group of metabolites possess a 

metacyclophane and an endocyclic lactone. All three metabolites exhibited moderate 

activity against KB carcinoma cells with IC50 values of 1-10 µg/mL. 

 

 

 

 

 

 

 

Another ascidian, Aplidium conicum, had also been under extensive study. Four new 

meroterpenoids, conidione (3.28), conicol (3.29), conitriol (3.30) and 2-[(1'E)-3'-methoxy-

3',7'-dimethylocta-1',6'-dienyl]benzene-1,4-diol (3.31), along with five known compounds, 

including geranylhydroquinone (3.1) were isolated from Aplidium conicum collected from 

Tarifa Island, Spain.
117

 Due to the instability of these metabolites, no biological testing 

was performed.  

 

 

 

Floresolide A (3.25) Floresolide B (3.26) Floresolide C (3.27) 

Conidione (3.28) Conicol (3.29) Contriol (3.30) 

2-[(1'E)-3'-Methoxy-3',7'-dimethylocta-1',6'-

dienyl]benzene-1,4-diol (3.31) 

Conicaquinone A (3.32), X=SO2, Y=NH 

Conicaquinone B (3.33), X=NH, Y=SO2 
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Studies on Mediterranean Sea specimens of Aplidium conicum also gave a number of new 

metabolites. Conicaquinones A (3.32) and B (3.33) each have a 1,1-dioxo-1,4-thiazine 

ring and 1,4-naphthoquinone moiety within their structure. Both alkaloids exhibited 

cytotoxicity against rat glioma (C6) and rat basophilic leukemia (RBL-2H3) cell lines.
118

 

Another group of metabolites isolated from the same species of ascidian, which also 

feature a 1,1-dioxo-1,4-thiazine ring, was the aplidinones.
119

 The regiochemistry of 

aplidinones A-C (3.34-3.36) was assigned using predicted density functional theory (DFT) 

and gauge including atomic orbitals (GIAO) shielding calculation values for comparison 

with 
13

C NMR chemical shifts observed for the natural products. Recently, a series of 

simplified analogues of aplidinone A were synthesised and some interesting biological 

data was observed.
120

 Thiaplidiaquinones A (3.37) and B (3.38) contain a tetracyclic core 

structure and were shown to be toxic to human leukemia T cell line Jurkat with IC50 ~3 

µM, with a mechanism of action related to increased levels of reactive oxygen species 

production and induction of apoptosis.
121

 The quaternised amine, conicamin (3.39), 

isolated from A. conicum along with the known natural products 6-bromohypaphorine and 

plakohypaphorine A, was identified to be a specific histamine antagonist.
122

 Two novel 

sterols isolated from the same ascidian, aplidiasterols A (3.40) and B (3.41), showed 

cytotoxicity towards rat glioma (C6) and murine monocyte/macrophages (J774) with IC50 

values of 5.8, 29.0, and 1.3, 6.9 μg/mL, respectively. 

 

 

 

 

 

 

 

 

 

Aplidinone A (3.34), R=OCH3 

Aplidinone B (3.35), R=NH2 

Aplidinone C (3.36), R=NHCH2CH2SO3
-
 

Thiaplidiaquinone A (3.37) Thiaplidiaquinone B (3.38) 
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Two new metabolites, methoxyconidiol (3.42) and didehydroconicol (3.43), related to 

conical (3.29) and conitriol (3.30) were isolated following a study of Aplidium aff. densum 

collected in Oman, along with the known epiconicol (3.44), conidione (3.28) and 

cordiachromene A (3.2) meroterpenoids.
123

 A recent study on the biological activities of 

methoxyconidiol, dihehydroconicol and epiconicol found that replacing the phenolic 

functionality with a methoxy group completely removed the ability of the compound to 

inhibit sea urchin (Paracentrotus lividus) egg division.
124

  

 

 

 

 

A number of novel compounds with anti-inflammatory properties were isolated from 

ascidians from the genus Aplidium collected in Antarctica and New Zealand. Rossinones 

A (3.45) and B (3.46) were isolated from an Antarctic Aplidium sp. and exhibited anti-

inflammatory, antiviral and antiproliferative properties.
125

 Both compounds were found to 

suppress superoxide production by human neutrophils. The biosynthetic pathway for 

rossinone B from rossinone A, employing a vinyl quinone Diels-Alder-type reaction, was 

proposed and recently used in the synthesis of 3.46.
126

 

 

 

 

Rossinone A (3.45) Rossinone B (3.46) 

Conicamin (3.39) Aplidiasterol A (3.40), R=H 

Aplidiasterol B (3.41), R=OH 

Epiconicol (3.44) Didehydroconicol (3.43) Methoxyconidiol (3.42) 
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A study of another New Zealand species of Aplidium ascidian gave two tricyclic thiazine-

containing metabolites, ascidiathiazones A (3.47) and B (3.48).
127

 These two compounds 

were shown to have anti-inflammatory activities by suppressing superoxide production by 

human neutrophils. Ascidiathiazone A and the regioisomer of ascidiathiazone B were 

synthesized from 8-hydroxyquinoline-2-carboxylic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ascidiathiazone A (3.47) Ascidiathiazone B (3.48) 

Tubastrine (3.49) 3,4-Dimethoxyphenethyl-β-guanidine (3.50) 

Orthidine A (3.51) Orthidine B (3.52) 

Orthidine C (3.53) Orthidine D (3.54) 



Chapter 3: Aplidium scabellum 

 

 

72 

 

 

 

 

 

 

 

Eight metabolites, including the known metabolites tubastrine (3.49) and 3,4-

dimethoxyphenethyl-β-guanidine (3.50), and the novel orthidines A-F (3.51-3.56), were 

isolated from the New Zealand Aplidium orthium.
128

 Orthidines A-D are benzodioxanes, 

while orthidine E is a cis-trans-cis configuration cyclobutane ‘head-to-tail’ dimer of 

tubastrine. The structure of orthidine F, a 1,14-sperminedihomovanillamide, was 

confirmed by synthesis and the structure of 3,4-dimethoxyphenethyl-β-guanidine was 

confirmed by comparison of NMR data with those previously reported for this compound 

as a synthetic product. Of the eight compounds, only 3,4-dimethoxyphenethyl-β-guanidine 

(3.50) showed an anti-inflammatory IC50 value outside of the 10-36 µM range observed 

for the other co-metabolites. 

The preceding examples show that ascidians of the genus Aplidium are capable of 

producing metabolites with diverse structures which display a wide range of bioactivities. 

Screening of New Zealand marine organisms for anti-inflammatory activity previously 

identified extracts of two Aplidium sp. ascidians as being bioactive, which led to the 

isolation of ascidiathiazones A and B (3.47-3.48) and orthidines A-F (3.51-3.56). As part 

of this ongoing programme, a third specimen, Aplidium scabellum, was identified as being 

bioactive. Isolation of the bioactive components, structure elucidation and synthesis of the 

natural products will be discussed in the following sections. 

 

 

 

 

Orthidine E (3.55) Orthidine F (3.56) 
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3.2 Collection and Extraction 

Animal specimens (MNP9123) of the grey-encrusted Aplidium scabellum (Michaelsen, 

1924) (Order Enterogona, Family Polyclinidae) were collected south of Rabbit Island, 

Great Barrier Island, New Zealand. A voucher specimen, coded MNP9123, is stored at 

NIWA. The organism was identified by Mr Mike Page, NIWA. The freeze-dried ascidian 

was extracted with methanol exhaustively until the extract was colourless. Extraction was 

then repeated with dichloromethane. The extract was filtered, dried under reduced 

pressure and stored frozen until further use. 

 

 

 

Figure 3.1 Aplidium scabellum photographed on rocks south of Rabbit Island by Sean Handley. 
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3.3 Isolation of Natural Products 

3.3.1 Isolation Procedures 

The crude extract was fractionated into 8 fractions, using a steep gradient from water to 

methanol on a reversed-phase C18 chromatography column. Bioassay evaluation of these 

fractions identified two, eluting between 50% (fraction A) and 100% MeOH/H2O (fraction 

B), as being active in a neutrophil-based anti-inflammatory assay. Fraction A was 

subjected to reversed-phase cyanopropyl flash column chromatography eluting with water 

to yield 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) (4.0 mg, 0.005% dry 

weight). Fraction B was then subjected to silica flash chromatography using a gradient of 

100% dichloromethane through to 10% methanol in dichloromethane. Of the fractions 

collected, two were worked on further, being fraction C, eluting with 100% 

dichloromethane, and fraction D, eluting with 1% methanol in dichloromethane. Fraction 

C was subjected to a further round of purification using silica gel flash chromatography 

eluting with a steep solvent gradient of hexane through to ethyl acetate. The fraction that 

eluted from this column with 10% ethyl acetate in hexane was subjected to reversed-phase 

C2 flash column chromatography to afford 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-

2H-1-benzopyran-6-ol (3.58) (0.8 mg, 0.0009% dry weight) and scabellone B (3.59) (2.0 

mg, 0.002%). Fraction D was then subjected to silica gel flash chromatography, eluting a 

brown-coloured fraction at a solvent composition of hexane:ethyl acetate, 4:1. The 

collected fraction was then subjected to purification by reversed-phase C2 flash column 

chromatography using a steep gradient from water to methanol. Two fractions collected, 

fraction E, eluting with 70% methanol in water, and fraction F, eluting with 100% 

methanol, were subjected to further purification. Fraction E was subjected to diol flash 

column chromatography eluting with 100% dichloromethane and afforded the brown-red 

scabellone A (3.60) (0.24 mg, 0.0003%). Fraction F was subjected to silica flash 

chromatography eluting with 10% ethyl acetate in hexane, where scabellone C (3.61) 

(0.85 mg, 0.0004%) and scabellone D (3.62) (0.53 mg, 0.0003%) were isolated.  
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An additional extraction of ascidian (40.11 g), using the same isolation procedure, yielded 

the known metabolite verapliquinone A (3.63) (1.27 mg, 0.003%) in the same fraction as 

8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) (0.73 mg, 

0.002%). 

 

3.57 

3.59 3.60 

3.58 

3.63 

3.61, R1 = prenyl, R2 = CH3 

3.62, R1 = CH3, R2 = prenyl 
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3.3.1 Structure Elucidation of 2-geranyl-6-methoxy-1,4-hydroquinone-4-

sulfate (3.57) 

 

 

 

 

A molecular formula of C17H24O6S for this metabolite was established by (-)-HRESI mass 

spectrometry with a molecular peak being observed at m/z 355.1291 [M-H]
-
. In the 

1
H 

NMR spectrum, resonances attributable to two aromatic protons (δH 6.75, 6.54), two 

olefinic protons (δH 5.29, 5.09), three moderately deshielded methylene signals (δH 3.27, 

2.08, 2.00), one methoxyl signal (δH 3.83) and three allylic methyl singlets (δH 1.69, 1.65, 

1.58) were observed. The 
13

C NMR data identified seventeen carbon resonances, as 

required by the molecular formula, of which six were sp
2
 quaternary carbon resonances 

(δC 148.6, 146.4, 141.2, 136.7, 132.2, 129.2) as shown in Figure 3.2. The presence of a 

highly oxygenated benzene ring and geranyl side chain were deduced from combined 

analysis of 
1
H-

1
H COSY, HSQC and HMBC NMR data. The 

1
H-

13
C HSQC NMR 

spectrum assigned four olefinic methine (δC 125.5, 123.9, 114.1, 103.6), three methylene 

(δC 41.0, 29.1, 27.9) and four methyl carbon signals (δC 56.6, 25.9, 17.8, 16.3) to their 

respective 
1
H resonances. From 

1
H coupling constant analysis and inspection of the 

1
H-

1
H 

COSY 2D NMR spectrum, it could be deduced that the two aromatic proton doublets (J = 

2.0 Hz) belonged to a 1,2,3,5-tetrasubstituted phenyl ring. The chemical shifts of the 

carbons directly attached to the meta-coupled aromatic protons H-3 (δH 6.54, δC 114.1) 

and H-5 (δH 6.75, δC 103.6) implied the presence of an ortho oxygen functional group at 

C-4 (δC 146.4). Moreover, the highly shielded nature of the C-5 resonance (δC 103.6) 

indicated two ortho oxygen substituents i.e. one at C-4 and one at C-6 (δC 148.6). The sole 

methoxyl group (δH 3.83, δC 56.6) was placed at C-6, as a correlation was observed in the 

1
H-

13
C HMBC NMR spectrum between δH 3.83 (OCH3) and δC 148.6 (C-6).  
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Figure 3.2 
1
H and 

13
C NMR spectra in CD3OD of 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) 

(δH 1.00-7.00, 600 MHz, δC 10-155, 150 MHz). 

 

The chemical shift of C-1 (δC 141.2) was also consistent with being directly bonded to 

oxygen. The presence of a geranyl side chain was confirmed by analysis of 
1
H-

1
H COSY 

NMR data and direct comparison with chemical shift values reported in the literature.
129

 

HMBC NMR correlations observed between δH 3.27 (H2-1') and δC 141.2 (C-1), 129.2 (C-

2) and 114.1 (C-3), and from δH 5.29 (H-2') to δC 129.2 (C-2) suggested that the geranyl 

side chain was a substituent at C-2 on the aromatic ring. The 
1
H-

1
H NOESY 2D NMR 

data further supported the deduced substitution pattern of the ring, by the observation of 

NOESY cross-peaks between δH 5.29 (H-2') and δH 6.54 (H-3), 3.27 (H2-1') and 2.00 (H2-

4'), and between δH 3.83 (OCH3) and δH 6.75 (H-5). The assignment of the gem-dimethyl 

groups H3-8' and H3-9' was based on the observed NOESY correlation of δH 5.09 (H-6') 

with δH 1.65 (H3-9'). The configuration of the Δ
2'
 double bond was determined to be E due 

to the observed NOESY correlation between δH 1.69 (H3-10') with δH 3.27 (H2-1') and the 

lack of correlation between δH 1.69 (H3-10') and δH 5.29 (H-2'). 

With the molecular formula suggesting the presence of a sulfate group, the 
1
H NMR 

chemical shifts (CD3OD) of the natural product were compared with the reported values 

(C6D6) of semi-synthetic 2-geranyl-6-methoxy-1,4-hydroquinone.
106

 Differences in 

chemical shifts observed for H-3 (Δ 0.54 ppm) and H-5 (Δ 0.62 ppm) strongly supported 

the sulfate group being located on the hydroxyl group at C-4 (Table 3.1). To further 
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confirm this theory, 2-geranyl-6-methoxy-1,4-hydroquinone was synthesized and then 

sulfated, as discussed in a later section in this chapter. 

 

 

 

 

 

Figure 3.3 Selected 
1
H-

13
C HMBC and 

1
H-

1
H NOESY correlations of 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57). 
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Table 3.1 NMR assignments for 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) in CD3OD. 

Position δC 
a
 δH

b
 (mult, J in Hz) HMBC

c
 

1 141.2 - - 

2 129.2 - - 

3 114.1 6.54 (d, 2.0) 1, 4, 5 

4 146.4 - - 

5 103.6 6.75 (d, 2.0) 1, 3, 4, 6 

6 148.6 - - 

1' 29.1 3.27 (d, 7.3) 1, 2, 3, 2', 3', 10' 

2' 123.9 5.29 (t, 6.6) 2, 1', 4' 10' 

3' 136.7 - - 

4' 41.0 2.00 (m) 2', 3', 5', 6', 10' 

5' 27.9 2.08 (m) 3', 4', 6', 7' 

6' 125.5 5.09 (t, 6.6) 5', 8', 9' 

7' 132.2 - - 

8' 17.8 1.58 (s) 6', 7', 9' 

9' 25.9 1.65 (s) 6', 7', 8' 

10' 16.3 1.69 (s) 2', 3', 4' 

OCH3 56.6 3.83 (s) 6 

a
 150 MHz 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 
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3.3.2 Structure Elucidation of 8-methoxy-2-methyl-2-(4-methyl-3-

pentenyl)-2H-1-benzopyran-6-ol (3.58) 

 

 

The molecular formula established for this metabolite was C17H22O3, which was derived 

from the pseudomolecular ion observed at m/z 297.1453 for [M+Na]
+
 in the (+)-HRESI 

mass spectrum. The 
1
H NMR spectrum showed four doublets (δH 6.34, 6.24, 6.11, 5.62), 

one methoxyl (δH 3.82), two alkyl (δH 2.11, 1.75), one olefinic (δH 5.09) and three methyl 

(δH 1.65, 1.56, 1.42) signals (Figure 3.4). Three spin-systems were observed in the 
1
H-

1
H 

COSY NMR spectrum. The first spin-system involved a pair of meta-coupled aromatic 

protons (δH 6.34, 6.11), with a coupling constant of 2.8 Hz, which suggested the presence 

of a 1,2,3,5-tetrasubstituted benzene ring. Another pair of doublets (δH 6.24, 5.62) formed 

the second spin-system. A coupling constant of 10.0 Hz indicated that these olefinic 

protons were part of a Z-configuration double bond. The third and last spin-system 

deduced for 3.58 extended from a pair of diastereotopic proton resonances at δH 1.75, 

1.65, through a methylene resonance at δH 2.11, before being terminated at an olefinic 

proton resonance at δH 5.09. Correlations observed in the HMBC NMR spectrum from 

two of the methyl groups (δH 1.65, 1.56) to carbon resonances at δC 131.8 and 123.9, the 

carbon resonance assigned to the olefinic proton δH 5.09, suggested a gem-dimethyl 

moiety. The presence of a carbon resonance at δC 78.3 indicated that this carbon was 

attached to oxygen. Comparison of spectroscopic data to those found in the literature 

confirmed the structure of this metabolite as 8-methoxy-2-methyl-2-(4-methyl-3-

pentenyl)-2H-1-benzopyran-6-ol (3.58), previously isolated from the plant Wigandia 

urens.
130

  

 

 

 

 

Figure 3.4 
1
H NMR spectrum in CDCl3 of 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-

6-ol (3.58) (δH 1.00-6.50, 400 MHz). 
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3.3.3 Structure Elucidation of Verapliquinone A (3.63) 

 

 

 

By analysis of 
1
H NMR data observed for 3.63, two aromatic (δH 6.45, 5.87), two olefinic 

(δH 5.14, 5.09), one methoxyl (δH 3.81), three methylene (δH 3.14, 2.10, 2.06) and three 

methyl (δH 1.69, 1.63, 1.60) signals were identified (Figure 3.5). Comparison of NMR 

data observed for this compound with those observed earlier for 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57) suggested the presence of a geranyl side chain and 

structural similarities between the two compounds. The molecular formula of 3.63 was 

established by (+)-HRESI mass spectrometry to be C17H22O3. Correlations observed in the 

HMBC NMR spectrum from the aromatic proton resonance at δH 5.87 to carbon 

resonances at δC 182.4 and 159.0 indicated the presence of a quinone moiety. The 

methoxyl group (δH 3.81) was placed at carbon δC 159.0 (C-6), as that was the only 

correlation observed from those protons in the HMBC NMR spectrum. Spectroscopic data 

of this compound were compared with reported values found in the literature and 

confirmed the structure of this metabolite to be the geranylated quinone, verapliquinone A 

(3.63), previously isolated from Aplidium sp. found in Brittany, France.
106

 

 

Figure 3.5 
1
H NMR spectrum in CDCl3 of verapliquinone A (3.63) (δH 1.00-6.70, 300 MHz). 
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3.3.4 Structure Elucidation of Scabellone A (3.60) 

 

 

 

 

 

 

A molecular formula of C34H42O6 was established for scabellone A (3.60) using (+)-

HRESI mass spectrometry. Seven olefinic (δH 6.43, 6.01, 5.92, 5.59, 5.07, 5.00, 4.90), two 

methoxyl (δH 3.85, 3.85), five alkyl (δH 3.10, 2.97, 2.10, 1.95, 1.86) and four methyl (δH 

1.64, 1.55, 1.44, 1.36) signals were identified by analysis of the 
1
H NMR data (Figure 

3.6). Two substructures were identified by analysis of 
1
H-

1
H COSY, HSQC and HMBC 

NMR data: a 6-substituted chromenol and a 3-substituted verapliquinone A substructure. 

The small sample size of the natural product prevented acquisition of a 
13

C NMR spectrum 

with adequate signal to noise ratio. 

 

Figure 3.6 
1
H NMR spectrum in CDCl3 of scabellone A (3.60) (δH 1.00-6.70, 600 MHz). 

The identity of the first substructure, a 6-substituted chromenol, was established by 

interpretation of a combination of COSY and HMBC NMR data. The first spin-system 

observed in the COSY NMR spectrum extended from the resonances of a pair of 

diastereotopic protons at δH 1.74, 1.65 through a methylene resonance at δH 2.10 to an 

olefinic proton resonance at δH 5.07, which in turn correlated to two terminal methyl 

groups (δH 1.64, 1.55). These correlations collectively established the presence of a prenyl 

chain. A second spin-system identified was comprised of only two olefinic doublets (δH 
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5.92, 5.59). With a coupling constant of 10 Hz, these two protons were considered 

indicative of a Z-configuration olefin. Observed correlations in the HMBC NMR data 

from both the aromatic proton resonance at δH 6.43 (s) and the olefinic proton resonance at 

δH 5.92 to carbon resonances at δC 136.2 (C-10a) and 109.1 (C-7), and from both of the 

olefinic proton resonances (δH 5.92, 5.59) to a carbon resonance at δC 77.5 (C-12) 

suggested the presence of a chromenol substructure. HMBC correlations observed from 

both the methyl group resonance at δH 1.44 (s) (H3-15) and the diastereotopic proton 

resonances at δH 1.74, 1.65 to the carbon resonance at δC 77.5 (C-12) established the 

linkage between the prenyl chain and the two ring system. Placement of a methoxyl group 

with a resonance at δH 3.85 at a quaternary carbon with a resonance at δC 149.4 was based 

on observed correlations from both the methoxyl resonance at δH 3.85 and the aromatic 

proton resonance at δH 6.43. Thus, the presence of a 5-substituted chromenol substructure 

was established (Figure 3.7(a)). The NMR data obtained for this substructure were 

comparable to those observed for the natural product 3.58. 

(a)                                                                   (b) 

 

 

 

 

 

Figure 3.7 
1
H-

13
C HMBC and 

1
H-

1
H NOESY correlations of the two fragments of scabellone A (3.60): (a) 

the chromenol fragment  and (b) the quinone fragment. 

 

The composition of the second substructure was also determined by analysis of COSY and 

HMBC data. The COSY NMR spectrum identified a spin-system starting from a pair of 

diastereotopic methylene protons at δH 3.10, 2.97 (H2-1'), to an olefinic proton resonance 

at δH 4.90 (H-2'), which terminated at a methyl group resonance at δH 1.36 (H3-10'). A 

second spin-system extended from a methylene resonance at δH 1.86 (H2-4'), through 

another methylene resonance at δH 1.95 (H2-5'), to an olefinic proton resonance at δH 5.00 

(H-6'), which correlated to two methyl groups (δH 1.64 (H3-9'), 1.55 (H3-8')). Observed 



Chapter 3: Aplidium scabellum 

 

 

84 

 

correlations from the methyl group at δH 1.36 (H3-10') to a methylene carbon resonance at 

δC 39.2 (C-4'), assigned to the methylene proton resonance at δH 1.86 (H2-4') established 

the connectivity and confirmed this fragment of the second substructure as a 1-substituted 

geranyl chain (Figure 3.7(b)). Observed correlations in the HMBC spectrum from both the 

aromatic proton resonance at δH 6.01 (H-2) and the diastereotopic protons at δH 3.10, 2.97 

(H2-1') to a carbon resonance at δC 181.5 (C-4) suggested the presence of a quinone ring 

and placed the geranyl chain fragment in the ortho postion on the ring, relative to the 

carbonyl resonance C-4. Since only the methoxyl group at δH 3.85 (3-OCH3) and the 

aromatic proton resonance at δH 6.01 (H-2) correlated to a carbon resonance at δC 158.3 

(C-3), the methoxyl group was placed at C-3. The NMR data observed for this 

substructure was in agreement with that of 3-substituted verapliquinone A (3.63). 

Between them, the two substructures accounted for all the atoms required by the molecular 

formula for scabellone A (Table 3.2). Although no HMBC correlations were observed to 

provide direct evidence for the connection of the two substructures, the only logical 

attachment point between the two substructures is at C-6 and C-7. Thus it was concluded 

that the structure of scabellone A (3.60) represents a dimer of 2-geranyl-6-methoxy-1,4-

benzoquinone with one quinonoid unit cyclised to form a chromenol. 

The configuration of olefinic bond Δ
2'
 was determined as E based on observed NOESY 

correlations (Figure 3.7(b)) between H2-1' (δH 3.10, 2.97) and H3-10' (δH 1.36), and the 

lack of correlation between H-2' (δH 4.90) and H3-10' (δH 1.36). Although scabellone A 

contains a stereogenic centre at C-12, no optical rotation was observed, which implied that 

it was isolated as a racemate. 
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Table 3.2 NMR assignments for scabellone A (3.60) in CDCl3. 

position δC
a
 δH

b
 (mult, J in Hz) HMBC

c
 

1 186.4 - - 

2 107.6 6.01 (s) 1, 3, 4, 6 

3 158.3 - - 

4 181.5 - - 

5 145.7 - - 

6 138.4 - - 

7 109.1 - - 

8 145.7 - - 

9 101.4 6.43 (s) 7, 8, 10, 10a 

10 149.4 - - 

10a 136.2 - - 

12 77.5 - - 

13 131.3 5.59 (d, 10.0) 12, 14a 

14 120.1 5.92 (d, 10.0) 7, 10a, 12 

14a 120.4 - - 

15 25.4 1.44 (s) 12, 13, 1'' 

1' 26.6 3.10 (m) 

2.97 (m) 

4, 5, 6 

2' 118.0 4.90 (t, 6.6) 4', 10' 

3' 138.1 - - 

4' 39.2 1.86 (m) 3', 5', 6', 10' 

5' 26.3 1.95 (m) 3', 4', 6', 7' 

6' 124.1 5.00 (t, 6.6) 8', 9' 

7' 131.2 - - 

8' 17.3 1.55 (s) 6', 7', 9' 

9' 25.4 1.64 (s) 6', 7', 8' 

10' 15.6 1.36 (s) 2', 3', 4' 

1'' 39.6 1.74 (m) 

1.65 (m) 

13, 2'' 

2'' 22.2 2.10 (m) 1'', 3'', 4'' 



Chapter 3: Aplidium scabellum 

 

 

86 

 

3'' 124.0 5.07 (t, 6.6) 5'', 6'' 

4'' 131.5 - - 

5'' 17.3 1.55 (s) 4'', 6'' 

6'' 25.4 1.64 (s) 4'', 5'' 

3-OCH3 56.2 3.85 (s) 3 

10-OCH3 56.2 3.85 (s) 8 

OH - 4.43 7, 8, 9 

a
 150 MHz, chemical shifts determined indirectly from 

1
H-

13
C HSQC and HMBC NMR data. 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 

 

3.3.5 Structure Elucidation of Scabellone B (3.59) 

 

 

 

 

 

 

A molecular formula of C34H42O6 was established for scabellone B (3.59) by (+)-HRESI 

mass spectrometry, derived from the observed pseudomolecular ion peak at m/z 547.3063. 

Resonances attributable to two aromatic (δH 6.40, 5.80), four olefinic (δH 5.28, 5.06, 5.01, 

4.93), one oxymethine (δH 6.00), five methylene (δH 3.57, 3.36, 1.98, 1.94, 1.87), two 

methoxyl (δH 3.89, 3.80) and six alkyl methyl signals (δH 1.93, 1.62, 1.59, 1.56, 1.50, 

1.49) were present in the 
1
H NMR spectrum (Figure 3.8).  

Analysis of 
1
H-

1
H COSY, HSQC and HMBC NMR data allowed the identification of 

three substructures of the molecule: a 1,1-disubstituted oxygeranyl chain, a regular 1-

substituted geranyl chain and a fused three ring system core of the molecule. Comparing 

the NMR data observed for 3.59 with those of 2-geranyl-6-methoxy-1,4-hydroquinone-4-

sulfate (3.57) and scabellone A (3.60) also supported the presence of these fragments.  
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Figure 3.8 
1
H and 

13
C NMR spectra in CDCl3 of scabellone B (3.59) (δH 0.90-6.70, 600 MHz, δC 10-190, 

150 MHz). 

 

The composition of the first substructure, an oxygeranyl chain, was established by 

interpretation of COSY and HMBC data. The COSY NMR spectrum of 3.59 identified 

correlations extending from an oxymethine proton at δH 6.00 (d, J = 9.4 Hz) to an olefinic 

proton at δH 5.28 (d, J = 9.4 Hz) to a methyl group at δH 1.93 (3H, s). A second spin-

system extended from a methylene at δH 1.94, to a second methylene group at δH 1.98, to 

an olefinic proton at δH 4.93, which in turn was correlated to two methyl groups (δH 1.59, 

1.50). HMBC correlations from the methyl group at δH 1.95 to a methylene carbon 

resonance δC 39.8, assigned to the methylene proton signal at δH 1.94 and from the 

methylene protons at δH 1.94 to a carbon resonance at δC 116.9, assigned to olefinic proton 

δH 5.28 joined these two fragments, and establishing the presence of a 1,1-disubstituted 

oxygeranyl chain fragment (Figure 3.9(a)). The presence of a second, regular 1-substituted 

geranyl chain was also identified by analysis of COSY and HMBC data. Starting from a 

pair of diastereotopic protons at δH 3.57, 3.36, COSY correlations extended to an olefinic 

proton at δH 5.06, and then to a methyl group at δH 1.56. A second-spin-system was 

identified extending from the methylene at δH 1.87 to another methylene at δH 1.98, 

through an olefinic proton at δH 5.01, which subsequently correlated to two terminal 

methyl groups (δH 1.62, 1.49). Correlations observed in the HMBC spectrum from the 

methyl group at δH 1.56 to a methylene carbon resonance at δC 39.8, assigned to the 

methylene proton signal at δH 1.87, and from the methylene proton at δH 1.87 to a carbon 

resonance at δC 124.2, assigned to olefinic proton δH 5.06, confirmed the linkage of the 
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two spin-systems and established connectivity through the 1-substituted geranyl chain 

(Figure 3.9(b)).  

       (a)                                                                    (b) 

 

 

 

Figure 3.9 Selected COSY and HMBC correlations for scabellone B (3.59): (a) 1,1-disubstituted oxygeranyl 

chain fragment, (b) 1-substituted geranyl chain fragment. 

 

The structure of the third and final fragment of the molecule, a tricyclic core, was 

established by interpretation of HMBC NMR data. The two aryl proton resonances at δH 

5.80 (s) and 6.40 (s) exhibited an extensive number of correlations in the HMBC NMR 

spectrum (Figure 3.10). It was observed from the HMBC NMR data that the aromatic 

proton δH 5.80 correlated to carbon resonances δC 182.6 (C-1) and 178.7 (C-4), which 

indicated that the proton was present on a ring in the quinonoid oxidation state. 

Correlations observed from both the aromatic proton at δH 5.80 and methoxyl singlet (δH 

3.80) to a carbon resonance δC 157.8 established that the methoxyl group was placed at C-

3 (δC 157.8). Correlations observed from the second aromatic proton δH 6.40 to carbon 

resonances at δC 151.4 (C-6a) and 139.2 (C-9) suggested the presence of a second, 

hydroquinone ring system. The second methoxyl group, δH 3.89, was placed in this ring 

system at C-8, which had a corresponding resonance of δC 150.0, because of observed 

correlations from both the aromatic proton at δH 6.40 and methoxyl group δH 3.89 to the 

carbon at δC 150.0 in the HMBC NMR spectrum. The only carbon resonance in common 

between the two ring systems, an aromatic quaternary carbon at δC 111.0 (C-10a) 

exhibiting HMBC correlations to both δH 5.80 and 6.40 protons, was considered to be an 

important junction between the two rings. 
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Figure 3.10 
1
H-

13
C HMBC correlations for quinone and hydroquinone ring system of scabellone B (3.59). 

Connection of the three substructural fragments, to complete the structural assignment of 

scabellone B, was made by interpretation of interfragment HMBC NMR correlations 

(Table 3.3). Correlations observed for the oxymethine resonance at δH 6.00 to carbon 

resonances at δC 178.7 (C-4), 151.4 (C-6a) and 137.6 (C-10b) established the connectivity 

between the 1,1-disubstituted oxygeranyl chain and the quinone-hydroquinone core 

(Figure 3.11). The second geranyl chain was placed at carbon resonance δC 126.8, 

assigned as C-10, as HMBC correlations from the diastereotopic methylene resonances δH 

3.57 and 3.36 of the chain (H2-1'') were observed to carbon resonances of the 

hydroquinone ring δC 139.2 (C-9), 126.8 (C-10) and 111.0 (C-10a). This completed the 

planar structure of scabellone B (3.59) as shown. 

 

 

 

 

 

 

Figure 3.11 
1
H-

13
C HMBC correlations for H-5 and H-1'' of scabellone B (3.59). 

Both olefinic bonds Δ
1'
 and Δ

2''
 were found to be in the E-configuration. NOESY NMR 

correlation observed between H-5 (δH 6.00) and H3-9' (δH 1.95), between H-1' (δH 5.28) 

and H2-3' (δH 1.94), and from H-2'' (δH 5.06) to H2-4'' (δH 1.87) supported the assigned 
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geometries. Scabellone B was not optically active and was therefore isolated as a racemic 

mixture. 

Scabellone B is structurally-related to the dioxothiazine-containing marine metabolites, 

thiaplidiaquinones A (3.37) and B (3.38), isolated from the Mediterranean ascidian 

Aplidium conicum,
121

 mentioned earlier in §3.1. Thiaplidiaquinones induce cell death by 

apoptosis. Biological data for scabellone B, which will be discussed in §3.9, showed no 

cytotoxicity, which indicates that the presence of the dioxothiazine ring influences the 

biological activity of the thiaplidiaquinones. It is highly probable that the biosynthesis of 

the thiaplidiaquinones is similar to that of scabellone B, assuming that the formation of the 

tricyclic ring system takes place before the attachment of hypotaurine. The biosynthesis of 

the scabellones will be discussed in § 3.8.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thiaplidiaquinone A 

(3.37) 

Thiaplidiaquinone B 

(3.38) 
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Table 3.3 NMR assignments for scabellone B (3.59) in CDCl3. 

position δC
a
  δH (mult, J in Hz)

b
 HMBC

c
 

1 182.6 - - 

2 107.3 5.80 (s) 1, 3, 4, 10a, 10b 

3 157.8 - - 

4 178.7 - - 

4a 130.8 - - 

5 67.6 6.00 (d, 9.4) 4, 4a, 6a, 10b, 1', 2' 

6a 151.4 - - 

7 98.4 6.40 (s) 6a, 8, 9, 10a 

8 150.0 - - 

9 139.2 - - 

10 126.8 - - 

10a 111.0 - - 

10b 137.6 - - 

1' 116.9 5.28 (d, 9.4) 3', 9' 

2' 144.3 - - 

3' 39.7 1.94 (m) 1', 4' 

4' 26.3 1.98 (m) 2', 3', 5', 6' 

5' 123.6 4.93 (t, 6.6) 7', 8' 

6' 131.7 - - 

7' 17.6 1.50 (s) 5', 6', 8' 

8' 25.6 1.59 (s) 5', 6', 7' 

9' 17.2 1.93 (s) 1', 2', 3' 

1'' 26.5 3.36 (dd, 9.1, 17.5) 

3.57 (m) 

9, 10, 10a, 2'', 3'' 

2'' 124.2 5.06 (m) 3'', 4'' 

3'' 137.1 - - 

4'' 39.8 1.87 (m) 3'', 6'' 

5'' 26.2 1.98 (m) 4'', 6'', 7'' 

6'' 123.8 5.01 (t, 6.6) 4'', 5'' 

7'' 131.6 - - 
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8'' 17.5 1.49 (s) 6'', 7'', 9'' 

9'' 25.5 1.62 (s) 6'', 7'', 8'' 

10'' 16.5 1.56 (s) 2'', 3'', 4'' 

3-OCH3 56.1 3.80 (s) 3 

8-OCH3 56.1 3.89 (s) 8 

OH - 5.48 (br s) 9, 10 

a
 150 MHz, deduced from 

1
H-

13
C HSQC and HMBC 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 

 

3.3.6 Structure Elucidation of Scabellone C (3.61) 

 

 

 

 

 

 

Scabellone C had a pseudomolecular ion peak at m/z 545.2889 in the (+)-HRESI mass 

spectrum from which a molecular formula of C34H40O6 was derived. Similarities in the 

NMR data between scabellone C (Figure 3.12) and scabellones A (3.60) and B (3.59) were 

evident, suggesting the new natural product was a structural analogue. Two aromatic (δH 

6.44, 5.89), five olefinic (δH 6.10, 5.58, 5.35, 5.15, 4.94), one oxymethine (δH 6.04), two 

methoxyl (δH 3.86, 3.84), five alkyl (δH 2.21, 2.11, 1.99, 1.94, 1.73) and six methyl 

resonances (δH 1.93, 1.68, 1.60, 1.59, 1.51, 1.49) were identified in the 
1
H NMR spectrum. 

Analysis of 
1
H-

1
H COSY, HSQC and HMBC NMR data allowed the identification of 

three substructures of the molecule: a 5-substituted chromenol, a 1,1-oxygeranyl chain and 

a tetracyclic ring system.  
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Figure 3.12 
1
H and 

13
C NMR spectra in CDCl3 of scabellone C (3.61) (δH 0.80-6.70, 600 MHz, δC 10-190, 

150 MHz). 

 

The first substructure, a 5-substituted chromenol, was established by analysis of a 

combination of 
1
H-

1
H COSY and HMBC NMR data. A spin-system extending from a pair 

of diastereotopic methylene resonances at δH 1.93, 1.73 (H2-1'') through another pair of 

diastereotopic methylene resonances at δH 2.21, 2.11 (H2-2''), to an olefinic proton 

resonance at δH 5.15 (H-3''), which subsequently correlated to two terminal methyl groups 

(δH 1.68 (H3-6''), 1.60 (H3-5'')), confirmed the presence of a prenyl fragment within the 

substructure. A pair of mutually-coupled olefinic proton resonances (δH 6.10, 5.58) was 

determined to be in the Z-configuration, due to the measured coupling constant being 9.9 

Hz. Observed correlations in the HMBC data from the pair of mutually-coupled olefinic 

proton resonances (δH 6.10, 5.58), a methyl group with a resonance at δH 1.49 (H3-13) and 

the diastereotopic proton resonances δH 1.93, 1.73 to a carbon resonance at δC 77.8 (C-10) 

was diagnostic for detecting the presence of a chromenol substructure. Correlations 

observed in the HMBC spectrum from the aromatic proton resonance at δH 6.44 (H-7) to 

carbon resonances at δC 153.0 (C-8), 151.6 (C-6a), 138.3 (C-8a) and 107.6 (C-12b) 

provided sufficient evidence to confirm the presence of the 5-substituted chromenol 

substructure (Figure 3.13(a)). 

The composition of the second 1,1-substituted oxygeranyl chain substructure was 

determined by interpretation of 
1
H-

1
H COSY and HMBC NMR data. In the COSY NMR 

spectrum, a spin-system was identified starting from the oxymethine resonance at δH 6.04 

(H-5) through an olefinic proton resonance at δH 5.36 (H-1') to a methyl group resonance 
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at δH 1.93 (H-2'). A second spin-system extended from a methylene proton resonance at δH 

1.94 (H2-3'), through another methylene proton resonance at δH 1.99 (H2-4'), to an olefinic 

resonance at δH 4.94 (H-5'), which in turn correlated to two terminal methyl groups (δH 

1.59 (H3-8'), 1.51(H3-7')). Observed correlations in the HMBC NMR spectrum from the 

methyl group resonance at δH 1.93 to a carbon resonance at δC 39.7 (C-3'), which was 

assigned to methylene proton resonance δH 1.94 established the connectivity and the 

presence of this 1,1-substituted oxygeranyl chain. 

The structure of the tetracyclic ring system was determined by analysis of HMBC NMR 

data. Observed correlations in the HMBC NMR spectrum from an aromatic proton 

resonance at δH 5.89 to carbon resonances at δC 185.4, 179.0, 158.3 and 133.9 confirmed 

the presence of a quinone ring moiety (Figure 3.13(b)). Correlations observed from both 

the aromatic proton resonance at δH 5.89 and the oxymethine resonance at δH 6.04 to 

carbon resonances at δC 179.0 (C-4) and 133.9 (C-12c) identified the connection between 

the quinone ring moiety and the 1,1-substituted oxygeranyl chain. Observation of 

correlations between both the aromatic proton resonance at δH 6.44 (H-7) and the 

oxymethine proton resonance at δH 6.04 (H-5) to a carbon resonance at δC 151.6 (C-6a) 

established the connectivity between the 1,1-substituted oxygeranyl chain and the 5-

substituted chromenol substructures (Table 3.4), and therefore, completed the structure of 

scabellone C (3.61) as shown. 
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          (a)                                                               (b) 

 

 

 

 

 

 

 

Figure 3.13 Selected 
1
H-

13
C HMBC NMR correlations of scabellone C (3.61): (a) 5-substituted chromenol 

substructure and (b) interfragment correlations. Note: configurations at C-5 and C-10 are arbitrarily 

depicted. 

 

Due to overlap of the resonances of H2-3' (δH 1.94) and H3-9' (δH 1.93), it was not possible 

to determine the configuration of the olefinic bond Δ
1'
. However, proton and carbon 

chemical shifts of surrounding atoms were comparable to those observed for the other 

natural products, therefore, an E-configuration was assigned to olefinic bond Δ
1'
. 

Although two stereogenic centres, C-5 and C-10, are present in scabellone C, no optical 

rotation was detected for the natural product, indicating isolation again, of the racemate. 
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Table 3.4 NMR assignments for scabellone C (3.61) in CDCl3. 

position δC
a
 δH (mult, J in Hz)

b
 HMBC

c
 

1 185.4 - - 

2 107.1 5.89 (s) 1, 3, 4, 12c 

3 158.3 - - 

4 179.0 - - 

4a 131.4 - - 

5 67.7 6.04 (d, 9.1) 4, 4a, 6a, 12c, 1', 2' 

6a 151.6 - - 

7 101.2 6.44 (s) 6a, 8, 8a, 12b 

8 153.0 - - 

8a 138.3 - - 

10 77.8 - - 

11 126.6 5.58 (d, 9.9) 10, 12a, 1'' 

12 123.8 6.10 (d, 9.9) 8a, 10, 12b 

12a 120.2 - - 

12b 107.6 - - 

12c 133.9 - - 

13 24.5 1.49 (s) 10, 1'' 

1' 117.0 5.35 (d, 9.1) 3', 9' 

2' 144.3 - - 

3' 39.7 1.94 (m) 4', 5' 

4' 26.2 1.99 (m) 3', 5', 6' 

5' 123.6 4.94 (t, 6.7) 7' 8' 

6' 131.7 - - 

7' 17.7 1.51 (s) 5', 6', 8' 

8' 25.6 1.59 (s) 5', 6', 7' 

9' 17.2 1.93 (s) 2', 3' 

1'' 41.1 1.73 (m) 

1.93 (m) 

10, 3'' 

2'' 23.2 2.11 (m) 

2.21 (m) 

3'', 4'' 
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3'' 124.2 5.15 (t, 6.7) 2'', 4'', 5'' 

4'' 131.7 - - 

5'' 17.7 1.60 (s) 4'', 6'' 

6'' 25.7 1.68 (s) 4'', 5'' 

3-OCH3 56.2 3.84 (s) 3 

8-OCH3 56.2 3.86 (s) 8 

a
 150 MHz. 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 

 

3.3.7 Structure Elucidation of Scabellone D (3.62) 

 

 

 

 

 

 

The molecular formula derived from (+)-HRESIMS for scabellone D (3.62) was 

C34H40O6, isobaric with scabellone C (3.61). Resonances attributable to two aromatic (δH 

6.43, 5.88), one oxymethine (δH 6.02), five olefinic (δH 6.07, 5.55, 5.33, 5.11, 4.93), two 

methoxyl (δH 3.85, 3.82), six alkyl (δH 2.20, 2.14, 1.99, 1.92, 1.88, 1.80) and six methyl 

groups (δH 1.92, 1.62, 1.58, 1.57, 1.53, 1.50) were identified by analysis of 
1
H NMR data 

(Figure 3.14). Analysis of 
1
H-

1
H COSY, HSQC and HMBC NMR data allowed 

identification of the same three substructures, a 5-substituted chromenol, a 1,1-oxygeranyl 

chain and a tetracyclic ring system, present in scabellone C. The small sample size of the 

natural product prevented acquisition of a 
13

C NMR spectrum with adequate signal to 

noise ratio. 
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Figure 3.14 
1
H NMR spectrum in CDCl3 of scabellone D (3.62) (δH 0.80-6.70, 600 MHz). 

Interfragment connections were determined by interpretation of HMBC data (Figure 3.15). 

Correlations observed from both the oxymethine δH 6.02 (H-5) and the aromatic proton 

resonance at δH 5.88 (H-2) to carbon resonances δC 178.7 (C-4) and 133.6 (C-12c), and 

from the former proton resonance and the aromatic proton resonance δH 6.43 to carbon 

resonance δC 151.3 were consistent with the presence of a tetracyclic system identical to 

the structure of scabellone C (3.61).  

As with scabellone C, overlap of resonances for H2-3' and H3-9' prevented direct 

determination of the geometry of the olefinic bond Δ
1'
 of 3.62 by analysis of NOESY 

NMR data. As chemical shifts of proton and carbons surrounding the olefinic bond were 

similar to those observed for scabellones A (3.60) and B (3.59), scabellone D was 

assigned an E-configuration for olefinic bond Δ
1'
. 

 

 

 

 

 

 

 

 

Figure 3.15 Selected 
1
H-

13
C HMBC NMR correlations of scabellone D (3.62). Note: Configurations at C-5 

and C-10 are arbitrarily depicted. 
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Comparison of NMR data observed for scabellones C (3.61) and D (3.62) revealed 

differences in chemical shifts were centred around the C-10 stereocentre on the 5-

substituted chromenol substructure. The diastereotopic proton resonances for H-1''a/b and 

H-2''b and the respective carbon resonances displayed the biggest differences in chemical 

shift. Thus the proton resonance for H-1''a was observed to be shifted downfield from δH 

1.73 for scabellone C to δH 1.80 for scabellone D, while proton resonance for H-1''b 

shifted upfield from δH 1.93 to δH 1.88. Proton resonance H-2''b shifted downfield from δH 

2.11 for scabellone C to δH 2.14 for scabellone D. The carbon resonances for C-1'' and C-

2'' shifted upfield from δC 41.1 (C-1'') and 23.2 (C-2'') for scabellone C to δC 38.5 (C-1'') 

and 22.4 (C-2''), respectively, for scabellone D (Table 3.5). These differences suggested 

that scabellone D is a diastereomer of scabellone C.  

No optical rotation was detected for scabellone D, even though two stereogenic centres, C-

5 and C-10, are present. This indicated that the isolated product is a racemic mixture. The 

relative stereochemistry of the two stereogenic centres could not be defined by analysis of 

NMR data, with the stereogenic centres being too remote from each other for 

determination of relative stereochemistry. The configuration shown for scabellones C and 

D are arbitrarily depicted, with C-5 defined as the S*-configuration for both compounds 

and C-10 defined as the S*-configuration for scabellone C and R*-configuration for 

scabellone D. 
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Table 3.5 NMR assignments for scabellone D (3.62) in CDCl3. 

position δC
a
 δH (mult, J in Hz)

b
 HMBC

c
 

1 184.9 - - 

2 107.2 5.88 (s) 1, 3, 12c 

3 158.0 - - 

4 178.7 - - 

4a 131.1 - - 

5 67.7 6.02 (d, 9.6) 4, 6a, 12c, 1', 2' 

6a 151.3 - - 

7 101.0 6.43 (s) 6a, 8, 8a, 12b 

8 152.5 - - 

8a 137.9 - - 

10 77.4 - - 

11 127.4 5.55 (d, 10) 10, 12a 

12 123.6 6.07 (d, 10) 8a, 10, 12a, 12b 

12a 120.5 - - 

12b 107.1 - - 

12c 133.6 - - 

13 25.9 1.53 (s) 10, 11, 1'' 

1' 117.0 5.33 (m) 3', 9' 

2' 144.0 - - 

3' 39.4 1.92 (m) 1', 2', 5', 9' 

4' 26.1 1.99 (m) 2', 3', 5', 6' 

5' 123.7 4.93 (t, 6.5) 7', 8' 

6' 131.5 - - 

7' 17.6 1.50 (s) 5', 6', 8' 

8' 25.8 1.58 (s) 5', 6', 7' 

9' 17.2 1.92 (s) 1', 2', 3' 

1'' 38.5 1.80 (m) 

1.88 (m) 

10, 11, 13, 2'', 3'' 

2'' 22.4 2.14 (m) 

2.20 (m) 

1'', 4'' 
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3'' 124.3 5.11 (t, 6.8) 2'', 5'', 6'' 

4'' 131.5 - - 

5'' 17.6 1.57 (s) 3'', 4'', 6'' 

6'' 25.8 1.62 (s) 3'', 4'', 5'' 

3-OCH3 56.5 3.82 (s) 3 

8-OCH3 56.5 3.85 (s) 8 

a
 150 MHz, chemical shift determined indirectly from 

1
H-

13
C HSQC and HMBC NMR data. 

b
 600 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 
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3.4 Biosynthesis 

The biosynthesis of 2-geranyl-1,4-hydroquinone is thought to proceed from the amino 

acid phenylalanine.
131

 Previous biosynthetic studies on shikonin (3.64), a naphthoquinone 

metabolite found in the plant Lithospermum erythrorhizon, have determined that 

phenylalanine is converted to p-hydroxybenzoic acid and that the geranyl side chain is 

installed by the enzyme p-hydroxybenzoate geranyltransferase.
132

 Subsequent oxidation to 

geranylhydroquinone and a number of other oxidative steps eventually led to formation of 

shikonin (Scheme 3.1). Geranylhydroquinone and m-geranyl-p-hydroxybenzoic acid have 

been extracted from cultured shikonin-producing cells,
131

 and feeding assays have 

confirmed that these two compounds are indeed biosynthetic intermediates of shikonin.
133

 

 

 

 

 

 

 

 

 

GT = p-hydroxybenzoate geranyltransferase 

Scheme 3.1 Biosynthetic route to shikonin (3.64). 

The biosynthetic route towards 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) in 

the ascidian could possibly follow a similar pathway (Scheme 3.2). Starting with p-

hydroxybenzoic acid, the geranyl side chain could be installed by a geranyltransferase and 

then aryl hydroxylation by a monooxygenase at the ortho-position. A Baeyer-Villiger type 

mechanism then takes place to afford 6-hydroxygeranylhydroquinone, which is then 

selectively methylated by a methyl transferase and then sulfated by a sulfotransferase. 

 

3.64 
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GT = geranyltransferase 

Scheme 3.2 Proposed biosynthesis of 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57). 
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3.5 Synthesis of 2-Geranyl-6-methoxy-1,4-hydroquinone 

As mentioned earlier in this chapter, the synthesis of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) was required in order to help to establish the position of the sulfate 

moiety on natural product 3.57. It was envisaged that geraniol could be coupled to 2,4-

dimethoxyphenol (3.66), which can be prepared from 2,4-dimethoxybenzaldehyde. 

Subsequent oxidation of this geranylated dimethoxyphenol will give the respective 

quinone, which can then be reduced to give the desired hydroquinone (Scheme 3.3). 

 

 

 

 

 

 

 

 

Scheme 3.3 Retrosynthesis of 2-geranyl-6-methoxy-1,4-hydroquinone (3.57). 

Commercially available 2,4-dimethoxybenzaldehyde was subjected to Baeyer-Villiger 

reaction (Scheme 3.4) to obtain the required 2,4-dimethoxyphenol (3.66). A solution of 

2,4-dimethoxybenzaldehyde in methanol was cooled to 0°C before hydrogen peroxide and 

sulfuric acid were added dropwise consecutively. The reaction was stirred overnight at 

room temperature then poured into ice-cold water carefully. The ice-cold solution was 

extracted with dichloromethane. Purification by silica gel column chromatography eluting 

with dichloromethane gave 2,4-dimethoxyphenol as a yellow oil in 65% yield.  

 

 

 

(3.65) 

(3.66) 
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Scheme 3.4 Synthesis of 2,4-dimethoxyphenol (3.66). 

Reagents and conditions: a) Hydrogen peroxide (2 eq.), sulfuric acid, methanol, 65%. 

 

The absence of an aldehyde proton resonance and a molecular formula of C8H11O3 for 

[M+H]
+
 as detected by (+)-HRESI mass spectrometry confirmed that the reaction was 

successful. Comparison of 
1
H NMR data with previously published literature confirmed 

the structure of 2,4-dimethoxyphenol (3.66).
134

  

There are several coupling methods available for installation of a geranyl side chain at the 

6-position of activated phenols such as 2,4-dimethoxyphenol (3.66). These methods 

include coupling 3.66 with geraniol in the presence of boron trifluoride diethyl etherate,
135

 

or reacting 3.66 with geranyl bromide in the presence of a base, such as potassium 

carbonate
136

 or sodium hydride.
137

 

Attempts to couple the geranyl side chain to 2,4-dimethoxyphenol using geraniol with 

boron trifluoride diethyl etherate, or by reaction of the phenol with geranyl bromide and 

potassium carbonate failed to yield the desired product. In the case of the latter reaction, 

initial attempts to replace potassium carbonate with sodium hydride only gave very little 

product with recovery of starting material. However, when the length of time the reaction 

mixture of sodium hydride and starting material was allowed to stir, both before and after 

the addition of geranyl bromide was increased, the reaction proceeded to alkylate mostly 

on C-6 of 2,4-dimethoxyphenol. Minor amounts of the O-alkylated product was also 

detected. 

Sodium hydride was added slowly to a solution of 2,4-dimethoxyphenol (3.66) in dry 

toluene. The reaction mixture was stirred for one hour at room temperature under nitrogen 

before geranyl bromide was added dropwise at 0°C and stirred for an additional three 

hours. This reaction mixture was poured into ice water and acidified with 2M acetic acid. 

The acidic solution was then extracted with diethyl ether and washed with saturated 

aqueous sodium bicarbonate, followed by aqueous sodium chloride. Purification by silica 

gel column chromatography first eluting with 20% ethyl acteate in hexane and then a 

3.66 
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subsequent column eluting with dichloromethane gave the desired 2-geranyl-4,6-

dimethoxyphenol (3.67) as a yellow oil in 48% yield (Scheme 3.5).  

 

 

 

 

Scheme 3.5 Synthesis of 2-geranyl-4,6-dimethoxyphenol (3.67). 

Reagents and conditions: a) Sodium hydride (1.1 eq.), geranyl bromide (1 eq), toluene, 48%. 

 

Indication of successful alkylation was obtained through (+)-ESI mass spectrometry, 

where a molecular peak at m/z 291 for the [M+H]
+
 ion was detected. Analysis of 

1
H NMR 

data revealed only two aromatic proton signals (δH 6.35, 6.30) with a coupling constant of 

2.6 Hz were present. In addition, observed correlations in the 
1
H-

13
C HMBC NMR data 

from proton resonance at δH 3.35 (H2-1') to carbon resonances at δC 137.4 (C-1) and 105.4 

(C-3) further supported the geranyl chain being positioned at C-2. 

Confirmation of Δ
2'
 configuration and assignment of 

1
H and 

13
C data for the terminal gem-

dimethyl group were obtained from the interpretation of 
1
H-

1
H NOESY and HSQC NMR 

data. Correlation observed in the 
1
H-

1
H NOESY NMR spectrum between H2-1' (δH 3.35) 

and H3-10' (δH 1.72) indicated that this double bond was in the E-configuration. The 

presence of the correlation of H-6' (δH 5.10) with one of the terminal methyl groups, H3-9' 

(δH 1.67), allowed definitive assignment of H3-8' and H3-9'. Spectroscopic data for 2-

geranyl-4,6-dimethoxyphenol (3.67) were in agreement with literature.
135

  

The next step was to oxidize 3.67 to the corresponding quinone. Cerium ammonium 

nitrate was dissolved in a 1:2 mixture of acetonitrile/water and added dropwise at 0°C to a 

solution of 2-geranyl-4,6-dimethoxyphenol (3.67) in acetonitrile with rapid stirring. The 

orange mixture was stirred overnight at 0°C, poured into a 10% solution of sodium 

chloride and extracted with diethyl ether. Purification by silica gel column 

chromatography eluting with 10% ethyl acetate in hexane afforded the desired 2-geranyl-

6-methoxy-1,4-benzoquinone (3.63) as a bright yellow oil in 66% yield (Scheme 3.6). 

3.67 3.66 
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The most notable change in the 
1
H NMR data of quinone 3.63, compared to the starting 

material, were the resonances of the aromatic protons. Proton H-3 shifted downfield from 

δH 6.30 (doublet) to δH 6.46 (multiplet), while doublet H-5 shifted from δH 6.35 upfield to 

δH 5.88. The spectroscopic data observed for 2-geranyl-6-methoxy-1,4-benzoquinone 

(3.63) were in agreement with those reported in the literature.
135

  

 

 

 

Scheme 3.6 Synthesis of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63). 

Reagents and conditions: a) Cerium ammonium nitrate (2 eq.), acetonitrile/water, 66%. 

 

Finally, the quinone was reduced to the hydroquinone. A solution of sodium dithionite in 

water was added to a rapidly stirring solution of 2-geranyl-6-methoxy-1,4-benzoquinone 

(3.63) in diethyl ether and was stirred for thirty minutes. The desired 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) was obtained as an off-white gum in 81% yield 

(Scheme 3.7). 

 

 

 

Scheme 3.7 Synthesis of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65). 

Reagents and conditions: a) Sodium dithionite (30 eq.), water, diethyl ether, 81%. 

 

An increase of mass equivalent to two hydrogen atoms compared to the quinone starting 

material 3.63, detected by (+)-ESI mass spectrometry, indicated that the reduction was 

successful. Differences in 
1
H NMR chemical shifts were also observed, compared with 

starting material, for aromatic resonances H-3 (ΔδH +0.24) and H-5 (ΔδH -0.43). 

 

 

 

3.63 

3.65 

3.67 
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3.6 Comparison of NMR chemical shifts of 3.57 and analogues 

As mentioned earlier in the chapter, the molecular formula deduced from mass 

spectrometric data suggested that natural product 3.57 was sulfated. As literature NMR 

chemical shifts for synthetic 2-geranyl-6-methoxy-1,4-hydroquinone were recorded in d6-

benzene,
106

 this compound was synthesised and NMR data acquired in d4-methanol to 

allow direct comparison with the data obtained for the natural product. 

 

 

 

                                           3.57                                                             3.65 

The differences of both proton and carbon NMR chemical shifts observed for the synthetic 

2-geranyl-6-methoxy-1,4-hydroquinone (3.65) and 2-geranyl-6-methoxy-1,4-hydro-

quinone-4-sulfate (3.57) were centred predominantly on the aromatic ring (Figure 3.16). 

Protons H-3 (δH 6.54) and H-5 (δH 6.75) and carbons C-1 (δC 141.2), C-3 (δC 114.1) and 

C-5 (δC 103.6) of the natural product shifted downfield compared to the synthetic 

hydroquinone, while carbon resonances C-2 (δC 129.2) and C-4 (δC 146.4) both shifted 

upfield. The magnitude of the differences, especially for C-1, C-4, H-3 and H-5, all 

pointed to the natural product 3.57 being the 4-sulfate analogue of 2-geranyl-6-methoxy-

1,4-hydroquinone.
138
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Figure 3.16 
1
H and 

13
C NMR chemical shift differences between synthetic 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) and natural product 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) in CD3OD. 

 

3.7 Sulfation 

NMR data strongly suggested that the sulfate was positioned on C-4 of the natural product 

2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57). Further confirmation of this 

hypothesis could be obtained in one of the following two approaches: hydrolysis
138

 or 

synthesis. If hydrolysis was successful, the NMR data of the product should agree with 

those observed for 2-geranyl-6-methoxy-1,4-hydroquinone (3.65). However, an attempt to 

hydrolyse the sulfate group present on the natural product 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57) with p-toluenesulfonic acid to yield 2-geranyl-6-methoxy-

1,4-hydroquinone (3.65) was not successful. Neither the starting material nor product were 

detected by NMR or mass spectrometry. 

As hydrolysis was not successful, the focus turned to synthesis of the natural product. The 

sulfate moiety can be installed in various ways including using SO3/pyridine complex
139

 

and chlorosulfonic acid.
140

 The SO3/pyridine complex method failed to give any sulfated 

products, but installation of the sulfate moiety on 2-geranyl-6-methoxy-1,4-hydroquinone 

proceeded using chlorosulfonic acid. However, the installation was not selective for C-4. 
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Efforts to separate the products by reversed-phase column chromatography yielded only 

starting material. 

Chlorosulfonic acid was diluted ten fold with dichloromethane and added dropwise to a 

solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) in pyridine under nitrogen at 

0°C. The reaction mixture was stirred for three and a half hours before a 2:1 water and 

methanol mixture was added to quench the reaction (Scheme 3.8). A mixture of three 

compounds and starting material were identified by analysis of spectroscopic data. 

 

 

                                                                                                                                 3.68 

 

 

                                3.65                                                                                          3.57 

 

 

 

 

                                                                                                                                 3.69 

 

Scheme 3.8 Sulfation reaction of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) 

Reactants and conditions: a) Chlorosulfonic acid (10 eq.), pyridine (20 eq.), dichloromethane. 

 

From (+)-ESIMS, the molecular ion peak of the starting material was clearly present. The 

molecular peaks for the monosulfated and the disulfated products, compatible with 

molecular formulae C17H24O6S and C17H24O9S2, were present in the (-)-HRESI mass 

spectrum.  
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Inspection of the 
1
H NMR spectrum in CD3OD of the reaction mixture indicated the 

presence of starting material (δH 6.27 and 6.14) and three other components in a ratio of 

1:4:2:2 (Figure 3.17).  

 

Figure 3.17 
1
H NMR spectrum in CD3OD of sulfate reaction mixture (δH 6.10-6.85). 

Analysis of literature data reported for structurally related quinol sulfates centred on data 

reported by West and Faulkner for adociaquinol (3.70), and adociasulfate 11 (3.71) and 12 

(3.72).
138

 It was found that presence of a sulfate as in 3.71 induces upfield shifts of the 

ortho-protons, while disulfation causes even more pronounced shifts of up to ΔδH +0.8 for 

ortho-protons (Figure 3.18). 
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Figure 3.18 Selected data highlighting differences (Δ) in 
1
H chemical shifts observed for adociasulfate 11 

(3.71) and 12 (3.72) compared with non-sulfated adociaquinol (3.70). 

(Δ = δH sulfated molecule-δH adociaquinol.) 

 

Thus, the 
1
H NMR spectrum of the reaction mixture (Figure 3.17) can be interpreted as 

containing disulfated 3.72 (δH 6.82 and 6.65), mono-4-sulfate (δH 6.74 and 6.61), mono-1-

sulfate (δH 6.26 and 6.13) and unreacted starting material (Table 3.6). 

All attempts to separate these compounds by flash column chromatography and HPLC 

were unsuccessful. 

 

 

 

 

 

 

Adociaquinol (3.70), R = H 

Adociasulfate 11 (3.71), R = SO3H 

Adociasulfate 12 (3.72) 
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Table 3.6 Comparison of chemical shifts of compounds in sulfation reaction mixture. 

 

 

 

 

 

 Starting material 

3.65 

(R1=R2=H) 

Sulfate on C-4 

3.57 

(R1=H, R2=SO3H) 

Disulfate 

3.69 

(R1=R2=SO3H) 

Sulfate on C-1 

3.68 

(R1=SO3H, R2=H) 

C1 137.9 142.4 137.9 133.8 

C2 128.8 128.8 Not observed 137.2 

C3 108.4 115.6 115.0 108.4 

C4 150.9 146.0 151.3 156.2 

C5 98.6 104.8 105.6 99.5 

C6 149.4 148.2 154.9 154.8 

C1' 28.9 28.9 29.4 29.4 

OCH3 56.5 56.6 55.2 56.5 

     

H3 6.14 6.61 6.65 6.13 

H5 6.27 6.74 6.82 6.26 

OCH3 3.79 3.78 3.68 3.70 

a
 100 MHz, chemical shifts determined from 

1
H-

13
C HSQC and HMBC NMR data. 

b
 400 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 
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3.8 Biomimetic Coupling Reactions 

Close inspection of the structures of scabellones A, B, C and D (3.59-3.62) clearly 

indicate that these compounds were the result of oxidative coupling reactions with 2-

geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) as the building block. Fragments 

related to sulfate 3.57 can be identified within each of the structures. For example, the 

structure of scabellone A (3.60) clearly suggests the metabolite originated from a quinone 

and a chromenol, while the structure of scabellone B (3.59) suggested two quinone 

fragments as biosynthetic precursors. A range of oxidative coupling reactions were 

conducted to test the validity of this theory, using the related 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) and/or 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) as starting 

materials. Of the many available oxidative coupling reagents, PIFA, CAN and Copper (I) 

chloride were chosen for the following synthetic studies. Although details of the reactions 

undertaken with each of these oxidants will be discussed in the following sections, a short 

overall summary of the results will now be provided. 

Hypervalent iodine (III) reagent, phenyliodine (III) bis(trifluoroacetate), or otherwise 

known as PIFA, was used because it is accessible, easy to handle and had been used as an 

oxidative coupling reagent in previous literature.
141

 Examples in the literature required the 

activation of PIFA with boron trifluoride diethyl etherate in order for oxidative coupling 

reactions to proceed.
142

 However, the oxidative coupling reaction with trifluoride diethyl 

etherate was not successful. In the two PIFA reactions attempted, the starting material 3.65 

was converted exclusively to the corresponding quinone, 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63). 

The second reagent used was cerium (IV) ammonium nitrate (CAN). This is also a reagent 

which is easy to handle and accessible. Usually a solution of CAN is added to a solution 

of the starting material, but that is not the case in oxidative coupling. The method of 

‘reverse CAN’, involves adding a solution of the starting material 2-geranyl-6-methoxy-

1,4-hydroquinone (3.65) to a solution of CAN. This order of addition had been previously 

employed to prepare diquinones successfully.
143

 Unfortunately, ‘reverse CAN’ reactions 

attempted on 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) did not yield any coupling 

products, instead affording verapliquinone C (3.73), (E)-2-(6-hydroxy-3,7-dimethylocta-
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2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74), as well as 2-geranyl-6-

methoxy-1,4-benzoquinone (3.63), depending on the ratio of the solvent mixture. 

As both PIFA and CAN reactions failed to yield the oxidative coupling products, the 

possibility of enzyme involvement during the oxidative coupling process was considered. 

Copper (I) chloride, pyridine and oxygen has been reported in the literature to mimic 

copper-centred oxidase enzymes as catalysts for the oxidation and coupling of phenolic 

compounds.
144

 Therefore, using 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) as starting 

material, oxidative coupling with copper (I) chloride, pyridine and oxygen was 

investigated. Different coupling products were isolated from these reactions, depending on 

the reaction temperature at the time of oxidant addition. Addition at room temperature 

gave no coupling products, yielding only quinone 3.63 and the unexpected product 3-

methoxy-7-prenyl-1,4-naphthoquinone (3.75). When the reaction temperature was cooled 

below room temperature, scabellone A (3.60), B (3.59), C (3.61), as well as 8-methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58), 3-methoxy-7-prenyl-1,4-

naphthoquinone (3.75) and 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) were isolated 

from the product mixture.  

In subsequent iterative reactions, it was later found that the presence of copper (I) chloride 

was not necessary for the coupling reaction to occur. As a control experiment to confirm 

whether the formation of the dimeric compounds was due to copper-centred oxidase 

activity, as the copper (I) chloride, pyridine and oxygen reaction results suggested, one of 

the reactions was repeated without the addition of copper (I) chloride. Dimeric products 

were isolated from this reaction and this result suggested that the reaction mechanism was 

initiated by a proton abstraction of the starting material by the base present. Subsequent 

modified reactions were carried out and the combined results were used to propose a 

reaction mechanism. 

All of the reactions undertaken in this section of the thesis are summarized in Table 3.7. 

The following subsections discuss the reactions and products for the different oxidants. 
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Table 3.7 Summary of reaction conditions of attempted biomimetic reactions. 

Entry Conditions Coupling 

1 Hydroquinone, PIFA, BF3 etherate, N2 No 

2 Hydroquinone, PIFA, MeCN No 

3 Hydroquinone, CAN, MeCN:H2O (1:1) No 

4 Hydroquinone, CAN, MeCN:H2O (1:2) No 

5 Hydroquinone, CuCl, Pyridine, O2, ice bath, NH4Cl workup Yes 

6 Hydroquinone, CuCl, Pyridine, O2, r. t., CuSO4 workup No 

7 Hydroquinone, CuCl, Pyridine, O2, ice bath, CuSO4 workup Yes 

8 Hydroquinone, CuCl, Pyridine, O2, ice/salt bath, CuSO4 workup Yes 

9 Hydroquinone, Pyridine, O2, ice bath, CuSO4 workup Yes 

10 Quinone, Pyridine No 

11 Quinone, Pyridine, N2 Yes 

12 Hydroquinone, Et3N, N2 Yes 

13 Hydroquinone, Et3N  No 

14 Quinone, Et3N Yes 

15 Hydroquinone, Quinone, Et3N Yes 

 

3.8.1 PIFA 

As previously noted, adding the Lewis acid boron trifluoride diethyl etherate to PIFA has 

been reported to yield oxidative carbon-carbon bond formation.
142a

 Boron trifluoride 

diethyl etherate was added to a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) 

and PIFA in dry acetonitrile under a nitrogen atmosphere at 0°C. After ten minutes, the 

reaction mixture was diluted with water and extracted with dichloromethane to give 2-

geranyl-6-methoxy-1,4-benzoquinone (3.63) as a bright yellow oil in 16% yield as the 

only identifiable product (Entry 1, Table 3.7). It appeared that PIFA was only oxidizing 

the starting material in the reaction.  

A subsequent oxidation reaction on the starting material was conducted in air and without 

the presence of boron trifluoride diethyl etherate. A solution of PIFA in acetonitrile was 

added to a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) also in acetonitrile at 

0°C and stirred for ten minutes at room temperature. The solution was then loaded 

immediately onto a C18 reversed-phase column and eluted with methanol. The only 
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product obtained from this reaction was 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) as 

a bright yellow oil in 67% yield (Entry 2, Table 3.7). This slight modification of leaving 

out boron trifluoride diethyl etherate from the reaction mixture gave a higher yield of the 

corresponding quinone. Although the PIFA reactions did not proceed as an oxidative 

coupling reaction to give any dimeric products, it was found to be a good oxidant to 

convert the hydroquinone to the quinone in good yields (Scheme 3.9). 

 

 

 

Scheme 3.9 Reaction of PIFA and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 1 & 2, Table 3.7).  

Reactants and conditions: Entry 1 – PIFA (1 eq.), BF3 etherate, N2, acetonitrile. Entry 2 – PIFA (1 eq.), 

acetonitrile. 

 

3.8.2 CAN 

Since the PIFA reactions did not yield any dimeric products, oxidative coupling reactions 

using the reagent CAN were attempted. A solution of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) in acetonitrile was added dropwise at room temperature to a solution 

of cerium (IV) ammonium nitrate in water over thirty minutes. The volume of acetonitile 

and water used in the reaction were the same. The solution was stirred overnight and then 

extracted with diethyl ether (Scheme 3.10). Purification by silica gel column 

chromatography eluting with methanol in dichloromethane afforded two fractions. The 

dichloromethane fraction gave 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) in 20% 

yield, while the 1% methanol in dichloromethane fraction was subjected to further 

purification by silica gel column chromatography eluting with ethyl acetate in hexane. The 

20% ethyl acetate in hexane fraction was subjected to cyanopropyl reversed-phase column 

chromatography to give verapliquinone C (3.73) in 4% yield (Entry 3, Table 3.7). 

 

 

 

3.65 3.63 
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Scheme 3.10 Reaction of CAN and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 3, Table 3.7).  

Reactants and conditions: CAN (3 eq.), water, acetonitrile. 

 

A molecular formula of C17H24O4 for 3.73 was established by (+)-HRESIMS which, when 

compared to that for 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), represented an 

increase of 18 mass units, which suggested the addition of water. The disappearance of an 

olefinic proton resonance associated with Δ
6'
 in the 

1
H NMR spectrum of 3.73 and the 

appearance of an extra methylene signal (δH 1.46) when compared to that for 2-geranyl-6-

methoxy-1,4-benzoquinone (3.63) suggested that an electrophilic addition had occurred at 

Δ
6'
. HSQC NMR data determined that the new methylene resonance at δH 1.46 (H2-6') was 

bonded to a carbon resonating at δC 43.7. From analysis of 
1
H-

13
C HMBC NMR data, 

correlations between the terminal gem-dimethyl groups to each other indicated symmetry 

at the quaternary oxyalkyl carbon C-7' (δC 71.0). Comparison of NMR chemical shifts to 

those reported in the literature confirmed the structure of this compound as natural product 

verapliquinone C (3.73).
106

 

It was originally envisaged that if the amount of water in the reaction was increased, the 

yield for verapliquinone C could increase. However, when the ratio of acetonitrile:water 

was changed to 1:2, a different combination of products was isolated. A solution of 2-

geranyl-6-methoxy-1,4-hydroquinone (3.65) in acetonitrile was added dropwise at room 

temperature to a solution of cerium (IV) ammonium nitrate in water over ninety minutes. 

The solution was then stirred for thirty minutes and extracted with diethyl ether (Scheme 

3.11). Purification by silica gel column chromatography eluting with 10% ethyl acetate in 

hexane gave 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) in 45% yield and (E)-2-(6-

hydroxy-3,7-dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74) in 

4% yield. 

If the reaction was left to stir overnight the yield for 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) dropped to 15% but the yield for (E)-2-(6-hydroxy-3,7-dimethylocta-

2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74) remained low at 5%. 

3.65 3.73 
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Scheme 3.11 Reaction of CAN and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 4, Table 3.7).  

Reactants and conditions: CAN (3 eq.), water, acetonitrile. 

 

A comparison of 
1
H and 

13
C NMR chemical shifts revealed no noticeable difference on the 

aromatic ring or the first prenyl unit of the geranyl chain between 3.74 and 2-geranyl-6-

methoxy-1,4-benzoquinone (3.63). Discrepancy was found in the second prenyl group of 

the geranyl chain. The 
13

C resonance associated with C-6' shifted upfield from δC 123.9 to 

δC 86.2, suggestive of an allylic alcohol functional group. The combined absence of one of 

the terminal gem-dimethyl singlet resonances (δH 1.70) of 3.63 with the presence in 3.74 

of a pair of diastereotopic olefinic proton resonances at δH 5.07 and 5.03, associated with a 

carbon resonance at δC 115.1, were indicative of a terminal double bond. 

 

3.8.3 Copper oxidase enzyme mimics 

With PIFA and CAN both failing to give dimeric products, reactions involving copper (I) 

chloride, pyridine and oxygen, which mimics the actions of copper-centred enzymes, were 

carried out.  

A suspension of copper (I) chloride in pyridine was stirred under nitrogen at room 

temperature before the atmosphere was replaced with oxygen. After stirring for ten 

minutes under oxygen, the vessel was placed on ice and a solution of 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) dissolved in pyridine was added dropwise to the dark 

green suspension. The reaction mixture was stirred for thirty minutes at room temperature 

and then excess crystalline ammonium chloride crystals were added to the mixture 

(Scheme 3.12). The crude product was then immediately loaded onto a C18 reversed-phase 

chromatography column, washed with water and then eluted with methanol. Purification 

of the methanol eluted material by silica gel column chromatography eluting with 

increasing amounts of methanol in dichloromethane yielded two fractions.  

3.65 3.74 
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The dichloromethane eluent fraction was subjected to purification by a combination of C2 

reversed-phase, diol and Sephadex LH20 column chromatography to give 8-methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) in 4% yield and scabellone 

B (3.59) in 3% yield. 

The 1% methanol in dichloromethane fraction was subjected to purification by silica gel 

column chromatography eluting with 30% ethyl acetate in hexane and subsequent 

Sephadex LH20 eluting with methanol to give scabellone A (3.60) in 7% yield. 

The spectroscopic data of 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-

benzopyran-6-ol (3.58), scabellone A (3.60) and scabellone B (3.59) matched those of the 

natural products. 

 
Scheme 3.12 Reaction of CuCl and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 5, Table 3.7).  

Reactants and conditions: CuCl (1 eq.), O2, pyridine. 

 

With the positive result obtained from this first copper (I) chloride, pyridine and oxygen 

reaction, the reaction was repeated at a range of different temperatures with a desire to 

increase the yield of the dimeric products. As pyridine was found to interfere with 

purification of the products, the method of workup, before the crude material underwent 

purification by silica gel column chromatography, was changed from adding crystalline 

NH4Cl and then subjecting to C18 column chromatography, to washing with 5% CuSO4 
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solution. This latter protocol was an effort to remove the majority of pyridine present in 

the reaction before purification.  

The first modified reaction was conducted at room temperature and gave no dimeric 

products. A suspension of cupric chloride in pyridine was stirred under nitrogen at room 

temperature before the atmosphere was replaced with oxygen. After stirring for ten 

minutes under oxygen, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) 

dissolved in pyridine was added dropwise to the dark green suspension at room 

temperature. The reaction mixture was stirred for thirty minutes, washed with 5% copper 

sulfate solution and extracted with dichloromethane (Scheme 3.13). Purification by silica 

gel and Sephadex LH20 column chromatography gave 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) in 26% yield and 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75)  in 

1% yield (Entry 6, Table 3.7).  

 

 

 

 

 

Scheme 3.13 Reaction of CuCl and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 6, Table 3.7).  

Reactants and conditions: CuCl (1 eq.), O2, pyridine, r.t. 

 

The second compound isolated from the reaction mixture was established to be 3-

methoxy-7-prenyl-1,4-naphthoquinone (3.75), by interpretation of mass spectrometric and 

NMR data. The small sample size of the naphthoquinone prevented acquisition of a 
13

C 

NMR spectrum with adequate signal to noise ratio. A molecular formula of C17H18O3 was 

established for 3.75 by (+)-HRESI mass spectrometry. The 
1
H NMR spectrum showed the 

presence of four aromatic (δH 8.04, 7.90, 7.51, 6.14), one olefinic (δH 5.12), one methoxyl 

(δH 3.90) and four alkyl resonances (δH 2.77, 2.35, 1.67, 1.53). Inspection of the 
1
H-

1
H 

COSY NMR spectrum identified two spin-systems, one aromatic and one alkyl. The 

aromatic spin-system (δH 8.04 (d, J = 8.0 Hz), 7.90 (d, J = 1.6 Hz), 7.51 (dd, J = 8.0, 1.6 

Hz)) was consistent with the presence of a 1,2,4-trisubstituted benzene ring. The alkyl 
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spin-system (δH 2.77, 2.35, 1.67, 1.53) was comprised of an alkyl chain starting with a 

methylene group (δH 2.77) adjacent to a second methylene group (δH 2.35), which was in 

turn adjacent to an olefinic proton observed at δH 5.12. Analysis of HMBC NMR data 

(Figure 3.19) identified two methyl proton resonances (δH 1.67, 1.53) with correlations to 

carbon resonances at δC 132.7 and 122.5, the latter of which was connected to olefinic 

proton at δH 5.12. These connections established that the alkyl chain was part of a prenyl 

group. Correlations from an aromatic resonance at δH 6.14 to carbon resonances δC 185.3 

and 180.0 suggested the presence of a quinone moiety. Aromatic proton resonances δH 

6.14, on the quinone ring, and δH 8.04, from the trisubstituted benzene ring, both formed 

cross-peaks with the carbon resonance δC 131.8 (C-8a), which required fusion of the 

quinone and benzene rings as a naphthoquinone. The prenyl chain was placed at C-7 (δC 

150.5), as both aromatic proton δH 8.04 (H-5) and alkyl proton δH 2.35 (H2-2') showed 

correlations to C-7. Correlations from δH 6.14 (H-2) and 3.90 (OCH3) to carbon resonance 

δC 160.6 (C-3) resulted in the placement of the methoxyl group at C-3. The structure of 3-

methoxy-7-prenyl-1,4-naphthoquinone (3.75) was consistent with the data. On closer 

inspection of crude fractions of Aplidium scabellum, the presence of trace amounts of 3.75 

was identified in the 
1
H NMR spectrum. 

 

 

 

 

Figure 3.19 
1
H-

13
C HMBC correlations of 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75). 

Natural products containing a prenylated naphthoquinone moiety, chabrolo-

naphthoquinone A-C (3.76-3.78), have been previously isolated from the soft coral 

Nephthea chabrolii collected in Taiwan.
145

 Chabrolonaphthoquinone B (3.77) was shown 

to exhibit cytotoxicity towards cancer cell lines MDA-MB-231 (IC50 4.7 μM), Hep G2 

(IC50 12.4 μM) and A549 (IC50 33.9 μM).  

 

 

Chabrolonaphthoquinone A 

(3.76), R = H 

Chabrolonaphthoquinone C 

(3.78), R = CH3 
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Conicaquinones A and B (3.32-3.33), previously mentioned in § 3.1, also bears the same 

prenylated naphthoquinone moiety. These cytotoxic dioxothiazine-containing 

naphthoquinones were isolated from the Mediterranean ascidian Aplidium conicum.
118

  

 

 

 

Synthesis of this class of naphthoquinone compound usually requires a number of steps 

including a Diels-Alder cycloaddition and a subsequent oxidation.
146

 Despite this copper 

(I) chloride, pyridine and oxygen reaction at room temperature not yielding the target 

dimeric compounds, the reaction was repeated, this time with the temperature lowered to 

0°C. 

 
Scheme 3.14 Reaction of CuCl and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 7, Table 3.7).  

Reactants and conditions: CuCl (1 eq.), O2, pyridine, 0°C. 

Chabrolonaphthoquinone B 

(3.77) 

Conicaquinone A (3.32), X=SO2, Y=NH 

Conicaquinone B (3.33), X=NH, Y=SO2 
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A suspension of copper (I) chloride in pyridine was stirred under nitrogen atmosphere at 

room temperature before the atmosphere was replaced with oxygen. The suspension was 

stirred for ten minutes before the temperature was cooled to 0°C and a solution of 2-

geranyl-6-methoxy-1,4-hydroquinone (3.65) in pyridine was added dropwise to the 

suspension. The reaction mixture was stirred for thirty minutes at room temperature, then 

washed with 5% copper sulfate solution and extracted with dichloromethane (Scheme 

3.14). Purification by a combination of silica gel and Sephadex LH20 column 

chromatography gave 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), 3-methoxy-7-

prenyl-1,4-naphthoquinone (3.75), scabellone B (3.59) and scabellone C (3.61) in 24%, 

1%, 3% and 1% yield respectively (Entry 7, Table 3.7). Spectroscopic data for scabellone 

B (3.59) and C (3.61) matched those observed for the natural products. 

 

Scheme 3.15 Reaction of CuCl and 2-geranyl-6-methoxy-1,4-hydroquinone (Entry 8, Table 3.7).  

Reactants and conditions: CuCl (1 eq.), O2, pyridine, <0°C. 

 

The isolation of dimeric products scabellones B and C indicated that the reaction 

temperature at the time of addition was an important factor for the oxidative coupling 

reaction to proceed. Encouraged by this result, the reaction was repeated at sub-zero 

temperature. A suspension of cupric chloride in pyridine was stirred under nitrogen at 
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room temperature before the atmosphere was replaced with oxygen. After stirring for ten 

minutes under oxygen, the suspension was cooled in an ice/salt bath before a solution of 

2-geranyl-6-methoxy-1,4-hydroquinone (3.65) dissolved in pyridine was added dropwise 

to the dark green suspension. The reaction mixture was stirred for thirty minutes at room 

temperature, washed with 5% copper sulfate solution and extracted with dichloromethane 

(Scheme 3.15). Purification by multiple silica gel column chromatography steps gave 2-

geranyl-6-methoxy-1,4-benzoquinone (3.63) in 47% yield, 3-methoxy-7-prenyl-1,4-

naphthoquinone (3.75) in 1% yield, scabellone B (3.59) in 1% yield and scabellone C 

(3.61) in 1% yield (Entry 8, Table 3.7). 

Unfortunately, the yields for the target dimeric compounds were relatively lower when the 

reaction temperature is sub-zero than at 0°C. Collectively, the results from these copper (I) 

chloride, pyridine and oxygen reactions suggest the reaction must be undertaken at low 

temperatures for the dimeric carbon-carbon coupled compounds to form. However, in all 

cases, the yields of dimeric products were very low.  

 

3.8.4 Pyridine 

Although dimeric products were formed in the copper (I) chloride, pyridine and oxygen 

reactions, it was considered important to examine whether the presence of copper (I) 

chloride aided the formation process. Therefore, using the reaction conditions of Entry 8 

(Table 3.7), the reaction was repeated without the addition of copper (I) chloride.  

Pyridine was stirred at room temperature under a nitrogen atmosphere before the 

atmosphere was replaced with oxygen. The solution was stirred for ten minutes and cooled 

in an ice/salt bath before a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) 

dissolved in pyridine was added dropwise. The reaction mixture was stirred for thirty 

minutes at room temperature, washed with 5% copper sulfate solution and extracted with 

dichloromethane (Scheme 3.16). Purification by a combination of silica gel, C2 reversed-

phase and Sephadex LH20 column chromatography gave scabellone A (3.60) in 11% 

yield, scabellone B (3.59) in 3% yield, trace amounts of 8-methoxy-2-methyl-2-(4-methyl-

3-pentenyl)-2H-1-benzopyran-6-ol (3.58) and a mixture of 2-geranyl-6-methoxy-1,4-
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benzoquinone (3.63) and 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75) (Entry 9, Table 

3.7).  

 
Scheme 3.16 Reaction of 2-geranyl-6-methoxy-1,4-hydroquinone without CuCl (Entry 9, Table 3.7).  

Reactants and conditions: O2, pyridine, <0°C. 

The isolation of coupling products from this reaction indicated that the presence of copper 

(I) chloride was not necessary for the coupling reaction to proceed. With the presence of 

an oxidising environment in the reaction, it was postulated that the reactive species in the 

reaction may not be the hydroquinone, but rather the quinone. Thus attention was then 

directed towards determining whether the formation of dimeric products would also 

proceed if the starting material used was 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) 

instead of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65).  

Pyridine was added dropwise to a solution of 2-geranyl-6-methoxy-1,4-benzoquinone 

(3.63) dissolved in dichloromethane. The reaction mixture was stirred for thirty minutes at 

room temperature in air (Scheme 3.17). Purification by a combination of silica gel column 

chromatography gave the starting material and geraniol (3.79) (Entry 10, Table 3.7). 
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Scheme 3.17 Reaction of 2-geranyl-6-methoxy-1,4-benzoquinone, Pyridine (Entry 10, Table 3.7).  

Reactants and conditions: Pyridine, r.t. 

 

The isolation of geraniol indicates that the geranyl side chain of the starting material, 2-

geranyl-6-methoxy-1,4-benzoquinone (3.63), was being cleaved and oxidised. Given that 

when 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) was used as starting material, oxygen 

was required for the reaction to proceed, and when the corresponding quinone was used as 

the starting material, only geraniol was isolated, it was suggested that the role oxygen has 

in the original reaction is to oxidise the hydroquinone to the quinone. With this under 

consideration, the next reaction was conducted under a nitrogen atmosphere.  

A solution of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) dissolved in pyridine was 

stirred under nitrogen overnight at room temperature (Scheme 3.18). Purification by silica 

gel and C2 reversed-phase column chromatography gave 8-methoxy-2-methyl-2-(4-

methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) in 10% yield, dimer 3.80 in 1% yield, 

scabellone A (3.60) in 9% yield, a mixture with the major compound as dichromenol 3.81, 

a mixture of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) and 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75) and trace 

amounts of scabellone B (3.59) and C (3.61) (Entry 11, Table 3.7). The proposed 

structures of dimer 3.80 and dichromenol 3.81 were deduced using NMR and mass 

spectrometry data. 

 

 

 

 

 

 

3.63 3.79 
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Scheme 3.18 Reaction of 2-geranyl-6-methoxy-1,4-benzoquinone, Pyridine, N2 (Entry 11, Table 3.7).  

Reactants and conditions: N2, pyridine, r.t. 

 



Chapter 3: Aplidium scabellum 

 

 

129 

 

 

 

 

 

 

 

For the structure elucidation of dimer 3.80, NMR data observed was compared to those 

observed for 2-geranyl-6-methoxy-1,4-benzoquinone (3.63). The presence of two 

substructures, a quinone ring and a modified geranyl chain, were rapidly identified. The 

1
H NMR spectrum showed one aromatic (δH 5.84), three olefinic (δH 4.91, 4.88, 4.42), one 

methoxyl (δH 3.79) and five alkyl (δH 2.03, 1.98, 1.89, 1.59, 1.54) signals. Correlations 

from the aromatic proton resonance at δH 5.84 to carbon resonances at δC 185.3 and 180.5, 

identified through analysis of HMBC NMR data, confirmed the presence of a quinone 

ring. Observed correlations from the proton resonance at δH 4.91 (H-1') to carbon 

resonances δC 138.9 and 136.4 indicated that the modified geranyl chain substructure was 

connected to C-5 of the quinone substructure. 

 

 

 

 

Figure 3.20 Selected 
1
H-

13
C HMBC correlations of the fragment deduced for dimer 3.80. 

Compared to 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), two proton resonances were 

missing from the 
1
H NMR data observed for dimer 3.80, being the resonance associated 

with aromatic H-3 and one of the methylene protons on C-1'. Thus the fragment identified 

by NMR, shown in Figure 3.20, contains two protons less than 2-geranyl-6-methoxy-1,4-

benzoquinone, and has a molecular formula of C17H20O3. (+)-HRESI mass spectrometry 

gave a molecular formula of C34H40O6 for compound 3.80, which was exactly twice the 

Dimer 3.80a Dimer 3.80b Dichromenol 3.81 
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mass of the identified fragment. This suggested that compound 3.80 was a dimer 

connected at C-3 and C-1' of 2-geranyl-6-methoxy-1,4-benzoquinone. There are two ways 

of forming such a dimer, either ‘head to head’ (3.80a) or ‘head to tail’ (3.80b). Both of 

these structures are consistent with the spectroscopic data obtained, and the data cannot 

distinguish between the two possibilities. Thus the exact structure of dimer 3.80 remains 

unresolved, though considerations of steric bulk would suggest the structure is 3.80b. 

 

 

 

 

Figure 3.21 Selected 
1
H-

13
C HMBC correlations of the fragment deduced for dichromenol 3.81. 

In a similar fashion, the structure elucidation of dichromenol 3.81 was deduced by 

analysis of 
1
H and 

1
H-

13
C HSQC NMR data (Figure 3.21). One aromatic (δH 6.55), three 

olefinic (δH 5.88, 5.56, 5.09) one methoxyl (δH 3.88), two methylene (δH 2.10, 1.76, 1.65) 

and three methyl (δH 1.65, 1.57, 1.44) resonances and their corresponding carbon 

resonances were identified in the NMR data of 3.81. A proton resonance at δH 4.58 did not 

show any correlations in the 
1
H-

13
C HSQC NMR spectrum and so was assigned as an 

exchangeable resonance. The coupling constant of the two adjacent olefinic protons δH 

5.88 and 5.56 was 10.2 Hz, which implied they were in the Z-configuration. The olefinic 

proton resonances at δH 5.88, 5.56, as well as a methyl group resonance at δH 1.44 and a 

pair of diastereotopic methylene resonance at δH 1.76 and 1.65, showed correlations in the 

HMBC NMR spectrum to a diagnostic quaternary carbon resonance at δC 77.6. These 

results led to the deduction that this compound was related to the chromenol 8-methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) isolated earlier. Comparison 

of NMR data between the two compounds found the proton resonance corresponding to 

H-5 of 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) was 

absent in 3.81 (Table 3.8). A molecular formula of C34H42O6 was deduced for 3.81 by (+)-

HRESI mass spectrometry, which combined with NMR data supported 3.81 to be a dimer 

of two fragments of chromenol 3.58, joined at C-5.  
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Table 3.8 Comparison of NMR chemical shifts between dichromenol 3.81 and 8-methoxy-2-methyl-2-(4-

methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) 

 Dichromenol 3.81 

 

 

8-methoxy-2-methyl-2-(4-

methyl-3-pentenyl)-2H-1-

benzopyran-6-ol (3.58) 

position 

 

δC  δH (mult, J in 

Hz) 

δC δH (mult, J in 

Hz) 

2 77.6 - 78.3 - 

3 131.6 5.56 (m) 131.0 5.62 (d, 10.0) 

4 120.3 5.88 (d, 10.2) 122.4 6.24 (d, 10.0) 

4a 121.7 - 121.9 - 

5 105.3 - 103.9 6.11 (d, 2.6) 

6 147.8 - 149.2 - 

7 100.1 6.55 (s) 100.0 6.34 (d, 2.6) 

8 149.6 - 148.8 - 

8a 136.2 - 135.8 - 

9 25.3 1.44 (s) 25.5 1.42 (s) 

1' 39.9 1.76 (m) 

1.65 (m) 

40.0 1.75 (m) 

1.65 (m) 

2' 22.4 2.10 (m) 22.3 2.11 (m) 

3' 124.0 5.09 (m) 123.9 5.09 (m) 

4' 131.4 - 131.8 - 

5' 17.3 1.57 (s) 17.2 1.56 (s) 

6' 25.3 1.65 (m) 25.3 1.65 (m) 

8-OCH3 56.0 3.88 (s) 56.0 3.82 (s) 

a
 100 MHz, chemical shifts determined indirectly from 

1
H-

13
C HSQC and HMBC NMR data. 

b
 400 MHz 

c
 HMBC correlations, optimized for 8.3 Hz are reported from the proton resonance to the indicated carbon 

resonance(s). 

 

The results from the reactions described in Entries 9-11 of Table 3.7 showed that if 2-

geranyl-6-methoxy-1,4-benzoquinone (3.63) was used as starting material, oxygen was not 

necessary for coupling products to be formed. In fact, the presence of oxygen in the 

reaction led to decomposition of the quinone starting material and dimeric products only 
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formed when the reaction was carried out under a nitrogen atmosphere. This suggests that 

oxygen participates in the reaction as an oxidant and once the starting material is in the 

quinone oxidation state, it is no longer required. Moreover, as the presence of neither 

copper (I) chloride nor oxygen were crucial in the formation of dimeric products, the 

component which plays a vital role must be pyridine.  

It was suspected that the starting material, 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), 

was acting as an oxidant in the formation of 3-methoxy-7-prenyl-1,4-naphthoquinone 

(3.75) during the reaction, instead of oxidation occurring during purification on silica gel. 

The reaction, Entry 11, was therefore repeated in pyridine-d5 and this reaction mixture was 

inspected by 
1
H NMR without any purification. The NMR data of the reaction mixture 

was then compared to those obtained for 3.63, 3.65 and 3.75 in pyridine-d5. The presence 

of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) and 3-methoxy-7-prenyl-1,4-

naphthoquinone (3.75) in the reaction mixture, amongst other products, were confirmed, 

indicating that the starting material quinone most likely acted as the redox partner to yield 

3.75. 

 

3.8.5 Triethylamine 

The results from the reactions described in Entries 5-11 of Table 3.7 demonstrated that the 

presence of pyridine was important for dimeric product formation. To investigate whether 

pyridine itself must be present or the presence of any base is sufficient, a series of 

reactions, replacing pyridine with triethylamine, were conducted.  

In the literature, stirring a hydroquinone in the presence of triethylamine in 

dichloromethane under a nitrogen atmosphere was used to afford the corresponding 

chromenol.
147

 Therefore, triethylamine was added to a stirring solution of 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) in dichloromethane at room temperature under nitrogen 

and stirred for two days (Scheme 3.19). Purification by silica gel and C2 reversed-phase 

column chromatography gave scabellone B (3.59) and 8-methoxy-2-methyl-2-(4-methyl-

3-pentenyl)-2H-1-benzopyran-6-ol (3.58), both in 1% yield (Entry 12, Table 3.7).  

Although the chromenol, 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-

6-ol (3.58), was formed in the reaction, the yield was very poor. This reaction is not 
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known to give dimeric carbon-carbon coupling products, however, the isolation of 

scabellone B (3.59) in the reaction suggested that minor amounts of oxygen might be 

present in the reaction, which would give rise to the oxidation of the hydroquinone starting 

material and the formation of scabellone B could then proceed. 

 

 

 

 

 

 

 

 

Scheme 3.19 Reaction of 2-geranyl-6-methoxy-1,4-hydroquinone, TEA, N2 (Entry 12, Table 3.7).  

Reactants and conditions: Triethylamine, dichloromethane, N2, r.t. 

 

In the next reaction, triethylamine was added to a rapidly stirring solution of 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) in dichloromethane at room temperature for thirty 

minutes (Scheme 3.20). Purification by silica gel column chromatography gave a mixture 

of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) and starting materials (Entry 13, Table 

3.7). This reaction confirmed that 2-geranyl-6-methoxy-1,4-hydroquinone will oxidize to 

the quinone in the presence of triethylamine.  

 

 

 

Scheme 3.20 Reaction of 2-geranyl-6-methoxy-1,4-hydroquinone, TEA, air (Entry 13, Table 3.7).  

Reactants and conditions: Triethylamine, dichloromethane, r.t. 

 

As shown in Entry 10, stirring 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) in pyridine 

in air only gave geraniol and recovered starting material. The reaction was repeated, using 

3.65 3.63 
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triethylamine instead of pyridine, to examine whether changing to a stronger base would 

yield the same products. Triethylamine was added to a rapidly stirring solution of 2-

geranyl-6-methoxy-1,4-benzoquinone (3.63) in dichloromethane at room temperature for 

thirty minutes (Scheme 3.21). Purification by silica gel and Sephadex LH20 column 

chromatography gave dimer 3.80 in 2% yield, scabellone C (3.61) in 2% yield, geraniol 

and a mixture with quinone 3.82 as the major component (Entry 14, Table 3.7).  

 

Scheme 3.21 Reaction of 2-geranyl-6-methoxy-1,4-benzoquinone, TEA, air (Entry 14, Table 3.7).  

Reactants and conditions: Triethylamine, dichloromethane, r.t. 

The structure of quinone 3.82 was deduced by analysis of spectroscopic data. There were 

two aromatic (δH 6.49, 5.83), five olefinic (δH 6.85, 5.57, 5.38, 5.10, 4.94), an oxymethine 

(δH 6.06), two methoxyl (δH 3.90, 3.79), four methylene (δH 2.05, 1.99, 1.94, 1.60) and six 

methyl (δH 1.94, 1.65, 1.60, 1.50, 1.32) resonances identified by analysis of 
1
H NMR data. 

Observed correlations in the HMBC NMR spectrum (Figure 3.22) from an aromatic 



Chapter 3: Aplidium scabellum 

 

 

135 

 

proton resonance at δH 5.83 to carbon resonances at δC 178.7, 158.4 and 136.6, from a 

proton resonance at δH 6.49 to carbon resonances at δC 151.4, 150.2, 138.6 and 109.9, and 

from oxymethine δH 6.06 to carbon resonances at δC 131.7 and 151.4, suggested the 

structure of this compound to be comprised of a quinone and a hydroquinone ring, 

possibly related to scabellone B. Comparison of NMR chemical shifts with those observed 

for scabellone B confirmed the presence of the suggested fragment. Such comparison also 

allowed the differences between the two compounds, which resided in the side chain of 

the hydroquinone moiety, to be identified. Mutually coupled olefinic proton resonances at 

δH 6.85 and 5.57 had a coupling constant of 16.3 Hz, which indicated that those two 

protons were on an E-configuration olefin. The allylic carbon resonance, had a chemical 

shift of δC 73.7, which indicated the presence of an allylic alcohol. A molecular formula 

was identified from (+)-HRESI mass spectrometry to be C34H42O7, and a fragmentation 

peak with a loss of 18 mass units, suggested water elimination. This is supportive of the 

structure proposed for quinone 3.82. The formation of quinone 3.82 was probably due to a 

nucleophilic attack from water present in air. 

 

 

 

 

 

 

 

Figure 3.22 Selected 
1
H-

13
C HMBC correlations of the fragment deduced for quinone 3.82. 

The two reactions using 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) and 2-geranyl-6-

methoxy-1,4-benzoquinone (3.63) as starting material respectively (Entry 13 and 14) gave 

distinctly different products. In a further modification to the reaction conditions, both 

hydroquinone 3.65 and quinone 3.63 in a 1:1 ratio were used as starting materials. 

Triethylamine was added to a rapidly stirring solution of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) and 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) in 
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dichloromethane at room temperature for thirty minutes (Scheme 3.22). Purification by 

silica gel and Sephadex LH20 column chromatography gave dimer 3.80 in 1% yield and 

also returned starting materials (Entry 15, Table 3.7). 

 

Scheme 3.22 Reaction of 2-geranyl-6-methoxy-1,4-benzoquinone, 2-geranyl-6-methoxy-1,4-hydro-quinone, 

TEA, air (Entry 15, Table 3.7).  

Reactants and conditions: Triethylamine, dichloromethane, r.t. 

In summary, reacting 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) with triethylamine in 

dichloromethane under nitrogen gave 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-

benzopyran-6-ol (3.58) and scabellone B (3.59) in very small yields, while the same 

reaction performed in air only gave 2-geranyl-6-methoxy-1,4-benzoquinone and geraniol. 

When the starting material was 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), stirring in 

air with triethylamine in dichloromethane, dimer 3.80, scabellone C (3.61), geraniol (3.79) 

and a mixture with the major compound as quinone 3.82 were isolated. However, if a 1:1 

mixture of the quinone and hydroquinone was employed, only dimer 3.80 was formed. 

From the results of the pyridine and triethylamine reactions (Entries 9-15, Table 3.7), 

dimeric products were only formed when an oxidant, such as oxygen, was present, if 2-

geranyl-6-methoxy-1,4-hydroquinone (3.65) was used as starting material. In contrast, 

reactions using 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) were found to yield dimers 

under nitrogen and in the absence of any oxidant. This led to the conclusion that the 

presence of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) was necessary for carbon-

carbon coupling to occur. Overall, the results from Entries 1-15 indicated that the 

formation of the dimeric carbon-carbon coupling products is not necessarily copper-

centred enzyme dependent and using pyridine as the base in the reaction was important for 

the formation of dimeric products.  
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3.8.6 Proposed mechanism 

It was speculated that the base present in the reaction was responsible for the abstraction 

of a proton from 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), which would allow a 

subsequent 6π electrocyclisation reaction to occur to give 8-methoxy-2-methyl-2-(4-

methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) (Scheme 3.23). Chromenol 3.58 could 

then react with any remaining 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) to give 

scabellone A (3.60). Scabellone A could then be converted to scabellone B (3.59) via the 

formation of the diquinone, or scabellone C (3.61) and D (3.62) via dichromenol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.23 Proposed progression from 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) to the scabellones. 
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The following ionic mechanisms for 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-

benzopyran-6-ol (3.58) and scabellones A-D (3.59-3.62) are proposed as experimental 

results had indicated that a free radical mechanism is unlikely, since copper (I) chloride 

was not a necessary component in the reaction for the formation of dimeric compounds. 

Also, 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) is shown as the starting material for 

this cascade of reactions because, as seen from the experimental results in Entries 1-15, 

Table 3.7 earlier, the formation of dimeric carbon-carbon coupling compounds required 

the monomeric unit in the quinone oxidation state.  

A proton abstraction by base at C-1' of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) 

initiates the formation of an intermediate, which, when in the correct conformation, will 

undergo a 6π electrocyclisation to form the 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-

2H-1-benzopyran-6-ol (3.58) (Scheme 3.24). 

 

 

 

 

 

 

 

Scheme 3.24 Proposed mechanism to 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol 

(3.58). 

 

Once formed, 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) 

can react with any remaining 2-geranyl-6-methoxy-1,4-benzoquinone (3.63). Base 

abstracts the hydroxyl proton of 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-

benzopyran-6-ol (3.58), which enables nucleophilic attack at C-3 of 2-geranyl-6-methoxy-

1,4-benzoquinone (3.63) (Scheme 3.25). The dimeric intermediate, comprised of 

chromenol and hydroquinone substructures, can then be oxidised to form scabellone A 

(3.60).  
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Scheme 3.25 Proposed mechanism to scabellone A (3.60). 

The formation of scabellone A proceeded under both oxygen atmosphere (Entry 9, Table 

3.7) and under nitrogen atmosphere (Entry 11, Table 3.7). This led to the speculation that 

any quinone species still present can act as an oxidant for the oxidation to scabellone A. 

A proton abstraction at the hydroxyl group of the chromenol substructure of scabellone A 

triggers the formation of a diquinone intermediate (Scheme 3.26). This intermediate can 

then undergo a second proton abstraction, which allowed for a spontaneous 6π 

electrocyclisation to occur to give scabellone B (3.59) as the product.  
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Scheme 3.26 Proposed mechanism to scabellone B (3.59). 

Alternatively, a proton abstraction at C-1' of scabellone A (3.60) will lead to the formation 

of a dichromenol intermediate (3.81) via a 6π electrocyclisation (Scheme 3.27). 

Subsequent proton abstraction from one of the hydroxyl groups and ring opening of a 

chromenol substructure will yield a tetracyclic skeleton, which can undergo oxidation to 

give scabellones C or D (3.61-3.62). 

The intermediate dichromenol has been isolated from the reaction of 2-geranyl-6-

methoxy-1,4-benzoquinone with pyridine under a nitrogen atmosphere (Entry 11, Table 

3.7), along with scabellone A and 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-

benzopyran-6-ol, with only trace amounts of scabellones B and C detected. This suggests 

that the proposed mechanism is plausible, and the cascade was possibly stopped at the 

dichromenol intermediate, hence no scabellones C or D were detected. 
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Scheme 3.27 Proposed mechanism to scabellone C/D (3.61/3.62). 

The biomimetic reactions attempted suggested the dimeric coupling products formation 

proceeds via an ionic, rather than a free radical, mechanism. A proton abstracted from 2-

geranyl-6-methoxy-1,4-benzoquinone (3.63) by the base present initiates the reaction and 

eventually leads to the formation of scabellone A (3.60). Scabellone A is proposed as the 

starting material for the formation of scabellones B (3.59), C (3.61) and D (3.62). Table 

3.9 summarizes the proposed routes of formation for the chromenol, 8-methoxy-2-methyl-

2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58), and the dimeric products, 

scabellones A-D (3.59-3.62). 
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Table 3.9 Proposed route to scabellones A-D (3.59-3.62) from 2-geranyl-6-methoxy-1,4-benzoquinone 

(3.63). 

Substrate Proton 

abstraction 

location 

Intermediate Product 

2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) 

 

 

 

 

 

 

H-1' 

 

 

- 

8-methoxy-2-methyl-2-

(4-methyl-3-pentenyl)-

2H-1-benzopyran-6-ol 

(3.58) 

 

 

 

 

 

 

 

2-geranyl-6-methoxy-1,4-

benzoquinone 

+ 

8-methoxy-2-methyl-2-(4-

methyl-3-pentenyl)-2H-1-

benzopyran-6-ol 

 

 

 

 

OH on 

chromenol 

 

 

 

 

- 

 

 

 

 

 

 

Scabellone A (3.60) 

 

 

 

 

 

 

 

 

 

 

Scabellone A 

 

 

 

 

 

 

 

 

 

 

H-1' 

Dichromenol (3.81) 

 

 

 

 

 

 

 

Scabellone C/D 

(3.61/3.62) 

 

 

 

 

 

 

Scabellone A 

 

 

 

 

 

 

 

 

 

 

OH 

Diquinone 

 

 

 

 

 

 

 

 

Scabellone B (3.59) 
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3.9 Bioassay 

 

 

 

 

 

Scabellone B (3.59) and 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) were evaluated for 

growth inhibition of the tropical disease causing parasites Trypanosoma brucei 

rhodesiense, T. cruzi, Leishmania donovani, and Plasmodium falciparum and for 

cytotoxicity towards the non-malignant rat myoblast L6 cell line. Assay results, presented 

in Table 3.10, identified 2-geranyl-6-methoxy-1,4-hydroquinone with pan-panel activity. 

Scabellone B exhibited moderate activity against P. falciparum, the vector of malaria, and 

showed low cytotoxicity towards the L6 cell line.  

 

Table 3.10 Antiparasitic activity for scabellone B (3.59) and 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) 

(IC50 in µM). 

Compound T.b.rhod.
a
 T.cruzi

b
 L.don.

c
 P.falc. K1

d
 Cytotox. 

L6
e
 

Scabellone B (3.59) 28 49 25 4.8 65 

2-geranyl-6-methoxy-

1,4-hydroquinone (3.65) 

0.41 7.9 3.0 7.5 2.1 

Melarsoprol 0.005     

Benznidazole  1.83    

Miltefosine   0.53   

Chloroquine    0.28  

Podophyllotoxin     0.019 

a. Trypanosoma brucei rhodesiense (strain STIB 900), trypomastigotes. 

b. Trypanosoma cruzi (strain Tulahuen C4), amastigotes. 

c. Leishmania donovani (strain MHOM-ET-67/L82), amastigotes. 

d. Plasmodium falciparum (strain K1), IEF. 

e. L6 rat skeletal myoblast cell line 

 

Antiparastic results shown were determined at the Swiss Tropical and Public Health 

Institute, Basel, Switzerland. Results are presented with permission from the 

collaborator, Professor Marcel Kaiser. Anti-inflammatory results shown were 

determined at the Malaghan Institiute of Medical Research, Wellington, New 

Zealand. Results are presented with permission from the collaborator, Dr Jacquie 

Harper. 
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In addition to antiparastic data, scabellone B and 2-geranyl-6-methoxy-1,4-hydroquinone, 

along with 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57), 2-geranyl-4,6-

dimethoxyphenol (3.67) and 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzo-

pyran-6-ol (3.58) were sent for evaluation of anti-inflammatory activity at the Malaghan 

Institute of Medical Research, Wellington. As shown in Table 3.11, 2-geranyl-6-methoxy-

1,4-hydroquinone (3.65) was the most potent inhibitor of the respiratory burst by human 

neutrophils, followed by 2-geranyl-4,6-dimethoxyphenol (3.67) and sulfate 3.57. 

Scabellone B (3.59) and 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-

6-ol (3.58) exhibited no anti-inflammatory activity. 

Although 2-geranyl-6-methoxy-1,4-hydroquinone was very potent, it was suspected that 

the activity in lowering superoxide production by PMA-stimulated neutrophils was due to 

neutrophil killing. Therefore, 2-geranyl-6-methoxy-1,4-hydroquinone, scabellone B and 2-

geranyl-6-methoxy-1,4-hydroquinone-4-sulfate were selected for further mechanistic 

testing. 

Table 3.11 Anti-inflammatory activity for scabellone B (3.59), 2-geranyl-6-methoxy-1,4-hydroquinone 

(3.65), 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57), 2-geranyl-4,6-dimethoxyphenol (3.67) and 

8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58). 

Compound 

 

AI50 (µM) 

Scabellone B (3.59) 

 

125 

2-geranyl-6-methoxy-1,4-hydroquinone (3.65) 

  

0.2 

2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) 

 

21 

8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) 

 

92 

2-geranyl-4,6-dimethoxyphenol (3.67) 

 

12 

 

To determine whether the anti-inflammatory activity observed for sulfate 3.57 and 

hydroquinone 3.65 was due to toxicity towards the neutrophils, the percentage of viable 

neutrophil cells was measured after being treated with the compound of interest. The level 

of viable neutrophil cells were unaffected even when treated with high concentrations of 

2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (Figure 3.23(a)) and scabellone B (data 

not shown). However, as the concentration of 2-geanyl-6-methoxy-1,4-hydroquinone 
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increased, the level of viable neutrophil decreased (Figure 3.23(b)). This supported the 

hypothesis that this compound was killing neutrophils.  

(a)                                                            (b)                                                            

 

 

 

 

 

Figure 3.23 Cell viability plots (a) 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) (b) 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65). 

 

After establishing the fact that 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) was toxic to 

human neutrophils, a Fluoroscent-Activated Cell Sorting (FACS) analysis of human 

neutrophil cells was evaluated for this hydroquinone and its sulfate counterpart, as a 

control, to determine whether the killing of neutrophils was by necrosis or apoptosis. 

Propidium iodide was used as an indicator of necrosis and annexin V was used to indicate 

apoptosis in the assay.  

As shown in Figure 3.24(a), as concentration of hydroquinone 3.65 increased, more 

neutrophil cells detected shifted to the right along the x-axis, meaning detection of cells 

labelled with the annexin V dye. This shift to the right is statistically significant, 

indicating that hydroquinone 3.65 was killing neutrophil cells by inducing apoptosis. 

Furthermore, 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) was found to have 

no toxic effects to neutrophils at concentration up to 15.4 μg/mL when evaluated by FACS 

analysis of human neutrophil cells (Figure 3.24(b)), which further support the earlier 

results of sulfate 3.57 being non-cytotoxic towards human neutrophils. 
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(a)                                                                      (b) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 FACS analysis of human neutrophil cells exposed to various concentration of (a) 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) and (b) 2-geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57).  

 

Results from the viable neutrophils assay and the FACS analysis reinforced the non-

cytotoxicity of sulfate 3.57 towards human neutrophil cells, and established that the anti-

inflammatory activity of the compound was not due to killing of neutrophils. However, 

because sulfate 3.57 has a hydroquinone moiety, it is possible that the activity observed is 

due to the compound acting as a radical scavenger, instead of inhibiting the respiratory 

burst of neutrophil cells. Therefore, to determine whether sulfate 3.57 was acting as a 

radical scavenger in the anti-inflammatory assay, the compound was evaluated in an 

NADPH/formazan assay. There was no radical scavenger activity detected, which implies 

that sulfate 3.57 is not a generalistic radical scavenger. 
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The combined results showed that natural product 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57) is a non-toxic compound with moderate anti-inflammatory 

activity and does not act as a radical scavenger.  

 

3.10 Conclusions and Future Work 

A study of the New Zealand ascidian Aplidium scabellum collected at Great Barrier Island, 

Auckland led to the isolation of five novel meroterpenoids, 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57), and scabellones A-D (3.59-3.62), and two known natural 

products, 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) and 

verapliquinone A (3.63). 2-Geranyl-6-methoxy-1,4-hydroquinone (3.65) was prepared and 

served as the starting material for sulfation and biomimetic reactions. Attempted sulfation 

of 2-geranyl-6-methoxy-1,4-hydroquine resulted in an inseparable mixture of 1-sulfated, 

4-sulfated and 1,4-disulfated hydroquinones.  

It was deduced from the results of the biomimetic reactions that the formation of dimeric 

compounds most likely proceeded via an ionic mechanism and was initiated by a proton 

abstraction on the starting material followed by a subsequent 6π electrocyclisation. 

Compounds isolated from the reaction mixtures of the attempted biomimetic reactions 

include scabellones A-C (3.59-3.61), 2-geranyl-6-methoxy-1,4-benzoquinone (3.63), 

verapliquinone C (3.73), 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-

6-ol (3.58), (E)-2-(6-hydroxy-3,7-dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-

diene-1,4-dione (3.74), 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75), dimer 3.80, 

dichromenol 3.81 and quinone 3.82. However, reaction yields overall were very low. 

This is the first biomimetic synthesis of 6-prenylated naphthoquinones. Optimisation of 

this synthesis could facilitate biomimetic syntheses of naphthoquinone-containing natural 

products, such as conicaquinones A (3.32) and B (3.33).
118

 It is envisaged that 

conicaquinones A and B can be synthesised by coupling of hypotaurine to the appropriate 

prenylated naphthoquinone. As both conicaquinones A and B were found to be cytotoxic, 

synthesis will allow production of more material for further biological testing. Moreover, 

structure-activity relationship studies of different substituents on C-3 of the 

naphthoquinone can be undertaken.  
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The antiparastic activities of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) and 

scabellone B (3.59) were assessed. The former compound was found to be cytotoxic but 

the latter compound is selective for Plasmodium falciparum, the vector for malaria, with 

moderate activity and is considered non-cytotoxic. In contrast, related dioxothiazine-

containing natural products, thiaplidiaquinones A (3.37) and B (3.38), were previously 

found to induce cell death.
121

 Scabellone B and the thiaplidiaquinones only differ in the 

substituent at C-6 of the hydroquinone monomer. Future SAR studies of these dimeric 

compounds could reveal further information on biological activity and modes of 

mechanism on this class of compounds. The biomimetic reaction routes to scabellone B 

could be used to synthesise the putative biosynthetic precursor for the thiaplidiaquinones, 

upon which reaction with hypotaurine would be expected to yield the thiaplidiaquinones. 

2-Geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) exhibited moderate anti-

inflammatory activity and no detected cytotoxicity. It was also confirmed that this sulfate 

was not acting as a radical scavenger in the assay. The opposite was observed for 2-

geranyl-6-methoxy-1,4-hydroquinone (3.65), whereby a lack of the sulfate group at C-4 

gave a compound that was extremely cytotoxic to human neutrophils by induction of 

apoptosis. The importance of the sulfate group in relation to cytotoxicity should be further 

investigated. Both the hydroquinone and its sulfate counterpart should also be submitted 

for evaluations against other biological assays to investigate whether this phenomenon 

extends to other biological activities. Using the synthetic route for 2-geranyl-6-methoxy-

1,4-hydroquinone, a library of analogues could be generated, which could then be sulfated, 

and SAR studies undertaken. 
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4.1 General Experimental Procedures 

Optical rotations were recorded on a Perkin Elmer 341 Polarimeter using a 0.1 dm cell in 

the solvent indicated. Absolute values were calculated according to: [α]D = (100 x a)/(c x 

1), where a = observed absorbance, c = concentration in g/100 mL and l = path length in 

dm. Infrared spectra were recorded using a Perkin-Elmer spectrum 100 Fourier-Transform 

IR spectrometer. Absorption maxima are expressed as wavenumbers (cm
-1

). Ultraviolet-

visible spectra were run as methanol solutions on a UV-2102 PC Shimadzu UV-Vis 

scanning spectrophotometer. NMR spectra were recorded on either a Bruker Avance 

DRX-600 spectrometer operating at 600 MHz for 
1
H nuclei and 150 MHz for 

13
C nuclei, a 

Bruker Avance DRX- 400 spectrometer operating at 400 MHz for 
1
H nuclei and 100 MHz 

for 
13

C nuclei or a Bruker Avance DRX-300 spectrometer operating at 300 MHz for 
1
H 

nuclei and 75 MHz for 
13

C nuclei. Residual solvent signals were used as reference 

(CD3OD: δH 3.30, δC 49.05; CDCl3: δH 7.25, δC 77.0). 
1
H NMR data is reported as position 

(δ), relative intergral, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = 

broad), coupling constant (J, Hz), and the assignment of the atom. 
13

C NMR data is 

reported as position (δ) and assignment of the atom. High resolution mass spectra were 

recorded on either a VG-7070 or a Thermo LQT-FT or a Bruker micrOTOF-Q II mass 

spectrometer.  

Analytical reversed-phase HPLC was run on either system 1, a Waters 600 HPLC 

photodiode array system, using either an Alltech C8 column (3μm Econosphere Rocket, 7 

x 33 mm) or system 2, a Dionex UltiMate 3000RS, using a Platinum C8 column (3 μm) 

and eluting with a linear gradient of H2O (0.05% TFA) to MeCN over 13.5 min at 2 

mL/min. Reversed-phase flash column chromatography was carried out on C18, C8, C2 or 

CN LiChroprep stationary support with a particle size of 40-63 μm. Gel filtration flash 

chromatography was carried out using Sephadex LH-20 (Pharmacia). Silica gel column 

chromatography was carried out on either Davisil
®
 silica media with a particle size of 40-

63 micron or Merck silica gel 60 with a particle size of 15-40 micron. 

Samples were freeze-dried in an Edwards Micro Modulo freeze drier. Reactions were 

heated by immersion in oil while the temperature was taken from a thermometer touching 

the bottom of the bath. All solvents used were distilled analytical grade of better. 

Chemical reagents used were purchased from standard chemical suppliers. 
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P388 cytotoxicity results were reported as concentration of a compound required to reduce 

in vitro P388 D1 murine leukemia cell population by 50%. Trypanosoma brucei 

rhodesiense, Plasmodium falciparum and L-6 in vitro assay results were reported as 

concentration of a compound required to reduce the cell population by 50%. 

 

4.2 Work on Chapter Two 

4.2.1 Extraction and Isolation Procedures  

Specimens (collection number 2004 MB1-2) of Pseudodistoma opacum were collected 

from intertidal pools at Maori Bay, Muriwai, New Zealand.  The ascidian specimens were 

kept frozen until used. 

The frozen specimens (wet weight 68.96 g) were immersed repeatedly in methanol (5 x 

200 mL) overnight, filtered and concentrated in vacuo until the extract was close to 

colourless.  The combined green extract (2.85 g) was subjected to C18 flash column 

chromatography with a steep gradient from water to methanol. Three fractions (25%, 50% 

and 75% methanol) were combined and subjected to repeated C18 flash column 

chromatography with a steep gradient from water (0.05% TFA) to methanol (0.05% TFA) 

until the fractions eluted were exclusively mixtures of related compounds, as judged by 

HPLC retention times and UV traces. The first mixture (10-20% methanol in water 

(0.05% TFA)), with RT around 5.5 min and no UV peaks after 300 nm, was subjected to 

another round of purification by C18 flash column chromatography, was washed with 

water (0.05% TFA) before being eluted with methanol (0.05% TFA). The methanol 

fraction was subjected to purification using Sephadex LH20 eluting with methanol (0.05% 

TFA) to yield 7-bromohomotrypargine (2.82) (0.56 mg, 0.0008% wet weight, RT 5.18 min 

(system 2)). The second mixture (20-40% methanol in water (0.05% TFA)), RT around 6.0 

min and distintive UV peak around 350-400 nm, was subjected to column chromatography 

using Sephadex LH20 eluting with methanol (0.05% TFA) to obtain a yellow band, which 

was further purified by reversed-phase C18 flash column chromatography eluting with 

constant solvent mixture of 20% methanol/water to afford, in order of elution, opacaline A 

(2.83) (1.94 mg, 0.0028%, RT 6.08 min (system 1)), opacaline B (2.84) (6.43 mg, 
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0.0093%, RT 5.68 min (system 1)) and opacaline C (2.85) (<0.5 mg, <0.0007%, RT 6.07 

min (system 1)). 

 

4.2.1.1 (-)-7-Bromohomotrypargine (2.82) 

 

 

 

Brown oil. [α]D -35.7, [α]365 -75.0, [α]436 -22.3 (c 0.056, MeOH); 
1
H NMR (CD3OD, 600 

MHz) δ 7.52 (1H, d, J = 1.5 Hz, H-8), 7.41 (1H, d, J = 8.4 Hz, H-5), 7.18 (1H, dd, J = 8.4, 

1.5 Hz, H-6), 4.71 (1H, m, H-1), 3.72 (1H, dt, J = 2.5, 4.7 Hz, H-3a), 3.47 (1H, m, H-3b), 

3.24 (2H, t, J = 7.0 Hz, H2-13), 3.06 (2H, m, H2-4), 2.26 (1H, m, H-10a), 2.00 (1H, m, H-

10b), 1.71 (2H, m, H2-12), 1.65 (2H, m, H2-11); 
13

C NMR (CD3OD, 150 MHz) δ 158.7 

(C-15), 139.1 (C-8a), 131.0 (C-9a), 126.5 (C-4b), 124.0 (C-6), 120.7 (C-5), 117.0 (C-7), 

115.3 (C-8), 107.8 (C-4a), 54.6 (C-1), 42.8 (C-3), 42.2 (C-13), 32.9 (C-10), 29.8 (C-12), 

23.4 (C-11), 19.4 (C-4); (+)-ESIMS m/z 364 (57%), 366 (43%) [M+H]
+
, (+)-HRESIMS 

m/z 364.1110 [M+H]
+
 (calcd for C16H23

79
BrN5, 364.1131), 366.1144 (calcd for 

C16H23
81

BrN5, 366.1111). 

 

4.2.1.2 Opacaline A (2.83) 

 

 

 

Yellow oil. UV-Vis (MeOH) λmax (log ε) 207 (3.83), 248 (4.14), 311 (3.93), 367 (3.33) 

nm; IR νmax (ATR) 3449, 3366, 3189, 2925, 2861, 1668, 1634, 1435 cm
-1

; 
1
H NMR 

(CD3OD, 400 MHz) δ 8.55 (1H, d, J = 6.2 Hz, H-4), 8.38 (1H, d, J = 6.2 Hz, H-3), 8.32 

(1H, d, J = 8.6 Hz, H-5), 7.96 (1H, s, H-8), 7.60 (1H, dd, J = 8.6, 1.5 Hz, H-6), 3.45 (2H, 

t, J = 7.8 Hz, H2-10), 3.25 (2H, t, J = 7.4 Hz, H2-13), 1.98 (2H, m, H2-11), 1.75 (2H, tt, J = 
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7.4, 7.4 Hz, H2-12); 
13

C NMR (CD3OD, 100 MHz) δ 158.7 (C-15), 145.9 (C-8a), 143.1 

(C-1), 135.5 (C-9a), 134.8 (C-4a), 130.6 (C-3), 127.3 (C-7), 126.7 (C-6), 125.8 (C-5), 

120.6 (C-4b), 117.0 (C-4), 116.9 (C-8), 42.0 (C-13), 30.9 (C-10), 29.6 (C-12), 27.0 (C-

11); 
15

N NMR (CD3OD, 60.8 MHz, obtained from 
1
H-

15
N 2D data, referenced externally 

to liquid NH3 using urea as an external standard) δ 190.0 (N-2), 120.6 (N-9), 84.0 (N-14); 

FABMS m/z 360 (48%), 362 (52%) [M+H]
+
; HRFABMS m/z 360.0828 [M+H]

+
 (calcd for 

C16H19
79

BrN5, 360.0824), 362.0809 (calcd for C16H19
81

BrN5, 362.0803). 

 

4.2.1.3 Opacaline B (2.84) 

 

 

 

Yellow oil. UV-Vis (MeOH) λmax (log ε) 223 (4.49), 257 (4.70), 264 (4.68), 271 sh (4.57), 

314 (4.45), 381 (3.83) nm; (MeOH/ KOH) λmax (log ε) 219 (4.32), 248 sh (4.44), 259 

(4.47), 282 (4.53), 307 sh (3.90), 328 sh (3.58), 422 (3.36) nm; IR νmax (ATR) 3369, 3196, 

2915, 2860, 1693, 1618, 1436 cm
-1

; 
1
H NMR (CD3OD, 600 MHz) δ 8.57 (1H, d, J = 6.0 

Hz, H-4), 8.39 (1H, d, J = 6.0 Hz, H-3), 8.33 (1H, d, J = 8.4 Hz, H-5), 7.99 (1H, d, J = 1.5 

Hz, H-8), 7.62 (1H, dd, J = 8.4, 1.5 Hz, H-6), 3.63 (2H, t, J = 7.7 Hz, H2-10), 3.26 (2H, t, 

J = 7.4 Hz, H2-13), 2.03 (2H, m, H2-11), 1.79 (2H, tt, J = 7.4, 7.4 Hz, H2-12); 
13

C NMR 

(CD3OD, 150 MHz) δ 158.7 (C-15), 144.5 (C-8a), 142.9 (C-1), 132.8 (C-9a), 131.1 (C-3), 

130.9 (C-4a), 127.8 (C-7), 127.1 (C-6), 125.7 (C-5), 117.1 (C-4), 116.5 (C-4b), 114.0 (C-

8), 42.0 (C-13), 30.9 (C-10), 29.6 (C-11), 28.4 (C-12); 
15

N NMR (CD3OD, 60.8 MHz, 

obtained from 
1
H-

15
N 2D data, referenced externally to liquid NH3 using urea as an 

external standard) δ 191.9 (N-2), 164.6 (N-9), 82.3 (N-14); FABMS m/z 376 (51%), 378 

(49%) [M+H]
+
; HRFABMS m/z 376.0770 [M+H]

+
 (calcd for C16H19

79
BrN5O, 376.0773), 

378.0748 (calcd for C16H19
81

BrN5O, 378.0753). 
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4.2.1.4 Opacaline C (2.85) 

 

 

 

Yellow oil. 
1
H NMR (CD3OD, 600 MHz) δ 8.47 (1H, d, J = 6.2 Hz, H-4), 8.37 (1H, d, J = 

6.2 Hz, H-3), 8.29 (1H, d, J = 8.5 Hz, H-5), 7.94 (1H, br s, H-8), 7.57 (1H, dd, J = 8.5, 1.1 

Hz, H-6), 3.45 (2H, t, J = 7.4 Hz, H2-10), 3.37 (2H, t, J = 7.4 Hz, H2-12), 2.20 (2H, tt, J = 

7.4, 7.4 Hz, H2-11); 
13

C NMR (CD3OD, 150 MHz, carbon resonances deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 158.8 (C-14), 145.6 (C-8a), 142.6 (C-1), 135.5 (C-

9a), 134.3 (C-4a), 131.2 (C-3), 126.7 (C-7), 126.3 (C-6), 125.2 (C-5), 120.5 (C-4b), 116.6 

(C-4), 116.6 (C-8), 41.6 (C-12), 28.6 (C-10), 28.3 (C-11); FABMS m/z 346 (47%), 348 

(53%) [M+H]
+
; HRFABMS m/z 346.0670 [M+H]

+
 (calcd for C15H17

79
BrN5, 346.0667), 

348.0649 (calcd for C15H17
81

BrN5, 348.0647). 

 

4.2.2 Experimental Procedures for §2.5 

4.2.2.1 tert-Butyl 5-hydroxypentylcarbamate (2.108) 

 

 

Di-tert-butyl dicarbonate (5.90 g, 27.0 mmol) was added to a solution of 5-aminopentanol 

(2.697 g, 26.1 mmol) in dichloromethane (30 mL). The solution was stirred overnight and 

then washed with saturated sodium bicarbonate (60 mL), brine (60 mL) and water (60 

mL). The organic layer was dried with anh. MgSO4 and solvent removed in vacuo. 

Purification by silica gel column chromatography eluting with methanol (0-10%) in 

dichloromethane gave the product as a colourless oil (3.65 g, 69%). 

Rf (100% dichloromethane) 0.35; 
1
H NMR (CDCl3, 300 MHz) δ 4.60 (1H, br s, OH), 3.64 

(2H, br s, H2-1), 3.12 (2H, q, J = 6.0 Hz, H2-5), 1.72 (2H, m, H2-2), 1.51 (2H, m, H2-4), 

1.44 (9H, s, H3-10, H3-11, H3-12), 1.34 (2H, m, H2-3); (+)-ESIMS m/z 204 [M+H]
+
; (+)-

HRESIMS m/z 204.1596 [M+H]
+
 (calcd for C10H22NO3, 204.1594). 

HO

1

2

3

4

5

N
H

7

O

9O 10

11

12
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4.2.2.2 tert-Butyl 3,4-dihydropyridine-1(2H)-carboxylate (2.109)
94

 

 

 

 

tert-Butyl 5-hydroxypentylcarbamate (2.108) (0.10 g, 0.49 mmol) was dissolved in ethyl 

acetate (5 mL) and 1-hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide (IBX) (0.41 g, 1.46 

mmol) was added. The suspension was heated at reflux for two hours then cooled on ice. 

The insoluble solids were filtered off and the filtrate dried in vacuo to give the product as 

a yellow oil (0.069 g, 70%). 

1
H NMR (CDCl3, 400 MHz) δ 6.71 (1H, d, J = 8.1 Hz, H-1), 4.80 (1H, m, H-2), 3.55 (2H, 

d, J = 5.1 Hz, H2-5), 2.05 (2H, m, H2-3), 1.81 (2H, br s, H2-4), 1.48 (9H, s, H3-10, H3-11, 

H3-12); 
13

C NMR (CDCl3, 100 MHz) δ 125.5 (C-1), 105.1 (C-2), 80.4 (C-9), 41.4 (C-5), 

28.3 (C-10), 28.3 (C-11), 28.3 (C-12), 21.7 (C-4), 21.4 (C-3); (+)-ESIMS m/z 184 

[M+H]
+
; (+)-HRESIMS m/z 184.1337 [M+H]

+
 ( calcd for C10H18NO2, 184.1332). 

 

4.2.2.3 2-(5-Hydroxypentyl)isoindoline-1,3-dione (2.110)
96

 

 

 

 

5-Aminopentanol (1.03 g, 0.01 mol) and phthalic anhydride (1.48 g, 0.01 mol) were added 

to an open 2-neck flask and heated for 30 min at 145
o
C, with a stream of nitrogen 

constantly applied. After cooling, a pale yellow-green oil was obtained (1.99 g, 86%). The 

product was used in the next step without further purification. 

1
H NMR (CDCl3, 400 MHz) δ 7.82 (2H, m, H-10, H-11), 7.72 (2H, m, H-9, H-12), 4.29 

(1H, t, J = 8.2 Hz, OH), 3.70 (2H, t, J = 7.2 Hz, H2-5), 3.65 (2H, t, J = 6.4 Hz, H2-1), 1.72 

(2H, tt, J = 7.2, 7.2 Hz, H2-4), 1.61 (2H, m, H2-2), 1.43 (2H, m, H2-3); FABMS m/z 234 

[M+H]
+
; HRFABMS m/z 234.1129 [M+H]

+
 (calcd for C13H16NO3, 234.1130). 
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4.2.2.4 1-Hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide (IBX)
148

 

 

 

2-Iodobenzoic acid (50 g, 0.20 mol) was added to a solution of oxone (181 g, 0.29 mol) in 

deionized water (650 mL). The reaction mixture was heated to 70-73
o
C over 20 min and 

stirred at this temperature for 3 h. The thick slurry gradually transformed to a white 

suspension. The suspension was cooled to 5
o
C and was stirred at this temperature for 1.5 h 

before filtration. The solid was washed with water (6 x 100 mL) and acetone (2 x 100 mL) 

to yield the product as a white solid. 

 

4.2.2.5 5-(1,3-Dioxoisoindolin-2-yl)pentanal (2.111)
95-96, 149

 

 

 

 

Method A 2-(5-Hydroxypentyl)isoindoline-1,3-dione (2.110) (0.20 g, 0.85 mmol) and 

IBX (0.72 g, 2.57 mmol) were heated at reflux in ethyl acetate (7 mL) for 2 h. The mixture 

was cooled on ice, and the insoluble side product was removed by filtration. The filtrate 

was dried in vacuo and the product obtained as a yellow oil. The aldehyde obtained was 

used in the next step immediately without further purification. 

Method B 2-(5-Hydroxypentyl)isoindoline-1,3-dione (2.110) (0.20 g, 0.85 mmol) was 

dissolved in dichloromethane (10 mL) and Dess-Martin periodinane (0.72 g, 1.7 mmol) 

was added. The solution was stirred at room temperature for 1 h and then partitioned with 

aqueous sodium thiosulfate (3 x 10 mL) and saturated sodium bicarbonate (10 mL). The 

organic layer was dried with magnesium sulfate and in vacuo to give the product as a 

yellow oil. The aldehyde obtained was used in the next step immediately without further 

purification. 
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Method C 2-(5-Hydroxypentyl)isoindoline-1,3-dione (2.110) (2.0 g, 8.57 mmol) was 

dissolved in dimethylsulfoxide (30 mL) and IBX (4.8 g, 17.14 mmol) was added. After 

stirring at room temperature for 2 h, aqueous sodium thiosulfate (30 mL) was added. The 

solution was extracted with ethyl acetate (3 x 30 mL). The organic layer was dried with 

magnesium sulfate and in vacuo to give the product as a yellow oil. The aldehyde obtained 

was used in the next step immediately without further purification. 

Method D Oxalyl chloride (0.55 mL, 6.44 mmol) in dichloromethane (10 mL) was stirred 

with constant nitrogen flow and cooled to -78°C. Dimethylsulfoxide (0.83 mL, 11.71 

mmol) in dichloromethane (10 mL) was added dropwise over 2 min. 2-(5-

Hydroxypentyl)isoindoline-1,3-dione (2.110) (1.37 g, 5.86 mmol) in dichloromethane (10 

mL) was added dropwise within 5 min. The solution was then stirred for 15 min, before 

triethylamine (4.06 mL, 29.28 mmol) was added. After stirring for a further 5 min, the 

solution was allowed to warm to room temperature. The resulting yellow solution was 

extracted with water (5 x 50 mL). The organic layer was dried over anh. MgSO4 and 

solvent removed in vacuo to give the product as a yellow oil. The aldehyde obtained was 

used in the next step immediately without further purification. 

1
H NMR (CDCl3, 400 MHz) δ 9.78 (1H, t, J = 1.6 Hz, H-1), 7.84 (2H, m, H-9, H-12), 7.72 

(2H, m, H-10, H-11), 3.70 (2H, t, J = 6.8 Hz, H2-5), 2.51 (2H, td, J = 1.4, 7.1 Hz, H2-2), 

1.71 (4H, m, H2-3, H2-4); 
13

C NMR (CDCl3, 100 MHz) δ 201.9 (C-1), 168.3 (C-7, C-14), 

133.9 (C-10, C-11), 132.0 (C-8, C-13), 123.2 (C-9, C-12), 43.1 (C-2), 37.4 (C-5), 27.9 (C-

4), 19.1 (C-3). 
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4.2.2.6 2-(4-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)butyl)isoindoline 

1,3-dione (2.112)
97-98

 

 

 

 

 

 

Method A 5-(1,3-Dioxoisoindolin-2-yl)pentanal (2.111) (0.16 g, 0.70 mmol) and 

tryptamine (0.17 g, 1.06 mmol) were dissolved in dichloromethane (7 mL) and cooled to -

78
o
C while stirring under a nitrogen atmosphere. Trifluoroacetic acid (0.11 mL, 0.16 g, 

1.41 mmol) was added to the cooled, stirring mixture and it was allowed to warm to room 

temperature overnight. Triethylamine (0.29 mL, 0.21 g, 2.08 mmol) was added and stirred 

for 15 min. The resulting mixture was washed with water (10 mL). The organic layer was 

dried with anh. MgSO4 and solvent evaporated in vacuo. Purification by silica gel column 

chromatography eluting with methanol (0-6%) in dichloromethane gave the product as a 

yellow foam (0.094 g, 36%). 

Method B When Swern oxidation was used to produce 5-(1,3-dioxoisoindolin-2-

yl)pentanal (2.111), the same methodology was used with the amount of trifluoroacetic 

acid and triethylamine increased accordingly to gave the product as a yellow foam (0.29 g, 

13%) 

Mp 55-57
o
C (decomp.); Rf (5% methanol/dichloromethane) 0.42; IR vmax (ATR) 3385, 

2936, 2858, 1768, 1646, 1616, 1465, 1366 cm
-1

; 
1
H NMR (CDCl3, 300 MHz) δ 8.23 (1H, 

br s, NH-9), 7.83 (2H, m, H-17, H-20), 7.70 (2H, m, H-18, H-19), 7.45 (1H, d, J = 7.7 Hz, 

H-5), 7.35 (1H, d, J = 7.9 Hz, H-8), 7.14 (1H, td, J = 7.7, 1.1 Hz, H-7), 7.07 (1H, td, J = 

7.9, 1.1 Hz, H-6), 4.14 (1H, m, H-1), 3.74 (2H, m, H2-13), 3.34 (1H, m, H-3a), 3.05 (1H, 

m, H-3b), 2.75 (2H, m, H2-4), 1.92 (2H, m, H2-10), 1.77 (2H, m, H2-12), 1.49 (2H, m, H2-

11); 
13

C NMR (CDCl3, 100 MHz) δ 168.6 (C-15, C-22), 135.8 (C-8a), 135.2 (C-9a), 134.0 

(C-18, C-19), 132.0 (C-16, C-21), 127.3 (C-4b), 123.2 (C-17, C-20), 121.5 (C-7), 119.2 

(C-6), 118.0 (C-5), 110.8 (C-8), 108.7 (C-4a), 52.5 (C-1), 42.4 (C-3), 37.1 (C-13), 33.4 
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(C-10), 28.3 (C-12), 22.2 (C-4), 22.2 (C-11); FABMS m/z 374 [M+H]
+
; HRFABMS m/z 

374.1865 [M+H]
+
 (calcd for C23H24N3O2, 374.1869). 

 

4.2.2.7 Manganese dioxide
150

 

Methanol (10 mL) was gradually added with stirring to a cooled solution of potassium 

permanganate (1 g, 6.33 mmol) in water (10 mL) and the mixture was stirred for 3 h 

yielding a suspension. The solid was filtered and washed with water (20 mL) and acetone 

(15 mL), then air-dried for one day to yield the product as a chocolate-brown amorphous 

powder (0.939 g).  The powder was dried further in vacuo before use. 

 

4.2.2.8 Products from the oxidation of 2-(4-(2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indol-1-yl)butyl)isoindoline-1,3-dione (2.112)
98

 

 

Method A 2-(4-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione 

(2.112) (0.02 g, 0.05 mmol) and 10% Pd/C (0.01 g) were stirred in a reaction vessel for 10 

min, then heated in a 200
o
C oil bath for 15 min. The mixture was cooled to room 

temperature before being suspended in dichloromethane and the solids removed by 

filtration. The filtrate was then dried in vacuo. Purification by silica gel column 

chromatography eluting with ethyl acetate (0-30%) in hexane gave the product as a yellow 

oil (0.006 g, 30%). 

Method B 2-(4-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione 

(2.112) (0.01 g, 0.027 mmol) was dissolved in dichloromethane (3 mL) and manganese 

dioxide (0.047 g, 0.54 mmol) was added. The suspension was stirred under nitrogen 

overnight before a second portion of manganese dioxide was added and stirred overnight. 

The solids were filtered off and the filtrate dried in vacuo. Purification by silica gel 

column chromatography eluting with ethyl acetate (0-40%) in hexane gave the product as 

a yellow oil (0.001 g, 15%). 
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Method C 2-(4-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione 

(2.112) (0.02 g, 0.053 mmol) was dissolved in dichloromethane (10 mL) and 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (0.49 g, 2.14 mmol) was added. The reaction suspension 

was stirred under nitrogen for four days. The suspension was then washed with 1M 

potassium hydroxide until the aqueous layer was slightly yellow. The organic layer was 

dried with anh. MgSO4 and solvent removed in vacuo. Purification by silica gel column 

chromatography eluting with methanol (0-1%) in dichloromethane gave 2-(4-(9H-

pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione (2.113) as yellow oil (0.0056 g, 28%), 

while eluting with methanol (10%) in dichloromethane gave 2-(4-(4,9-dihydro-3H-

pyrido[3,4-b]indol-1-yl)butyl)isoindo-line-1,3-dione (2.114) as a brown oil (0.003 g, 

15%). 

Method D 2-(4-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione 

(2.112) (0.10 g, 0.27 mmol) was dissolved in dichloromethane (20 mL) and 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (1.22 g, 5.37 mmol) was added. The reaction suspension 

was stirred at 40°C for 7 min. The suspension was then washed with 1M potassium 

hydroxide until the aqueous layer was slightly yellow. The organic layer was dried with 

anh. MgSO4 and solvent removed in vacuo. Purification by silica gel column 

chromatography eluting with methanol (0-1%) in dichloromethane gave 2-(4-(9H-

pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione (2.113) as yellow oil (0.048 g, 49%), 

while eluting with methanol (10%) in dichloromethane gave 2-(4-(4,9-dihydro-3H-

pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione (2.114) as a brown oil (0.011 g, 11%). 
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4.2.2.8.1 2-(4-(9H-Pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione (2.113) 

 

 

 

 

 

Rf (50% ethyl acetate/hexane) 0.18, (1% methanol/dichloromethane) 0.24; IR vmax (ATR) 

3330, 3059, 2947, 1768, 1700, 1624, 1455, 1362 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 9.48 

(1H, br s, NH-9), 8.34 (1H, d, J = 5.3 Hz, H-3), 8.10 (1H, d, J = 7.8 Hz, H-5), 7.87 (2H, 

m, H-17, H-20), 7.80 (1H, d, J = 5.3 Hz, H-4), 7.72 (2H, m, H-18, H-19), 7.68 (1H, d, J = 

8.3 Hz, H-8), 7.58 (1H, td, J = 7.8, 1.1 Hz, H-7), 7.27 (1H, m, H-6), 3.94 (2H, t, J = 6.1 

Hz, H2-13), 3.28 (2H, m, H2-10), 1.92 (2H, m, H2-12), 1.83 (2H, m, H2-11); 
13

C NMR 

(CDCl3, 100 MHz) δ 169.2 (C-15, C-22), 145.4 (C-1), 140.4 (C-8a), 138.5 (C-3), 134.2 

(C-18, C-19), 133.8 (C-9a), 131.9 (C-16, C-21), 128.5 (C-4a), 128.1 (C-7), 123.3 (C-17, 

C-20), 121.8 (C-4b), 121.7 (C-5), 119.7 (C-6), 112.9 (C-4), 111.6 (C-8), 36.5 (C-13), 33.4 

(C-10), 28.3 (C-12), 25.3 (C-11); FABMS m/z 370 [M+H]
+
; HRFABMS m/z 370.1546 

[M+H]
+
 (calcd for C23H20N3O2, 370.1556). 

 

4.2.2.8.2 2-(4-(4,9-Dihydro-3H-pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione 

(2.114) 

 

 

 

 

 

Rf (10% methanol/dichloromethane) 0.57; IR vmax (ATR) 3390, 2982, 1769, 1701, 1636, 

1554, 1401 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 9.76 (1H, br s, NH-9), 7.83 (2H, m, H-17, 
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H-20), 7.71 (2H, m, H-18, H-19), 7.57 (1H, d, J = 8.1 Hz, H-5), 7.53 (1H, d, J = 8.3 Hz, 

H-8), 7.32 (1H, t, J = 7.8 Hz, H-7), 7.14 (1H, t, J = 7.8 Hz, H-6), 3.90 (2H, t, J = 8.5 Hz, 

H2-3), 3.82 (2H, t, J = 6.1 Hz, H2-13), 2.92 (4H, m, H2-4, H2-10), 1.83 (2H, tt, J = 6.1, 6.1 

Hz, H2-12), 1.73 (2H, m, H2-11); 
13

C NMR (CDCl3, 100 MHz) δ 169.0 (C-15, C-22), 

163.7 (C-1), 138.1 (C-8a), 134.2 (C-18, C-19), 131.8 (C-16, C-21), 127.4 (C-9a), 125.7 

(C-7), 125.1 (C-4b), 123.3 (C-17, C-20), 120.6 (C-6), 120.4 (C-5), 118.9 (C-4a), 112.5 (C-

8), 46.3 (C-3), 36.4 (C-13), 33.6 (C-10), 28.1 (C-12), 24.5 (C-11), 19.3 (C-4); FABMS 

m/z 372 [M+H]
+
, HRFABMS m/z 372.1700 [M+H]

+
 (calcd for C23H22N3O2, 372.1712). 

 

4.2.2.9 1-(4-Ammoniobutyl)-9H-pyrido[3,4-b]indol-2-ium ditrifluoroacetic acid 

salt (2.115)
151

 

 

 

 

 

2-(4-(9H-Pyrido[3,4-b]indol-1-yl)butyl)isoindoline-1,3-dione (2.113) (0.04 g, 0.01 mmol) 

was dissolved in absolute ethanol (10 mL) and hydrazine monohydrate (0.08 mL, 0.08 g, 

1.65 mmol) was added. The reaction was stirred at room temperature for 1-2 days until all 

starting material was consumed, as judged by HPLC retention times and UV trace. The 

reaction mixture was dried in vacuo. Purification by Sephadex LH-20 column 

chromatography eluting with methanol (0.05 % TFA) gave the product as a yellow oil 

(0.012 g, 24%). 

Rf (10% methanol/dichloromethane/0.1% triethylamine) 0.13; IR vmax (ATR) 3059, 2948, 

2861, 1694, 1625, 1504, 1482, 1355 cm
-1

; 
1
H NMR (CD3OD, 400 MHz) δ 8.24 (1H, d, J = 

5.6 Hz, H-3), 8.19 (1H, d, J = 8.0 Hz, H-5), 8.08 (1H, d, J = 5.6 Hz, H-4), 7.60 (2H, m, H-

7, H-8), 7.29 (1H, m, H-6), 3.27 (2H, t, J = 7.6 Hz, H2-10), 2.98 (2H, t, J = 7.5 Hz, H2-13), 

1.97 (2H, tt, J = 7.6, 7.5 Hz, H2-11), 1.79 (2H, tt, J = 7.6, 7.5 Hz, H2-12); 
13

C NMR 

(CD3OD, 100 MHz) δ 145.1 (C-1), 143.4 (C-8a), 136.0 (C-3), 135.7 (C-9a), 131.6 (C-4a), 

130.6 (C-7), 123.1 (C-5), 122.4 (C-4b), 121.5 (C-6), 115.0 (C-4), 113.2 (C-8), 40.4 (C-
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13), 32.9 (C-10), 28.2 (C-12), 26.7 (C-11); FABMS m/z 240 [M+H]
+
; HRFABMS m/z 

240.1504 [M+H]
+
 (calcd for C15H18N3, 240.1501). 

 

4.2.2.10 N,N'-Bis(tert-butoxycarbonyl)thiourea
100

 

 

 

Thiourea (0.57 g, 7.5 mmol) was stirred in dry tetrahydrofuran (150 mL) under nitrogen at 

0 
o
C. Hexane-washed sodium hydride (1.35 g, 33.8 mmol) was added in portions. The 

suspension was stirred for five min at 0
o
C, then for ten min at room temperature. 

The suspension was then again cooled to 0
o
C and di-tert-butyl dicarbonate (3.68 g, 16.8 

mmol) was added. The reaction mixture was stirred for 30 min at 0
o
C, then at room 

temperature for 2 h. The resultant yellow slurry was quenched with aqueous saturated 

sodium bicarbonate (10 mL).  Water (250 mL) was added and extracted with ethyl acetate 

(70 mL).  The organic layer was dried with anh. MgSO4 and solvent evaporated in vacuo 

to yield the product as a white-yellow solid (1.56 g, 75%). 

1
H NMR (CDCl3, 400 MHz) δ 1.53 (18H, Boc); 

13
C NMR (CDCl3, 100 MHz) δ 177.8 (C-

1), 150.22 (C-3), 83.94 (C-6), 28.0 (CH3); (+)-EIMS m/z 276 [M]
+
; (+)-HREIMS m/z 

276.1144 [M]
+
 (calcd for C11H20N2O4S, 276.1144). 
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4.2.2.11 tert-Butyl (4-(9H-pyrido[3,4-b]indol-1-yl)butylamino)(tert-butoxycar-

bonylamino) methylenecarbamate (2.116)
101

 

 

 

 

 

 

Method A To a solution of 1-(4-ammoniobutyl)-9H-pyrido[3,4-b]indol-2-ium 

ditrifluoroacetic acid salt (2.115) (0.04 g, 0.09 mmol) in anhydrous dimethylformamide 

(0.05 mL) were added N,N'-bis(tert-butoxycarbonyl)thiourea (0.03 g, 0.10 mmol) and 

triethylamine (0.12 mL, 0.87 mmol). A suspension of Mukaiyama’s reagent (0.03 g, 0.10 

mmol) in anhydrous dimethylformamide (0.1 mL) was added dropwise to the reaction 

mixture, which turned from yellow to brown-red. The reaction mixture was stirred at room 

temperature for 2 days until completion as judged by TLC.  

The reaction mixture was diluted with water (2 mL) and extracted with dichloromethane 

(5 x 2 mL). The combined organic layer was dried over anh. MgSO4 and solvent removed 

in vacuo. Purification by silica gel column chromatography eluting with ethyl acetate (0-

30%) in hexane afforded the product as a yellow oil (0.011 g, 26%). 

Method B To a solution of 1-(4-ammoniobutyl)-9H-pyrido[3,4-b]indol-2-ium (2.115) 

(0.03 g, 0.07 mmol) in anhydrous dimethylformamide (0.05 mL) were added N,N'-bis(tert-

butoxycarbonyl)thiourea (0.04 g, 0.14 mmol) and triethylamine (0.29 mL, 2.07 mmol). A 

suspension of Mukaiyama’s reagent (0.04 g, 0.14 mmol) in anhydrous dimethylformamide 

(0.1 mL) was added dropwise to the reaction mixture, which turned from yellow to brown-

red. The reaction mixture was stirred at room temperature for 2 days until completion was 

judged by TLC. 

The reaction mixture was diluted with water (3 mL) and extracted with dichloromethane 

(5 x 3 mL). The combined organic layer was dried over anh. MgSO4 and solvent removed 

in vacuo. Purification by silica gel column chromatography eluting with ethyl acetate (0-

30%) with hexane yielded the product as a yellow oil (0.013 g, 39%). 
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Rf (50% ethyl acetate/hexane) 0.31; IR vmax (ATR) 3326, 3159, 2978, 2934, 1717, 1640, 

1619, 1326 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 11.55 (1H, br s, NH), 9.82 (1H, br s, NH), 

8.39 (2H, d, J = 5.2 Hz, H-3), 8.39 (1H, br s, NH), 8.11 (1H, d, J =  7.8 Hz, H-5), 7.81 

(1H, d, J = 5.3 Hz, H-4), 7.58 (1H, m, H-8), 7.53 (1H, m, H-7), 7.27 (1H, m, H-6), 3.47 

(2H, dt, J = 6.5, 6.5 Hz, H2-13), 3.24 (2H, t, J = 7.3 Hz, H2-10), 2.01 (2H, m, H2-11), 1.55 

(2H, m, H2-12), 1.50 (18H, s, H3-20, H3-21, H3-22, H3-26, H3-27, H3-28); 
13

C NMR 

(CDCl3, 100 MHz) δ 163.5 (C-17), 156.6 (C-15), 153.2 (C-24), 145.1 (C-1), 140.4 (C-8a), 

138.6 (C-3), 134.8 (C-9a), 128.4 (C-4a), 127.9 (C-7), 121.8 (C-4b), 121.6 (C-5), 119.6 (C-

6), 112.6 (C-4), 112.0 (C-8), 83.3/79.6 (C-19, C-25), 39.4 (C-13), 32.0 (C-10), 28.3/28.1 

(C-20, C-21, C-22, C-26, C-27, C-28), 27.6 (C-12), 24.6 (C-11); FABMS m/z 482 

[M+H]
+
; HRFABMS m/z 482.2765 [M+H]

+
 (calcd for C26H36N5O4, 482.2767). 

 

4.2.2.12 1-(4-(9H-Pyrido[3,4-b]indol-1-yl)butyl)guanidine trifluoroacetic acid 

salt (2.117)
99

 

 

 

 

Method A Cyanamide (0.023 g, 0.55 mmol) and 1-(4-ammoniobutyl)-9H-pyrido[3,4-

b]indol-2-ium difluoroacetic acid salt (2.115) (0.012 g, 0.05 mmol) and triethylamine 

(0.028 mL, 0.20 mmol) were heated at reflux in methanol (3 mL) under nitrogen 

overnight. The solvent was removed in vacuo. Purification by Sephadex LH-20 column 

chromatography eluting with methanol (0.05% TFA) gave the product as a yellow oil.  

Method B tert-Butyl (4-(9H-pyrido[3,4-b]indol-1-yl)butylamino)(tert-butoxycarbonyl-

amino)methylenecarbamate (2.116) (0.01 g, 0.023 mmol) was stirred in 45% solution of 

trifluoroacetic acid in dichloromethane for 30 min and dried in vacuo. Purification by 

Sephadex LH-20 column chromatography eluting with methanol (0.05% TFA) gave the 

product as a yellow oil (0.008 g, 69%). 

IR vmax (ATR) 3366, 3171, 2963, 2885, 1669, 1635, 1432 cm
-1

; 
1
H NMR (CD3OD, 400 

MHz) δ 8.53 (1H, d, J = 6.4 Hz, H-4), 8.38 (1H, d, J = 8.0 Hz, H-5), 8.34 (1H, d, J = 6.4 
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Hz, H-3), 7.78 (1H, m, H-7), 7.77 (1H, m, H-8), 7.45 (1H, m, H-6), 3.46 (2H, t, J = 7.7 

Hz, H2-10), 3.25 (2H, t, J = 7.0 Hz, H2-13), 1.99 (2H, tt, J = 7.7, 7.0 Hz, H2-11), 1.76 (2H, 

tt, J = 7.7, 7.0 Hz, H2-12); 
13

C NMR (CD3OD, 100 MHz) δ 158.7 (C-15), 145.5 (C-8a), 

142.6 (C-1), 135.1 (C-4a), 135.1 (C-9a), 133.2 (C-7), 129.8 (C-3), 124.2 (C-5), 123.1 (C-

6), 121.6 (C-4b), 116.7 (C-4), 113.9 (C-8), 42.0 (C-13), 30.8 (C-10), 29.6 (C-12), 27.0 (C-

11); 
15

N NMR (CD3OD, 60.8 MHz, obtained from 
1
H-

15
N 2D data) δ 187.3 (N-2), 118.0 

(N-9), 82.4 (N-14); FABMS m/z 282 [M+H]
+
; HRFABMS m/z 282.1719 [M+H]

+
 (calcd 

for C16H19N5, 282.1719). 

 

4.2.2.13 2-(4-Hydroxybutyl)isoindoline-1,3-dione (2.118)
96

 

 

 

 

4-Aminobutanol (1.0 g, 0.01 mol) and phthalic anhydride (1.66 g, 0.01 mol) were added to 

an open 2-neck flask and heated for 30 min at 145
o
C, with a stream of nitrogen constantly 

applied.  After cooling, the product was obtained as a colourless oil (2.20 g, 89%).  The 

product was used in the next step without further purification. 

1
H NMR (CDCl3, 400 MHz) δ 7.85 (2H, m, H-9, H-10), 7.72 (2H, m, H-8, H-11), 4.36 

(1H, t, J = 5.2 Hz, OH), 3.75 (2H, t, J = 7.1 Hz, H2-1), 3.70 (2H, t, J = 6.4 Hz, H2-4), 1.80 

(2H, tt, J = 7.1, 6.4 Hz, H2-2), 1.62 (2H, tt, J = 7.1, 6.4 Hz, H2-3); EIMS m/z 219 [M]
+
; 

HREIMS m/z 219.0892 [M]
+
 (calcd for C12H13NO3, 219.0895). 
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4.2.2.14 4-(1,3-Dioxoisoindolin-2-yl)butanal (2.119)
96

 

 

 

 

Oxalyl chloride (0.86 mL, 10.08 mmol) in dichloromethane (5 mL) was stirred with 

constant nitrogen flow and cooled to -78 °C. Dimethylsulfoxide (1.30 mL, 18.30 mmol) in 

dichloromethane (5 mL) was added dropwise over 2 min. 2-(4-hydroxybutyl)isoindoline-

1,3-dione (2.118) (2.00 g, 9.12 mmol) in dichloromethane (5 mL) was added dropwise 

within 5 min. The solution was then stirred for 15 min, before triethylamine (6.30 mL, 

45.45 mmol) was added. After stirring for a further 5 min, the solution was allowed to 

warm to room temperature. The resulting yellow solution was washed with water (5 x 50 

mL). The organic layer was dried over anh. MgSO4 and solvent removed in vacuo to 

obtain a colourless oil. Purification by silica gel chromatography eluting with ethyl acetate 

(0-20%) in hexane gave the product as a colourless oil (0.93 g, 47%).  

1
H NMR (CDCl3, 400 MHz) δ 9.69 (1H, t, J = 1.2 Hz, H-1), 7.74 (2H, m, H-9, H-10), 7.64 

(2H, m, H-8, H-11), 3.65 (2H, t, J = 6.8 Hz, H2-4), 2.46 (2H, td, J = 1.2, 7.2 Hz, H2-2), 

1.93 (2H, tt, J = 7.2, 6.8 Hz, H2-3). 

 

4.2.2.15 2-(3-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)propyl)isoindoline-

1,3-dione (2.120)
81

 

 

 

 

4-(1,3-Dioxoisoindolin-2-yl)butanal (2.119) (0.93 g, 4.28 mmol) and tryptamine (1.03 g, 

6.43 mmol) were dissolved in dichloromethane (80 mL) was cooled to -78
o
C while 

stirring under nitrogen. Trifluoroacetic acid (1.60 mL, 21.54 mmol) was added to the 

cooled, stirring mixture, which was then allowed to warm to room temperature overnight. 

Triethylamine (3.10 mL, 22.36 mmol) was added and the reaction stirred for another 15 
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min. The resulting mixture was washed with water (50 mL). The organic layer was dried 

with anh. MgSO4 and solvent evaporated in vacuo. Purification by silica gel column 

chromatography eluting with methanol (0-3%) in dichloromethane gave the product as a 

yellow foam (0.99 g, 65%). 

Mp 63-65°C (decomp.); Rf (4% methanol/dichloromethane) 0.25; IR vmax (ATR) 3381, 

2932, 2842, 1767, 1615, 1466, 1360 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 8.45 (1H, br s, 

NH-9), 7.82 (2H, m, H-16, H-19), 7.68 (2H, m, H-17, H-18), 7.45 (1H, d, J = 7.5 Hz, H-

5), 7.32 (1H, d, J = 7.5 Hz, H-8), 7.12 (1H, td, J = 7.5, 1.0 Hz, H-7), 7.07 (1H, td, J = 7.5, 

1.0 Hz, H-6), 4.10 (1H, m, H-1), 3.76 (2H, t, J = 6.8 Hz, H2-12), 3.26 (1H, m, H-3a), 3.01 

(1H, m, H-3b), 2.70 (2H, m, H2-4), 1.88 (3H, m, H-10a, H2-11), 1.73 (1H, m, H-10b); 
13

C 

NMR (CDCl3, 100 MHz) δ 168.6 (C-14, C-21), 135.8* (C-8a), 135.6* (C-9a), 133.9 (C-

17, C-18), 131.8 (C-15, C-20), 127.2 (C-4b), 123.2 (C-16, C-19), 121.3 (C-7), 119.1 (C-

6), 117.9 (C-5), 110.8 (C-8), 108.8 (C-4a), 51.3 (C-1), 41.7 (C-3), 37.4 (C-12), 31.7 (C-

10), 25.0 (C-11), 22.6 (C-4); (+)-ESIMS m/z 360 [M+H]
+
; (+)-HRESIMS m/z 360.1720 

[M+H]
+
 (calcd for C22H22N3O2, 360.1707). Assignments marked by * may be 

interchanged. 

 

4.2.2.16 2-(3-(9H-Pyrido[3,4-b]indol-1-yl)propyl)isoindoline-1,3-dione (2.121) 

 

 

 

2-(3-(2,3,4-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)propyl)isoindoline-1,3-dione (2.120) 

(0.2 g, 0.56 mmol) was dissolved in dichloromethane (10 mL) and 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) (2.53 g, 11.14 mmol) was added. The reaction 

suspension was stirred at 40°C for 5 min. The suspension was then washed with 1M 

potassium hydroxide until the aqueous layer was slightly yellow. The organic layer was 

dried with anh. MgSO4 and solvent removed in vacuo. Purification by silica gel column 

chromatography eluting with ethyl acetate (0-50%) in hexane gave the product as a yellow 

oil (0.058 g, 29%). 
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Rf (100% ethyl acetate) 0.60; IR vmax (ATR) 3404, 3059, 2947, 1765, 1697, 1623, 1505, 

1354 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 9.79 (1H, br s, NH-9), 8.36 (1H, d, J = 5.4 Hz, 

H-3), 8.07 (1H, d, J = 7.5 Hz, H-5), 7.77 (3H, m, H-4, H-16, H-19), 7.66 (2H, m, H-17, 

H-18), 7.57 (1H, m, H-8), 7.53 (1H, m, H-7), 7.26 (1H, td, J = 7.5, 1.2 Hz, H-6), 3.81 

(2H, t, J = 6.0 Hz, H2-12), 3.18 (2H, t, J = 7.1 Hz, H2-10), 2.35 (2H, tt, J = 7.1, 6.0 Hz, 

H2-11); 
13

C NMR (CDCl3, 100 MHz) δ 168.9 (C-14, C-21), 144.5 (C-1), 140.4 (C-8a), 

138.6 (C-3), 134.6 (C-9a), 133.9 (C-17, C-18), 131.8 (C-15, C-20), 128.7 (C-4a), 128.1 

(C-7), 123.2 (C-16, C-19), 121.8 (C-4b), 121.6 (C-5), 119.8 (C-6), 112.9 (C-4), 111.7 (C-

8), 38.0 (C-12), 31.4 (C-10), 28.3 (C-11); (+)-ESIMS m/z 356 [M+H]
+
; (+)-HRESIMS m/z 

356.1400 [M+H]
+
 (calcd for C22H18N3O2, 356.1394). 

 

4.2.2.17 1-(3-Ammoniopropyl)-9H-pyrido[3,4-b]indol-2-ium ditrifluoroacetic 

acid salt (2.122) 

 

 

 

2-(3-(9H-pyrido[3,4-b]indol-1-yl)propyl)isoindoline-1,3-dione (2.121) (0.073 g, 0.21 

mmol) was dissolved in absolute ethanol (10 mL) and hydrazine monohydrate (0.20 mL, 

4.10 mmol) was added. The reaction was stirred for 2 days and then dried in vacuo. The 

residue was subjected to purification by Sephadex LH-20 column chromatography eluting 

with methanol (0.05% TFA) to give the product as a brown oil (0.077 g, 82%). 

IR vmax (ATR) 3164, 3010, 2890, 1666, 1634, 1490, 1327 cm
-1

; 
1
H NMR (CD3OD, 400 

MHz) δ 8.50 (1H, J = 6.2 Hz, H-4), 8.38 (1H, m, H-3), 8.36 (1H, m, H-5), 7.77 (2H, m, H-

7, H-8), 7.44 (1H, m, H-6), 3.50 (2H, t, J = 7.8 Hz, H2-10), 3.12 (2H, t, J = 7.8 Hz, H2-12), 

2.27 (2H, tt, J = 7.8, 7.8 Hz, H-11); 
13

C NMR (CD3OD, 100 MHz) δ 145.5 (C-8a), 141.0 

(C-1), 135.3* (C-4a), 135.2* (C-9a), 133.2 (C-7), 130.3 (C-3), 124.2 (C-5) 123.1 (C-6), 

121.6 (C-4b), 117.0 (C-4), 113.9 (C-8), 40.0 (C-12), 28.4 (C-10), 27.6 (C-11); (+)-ESIMS 

m/z 225 [M+H]
+
; (+)-HRESIMS m/z 226.1336 [M+H]

+
 (calcd for C14H16N3, 226.1339). 

Assignments marked by * may be interchanged. 
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4.2.2.18 tert-Butyl (3-(9H-pyrido[3,4-b]indol-1-yl)propylamino)(tert-butoxycar-

bonylamino) methylenecarbamate (2.123) 

 

 

 

 

To a solution of 1-(3-ammoniopropyl)-9H-pyrido[3,4-b]indol-2-ium difluroacetic acid salt 

(2.122) (0.02 g, 0.04 mmol) in dichloromethane (2 mL) were added triethylamine (0.25 

mL, 1.80 mmol), N,N'-bis(tert-butoxycarbonyl)thiourea (0.061 g, 0.22 mmol) and 

Mukaiyama’s reagent (0.056 g, 0.22 mmol), which turned the colour from yellow to 

brown-red. The reaction mixture was stirred at room temperature for 2 days until 

completion, as judged by TLC.  

The reaction mixture was washed with water (5 mL) and the organic layer was dried over 

anh. MgSO4 and solvent removed in vacuo. Purification by silica gel column 

chromatography eluting with ethyl acetate (0-20%) in hexane gave the product as a yellow 

oil (0.009 g, 44%). 

Rf (50 % ethyl acetate/hexane) 0.46; IR vmax (ATR) 3326, 3100, 2978, 2931, 1721, 1645, 

1615, 1412 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 11.62 (1H, br s, NH), 10.17 (1H, br s, 

NH), 8.64 (1H, br t, NH-13), 8.37 (1H, d, J = 5.3 Hz, H-3), 8.11 (1H, d, J = 7.8 Hz, H-5), 

7.82 (1H, d, J = 5.3 Hz, H-4), 7.58 (1H, m, H-8), 7.53 (1H, m, H-7), 7.26 (1H, m, H-6), 

3.52 (2H, dt, J = 6.3, 6.3 Hz, H2-12), 3.29 (2H, t, J = 6.6 Hz, H2-10), 2.16 (2H, tt, J = 6.6, 

6.3 Hz, H2-11), 1.52/1.48 (18H, s, H-19, H-20, H-21, H-26, H-27, H-28); 
13

C NMR 

(CDCl3, 100 MHz) δ 163.5 (C-16), 156.8 (C-14), 153.4 (C-23), 145.3 (C-1), 140.4 (C-8a), 

138.6 (C-3), 134.7 (C-9a), 128.5 (C-4a), 127.8 (C-7), 121.7 (C-4b), 121.6 (C-5), 119.6 (C-

6), 112.9 (C-4), 112.1 (C-8), 83.4 (C-25), 79.7 (C-18), 40.4 (C-12), 31.9 (C-10), 30.2 (C-

11), 28.1/28.2/28.3 (Boc); (+)-ESIMS m/z 468 [M+H]
+
; (+)-HRESIMS m/z 468.2610 

[M+H]
+
 (calcd for C25H34N5O4, 468.2605). 
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4.2.2.19 1-(3-(9H-Pyrido[3,4-b]indol-1-yl)propyl)guanidine ditrifluoroacetate 

salt (2.124) 

 

 

 

 

tert-Butyl (3-(9H-pyrido[3,4-b]indol-1-yl)propylamino)(tert-butoxycarbonylamino)-

methylenecarbamate (2.123) (0.009 g, 0.019 mmol) was stirred in a 45% solution of 

trifluoroacetic acid in dichloromethane for 30 min and dried in vacuo.  Purification by 

Sephadex LH-20 column chromatography eluting with methanol (0.05% TFA) gave the 

product as a yellow oil (0.008 g, 84%). 

IR vmax (ATR) 3362, 2981, 2883, 1674, 1634, 1437 cm
-1

; 
1
H NMR (CD3OD, 400 MHz) δ 

8.53 (1H, d, J = 6.1 Hz, H-4), 8.39 (1H, d, J = 8.0 Hz, H-5), 8.36 (1H, d, J = 6.1 Hz, H-3), 

7.80 (1H, m, H-7), 7.77 (1H, m, H-8), 7.46 (1H, m, H-6), 3.50 (2H, t, J = 7.9 Hz, H2-10), 

3.39 (2H, t, J = 6.9 Hz, H2-12), 2.22 (2H, tt, J = 7.9, 6.9 Hz, H2-11); 
13

C NMR (CD3OD, 

100 MHz) δ 158.9 (C-14), 145.4 (C-8a), 141.9 (C-1), 135.2 (C-4a), 135.2 (C-9a), 133.2 

(C-7), 130.3 (C-3), 124.2 (C-5), 123.1 (C-6), 121.6 (C-4b), 116.8 (C-4), 113.9 (C-8), 41.9 

(C-12), 28.8* (C-10), 28.7* (C-11); (+)-ESIMS m/z 268 [M+H]
+
; (+)-HRESIMS m/z 

268.1561 [M+H]
+
 (calcd for C15H18N5, 268.1557). 

 

4.2.2.20 2-(3-Hydroxypropyl)isoindoline-1,3-dione (2.125) 

 

 

 

3-Aminopropanol (3.0 g, 39.94 mmol) and phthalic anhydride (5.94 g, 40.10 mmol) were 

added to an open 2-neck flask and heated for 30 min at 145
o
C, with a stream of nitrogen 
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constantly applied. After cooling, a white solid was obtained (7.74 g, 94.4 %). The 

product was used in the next step without further purification. 

Mp 70-72°C; 
1
H NMR (CDCl3, 400 MHz) δ 7.86 (2H, m, H-8, H-9), 7.73 (2H, m, H-7, H-

10), 3.86 (2H, t, J = 6.1 Hz, H2-3), 3.63 (2H, t, J = 6.1 Hz, H2-1), 1.89 (2H, tt, J = 6.1, 6.1 

Hz, H2-2); 
13

C NMR (CDCl3, 100 MHz) δ 168.9 (C-5, C-12), 134.1 (C-7, C-10), 132.0 (C-

6, C-11), 123.4 (C-8, C-9), 59.0 (C-1), 34.2 (C-3), 31.3 (C-2); EIMS m/z 205 [M]
+
; 

HREIMS m/z 205.0741 [M]
+
 (calcd for C11H11NO3, 205.0739). 

 

4.2.2.21 3-(1,3-Dioxoisoindolin-2-yl)propanal (2.126) 

 

 

 

2-(3-Hydroxypropyl)isoindoline-1,3-dione (2.125) (0.50 g, 2.44 mmol) and IBX (2.05 g, 

7.32 mmol) were heated to reflux in ethyl acetate (30 mL) for 2 h. The mixture was cooled 

on ice, then the insoluble side product was removed by filtration. The filtrate was dried in 

vacuo and the product was obtained as an off-white solid (0.45 g, 91%). The product was 

used in the next step without further purification. 

Mp 110-112°C; 
1
H NMR (CDCl3, 400 MHz) δ 9.83 (1H, t, J = 1.2 Hz, H-1), 7.86 (2H, m, 

H-8, H-9), 7.73 (2H, m, H-7, H-10), 4.05 (2H, t, J = 6.9 Hz, H2-3), 2.88 (2H, td, J = 6.9, 

1.2 Hz, H2-2); EIMS m/z 203 [M]
+
; HREIMS m/z 203.0582 [M]

+
 (calcd for C11H9NO3, 

203.0582). 
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4.2.2.22 2-(2-(2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)ethyl)-

isoindoline-1,3-dione (2.127)  

 

 

 

 

3-(1,3-Dioxoisoindolin-2-yl)propanal (2.126) (0.45 g, 2.21 mmol) and tryptamine (0.59 g, 

3.68 mmol) were dissolved in dichloromethane (20 mL) was stirred under nitrogen for 1 h 

before being cooled to -78
o
C. Trifluoroacetic acid (0.37 mL, 4.93 mmol) was added to the 

cooled, stirring mixture, which was then allowed to warm to room temperature overnight. 

Triethylamine (1.02 mL, 7.38 mmol) was added and stirred for another 20 min. The 

resulting mixture was washed with water (50 mL). The organic layer was dried with anh. 

MgSO4 and solvent evaporated in vacuo. Purification by silica gel column 

chromatography eluting with methanol (0-2%) in dichloromethane gave the product as a 

yellow foam (0.29 g, 34%). 

Mp 152-155°C; Rf (4% methanol/dichloromethane) 0.27; IR vmax (ATR) 3416, 3347, 

2946, 2842, 1764, 1697, 1466 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 8.57 (1H, s, H-9), 7.75 

(2H, m, H-15, H-18), 7.62 (2H, m, H-16, H-17), 7.40 (1H, d, J = 7.6 Hz, H-5), 7.26 (1H, 

d, J = 7.6 Hz, H-8), 7.08 (1H, td, J = 7.6, 0.8 Hz, H-7), 7.02 (1H, td, J = 7.6, 0.8 Hz, H-6), 

4.07 (1H, t, J = 6.3 Hz, H-1), 3.93 (2H, m, H2-11), 3.33 (1H, m, H-3a), 3.05 (1H, m, H-

3b), 2.72 (2H, m, H2-4), 2.20 (2H, dt, J = 6.3, 6.3 Hz, H2-10); 
13

C NMR (CDCl3, 100 

MHz) δ 168.7 (C-13, C-20), 135.7 (C-8a), 135.0 (C-9), 134.0 (C-16, C-17), 131.7 (C-14, 

C-19), 127.3 (C-4b), 123.2 (C-15, C-18), 121.5 (C-7), 119.9 (C-5), 119.2 (C-6), 110.8 (C-

8), 109.2 (C-4a), 49.8 (C-1), 41.9 (C-4), 34.7 (C-11), 33.3 (C-10), 22.5 (C-3); EIMS m/z 

345 [M]
+
; HREIMS m/z 345.1470 [M]

+
 (calcd for C21H19N3O2, 345.1477). 
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4.3 Work on Chapter Three 

4.3.1 Extraction and Isolation Procedures 

Specimens (collection number MNP9123) of the grey-encrusted Aplidium scabellum were 

collected from reef at southern end of Rabbit Island (36 20.9395S, 175 30.308E, 15m), 

Great Barrier Island, New Zealand. The ascidian was frozen as soon as possible until 

before use.   

Ascidian specimens were freeze-dried (dry weight 200.92 g), extracted with methanol (5 x 

200 mL), filtered and solvent removed in vacuo. The green crude extract (7.74 g) was 

subjected to C18 flash chromatography with a steep gradient from water to methanol, 

fractionated at 0%, 25%, 50%, 75% and 100% methanol in water. The third fraction (50% 

MeOH in water) was then subjected to reversed-phase cyanopropyl flash column 

chromatography eluting with water. The first fraction collected yielded 2-geranyl-6-

methoxy-1,4-hydroquinone-4-sulfate (3.57) (4.0 mg, 0.002%, RT 5.62 min). The fifth 

fraction (100% MeOH) from the crude C18 column was subjected to silica flash 

chromatography, eluting with a gradient of dichloromethane through to 10% methanol in 

dichloromethane, and two fractions (dichloromethane and 1% methanol/dichloromethane) 

were subjected to further purification. The 100% dichloromethane fraction was subjected 

again to silica flash chromatography where a purple-coloured fraction (hexane:ethyl 

acetate, 9:1) was collected and by analysis of 
1
H NMR data (CDCl3) deduced to be a 

mixture of two compounds. Reversed-phase C2 flash column chromatography with a steep 

gradient from water to methanol, afforded brown-red 8-methoxy-2-methyl-2-(4-methyl-3-

pentenyl)-2H-1-benzopyran-6-ol (3.58) (0.8 mg, 0.0004%) and scabellone B (3.59) (0.44 

mg, 0.0002%), in the fractions eluted with water:methanol (1:1) and (1:4) respectively. 

The 1% methanol/dichloromethane fraction was subjected to silica flash chromatography 

with a gradient from hexane to ethyl acetate. A brown-coloured fraction (hexane:ethyl 

acetate, 4:1) was collected and further subjected to reversed-phase C2 flash column 

chromatography with a steep gradient from water to methanol. Compounds of interest 

were found in the 70% methanol and 100% methanol fractions. Diol flash column 

chromotography with dichloromethane as the eluent was used on the 70% methanol 

fraction and afforded scabellone A (3.60) (0.49 mg, 0.0002%). The 100% methanol 

fraction was subjected to silica flash chromatography (15-40 micron) where scabellone C 
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(3.61) (0.85 mg, 0.0004%) and scabellone D (3.62) (0.53 mg, 0.0003%) were isolated 

(hexane:ethyl acetate, 9:1). 

Additional biomass (dry weight 40.11 g, crude extract 2.53 g) was extracted using the 

same isolation procedure to afford more 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-

2H-1-benzopyran-6-ol (3.58)
130

 (0.73 mg, 0.0018%) and, from the same fraction, 

verapliquinone A (3.63)
106

 (1.27 mg, 0.003%). 

 

4.3.1.1 2-Geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (3.57) 

 

 

 

 

Brown oil. UV-Vis (MeOH) λmax (log ε) 210 (4.00), 282 (3.19), 354 (2.00) nm; IR νmax 

3401 1669, 1640, 1495, 1433, 1229, 1207 cm
-1

; 
1
H NMR (CD3OD, 600 MHz) δ 6.75 (1H, 

d, J = 2.1 Hz, H-5), 6.54 (1H, d, J = 2.1 Hz, H-3), 5.29 (1H, t, J = 6.6 Hz, H-2'), 5.09 (1H, 

t, J = 6.6 Hz, H-6'), 3.83 (3H, s, OCH3), 3.27 (2H, d, J = 7.3 Hz, H2-1'), 2.08 (2H, m, H2-

5'), 2.00 (2H, m, H2-4'), 1.69 (3H, s, H3-10'), 1.65 (3H, s, H3-9'), 1.58 (3H, s, H3-8'); 
13

C 

NMR (CD3OD, 150 MHz) δ 148.6 (C-6), 146.4 (C-4), 141.2 (C-1), 136.7 (C-3'), 132.2 (C-

7'), 129.2 (C-2), 125.5 (C-6'), 123.9 (C-2'), 114.1 (C-3), 103.6 (C-5), 56.6 (OCH3) 41.0 

(C-4'), 29.1 (C-1'), 27.9 (C-5'), 25.9 (C-9'), 17.8 (C-8'), 16.3 (C-10'); (-)-ESIMS m/z 355 

[M-H]
-
; (-)-HRESIMS m/z 355.1291 [M-H]

-
 (calcd for C17H23O6S, 355.1221). 
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4.3.1.2 8-Methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol 

(3.58)
130

 

 

 

Reddish-brown oil. Rf (20% ethyl acetate/hexane) 0.30; 
1
H NMR (CDCl3, 400 MHz) δ 

6.34 (1H, d, J = 2.6 Hz, H-7), 6.24 (1H, d, J = 10.0 Hz, H-4), 6.11 (1H, d, J = 2.6 Hz, H-

5), 5.62 (1H, d, J = 10.0 Hz, H-3), 5.09 (1H, m, H-3'), 3.82 (3H, s, OCH3), 2.11 (2H, m, 

H2-2'), 1.75 (1H, m, H-1'a), 1.65 (1H, m, H-1'b), 1.65 (3H, s, H3-6'), 1.56 (3H, s, H3-5'), 

1.42 (3H, s, H3-9); 
13

C NMR (CDCl3, 100 MHz, carbon resonances deduced from 
1
H-

13
C 

HMBC and HSQC NMR data) δ 149.2 (C-6), 148.8 (C-8), 135.8 (C-8a), 131.8 (C-4'), 

131.0 (C-3), 123.9 (C-3'), 122.4 (C-4), 121.9 (C-4a), 103.9 (C-5), 100.0 (C-7), 78.3 (C-2), 

56.0 (OCH3), 40.0 (C-1'), 25.5 (C-9), 25.3 (C-6'), 22.3 (C-2'), 17.2 (C-5'); (+)-ESIMS m/z 

297 (100) [M+Na]
+
, (+)-HRESIMS m/z 297.1453 [M+Na]

+
 (calcd for C17H22NaO3, 

297.1461). 

 

4.3.1.3 Scabellone B (3.59) 

 

 

 

 

 

 

Purple oil. [α]
20

D 0, [α]
20

578 0, [α]
20

546 0, [α]
20

436 0 (c 0.004, CH2Cl2); UV-Vis (MeOH) 

λmax (log ε) 209 (4.57), 238 sh (4.25), 303 (3.94), 340 sh (3.78), 358 sh (3.59), 546 (3.32) 

nm; UV-Vis (MeOH/KOH) λmax 212 nm (log ε 4.55), 303 (4.01), 546 (3.44); Rf (100% 

dichloromethane) 0.38; IR νmax 3484, 1658, 1592, 1481, 1441, 1223 cm
-1

; 
1
H NMR 

(CDCl3, 600 MHz) δ 6.40 (1H, s, H-7), 6.00 (1H, d, J = 9.3 Hz, H-5), 5.80 (1H, s, H-2), 
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5.48 (1H, br s, OH), 5.28 (1H, d, J = 9.3 Hz, H-1'), 5.06 (1H, m, H-2''), 5.01 (1H, t, J = 6.6 

Hz, H-6''), 4.93 (1H, t, J = 6.6 Hz, H-5'), 3.89 (3H, s, 8-OCH3), 3.80 (3H, s, 3-OCH3), 3.57 

(1H, m, H-1''a), 3.36 (1H, dd, J = 17.5, 9.1 Hz, H-1''b), 1.98 (4H, m, H2-4', H2-5''), 1.94 

(2H, m, H2-3'), 1.93 (3H, s, H3-9'), 1.87 (2H, m, H2-4''), 1.62 (3H, s, H3-9''), 1.59 (3H, s, 

H3-8'), 1.56 (3H, s, H3-10''), 1.50 (3H, s, H3-7'), 1.49 (3H, s, H3-8''); 
13

C NMR (CDCl3, 

150 MHz) δ 182.6 (C-1), 178.7 (C-4), 157.8 (C-3), 151.4 (C-6a), 150.0 (C-8), 144.3 (C-

2'), 139.2 (C-9), 137.6 (C-10b), 137.1 (C-3''), 131.7* (C-6'), 131.6* (C-7''), 130.8 (C-4a), 

126.8 (C-10), 124.2 (C-2''), 123.8 (C-6''), 123.6 (C-5'), 116.9 (C-1'), 111.0 (C-10a), 107.3 

(C-2), 98.4 (C-7), 67.6 (C-5), 56.1 (3-OCH3), 56.1 (8-OCH3), 39.8* (C-4''), 39.7* (C-3'), 

26.5 (C-1''), 26.3* (C-4'), 26.2* (C-5''), 25.6* (C-8'), 25.5* (C-9''), 17.6* (C-7'), 17.5* (C-

8''), 17.2 (C-9'), 16.5 (C-10''); (+)-ESIMS m/z 547 (100) [M+H]
+
, (+)-HRESIMS m/z 

547.3063 [M+H]
+
 (calcd for C34H43O6, 547.3054). 

 

4.3.1.4 Scabellone A (3.60) 

 

 

 

 

 

 

Brown oil. [α]
20

D 0, [α]
20

578 0, [α]
20

546 0, [α]
20

436 0 (c 0.005, CH2Cl2); UV-Vis (MeOH) 

λmax (log ε) 207 (4.58), 230 sh (4.48), 269 (4.27), 315 (3.81), 450 sh (3.11) nm; Rf (50% 

ethyl acetate/hexane) 0.44; IR vmax (ATR) 3447, 1677, 1634, 1436, 1226 cm
-1

; 
1
H NMR 

(CDCl3, 600 MHz) δ 6.43 (1H, s, H-9), 6.01 (1H, s, H-2), 5.92 (1H, d, J = 10.0 Hz, H-14), 

5.59 (1H, d, J = 10.0 Hz, H-13), 5.07 (1H, t, J = 6.6 Hz, H-3''), 5.00 (1H, t, J = 6.6 Hz, H-

6'), 4.90 (1H, t, J = 6.6 Hz, H-2'), 3.85 (3H, s, 3-OCH3), 3.85 (3H, s, 10-OCH3), 3.10 (1H, 

m, H-1'a), 2.97 (1H, m, H-1'b), 2.10 (2H, m, H2-2''), 1.95 (2H, m, H2-5'), 1.86 (2H, m, H2-

4'), 1.74 (1H, m, H-1''a), 1.65 (1H, m, H-1''b), 1.64 (3H, s, H3-6'', obscured by water), 1.64 
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(3H, s, H3-9', obscured by water), 1.55 (3H, s, H3-8'), 1.55 (3H, s, H3-5''), 1.44 (3H, s, H3-

15), 1.36 (3H, s, H3-10'); 
13

C NMR (CDCl3, 150 MHz, carbon resonances deduced from 

1
H-

13
C HMBC and HSQC NMR data) δ 186.4 (C-1), 181.5 (C-4), 158.3 (C-3), 149.4 (C-

10), 145.7 (C-8), 145.7 (C-5), 138.4 (C-6), 138.1 (C-3'), 136.2 (C-10a), 131.3 (C-13), 

131.5 (C-4''), 131.2 (C-7'), 124.1 (C-6'), 124.0 (C-3''), 120.4 (C-14a), 120.1 (C-14), 118.0 

(C-2'), 109.1 (C-7), 107.6 (C-2), 101.4 (C-9), 77.5 (C-12),56.2 (3-OCH3), 56.2 (10-

OCH3), 39.6 (C-1''), 39.2 (C-4'), 26.6 (C-1'), 26.3 (C-5'), 25.4 (C-15), 25.4 (C-9'), 25.4 (C-

6''), 22.2 (C-2''), 17.3 (C-8'), 17.3 (C-5''), 15.6 (C-10'); (+)-ESIMS m/z 547 (100) [M+H]
+
, 

(+)-HRESIMS 547.3020 [M+H]
+
 (calcd for C34H43O6, 547.3054). 

 

4.3.1.5 Scabellone C (3.61) 

 

 

 

 

 

 

Purple oil. Rf (20% ethyl acetate/hexane) 0.33; [α]
20

D 0 (c 0.005, CH2Cl2), [α]
20

578 0, 

[α]
20

546 0, [α]
20

436 0 (c 0.007, CH2Cl2); UV-Vis (MeOH) λmax (log ε) 205 (3.86), 243 

(3.71), 294 sh (3.29), 338 (3.35), 558 (2.82) nm; 
1
H NMR (CDCl3, 600 MHz) δ 6.44 (1H, 

s, H-7), 6.10 (1H, d, J = 9.9 Hz, H-12), 6.04 (1H, d, J = 9.1 Hz, H-5), 5.89 (1H, s, H-2), 

5.58 (1H, d, J = 9.9 Hz, H-11), 5.35 (1H, d, J = 9.1 Hz, H-1'), 5.15 (1H, t, J = 6.7 Hz, H-

3''), 4.94 (1H, t, J = 6.7 Hz, H-5'), 3.86 (3H, s, 8-OCH3), 3.84 (3H, s, 3-OCH3), 2.21 (1H, 

m, H-2''a), 2.11 (1H, m, H-2''b), 1.99 (2H, m, H2-4'), 1.94 (2H, m, H2-3'), 1.93 (3H, s, H3-

9'), 1.93 (1H, m, H-1''a), 1.73 (1H, m, H-1''b), 1.68 (3H, s, H3-6''), 1.60 (3H, s, H3-5''), 

1.59 (3H, s, H3-8'), 1.51 (3H, s, H3-7'), 1.49 (3H, s, H3-13); 
13

C NMR (CDCl3, 150 MHz) δ 

185.4 (C-1), 179.0 (C-4), 158.3 (C-3), 153.0 (C-8), 151.6 (C-6a), 144.3 (C-2'), 138.3 (C-

8a), 133.9 (C-12c), 131.7 (C-6'), 131.7 (C-4''), 131.4 (C-4a), 126.6 (C-11), 124.2 (C-3''), 

123.8 (C-12), 123.6 (C-5'), 120.2 (C-12a), 117.0 (C-1'), 107.6 (C-12b), 107.1 (C-2), 101.2 
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(C-7), 77.8 (C-10), 67.7 (C-5), 56.2 (3-OCH3), 56.2 (8-OCH3), 41.1 (C-1''), 39.7 (C-3'), 

26.2 (C-4'), 25.7 (C-6''), 25.6 (C-8'), 24.5 (C-13), 23.2 (C-2''), 17.7 (C-7'), 17.7 (C-5''), 

17.2 (C-9'); (+)-ESIMS m/z 545 (100) [M+H]
+
, (+)-HRESIMS m/z 545.2889 [M+H]

+
 

(calcd for C34H41O6, 545.2898). 

4.3.1.6 Scabellone D (3.62) 

 

 

 

 

 

 

Purple oil. Rf (20% ethyl acetate/hexane) 0.44; [α]
20

D 0, [α]
20

578 0, [α]
20

546 0, [α]
20

436 0 (c 

0.007, CH2Cl2); UV-Vis (MeOH) λmax (log ε) 203 (3.82), 242 (3.65), 295 sh (3.20), 338 

(3.29), 552 (2.74) nm; 
1
H NMR (CDCl3, 600 MHz) δ 6.43 (1H, s, H-7), 6.07 (1H, d, J = 

10.0 Hz, H-12), 6.02 (1H, d, J = 9.6 Hz, H-5), 5.88 (1H, s, H-2), 5.55 (1H, d, J = 10.0 Hz, 

H-11), 5.33 (1H, m, H-1', obscured by solvent), 5.11 (1H, t, J = 6.8 Hz, H-3''), 4.93 (1H, t, 

J = 6.8 Hz, H-5'), 3.85 (3H, s, 8-OCH3), 3.82 (3H, s, 3-OCH3), 2.20 (1H, m, H-2''a), 2.14 

(1H, m, H-2''b), 1.99 (2H, m, H2-4'), 1.92 (2H, m, H2-3'), 1.92 (3H, s, H3-9'), 1.88 (1H, m, 

H-1''a), 1.80 (1H, m, H-1''b), 1.62 (3H, s, H3-6''), 1.57 (3H, s, H3-5''), 1.58 (3H, s, H3-8'), 

1.50 (3H, s, H3-7'), 1.53 (3H, s, H3-13); 
13

C NMR (CDCl3, 150 MHz, carbon resonances 

deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 184.9 (C-1), 178.7 (C-4), 158.0 (C-

3), 152.5 (C-8), 151.3 (C-6a), 144.0 (C-2'), 137.9 (C-8a), 133.6 (C-12c), 131.5 (C-6'), 

131.5 (C-4''), 131.1 (C-4a), 127.4 (C-11), 124.3 (C-3''), 123.7 (C-5'), 123.6 (C-12), 120.5 

(C-12a), 117.0 (C-1'), 107.2 (C-2), 107.1 (C-12b), 101.0 (C-7), 77.4 (C-10), 67.7 (C-5), 

56.5 (3-OCH3), 56.5 (8-OCH3), 38.5 (C-1''), 39.4 (C-3'), 26.1 (C-4'), 25.8 (C-6''), 25.9 (C-

13), 25.8 (C-8'), 22.4 (C-2''), 17.6 (C-7'), 17.6 (C-5''), 17.2 (C-9'); (+)-ESIMS m/z 545 

(100) [M+H]
+
, (+)-HRESIMS 545.2882 [M+H]

+
 (calcd for C34H41O6, 545.2898). 
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4.3.1.7 Verapliquinone A (3.63)
106

 

 

 

 

1
H NMR (CDCl3, 300 MHz) δ 6.45 (1H, m, H-3), 5.87 (1H, d, J = 2.3 Hz, H-5), 5.14 (1H, 

m, H-2'), 5.09 (1H, m, H-6'), 3.81 (3H, s, OCH3), 3.14 (2H, d, J = 7.3 Hz, H2-1'), 2.10 

(2H, m, H2-5'), 2.06 (2H, m, H2-4'), 1.69 (3H, s, H3-9'), 1.63 (3H, s, H3-10'), 1.60 (3H, s, 

H3-8'); 
13

C NMR (CDCl3, 100 MHz, carbon resonances deduced from 
1
H-

13
C HMBC and 

HSQC NMR data) δ 182.4 (C-1), 159.0 (C-6), 146.6 (C-2), 140.0 (C-3'), 132.4 (C-3), 

131.8 (C-7'), 123.4 (C-6'), 117.5 (C-2'), 106.6 (C-5), 56.0 (OCH3), 39.2 (C-4'), 26.6 (C-1'), 

25.8 (C-5'), 25.2 (C-9'), 17.0 (C-8'), 16.3 (C-10'), C-4 not observed; (+)-ESIMS m/z 275 

(100) [M+H]
+
; (+)-HRESIMS m/z 275.1646 [M+H]

+
 (calcd for C17H23O3, 275.1642). 

 

4.3.2 Experimental Procedures for § 3.5 

4.3.2.1 2-Geranyl-6-methoxy-1,4-benzoquinone (synthetic verapliquinone A) 

(3.63)
135

 

 

 

 

A solution of cerium ammonium nitrate (0.96 g, 1.76 mmol) solution in a 1:2 mixture of 

CH3CN:H2O (15 mL) was added dropwise at 0°C to a solution of 2-geranyl-4,6-

dimethoxyphenol (3.67) (0.26 g, 0.88 mmol) in CH3CN (5 mL) with stirring. The mixture 

was stirred overnight at 0°C and poured into a 10% sodium chloride solution, then 

extracted with diethyl ether. The organic extract was dried over anh. MgSO4 and solvent 

evaporated in vacuo. Purification by silica gel column chromatography eluting with ethyl 

acetate (0-10%) in hexane gave the product as a bright yellow oil (0.16 g, 66%).  
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Rf (10% ethyl acetate/hexane) 0.22; IR vmax (ATR) 2914, 1678, 1230 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 6.46 (1H, m, H-3), 5.88 (1H, d, J = 2.4 Hz, H-5), 5.16 (1H, m, H-2'), 

5.08 (1H, m, H-6'), 3.82 (3H, s, OCH3), 3.14 (2H, d, J = 7.3 Hz, H2-1'), 2.10 (2H, m, H2-

5'), 2.06 (2H, m, H2-4'), 1.70 (3H, s, H3-9'), 1.63 (3H, s, H3-10'), 1.60 (3H, s, H3-8'); 
13

C 

NMR (CDCl3, 100 MHz) δ 187.7 (C-4), 182.2 (C-1), 158.9 (C-6), 146.4 (C-2), 140.1 (C-

3'), 132.8 (C-3), 131.8 (C-7'), 123.9 (C-6'), 117.7 (C-2'), 107.1 (C-5), 56.3 (OCH3), 39.6 

(C-4'), 27.1 (C-1'), 26.4 (C-5'), 25.7 (C-9'), 17.7 (C-8'), 16.1 (C-10'); (+)-ESIMS m/z 297 

[M+Na]
+
; (+)-HRESIMS m/z 297.1459 [M+Na]

+
 (calcd for C17H22NaO3, 297.1461). 

 

4.3.2.2 2-Geranyl-6-methoxy-1,4-hydroquinone (3.65) 

 

 

 

A solution of sodium dithionite (3.05 g, 17.52 mmol) in water (7 mL) was added to a 

stirred solution of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) (0.16 g, 0.58 mmol) in 

diethyl ether (15 mL). The solution was stirred for 30 min. The organic layer was dried 

over anh. MgSO4 and solvent removed in vacuo to obtain the product as an off-white gum 

(0.13 g, 81%). 

Rf (100% dichloromethane) 0.46; IR vmax (ATR) 3264, 2914, 1649, 1215, 1189 cm
-1

; 
1
H 

NMR (CD3OD, 400 MHz) δ 6.26 (1H, d, J = 2.8 Hz, H-5), 6.15 (1H, d, J = 2.8 Hz, H-3), 

5.28 (1H, m, H-2'), 5.09 (1H, m, H-6'), 3.78 (3H, s, OCH3), 3.23 (2H, d, J = 7.6 Hz, H2-

1'), 2.09 (2H, m, H2-5'), 2.01 (2H, m, H2-4'), 1.69 (3H, s, H3-10'), 1.64 (3H, s, H3-9'), 1.58 

(3H, s, H3-8'); 
13

C NMR (CD3OD, 100 MHz) δ 151.0 (C-4), 149.3 (C-6), 138.0 (C-1), 

136.6 (C-3'), 132.3 (C-7'), 129.8 (C-2), 125.4 (C-6'), 124.1 (C-2'), 108.4 (C-3), 98.6 (C-5), 

56.4 (OCH3), 41.0 (C-4'), 29.0 (C-1'), 27.8 (C-5'), 25.9 (C-9'), 17.8 (C-8'), 16.2 (C-10'); 

(+)-ESIMS m/z 299 [M+Na]
+
; (+)-HRESIMS m/z 299.1611 [M+Na]

+
 (calcd for 

C17H24NaO3, 299.1618). 
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4.3.2.3 2,4-Dimethoxyphenol (3.66)
134

 

 

 

 

Hydrogen peroxide (1.36 g, 1.23 mL, 12.04 mmol), followed by sulfuric acid (0.3 mL), 

were added dropwise at 0°C to a solution of 2,4-dimethoxybenzaldehyde (1.0 g, 6.02 

mmol) in methanol (50 mL). The solution was stirred overnight at room temperature and 

poured into ice-cold water (50 mL). The mixture was extracted with dichloromethane (2 x 

50 mL) and the combined organic layer was dried over anh. MgSO4 and solvent removed 

in vacuo. Purification by silica gel column chromatography eluting with dichloromethane 

gave the product as a yellow oil (0.60 g, 65%). 

Rf (100% dichloromethane) 0.55; IR vmax (ATR) 3367, 2837, 1621, 1264 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 6.83 (1H, d, J = 8.7 Hz, H-6), 6.49 (1H, d, J = 2.7 Hz, H-3), 6.39 

(1H, dd, J = 8.7, 2.7 Hz, H-5), 5.21 (1H, s, OH), 3.86 (3H, s, 2-OCH3), 3.76 (3H, s, 4-

OCH3); 
13

C NMR (CDCl3, 100 MHz) δ 153.5 (C-4), 147.0 (C-2), 139.8 (C-1), 114.0 (C-

6), 104.2 (C-5), 99.4 (C-3), 55.9* (2-OCH3), 55.8* (4-OCH3); (+)-ESIMS m/z 155 

[M+H]
+
; (+)-HRESIMS m/z 155.0704 [M+H]

+
 (calcd for C8H11O3, 155.0703). 

 

4.3.2.4 2-Geranyl-4,6-dimethoxyphenol (3.67)
135

 

 

 

 

2,4-Dimethoxyphenol (3.66) (0.52 g, 3.38 mmol) was dissolved in dry toluene (25 mL) 

and sodium hydride (0.15 g, 3.73 mmol) was added. The reaction mixture was stirred for 1 

h at room temperature under nitrogen and then geranyl bromide (0.73 g, 3.38 mmol) was 

added dropwise at 0°C. The mixture was stirred for an additional 3 h before it was poured 

into ice water and acidified with 2M acetic acid. The acidic solution was extracted with 
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diethyl ether (100 mL). The organic layer was washed with saturated aqueous sodium 

bicarbonate, followed by saturated aqueous sodium chloride, and dried over anh. MgSO4 

and solvent removed in vacuo. Purification by silica gel column chromatography eluting 

with ethyl acetate (0-20%) in hexane and subsequently 100% dichloromethane gave the 

product as a yellow oil (0.47 g, 48%). 

Rf (100% dichloromethane) 0.82; IR vmax (ATR) 3546, 2914, 1611, 1224, 1053 cm
-1

; 
1
H 

NMR (CDCl3, 400 MHz) δ 6.35 (1H, d, J = 2.6 Hz, H-5), 6.30 (1H, d, J = 2.6 Hz, H-3), 

5.33 (1H, m, H-2'), 5.29 (1H, m, OH), 5.10 (1H, m, H-6'), 3.84 (3H, s, 4-OCH3), 3.74 (3H, 

s, 6-OCH3), 3.35 (2H, d, J = 7.2 Hz, H2-1'), 2.10 (2H, m, H2-5'), 2.04 (2H, m, H2-4'), 1.72 

(3H, s, H3-10'), 1.67 (3H, s, H3-9'), 1.59 (3H, s, H3-8'); 
13

C NMR (CDCl3, 100 MHz) δ 

152.8 (C-4), 146.7 (C-6), 137.4 (C-1), 136.5 (C-3'), 131.4 (C-7'), 127.5 (C-2), 124.3 (C-

6'), 122.0 (C-2'), 105.4 (C-3), 96.7 (C-5), 56.0 (6-OCH3), 55.7 (4-OCH3), 39.7 (C-4'), 28.1 

(C-1'), 26.7 (C-5'), 25.6 (C-9'), 17.6 (C-8'), 16.1 (C-10'); (+)-ESIMS m/z 291 [M+H]
+
; (+)-

HRESIMS m/z 291.1952 [M+H]
+
 (calcd for C18H27O3, 291.1955). 

 

4.3.3 Experimental Procedure for § 3.7 

4.3.3.1 Sulfation 

Chlorosulfonic acid (0.012 mL, 0.18 mmol) was diluted ten fold with dichloromethane 

(v/v) and was added dropwise to a solution of 2-geranyl-6-methoxy-1,4-hydroquinone 

(3.65) (0.01 g, 0.036 mmol) in pyridine (0.06 mL) under nitrogen at 0°C. The reaction 

mixture was stirred for 3.5 h before water (1 mL) and methanol (0.5 mL) was added to 

quench the reaction. The solvent was dried in vacuo to give 3.57, 3.68 and 3.69 as an 

inseparable mixture of sulfates. 
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4.3.3.1.1 2-Geranyl-6-methoxy-1,4-hydroquinone-4-sulfate (synthetic) (3.57) 

 

 

 

 

1
H NMR (CD3OD, 400 MHz) δ 6.74 (1H, d, J = 2.6 Hz, H-5), 6.61 (1H, d, J = 2.6 Hz, H-

3), 3.78 (3H, s, OCH3), 3.20 (2H, d, J = 7.4 Hz, H-1'); 
13

C NMR (CD3OD, 100 MHz, 

carbon resonances deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 148.2 (C-6), 

146.0 (C-4), 142.4 (C-1), 128.8 (C-2), 115.6 (C-3), 104.8 (C-5), 56.6 (OCH3), 28.9 (C-1'); 

(-)-ESIMS m/z 355 [M-H]
-
, (-)-HRESIMS 355.1211 [M-H]

-
 (calcd for C17H23O6S, 

355.1221). 

 

4.3.3.1.2 2-Geranyl-6-methoxy-1,4-hydroquinone-1-sulfate (3.68) 

 

 

 

 

1
H NMR (CD3OD, 400 MHz) δ 6.26 (1H, d, J = 2.8 Hz, H-5), 6.13 (1H, d, J = 2.6 Hz, H-

3), 3.70 (3H, s, OCH3), 3.46 (2H, d, J = 7.8 Hz, H-1'); 
13

C NMR (CD3OD, 100 MHz, 

carbon resonances deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 156.2 (C-4), 

154.8 (C-6), 137.2 (C-2), 133.8 (C-1), 108.4 (C-3), 99.5 (C-5), 56.5 (OCH3), 29.4 (C-1'); 

(-)-ESIMS m/z 355 [M-H]
-
, (-)-HRESIMS 355.1211 [M-H]

-
 (calcd for C17H23O6S, 

355.1221). 
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4.3.3.1.3 2-Geranyl-6-methoxy-1,4-hydroquinone-1,4-disulfate (3.69) 

 

 

 

 

 

1
H NMR (CD3OD, 400 MHz) δ 6.82 (1H, d, J = 2.6 Hz, H-5), 6.65 (1H, d, J = 2.6 Hz, H-

3), 3.68 (3H, s, OCH3), 3.49 (2H, d, J = 7.4 Hz, H-1'); 
13

C NMR (CD3OD, 100 MHz, 

carbon resonances deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 154.9 (C-6), 

151.3 (C-4), 137.9 (C-1), 115.0 (C-3), 105.6 (C-5), 55.2 (OCH3), 29.4 (C-1'); (-)-ESIMS 

m/z 217 [M-2H]
-
, (-)-HRESIMS m/z 217.0359 [M-2H]

-
 (calcd for C17H22O9S2, 217.0358). 

 

4.3.4 Experimental Procedures for § 3.8.1 and 3.8.2 

4.3.4.1 PIFA and BF3 etherate 

To a stirring solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (10.8 mg, 0.04 

mmol) and PIFA (17.7 mg, 0.04 mmol) in dry acetonitrile (1 mL) was added BF3·Et2O (25 

µL) under N2 at 0 °C. The mixture was then diluted with water (5 mL) after 10 min and 

extracted with dichloromethane (2 x 10 mL).  The organic fractions were combined, 

washed with saturated aqueous NaHCO3 (10 mL) and dried over anh. MgSO4 and solvent 

removed in vacuo to yield 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) as a bright 

yellow oil (1.7 mg, 16%). 

 

4.3.4.2 PIFA 

To a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (10.3 mg, 0.04 mmol) in 

acetonitrile (0.5 mL) was added to a solution of PIFA (16.8 mg, 0.04 mmol) in acetonitrile 

(0.5 mL) at 0°C open to air and stirred at room temperature for 10 min. The solution was 

then loaded on reversed-phase C18 column to remove remaining PIFA and 2-geranyl-6-
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methoxy-1,4-benzoquinone (3.63) was eluted with methanol and obtained as a yellow oil 

(9.4 mg, 67%). 

 

4.3.4.3 CAN reaction (1:1 MeCN:H2O) 

A solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (0.07 g, 0.25 mmol) in 

acetonitrile (1.5 mL) was added dropwise at room temperature to a solution of cerium 

ammonium nitrate (0.42 g, 0.77 mmol) in water (1.5 mL) over 30 min. The solution was 

stirred overnight and then extracted with diethyl ether. The organic layer was dried over 

anh. MgSO4 and solvent evaporated in vacuo. Purification by silica gel column 

chromatography eluting with methanol (0-1%) in dichloromethane yielded two fractions 

of interest. 

The dichloromethane fraction gave 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) as a 

bright yellow oil (0.014 g, 20%). The methanol (1%) in dichloromethane fraction was 

subjected to silica gel column chromatography eluting with ethyl acetate (0-20%) in 

hexane and subsequent reversed-phase cyanonitrile column chromatography to give 

verapliquinone C (3.73) as a brown oil (0.003 g, 4%). 

 

4.3.4.3.1 Verapliquinone C (synthetic) (3.73)
106

 

 

 

 

Rf (50% ethyl acetate/hexane) 0.36; 
1
H NMR (CDCl3, 400 MHz) δ 6.47 (1H, m, H-3), 

5.87 (1H, d, J = 2.1 Hz, H-5), 5.16 (1H, m, H-2'), 3.82 (3H, s, OCH3), 3.14 (2H, d, J = 7.5 

Hz, H2-1'), 2.04 (2H, t, J = 6.7 Hz, H2-4'), 1.63 (3H, s, H3-10'), 1.45 (4H, m, H2-5', H2-6'), 

1.22 (6H, s, H3-8',H3-9'); 
13

C NMR (CDCl3, 100 MHz, carbon resonances deduced from 

1
H-

13
C HMBC and HSQC NMR data) δ 187.9 (C-4), 182.3 (C-1), 159.2 (C-6), 146.4 (C-

2), 140.5 (C-3'), 133.4 (C-3), 118.1 (C-2'), 107.3 (C-5), 71.0 (C-7'), 56.4 (OCH3), 43.7 (C-
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6'), 40.2 (C-4'), 29.5 (C-8'), 29.5 (C-9'), 27.3 (C-1'), 22.6 (C-5'), 16.3 (C-10'); (+)-ESIMS 

m/z 293 [M+H]
+
, (+)-HRESIMS m/z 293.1753 [M+H]

+
 (calcd for C17H25O4, 293.1747). 

 

4.3.4.4 CAN reaction (1:2 MeCN:H2O) 

Method A A solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (0.10 g, 0.36 

mmol) in acetonitrile (0.5 mL) was added dropwise at room temperature to a solution of 

cerium ammonium nitrate (0.60 g, 1.10 mmol) in water (1 mL) over 90 min. The solution 

was stirred for 30 min and extracted with diethyl ether. The organic layer was dried over 

anh. MgSO4 and solvent removed in vacuo. Purification by silica gel column 

chromatography eluting with ethyl acetate (0-10%) in hexane yielded 2-geranyl-6-

methoxy-1,4-benzoquinone (3.63) as a bright yellow oil (0.045 g, 45%) and (E)-2-(6-

hydroxy-3,7-dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74) as 

a brown oil (0.004 g, 4%). 

Method B A solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (0.10 g, 0.36 

mmol) in acetonitrile (0.5 mL) was added dropwise at room temperature to a solution of 

cerium ammonium nitrate (0.60 g, 1.10 mmol) in water (1 mL) over 90 min.  The solution 

was stirred overnight and extracted with ether. The organic layer was dried over anh. 

MgSO4 and solvent evaporated in vacuo. Purification by silica gel column 

chromatography eluting with ethyl acetate (0-10%) hexane yielded 2-geranyl-6-methoxy-

1,4-benzoquinone (3.63) as a bright yellow oil (0.015 g, 15%) and (E)-2-(6-hydroxy-3,7-

dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74) as a brown oil 

(0.005 g, 5%). 
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4.3.4.4.1 (E)-2-(6-Hydroxy-3,7-dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-

diene-1,4-dione (3.74) 

 

 

 

Rf (50% ethyl acetate/hexane) 0.72; 
1
H NMR (CDCl3, 400 MHz) δ 6.44 (1H, m, H-3), 

5.88 (1H, d, J = 2.3 Hz, H-5), 5.18 (2H, m, H-2', H-6'), 5.07 (1H, m, H-9'a), 5.03 (1H, m, 

H-9'b), 3.82 (3H, s, OCH3), 3.15 (2H, d, J = 7.4 Hz, H2-1'), 2.14 (2H, m, H2-4'), 1.85 (2H, 

m, H2-5'), 1.76 (3H, s, H3-8'), 1.67 (3H, s, H3-10'); 
13

C NMR (CDCl3, 100 MHz) δ 187.6 

(C-4), 182.0 (C-1), 158.9 (C-6), 146.0 (C-2), 140.7 (C-7'), 138.2 (C-3'), 132.9 (C-3), 119.3 

(C-2'), 115.1 (C-9'), 107.2 (C-5), 86.2 (C-6'), 56.3 (OCH3), 35.2 (C-4'), 29.1 (C-5'), 27.4 

(C-1'), 17.9 (C-8'), 16.0 (C-10'); (+)-ESIMS m/z 273 [M+H-H2O]
+
, (+)-HRESIMS m/z 

273.1484 [M+H-H2O]
+
 (calcd for C17H21O3, 273.1485). 

 

4.3.5 Experimental Procedures for § 3.8.3-3.8.5 

4.3.5.1 Pyridine-O2-CuCl, adding on ice, NH4 work up 

Cupric chloride (19.5 mg, 0.20 mmol) was stirred under nitrogen in dry pyridine (2.5 mL) 

at room temperature before the atmosphere was replaced by oxygen. After stirring for 10 

min, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (54.5 mg, 0.20 mmol) in 

dry pyridine (2.5 mL) was added dropwise to the dark green solution while the flask 

containing the solution was cooled on cubes of ice. The solution was stirred for 30 min at 

room temperature and excess crystalline NH4Cl was added to the mixture, which was 

loaded onto a C18 reversed-phase column, washed with water and eluted with methanol. 

This crude fraction was then subjected to purification by silica gel column 

chromatography eluting with (0-1%) methanol in dichloromethane to yield a purple and a 

red-brown fraction.  

The purple fraction was subjected to purification by C2 reversed-phase column 

chromatography eluting with (0-100%) methanol in water to afford a red and a purple 

fraction. The red fraction was subjected to further purification by diol column 
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chromatography eluting with (0-100%) dichloromethane in methanol. The 100% methanol 

fraction gave 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) 

(1.03 mg, 4%). The purple fraction was subjected to purification by Sephadex LH20 

column chromatography to give scabellone B (3.59) (1.85 mg, 3%). 

The red-brown fraction was subjected to purification by silica gel column chromatography 

eluting with (0-30%) ethyl acetate in hexane to give a purple-red fraction. Repeated 

purification by Sephadex LH20 column chromatography gave scabellone A (3.60) (3.95 

mg, 7%). 

 

4.3.5.1.1 8-Methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol 

(synthetic) (3.58) 

 

 

 

Rf (20% ethyl acetate/hexane) 0.26; IR vmax (ATR) 3445, 1584, 1475, 1376 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 6.34 (1H, d, J = 2.6 Hz, H-7), 6.25 (1H, d, J = 10.0 Hz, H-4), 6.10 

(1H, d, J = 2.6 Hz, H-5), 5.62 (1H, d, J = 10.0 Hz, H-3), 5.09 (1H, m, H-3'), 4.36 (1H, br 

s, OH), 3.82 (3H, s, OCH3), 2.11 (2H, q, J = 8.1, 16.0 Hz, H2-2'), 1.76 (1H, m, H-1'a), 1.66 

(1H, m, H-1'b), 1.65 (3H, s, H3-6'), 1.56 (3H, s, H3-5'), 1.42 (3H, s, H3-9); 
13

C NMR 

(CDCl3, 100 MHz) δ 149.0 (C-6), 149.0 (C-8), 136.1 (C-8a, from HMBC), 131.6 (C-4'), 

131.2 (C-3), 124.2 (C-3'), 122.6 (C-4), 122.2 (C-4a), 104.4 (C-5), 100.8 (C-7), 78.2 (C-2), 

56.2 (OCH3), 40.4 (C-1'), 25.9 (C-9), 25.6 (C-6'), 22.7 (C-2'), 17.5 (C-5'); (+)-ESIMS m/z  

275 [M+H]
+
, (+)-HRESIMS 275.1632 [M+H]

+
 (calcd for C17H23O3, 275.1642). 
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4.3.5.1.2 Scabellone B (synthetic) (3.59) 

 

 

 

 

 

 

 

Rf (100% dichloromethane) 0.35; 
1
H NMR (CDCl3, 400 MHz) δ 6.40 (1H, s, H-7), 6.00 

(1H, d, J = 9.3 Hz, H-5), 5.80 (1H, s, H-2), 5.48 (1H, br s, OH), 5.26 (1H, m, H-1'), 5.06 

(1H, m, H-2''), 5.01 (1H, m, H-6''), 4.93 (1H, m, H-5'), 3.89 (3H, s, 8-OCH3), 3.80 (3H, s, 

3-OCH3), 3.58 (1H, m, H-1''a), 3.36 (1H, dd, J = 17.5, 9.1 Hz, H-1''b), 1.96 (4H, m, H2-

4',H2-5''), 1.94 (3H, s, H3-9'), 1.92 (2H, m, H2-3'), 1.87 (2H, m, H2-4''), 1.62 (3H, s, H3-9''), 

1.59 (3H, s, H3-8'), 1.56 (3H, s, H3-10''), 1.51 (3H, s, H3-7'), 1.49 (3H, s, H3-8''); 
13

C NMR 

(CDCl3, 100 MHz) δ 182.6 (C-1), 178.7 (C-4), 157.8 (C-3), 151.4 (C-6a), 150.0 (C-8), 

144.3 (C-2'), 139.2 (C-9), 137.1 (C-10b), 137.1 (C-3''), 131.6 (C-6'), 131.7 (C-7''), 130.8 

(C-4a), 126.9 (C-10), 124.2 (C-2''), 123.9 (C-6''), 123.6 (C-5'), 116.9 (C-1'), 111.1 (C-

10a), 107.3 (C-2), 98.4 (C-7), 67.6 (C-5), 56.1 (3-OCH3), 56.1 (8-OCH3), 39.8 (C-3'), 39.7 

(C-4''), 26.5* (C-5''), 26.4 (C-1''), 26.4* (C-4'), 25.6* (C-8'), 25.5* (C-9''), 17.6* (C-7'), 

17.5* (C-8''), 17.2 (C-9'), 16.5 (C-10''); (+)-ESIMS m/z 547 [M+H]
+
, (+)-HRESIMS 

[M+H]
+
 547.3063 (calcd for C34H43O6, 547.3054). 
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4.3.5.1.3 Scabellone A (synthetic) (3.60) 

 

 

 

 

 

 

 

Rf (50% ethyl acetate/hexane) 0.47; IR νmax (ATR) 3444, 1779. 1674, 1639, 1599, 1435, 

1219; 
1
H NMR (CDCl3, 400 MHz) δ 6.42 (1H, s, H-9), 6.01 (1H, s, H-2), 5.93 (1H, d, J = 

10.0 Hz, H-14), 5.59 (1H, d, J = 10.0 Hz, H-13), 5.07 (1H, m, H-3''), 5.00 (1H, m, H-6'), 

4.90 (1H, m, H-2'), 3.85 (3H, s, 3-OCH3), 3.84 (3H, s, 10-OCH3), 3.10 (1H, m, H-1'a), 

2.98 (1H, m, H-1'b), 2.10 (2H, m, H2-2''), 1.96 (2H, m, H2-5'), 1.85 (2H, m, H2-4'), 1.75 

(1H, m, H-1''a), 1.68 (1H, m, H-1''b), 1.64 (3H, s, H3-6''), 1.64 (3H, s, H3-9'), 1.55 (3H, s, 

H3-8'), 1.55 (3H, s, H3-5''), 1.43 (3H, s, H3-15), 1.36 (3H, s, H3-10'); 
13

C NMR (CDCl3, 

100 MHz) δ 186.8 (C-1), 181.9 (C-4), 158.6 (C-3), 149.5 (C-10), 146.1 (C-8), 145.9 (C-5), 

139.0 (C-6), 138.4 (C-3'), 136.5 (C-10a), 131.8 (C-13), 131.7* (C-4''), 131.4* (C-7'), 

124.1* (C-6'), 124.0* (C-3''), 120.7 (C-14a), 120.3 (C-14), 118.3 (C-2'), 109.3 (C-7), 

107.5 (C-2), 101.6 (C-9), 77.7 (C-12), 56.3* (10-OCH3), 56.2* (3-OCH3), 40.1 (C-1''), 

39.7 (C-4'), 26.8 (C-1'), 26.5 (C-5'), 25.6 (C-15), 25.6 (C-9'), 25.6 (C-6''), 22.6 (C-2''), 

17.6* (C-8'), 17.5* (C-5''), 15.9 (C-10'); (+)-ESIMS m/z 547 [M+H]
+
, (+)-HRESIMS m/z 

547.3051 [M+H]
+
 (calcd for C34H43O6, 547.3054). 

 

4.3.5.2 Pyridine-O2-CuCl, room temperature 

Cupric chloride (79.24 mg, 0.80 mmol) was stirred under nitrogen in dry pyridine (5.0 

mL) at room temperature before the atmosphere was replaced by oxygen. After stirring for 

10 min, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (138.26 mg, 0.50 

mmol) in dry pyridine (5.0 mL) was added dropwise to the dark green solution at room 
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temperature. The solution was stirred for 30 min at room temperature and washed with 5% 

CuSO4 solution. The organic layer was dried over anh. MgSO4 and solvent removed in 

vacuo. Purification by silica gel column chromatography (15-40 micron) eluting with 

ethyl acetate (0-50%) in hexane and subsequently Sephadex LH20 column 

chromatography eluting with methanol gave 2-geranyl-6-methoxy-1,4-benzoquinone 

(3.63) as a bright yellow oil (35.12 mg, 26%) and 3-methoxy-7-prenyl-1,4-

naphthoquinone (3.75) as a grey-purple oil (1.94 mg, 1%). 

 

4.3.5.2.1 3-Methoxy-7-prenyl-1,4-naphthoquinone (3.75) 

 

 

 

Rf (100% dichloromethane) 0.57; IR vmax (ATR) 1683, 1652, 1609, 1243 cm
-1

, 
1
H NMR 

(CDCl3, 400 MHz) δ 8.04 (1H, d, J = 8.0 Hz, H-5), 7.90 (1H, d, J = 1.6 Hz, H-6), 7.51 

(1H, dd, J = 8.0, 1.6 Hz, H-8), 6.14 (1H, s, H-2), 5.12 (1H, m, H-3'), 3.90 (3H, s, 3-

OCH3), 2.77 (2H, t, J = 7.5 Hz, H2-1'), 2.35 (2H, td, J = 7.5 Hz, H2-2'), 1.67 (3H, s, H3-6'), 

1.53 (3H, s, H3-5'); 
13

C NMR (CDCl3, 100 MHz) δ 185.3 (C-1), 180.0 (C-4), 160.6 (C-3), 

150.0 (C-7), 133.6 (C-8), 133.2 (C-4'), 132.0 (C-8a), 129.1 (C-4a), 126.9 (C-5), 126.1 (C-

6), 122.6 (C-3'), 109.7 (C-2), 56.4 (3-OCH3), 36.3 (C-1'), 29.3 (C-2'), 25.6 (C-6'), 17.7 (C-

5'); (+)-ESIMS m/z 271 [M+H]
+
, (+)-HRESIMS 271.1322 [M+H]

+
 (calcd for C17H19O3, 

271.1329). 

 

4.3.5.3 Pyridine-O2-CuCl, adding on ice, CuSO4 work up 

Cupric chloride (42.22 mg, 0.43 mmol) was stirred under nitrogen in dry pyridine (5 mL) 

at room temperature before the atmosphere was replaced by oxygen. After stirring for 10 

min, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (117.87 mg, 0.43 mmol) 

in dry pyridine (5 mL) was added dropwise to the dark green solution while the flask 

containing the solution was cooled on cubes of ice. The solution was stirred for 30 min at 

room temperature and washed with 5% CuSO4 solution, extracted with dichloromethane, 
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dried with anh. MgSO4 and solvent evaporated. The crude was then subjected to 

purification by silica gel column chromatography (15-40 micron) eluting with methanol 

(0-1%) in dichloromethane. The 1% methanol fraction was further fractionated by silica 

gel column chromatography (15-40 micron) eluting with ethyl acetate (0-10%) in hexane 

to generate two purple fractions. Both fractions were separately subjected to purification 

by silica gel column chromatography (15-40 micron) eluting with ethyl acetate (0-10%) in 

hexane.  

The first fraction gave three purple fractions and purification by Sephadex LH20 column 

chromatography gave 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75) (0.68 mg, 1%), 

scabellone B (3.59) (3.18 mg, 3%) and scabellone C (3.61) (1.32 mg, 1%). 

The second fraction gave a purple fraction and purification by Sephadex LH20 column 

chromatography gave 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) (14.11 mg, 24%). 

 

4.3.5.3.1 Scabellone C (synthetic) (3.61) 

 

 

 

 

 

 

Rf (100% dichloromethane) 0.73; IR (ATR) 1661, 1582, 1440, 1222 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 6.44 (1H, s, H-7), 6.10 (1H, d, J = 10.0 Hz, H-12), 6.04 (1H, d, J = 

9.3 Hz, H-5), 5.89 (1H, s, H-2), 5.58 (1H, d, J = 10.0 Hz, H-11), 5.35 (1H, d, m, H-1'), 

5.15 (1H, m, H-3''), 4.94 (1H, m, H-5'), 3.86 (3H, s, 8-OCH3), 3.84 (3H, s, 3-OCH3), 2.22 

(1H, m, H-2''a), 2.13 (1H, m, H-2''b), 1.99 (2H, m, H2-4'), 1.95 (2H, m, H2-3'), 1.93 (3H, s, 

H3-9'), 1.92 (1H, m, H-1''a), 1.73 (1H, m, H-1''b), 1.68 (3H, s, H3-6''), 1.60* (3H, s, H3-5''), 

1.59* (3H, s, H3-8'), 1.51 (3H, s, H3-7'), 1.49 (3H, s, H3-13); 
13

C NMR (CDCl3, 100 MHz, 

carbon resonances deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 185.6 (C-1), 
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178.9 (C-4), 158.0 (C-3), 152.8 (C-8), 151.4 (C-6a), 144.3 (C-2'), 138.0 (C-8a), 133.4 (C-

12c), 131.2 (C-6'), 131.2 (C-4''), 131.2 (C-4a), 126.0 (C-11), 123.5 (C-12), 123.5 (C-5'), 

123.5 (C-3''), 129.8 (C-12a), 116.6 (C-1'), 107.5 (C-12b), 106.5 (C-2), 100.7 (C-7), 77.6 

(C-10), 66.8 (C-5), 56.7 (3-OCH3), 56.7 (8-OCH3), 40.8 (C-1''), 39.1 (C-3'), 25.9 (C-4'), 

24.9 (C-6''), 24.7 (C-8'), 23.4 (C-13), 22.1 (C-2''), 16.8 (C-9'), 16.8 (C-5''), 16.6 (C-7'); (+)-

ESIMS m/z 545 [M+H]
+
, (+)-HRESIMS 545.2901 [M+H]

+
 (calcd for C34H41O6, 

545.2898). 

 

4.3.5.4 Pyridine-O2-CuCl, adding on salt/ice bath, CuSO4 work up 

Cupric chloride (30.43 mg, 0.31 mmol) was stirred under nitrogen in dry pyridine (5 mL) 

at room temperature before the atmosphere was replaced by oxygen. After stirring for 10 

min, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (84.95 mg, 0.31 mmol) 

in dry pyridine (5 mL) was added dropwise to the dark green solution while the flask 

containing the solution was cooled in an salt/ice bath. The solution was stirred for 30 min 

at room temperature and washed with 5% CuSO4 solution, extracted with 

dichloromethane, dried with anh. MgSO4 and solvent evaporated. The crude was then 

subjected to purification by silica gel column chromatography (15-40 micron) eluting with 

(0-1%) methanol in dichloromethane to generate eight fractions, of which four fractions 

were of interest.  

The second fraction collected was yellow and gave 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) (19.72 mg, 47%). 

The third fraction collected was purple and further purification by silica gel column 

chromatography (15-40 micron) eluting with dichloromethane (0-80%) in hexane gave 3-

methoxy-7-prenyl-1,4-naphthoquinone (3.75) (0.46 mg, 1%). 

The fifth fraction collected was purple and further purification by silica gel column 

chromatography (15-40 micron) eluting with dichloromethane (0-80%) in hexane gave 

scabellone C (3.61) (0.59 mg, 1%). 

The seventh fraction collected was purple and gave scabellone B (3.59) (1.22 mg, 1%). 
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4.3.5.5 Pyridine-O2 adding on salt/ice bath, CuSO4 work up 

Dry pyridine (5 mL) was stirred at room temperature under nitrogen before the 

atmosphere was replaced by oxygen. After stirring for 10 min, a solution of 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) (101.78 mg, 0.37 mmol) in dry pyridine (1 mL) was 

added dropwise while the flask containing the solution was cooled in an salt/ice bath. The 

solution was stirred for 30 min at room temperature and washed with 5% CuSO4 solution, 

extracted with dichloromethane, dried with anh. MgSO4 and solvent evaporated. The 

crude was then subjected to purification by silica gel column chromatography (15-40 

micron) eluting with (0-1%) methanol in dichloromethane to generate nine fractions, of 

which three fractions were of interest.  

The third fraction collected was yellow and gave a mixture of 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) and 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75) (3.03 mg total, 

6%). 

The sixth fraction collected was purple and purification by C2 reversed-phase column 

chromatography eluting with methanol (0-100%) in water gave scabellone B (3.59) (2.82 

mg, 3%) and trace amounts of 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-1-benzo-

pyran-6-ol (3.58). 

The ninth fraction collected was red-brown and purification by Sephadex LH20 column 

chromatography afforded a brown fraction, which was further purified by silica gel 

column chromatography (15-40 micron) eluting with ethyl acetate (0-30%) in hexane to 

give scabellone A (3.60) (10.68 mg, 11%). 

 

4.3.5.6 Pyridine and 2-geranyl-6-methoxy-1,4-benzoquinone 

Pyridine (0.12 mL) was added to a stirring solution of 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) (79.0 mg, 0.29 mmol) in dichloromethane (15 mL). The reaction 

mixture was rapidly stirred in air for 30 min. Purification by silica gel column 

chromatography eluting with methanol (0-1%) in dichloromethane gave back only starting 

material and geraniol (3.79) (2.75 mg, 6%). 
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4.3.5.6.1 Geraniol (3.79)
152

  

 

 

1
H NMR (CDCl3, 400 MHz) δ 5.41 (1H, m, H-2), 5.10 (1H, m, H-6), 4.16 (2H, t, J = 6.2 

Hz, H-1), 2.11 (2H, m, H-5), 2.04 (2H, m, H-4), 1.68 (3H, s, H-9), 1.68 (3H, s, H-10), 

1.61 (3H, s, H-8).  

 

4.3.5.7 Pyridine-N2 and 2-geranyl-6-methoxy-1,4-benzoquinone 

Method A A solution of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) (70.0 mg, 0.26 

mmol) in pyridine (2.5 mL) was stirred under nitrogen overnight at room temperature. The 

resultant mixture was loaded onto silica gel column chromatography and eluted with 

dichloromethane. This red fraction was then subjected to purification by silica gel column 

chromatography (15-40 micron) eluting with methanol (0-1%) in dichloromethane to 

generate five fractions, of which three were of interest. 

The second fraction was a mixture of starting material, 2-geranyl-6-methoxy-1,4-

hydroquinone and 3-methoxy-7-prenyl-1,4-naphthoquinone (3.75) (20.10 mg, 58%). 

The third fraction was subjected to C2 reversed-phase column chromatography eluting 

with methanol (0-50%) in water to give 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-

1-benzopyran-6-ol (3.58) (3.62 mg, 10%) and trace amounts of scabellone B (3.59). 

The fourth fraction was subjected to silica gel column chromatography (15-40 micron) 

eluting with ethyl acetate (0-20%) in hexane to give dimer 3.80 (0.67 mg, 1%), scabellone 

A (3.60) (6.09 mg, 9%), a mixture with the major compound as dichromenol 3.81 (6.83 

mg, 10%), and trace amounts of scabellone C (3.61). 

 

Method B A solution of 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) (44.0 mg, 0.16 

mmol) in degassed pyridine-d5 (0.6 mL) was stirred under nitrogen overnight at room 

temperature. 
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4.3.5.7.1 Dimer 3.80 

 

 

 

 

 

 

Rf (100% dichloromethane) 0.70; IR 1726, 1672, 1639, 1600, 1216 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 5.84 (2H, s, H-2/9), 4.91 (2H, m, H-5/6), 4.88 (2H, m, H-5'/5''), 4.42 

(4H, d, J = 8.1 Hz, H2-1'/1''), 3.79 (6H, s, OCH3), 2.03 (6H, s, H3-9'/9''), 1.98 (4H, m, H2-

4'/4''), 1.89 (4H, m, H2-3'/3''), 1.59 (6H, s, H3-8'/8''), 1.54 (6H, s, H3-7'/7''); 
13

C NMR 

(CDCl3, 100 MHz, carbon resonances deduced from 
1
H-

13
C HMBC and HSQC NMR 

data) δ 185.3 (C-1/10), 180.5 (C-4/7), 158.0 (C-3/8), 141.7 (C-2'/2''), 138.9 (C-10a/10b), 

136.4 (C-4a/6a), 131.1 (C-6'/6''), 123.8 (C-5'/5''), 123.0 (C-1'/1''), 107.2 (C-2/9), 56.6 

(OCH3), 39.4 (C-3'/3''), 32.5 (C-5/6), 25.5 (C-4'/4''), 25.1 (C-8'/8''), 17.2 (C-7'/7''), 17.0 (C-

9'''); (+)-ESIMS m/z 545 (100) [M+H]
+
, (+)-HRESIMS m/z 545.2881 [M+H]

+
 (calcd for 

C34H41O6, 545.2898). 

 

4.3.5.7.2 Dichromenol 3.81 

 

 

 

 

 

Rf (100% dichloromethane) 0.70; IR (ATR) 3540, 3447, 1724, 1645, 1600, 1582, 1443, 

1383, 1279 cm
-1

; 
1
H NMR (CDCl3, 400 MHz) δ 6.55 (2H, s, H-7), 5.88 (2H, d, J = 10.2 

Hz, H-4), 5.56 (2H, m, H-3), 5.09 (2H, m, H-3'), 4.60 (2H, m, OH), 3.88 (6H, s, OCH3), 
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2.10 (4H, m, H2-2'), 1.76 (2H, m, H-1'a), 1.65 (2H, m, H-1'b), 1.65 (6H, s, H3-6'), 1.57 

(6H, s, H3-5'), 1.44 (6H, s, H3-9); 
13

C NMR (CDCl3, 100 MHz, carbon resonances 

deduced from 
1
H-

13
C HMBC and HSQC NMR data) δ 149.6 (C-8), 147.8 (C-6), 136.2 (C-

8a), 131.6 (C-3), 131.4 (C-4'), 124.0 (C-3'), 121.7 (C-4a), 120.3 (C-4), 105.3 (C-5), 100.1 

(C-7), 77.6 (C-2), 56.0 (OCH3), 39.9 (C-1'), 25.3 (C-9), 25.3 (C-6'), 22.4 (C-2'), 17.3 (C-

5'); (+)-ESIMS m/z 547 [M+H]
+
, (+)-HRESIMS 547.3049 [M+H]

+
 (calcd for C34H43O6, 

547.3054). 

 

4.3.5.8 Small scale CuCl reaction: 

Method A Cuprous chloride (5.02 mg, 0.05 mmol) was stirred under N2 in dry pyridine 

(0.25 mL) at room temperature before the atmosphere was replaced by oxygen. After 

stirring for 10 min, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (14.0 mg, 

0.05 mmol) in dry pyridine (0.25 mL) was added dropwise to the dark green solution at 

0°C. The solution was stirred for 30 min at room temperature and the mixture was 

partitioned between 5% CuSO4 solution and dichloromethane. The organic layer dried 

over anh. MgSO4 and solvent removed in vacuo to give 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) as a bright yellow oil (3.0 mg, 29%). 

Method B Cuprous chloride (4.0 mg, 0.04 mmol) was stirred under N2 in dry pyridine 

(0.4 mL) at room temperature before the atmosphere was replaced by oxygen. After 

stirring for 10 min, a solution of 2-geranyl-6-methoxy-1,4-hydroquinone (3.65) (11.08 mg, 

0.04 mmol) in dry pyridine (0.6 mL) was added in 100 μL aliquots to the dark green 

solution at 0°C. The solution was stirred for 30 min at room temperature and excess 

crystalline NH4Cl was added to the mixture, which was partitioned between 10% 

ammonia and dichloromethane. The organic layer was dried over anh.MgSO4 and solvent 

removed in vacuo to give 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) as a bright 

yellow oil (8.0 mg, 73%). 
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4.3.5.9 Triethylamine, under N2 atmosphere 

Triethylamine (0.90 mL, 6.49 mmol) was added to a solution of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) (90.0 mg, 0.33 mmol) in dichloromethane (20 mL) was stirred under 

nitrogen for two days at room temperature. The resultant mixture was loaded onto silica 

gel column chromatography and eluted with dichloromethane. This red fraction was then 

subjected to purification by silica gel column chromatography eluting with methanol (0-

1%) in dichloromethane to generate five fractions, of which only one was of interest. The 

fourth fraction was further subjected to C2 reversed-phase column chromatography eluting 

with methanol (0-80%) in water to give 8-methoxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-

1-benzopyran-6-ol (3.58) (0.26 mg, 1%) and scabellone B (3.59) (0.88 mg, 1%). 

 

4.3.5.10 Triethylamine 

Triethylamine (0.15 mL, 1.08 mmol) was added to a stirring solution of 2-geranyl-6-

methoxy-1,4-hydroquinone (3.65) (61.20 mg, 0.22 mmol) in dichloromethane (15 mL). 

The yellow reaction mixture was rapidly stirring for 30 min. Purification by silica gel 

column chromatography eluting with methanol (0-1%) in dichloromethane gave a mixture 

of starting material and 2-geranyl-6-methoxy-1,4-benzoquinone (3.63) (42.03 mg total, 

69%). 

 

4.3.5.11 Triethylamine and 2-geranyl-6-methoxy-1,4-benzoquinone 

Triethylamine (0.19 mL,  mmol) was added to a solution of 2-geranyl-6-methoxy-1,4-

benzoquinone (3.63) (74.90 mg,  mmol) in dichloromethane (15 mL) was stirred rapidly at 

room temperature. The resultant mixture was subjected to purification by silica gel column 

chromatography eluting with methanol (0-1%) in dichloromethane to generate six 

compounds, of which three fractions were of interest. 

The third and fourth fractions were combined and subjected to purification by silica gel 

column chromatography (15-40 micron) eluting with dichloromethane to give dimer 3.80 

(1.22 mg, 2%), geraniol (3.79) (0.77 mg, 4%) and a purple fraction which was subjected to 
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further purification by silica gel column chromatography (15-40 micron) eluting with 

dichloromethane (0-70%) in hexane to give scabellone C (3.61) (1.44 mg, 2%). 

The fifth fraction was subjected to purification by silica gel column chromatography (15-

40 micron) eluting with methanol (0-1%) in dichloromethane to give 8-Methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58) (0.49 mg, 1%) and a purple 

fraction which was further subjected to purification by silica gel column chromatography 

(15-40 micron) eluting with ethyl acetate (0-30%) in hexane to give a mixture with the 

major compound as quinone 3.82 (2.38 mg, 3%). 

 

4.3.5.11.1 Quinone 3.82 

 

 

 

 

 

 

1
H NMR (CDCl3, 400 MHz) δ 6.85 (1H, d, J = 16.3 Hz, H-1''), 6.49 (1H, s, H-7), 6.06 

(1H, d, J = 9.4 Hz, H-5), 5.83 (1H, s, H-2), 5.57 (1H, d, J = 16.3 Hz, H-2''), 5.38 (1H, m, 

H-1'), 5.10 (1H, m, H-6''), 4.94 (1H, m, H-5'), 3.90 (3H, s, 8-OCH3), 3.79 (3H, s, 3-

OCH3), 2.05 (2H, m, H2-5''), 1.99 (2H, m, H2-4'), 1.94 (3H, s, H3-9'), 1.94 (2H, m, H2-3'), 

1.65 (3H, s, H3-9''), 1.60 (3H, s, H3-8'), 1.60 (2H, m, H2-4''), 1.60 (3H, s, H3-8''), 1.50 (3H, 

s, H3-7'), 1.32 (3H, s, H3-10''); 
13

C NMR (CDCl3, 100 MHz, carbon resonances deduced 

from 
1
H-

13
C HMBC and HSQC NMR data) δ 178.7 (C-4), 158.4 (C-3), 151.4 (C-6a), 

150.2 (C-8), 144.4 (C-2'), 140.9 (C-2''), 138.6 (C-9), 136.6 (C-10b), 131.7 (C-4a), 131.7 

(C-6'), 131.7 (C-7''), 124.4 (C-1''), 124.0 (C-6''), 123.5 (C-5'), 120.0 (C-10), 116.6 (C-1'), 

109.9 (C-10a), 107.1 (C-2), 99.0 (C-7), 73.7 (C-3''), 67.2 (C-5), 55.8 (3-OCH3), 55.8 (8-

OCH3), 42.0 (C-4''), 39.6 (C-3'), 27.5 (C-10''), 25.8 (C-4'), 25.3 (C-8'), 25.3 (C-9''), 22.4 
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(C-5''), 17.2 (C-8''), 17.2 (C-7'), 16.9 (C-9'), C-1 not observed; (+)-ESIMS m/z 585 

[M+Na]
+
, (+)-HRESIMS 585.2815 [M+Na]

+
 (calcd for C34H42NaO7, 585.2823). 

 

4.3.5.12 Triethylamine and Hydroquinone/Quinone mix 

Triethylamine (0.15 mL, 1.08 mmol) was added to a solution of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65) (61.20 mg, 0.22 mmol) and 2-geranyl-6-methoxy-1,4-benzoquinone 

(3.63) (60.73 mg, 0.22 mmol) in dichloromethane (15 mL) was stirred rapidly at room 

temperature. The resultant mixture was subjected to purification by silica gel column 

chromatography eluting with methanol (0-1%) in dichloromethane to generate five 

fractions, of which three were of interest. 

The second and third fractions gave starting material, a mixture of 2-geranyl-6-methoxy-

1,4-hydroquinone (3.65) and 2-geranyl-6-methoxy-1,4-benzoquinone (3.63). 

The fourth fraction was further subjected to purification by silica gel column 

chromatography (15-40 micron) eluting with dichloromethane to afford a yellow fraction, 

which was then subjected to Sephadex LH20 eluting with methanol to give dimer 3.80 

(1.48 mg, 1%). 
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Figure A13 
13

C NMR spectrum in CD3OD (150 MHz) of opacaline B (2.84). 

Figure A14 
1
H-

1
H COSY NMR spectrum in CD3OD (600 MHz) of opacaline B (2.84). 

Figure A15 
1
H-

13
C HSQC NMR spectrum in CD3OD (600 MHz) of opacaline B (2.84). 

Figure A16 
1
H-

13
C HMBC NMR spectrum in CD3OD (600 MHz) of opacaline B 

(2.84). 

Figure A17 
1
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15
N HMBC NMR spectrum in CD3OD (600 MHz) of opacaline B 

(2.84). 

 

Figure A18 
1
H NMR spectrum in CD3OD (600 MHz) of opacaline C (2.85). 

Figure A19 
1
H-

1
H COSY NMR spectrum in CD3OD (600 MHz) of opacaline C (2.85). 

Figure A20 
1
H-

13
C HSQC NMR spectrum in CD3OD (600 MHz) of opacaline C (2.85). 

Figure A21 
1
H-

13
C HMBC NMR spectrum in CD3OD (600 MHz) of opacaline C 

(2.85). 

 

Figure A22 
1
H NMR spectrum in CDCl3 (300 MHz) of tetrahydro-β-carboline 2.112. 

Figure A23 
13

C NMR spectrum in CDCl3 (100 MHz) of tetrahydro-β-carboline 2.112. 

 

Figure A24 
1
H NMR spectrum in CDCl3 (400 MHz) of β-carboline 2.113. 

Figure A25 
13

C NMR spectrum in CDCl3 (100 MHz) of β-carboline 2.113. 

 

Figure A26 
1
H NMR spectrum in CDCl3 (400 MHz) of dihydro-β-carboline 2.114. 

Figure A27 
13

C NMR spectrum in CDCl3 (100 MHz) of dihydro-β-carboline 2.114. 
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Figure A28 
1
H NMR spectrum in CD3OD (400 MHz) of β-carboline salt 2.115. 

Figure A29 
13

C NMR spectrum in CD3OD (100 MHz) of β-carboline salt 2.115. 

Figure A30 
1
H NMR spectrum in CDCl3 (400 MHz) of β-carboline 2.116. 

Figure A31 
13

C NMR spectrum in CDCl3 (100 MHz) of β-carboline 2.116. 

 

Figure A32 
1
H NMR spectrum in CD3OD (400 MHz) of debromo opacaline A (2.117). 

Figure A33 
13

C NMR spectrum in CD3OD (100 MHz) of debromo opacaline A (2.117). 

 

Figure A34 
1
H NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-carboline 2.120. 

Figure A35 
13

C NMR spectrum in CDCl3 (100 MHz) of tetrahydro-β-carboline 2.120. 

Figure A36 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-

carboline 2.120. 

Figure A37 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-

carboline 2.120. 

Figure A38 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-

carboline 2.120. 

 

Figure A39 
1
H NMR spectrum in CDCl3 (400 MHz) of β-carboline 2.121. 

Figure A40 
13

C NMR spectrum in CDCl3 (100 MHz) of β-carboline 2.121. 

 

Figure A41 
1
H NMR spectrum in CD3OD (400 MHz) of β-carboline salt 2.122. 

Figure A42 
13

C NMR spectrum in CD3OD (100 MHz) of β-carboline salt 2.122. 
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Figure A43 
1
H NMR spectrum in CDCl3 (400 MHz) of β-carboline 2.123. 

Figure A44 
13

C NMR spectrum in CDCl3 (100 MHz) of β-carboline 2.123. 

Figure A45 
1
H NMR spectrum in CD3OD (400 MHz) of debromo opacaline C (2.124). 

Figure A46 
13

C NMR spectrum in CD3OD (100 MHz) of debromo opacaline C (2.124). 

 

Figure A47 
1
H NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-carboline 2.127. 

Figure A48 
13

C NMR spectrum in CDCl3 (100 MHz) of tetrahydro-β-carboline 2.127. 

Figure A49 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-

carboline 2.127. 

Figure A50 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-

carboline 2.127. 

Figure A51 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of tetrahydro-β-

carboline 2.127. 

 

Figure A52 
1
H NMR spectrum in CD3OD (600 MHz) of 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57). 

Figure A53 
13

C NMR spectrum in CD3OD (150 MHz) of 2-geranyl-6-methoxy-1,4-

hydroquinone-4-sulfate (3.57). 

Figure A54 
1
H-

1
H COSY NMR spectrum in CD3OD (600 MHz) of 2-geranyl-6-

methoxy-1,4-hydroquinone-4-sulfate (3.57). 

Figure A55 
1
H-

13
C HSQC NMR spectrum in CD3OD (600 MHz) of 2-geranyl-6-

methoxy-1,4-hydroquinone-4-sulfate (3.57). 

Figure A56 
1
H-

13
C HMBC NMR spectrum in CD3OD (600 MHz) of 2-geranyl-6-

methoxy-1,4-hydroquinone-4-sulfate (3.57). 
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Figure A57 
1
H-

1
H NOESY NMR spectrum in CD3OD (400 MHz) of 2-geranyl-6-

methoxy-1,4-hydroquinone-4-sulfate (3.57). 

 

Figure A58 
1
H NMR spectrum in CDCl3 (400 MHz) of 8-methoxy-2-methyl-2-(4-

methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58). 

Figure A59 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of 8-methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58). 

Figure A60 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of 8-methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58). 

Figure A61 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of 8-methoxy-2-

methyl-2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58). 

 

Figure A62 
1
H NMR spectrum in CDCl3 (400 MHz) of synthetic 8-methoxy-2-methyl-

2-(4-methyl-3-pentenyl)-2H-1-benzopyran-6-ol (3.58). 

 

Figure A63 
1
H NMR spectrum in CDCl3 (600 MHz) of scabellone B (3.59). 

Figure A64 
13

C NMR spectrum in CDCl3 (150 MHz) of scabellone B (3.59). 

Figure A65 
1
H-

1
H COSY NMR spectrum in CDCl3 (600 MHz) of scabellone B (3.59). 

Figure A66 
1
H-

13
C HSQC NMR spectrum in CDCl3 (600 MHz) of scabellone B (3.59). 

Figure A67 
1
H-

13
C HMBC NMR spectrum in CDCl3 (600 MHz) of scabellone B 

(3.59). 

Figure A68 
1
H-

1
H NOESY NMR spectrum in CDCl3 (400 MHz) of scabellone B 

(3.59). 

 

Figure A69 
1
H NMR spectrum in CDCl3 (400 MHz) of synthetic scabellone B (3.59). 
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Figure A70 
13

C NMR spectrum in CDCl3 (100 MHz) of synthetic scabellone B (3.59). 

Figure A71 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of synthetic scabellone 

B (3.59). 

Figure A72 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of synthetic 

scabellone B (3.59). 

 

Figure A73 
1
H NMR spectrum in CDCl3 (600 MHz) of scabellone A (3.60). 

Figure A74 
1
H-

1
H COSY NMR spectrum in CDCl3 (600 MHz) of scabellone A (3.60). 

Figure A75 
1
H-

13
C HSQC NMR spectrum in CDCl3 (600 MHz) of scabellone A (3.60). 

Figure A76 
1
H-

13
C HMBC NMR spectrum in CDCl3 (600 MHz) of scabellone A 

(3.60). 

Figure A77 
1
H-

1
H NOESY NMR spectrum in CDCl3 (600 MHz) of scabellone A 

(3.60). 

 

Figure A78 
1
H NMR spectrum in CDCl3 (400 MHz) of synthetic scabellone A (3.60). 

Figure A79 
13

C NMR spectrum in CDCl3 (100 MHz) of synthetic scabellone A (3.60). 

Figure A80 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of synthetic scabellone 

A (3.60). 

Figure A81 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of synthetic 

scabellone A (3.60). 

 

Figure A82 
1
H NMR spectrum in CDCl3 (600 MHz) of scabellone C (3.61). 

Figure A83 
13

C NMR spectrum in CDCl3 (150 MHz) of scabellone C (3.61). 

Figure A84 
1
H-

1
H COSY NMR spectrum in CDCl3 (600 MHz) of scabellone C (3.61). 
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Figure A85 
1
H-

13
C HSQC NMR spectrum in CDCl3 (600 MHz) of scabellone C (3.61). 

Figure A86 
1
H-

13
C HMBC NMR spectrum in CDCl3 (600 MHz) of scabellone C 

(3.61). 

Figure A87 
1
H-

1
H NOESY NMR spectrum in CDCl3 (600 MHz) of scabellone C 

(3.61). 

 

Figure A88 
1
H NMR spectrum in CDCl3 (400 MHz) of synthetic scabellone C (3.61). 

Figure A89 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of synthetic scabellone 

C (3.61). 

 

Figure A90 
1
H NMR spectrum in CDCl3 (600 MHz) of scabellone D (3.62). 

Figure A91 
1
H-

1
H COSY NMR spectrum in CDCl3 (600 MHz) of scabellone D (3.62). 

Figure A92 
1
H-

13
C HSQC NMR spectrum in CDCl3 (600 MHz) of scabellone D (3.62). 

Figure A93 
1
H-

13
C HMBC NMR spectrum in CDCl3 (600 MHz) of scabellone D 

(3.62). 

Figure A94 
1
H-

1
H NOESY NMR spectrum in CDCl3 (600 MHz) of scabellone D 

(3.62). 

 

Figure A95 
1
H NMR spectrum in CDCl3 (300 MHz) of verapliquinone A (3.63). 

Figure A96 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of verapliquinone A 

(3.63). 

Figure A97 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of verapliquinone A 

(3.63). 

Figure A98 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of verapliquinone A 

(3.63). 
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Figure A99 
1
H NMR spectrum in CDCl3 (400 MHz) of synthetic verapliquinone A 

(3.63). 

Figure A100 
13

C NMR spectrum in CDCl3 (100 MHz) of synthetic verapliquinone A 

(3.63). 

Figure A101 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone A (3.63). 

Figure A102 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone A (3.63). 

Figure A103 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone A (3.63). 

Figure A104 
1
H-

1
H NOESY NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone A (3.63). 

 

Figure A105 
1
H NMR spectrum in CD3OD (400 MHz) of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65). 

Figure A106 
13

C NMR spectrum in CD3OD (100 MHz) of 2-geranyl-6-methoxy-1,4-

hydroquinone (3.65). 

 

Figure A107 
1
H NMR spectrum in CDCl3 (400 MHz) of 2,4-dimethoxyphenol (3.66). 

Figure A108 
13

C NMR spectrum in CDCl3 (100 MHz) of 2,4-dimethoxyphenol (3.66). 

 

Figure A109 
1
H NMR spectrum in CDCl3 (400 MHz) of 2-geranyl-4,6-dimethoxyphenol 

(3.67). 

Figure A110 
13

C NMR spectrum in CDCl3 (100 MHz) of 2-geranyl-4,6-

dimethoxyphenol (3.67). 
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Figure A111 
1
H NMR spectrum in CDCl3 (400 MHz) of synthetic verapliquinone C 

(3.73). 

Figure A112 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone C (3.73). 

Figure A113 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone C (3.73). 

Figure A114 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of synthetic 

verapliquinone C (3.73). 

 

Figure A115 
1
H NMR spectrum in CDCl3 (400 MHz) of (E)-2-(6-hydroxy-3,7-

dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74). 

Figure A116 
13

C NMR spectrum in CDCl3 (400 MHz) of (E)-2-(6-hydroxy-3,7-

dimethylocta-2,7-dienyl)-6-methoxycyclohexa-2,5-diene-1,4-dione (3.74). 

 

Figure A117 
1
H NMR spectrum in CDCl3 (400 MHz) of 3-methoxy-7-prenyl-1,4-

naphthoquinone (3.65). 

Figure A118 
13

C NMR spectrum in CDCl3 (400 MHz) of 3-methoxy-7-prenyl-1,4-

naphthoquinone (3.65). 

Figure A119 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of 3-methoxy-7-prenyl-

1,4-naphthoquinone (3.65). 

Figure A120 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of 3-methoxy-7-

prenyl-1,4-naphthoquinone (3.65). 

Figure A121 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of 3-methoxy-7-

prenyl-1,4-naphthoquinone (3.65). 

Figure A122 
1
H-

1
H NOESY NMR spectrum in CDCl3 (400 MHz) of 3-methoxy-7-

prenyl-1,4-naphthoquinone (3.65). 
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Figure A123 
1
H NMR spectrum in CDCl3 (400 MHz) of dimer 3.80. 

Figure A124 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of dimer 3.80. 

Figure A125 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of dimer 3.80. 

Figure A126 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of dimer 3.80. 

 

Figure A127 
1
H NMR spectrum in CDCl3 (400 MHz) of dichromenol 3.81. 

Figure A128 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of dichromenol 3.81. 

Figure A129 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of dichromenol 3.81. 

Figure A130 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of dichromenol 3.81. 

 

Figure A131 
1
H NMR spectrum in CDCl3 (400 MHz) of quinone 3.82. 

Figure A132 
1
H-

1
H COSY NMR spectrum in CDCl3 (400 MHz) of quinone 3.82. 

Figure A133 
1
H-

13
C HSQC NMR spectrum in CDCl3 (400 MHz) of quinone 3.82. 

Figure A134 
1
H-

13
C HMBC NMR spectrum in CDCl3 (400 MHz) of quinone 3.82. 
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