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Abstract 

Structure-activity relationship (SAR) and mechanism of action studies of biologically 

active marine natural products are needed to assess potential drug leads or biochemical 

tools for future development.  This thesis describes the SAR study of two families of such 

compounds, the discorhabdins and ascidiathiazones, incorporating synthesis or semi-

synthesis and biological assay results.   

 

Discorhabdin C, extracted from Latrunculia du Bocage sponges, was previously proposed 

as a novel anti-tumour agent, showing selective cytotoxicity towards human colon tumour 

and leukaemia subpanels at the National Cancer Institute.  A library of C-3 and N-13 

modified analogues, some of which incorporated fluorescent chromophores, were semi-

synthesised for SAR study.  The low cytotoxic potency of C-3 modified analogues 

suggested the spiro-enone ring on discorhabdin C was a crucial pharmacophore for the 

discorhabdin family of compounds.  Biomimetic reactions with discorhabdins B and C 

revealed the spiro-enone moiety to be highly electrophilic, readily reacting with cellular-

like nucleophiles.  These findings prompted a reinvestigation of the sponge Latrunculia 

(Latrunculia) trivetricillata leading to the characterisation of a new natural product, 

discorhabdin 1, a possible dimer of discorhabdin C.  Modification of discorhabdin C at N-

13 yielded a series of cytotoxic analogues which exhibited excellent differential cytotoxic 

profiles.  The N-13 fluorescent analogues, synthesised for cellular localisation studies 

failed to demonstrate in vitro cytotoxicity, suggesting only small non-polar subtituents 

may be successfully incorporated at the N-13 position.   

 

Ascidiathiazone A extracted from the New Zealand ascidian Aplidium sp. was previously 

found to exhibit both in vitro and in vivo anti-inflammatory activities.  In order to more 

fully explore the SAR, a library of analogues was prepared that incorporated a variety of 

amido sidechain substituents, or contained changes to the core heterocyclic scaffold of the 

natural product.  Biological evaluation of the new analogues revealed an improvement of 

anti-inflammatory activity for several library members with AI50's of 0.09-0.16 µM.  

Antiparasitic testing of the analogues also identified this class of alkaloids to have high 

selectivity against malaria; the low cytotoxicity of these compounds has made these 

alkaloids a potential new drug lead as antimalarial agents.  
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1.1 Marine natural product as potential drug leads 

 

The concept of utilising natural products for medicinal purposes has been employed for 

many centuries.  Since the commercialisation of the first natural product drug, morphine, 

and the semi-synthesis of the first natural product-based drug, aspirin, the research into 

natural products as a source for medicinal remedies have grown dramatically in the last 

century.
1
  The focus of this field of research has also turned to the use of marine natural 

products in order to discover novel biomolecules of interest.  With more than 70% of the 

Earth covered by oceans, it has been suggested over 80% of the world's plant and animal 

species resides in a marine environment.  Many marine organisms are soft bodied and 

have a sedentary lifestyle, therefore requiring the organisms to synthesise toxic chemicals 

to deter predators and this in turn provides a vast range of biochemicals for potential drug 

leads.
2
  It has also been suggested that the release of natural products by organisms in a 

marine ecosystem will lead to rapid dilution of the compounds, hence the natural products 

generated will need to have very high potency to cause a desired effect.
2
  The large range 

of marine organisms available also provides different sources of novel natural products, 

for example, the extractions of cyanobacteria, seaweeds, sponges, cnidarians, bryozoans, 

molluscs, tunicates, echinoderms and fishes have all yielded fasinating biomolecules with 

a great diversity in both chemical structure and biological activity. 

 

The use of combinatorial chemistry has become the main source of drug discovery for the 

past 25 years.
3
  However, despite the large libraries of compounds synthesised in the hope 

of identifying new drug leads, only one de novo new chemical entity, the antitumour 

compound sorafenib, has been reported in the public domain for drug use.
3
  Although a 

definite explanation for this lack of productivity was never identified, it has been 

suggested the limited types of chemical structures generated using combinatorial approach 

may have resulted in the lack of novel drug discovery.
4
   

 

A census of anticancer drugs discovered between 1940 and 2006 (Figure 1.1) has 

identified a large proportion of anticancer drugs that are natural products (NP), natural 

product-derived compounds, natural product activity mimics, or were biological (large 

peptides/proteins isolated from an organism/cell line or produced by biotechnological 

means.
3
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Figure 1.1. Census of anticancer drugs discovered between 1940 and 2006.3  

 

The utilisation of natural products as a means of identifying new drug leads, identifying 

novel pharmacophores and also for the identification of new cellular targets, are all 

convincing rationales for using natural products for drug discovery.   

 

1.2 Diseases in need of novel therapeutics 

1.2.1 Cancer 

Cancer is a group of diseases characterised by the uncontrolled growth of abnormal cells.  

This abnormal growth arises from malfunctions in the mechanisms that control cell 

growth and differentiation, and may progress from stages of a localised tumour to 

extension to nearby tissues and also metastasis throughout the body.
5
  Cancer continues to 

be a leading cause of death worldwide, accounting for 7.4 million deaths in 2004.  The 

World Health Organization has projected this to increase by 45% by 2030 due to the 

increasing and aging global population.
5
 

 

The first use of chemotherapy for treatment of cancer was reported in the 1940s with 

nitrogen-mustards, such as mechlorethamine, being used to treat the Hodgkin's and other 

lymphoma diseases.
6
  This compound was found to act as an alkylating agent, by 
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alkylation of N-7 of guanine moieties on DNA fragments, hence becoming the first 

chemotherapeutic drug available.   

 

Natural products have played an important role in anticancer drug development.  An 

example of an important anticancer lead derived from a natural source includes the 

cyclolignan, podophyllotoxin, which exhibits both antiviral and antitumour properties.
7
   

Figure 1.2. Chemical structure of cyclolignan alkaloids. 

 

Podophyllotoxin (1.1) was isolated from roots and rhizomes of the plants Podophyllum 

peltatum Linnaeus in the 1950s, and was found to inhibit tubulin assembly into 

microtubules, hence promoting arrest of cell cycle during the metaphase of mitosis.
8
  

Because 1.1 demonstrated nonspecific toxicity, further research was undertaken revealing 

that the glucoside analogues of podophyllotoxin were less toxic and more water soluble.  

Two semi-synthetic compounds, etoposide (1.2) and teniposide (1.3), were consequently 

identified with potent anticancer activity with low toxicity, both acting with a novel 

mechanism of action.
8
  These new analogues were found to prevent cells from entering 

into mitosis by inhibiting the enzyme topoisomerase II, which results in slow cell 

progression in the late S phase, the DNA replication phase, and early G2 phase.
8
  

Etoposide, teniposide, and later, the prodrug etopophos (1.4) are still currently used as 

anticancer agents for chemotherapy.   

 

A second example of an anti-cancer drug derived from a natural product is the well known 

complex diterpene Taxol (Paclitaxel) (1.5), first isolated in the 1960s as part of a random 

screening program by the U.S. Department of Agriculture for the National Cancer 

Institute.
9
  This natural product was isolated from the stem bark of Pacific yew tree Taxus 
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brevifolia which had been known to be used by Native American tribes for medicinal 

purposes.
9
  Taxol was initially identified to act by inhibiting cell division and other 

interphase processes by stabilising microtubules, the identification of this mechanism of 

action will be further discussed in Chapter Two.   

Figure 1.3. Chemical structure of cytotoxic diterpene alkaloids, taxol and baccatin-III. 

 

Due to the scarce supply of Pacific yew and the complex synthesis of paclitaxel, methods 

were developed which involved semi-synthesis of this natural product from the more 

abundant baccatins, such as baccatin-III (1.6).
10

  Semi-synthesis greatly reduces the 

number of synthetic steps required to obtain the desired derivative, and also provides 

alternative sources of the natural product.   

 

The first marine-derived anti-cancer drug was ecteinascidin-743 (1.7), first isolated from 

Caribbean tunicate Ecteinascidia turbinata in 1969.
11

  Ecteinascidin-743 and the analogue 

ecteinascidin-729 (1.8) were found to be potent in mice by demonstrating in vivo activity 

against P388 lymphoma, B16 melanoma, M5076 ovarian sarcoma, and Lewis lung 

carcinoma, as well as the LX-1 human lung and MX-1 human mammary carcinoma 

xenografts.
12

  However, low isolation yields and poor yields from total synthesis of 

ecteinascidins means clinical studies on these natural products were impractical.  

PharmaMar eventually developed a semi-synthetic method using the antibiotic 

cyanosafracin B (1.9), which can be produced in kilogram scale by fermentation of 

Pseudomonas fluorescens.
13

   

 



 

Chapter One: General Introduction 

6 

 

Figure 1.4. Chemical structure of ecteinascidin-743, 729 and cyanosafracin B. 

 

Biological evaluation revealed ecteinascidin-743 interacts with DNA with a number of 

unique characteristics, which include:
14

 
 

 Alkylation of guanine at the exocyclic N
2
 position in the minor groove 

 Sequence-specific minor groove binding 

 Reversibility of the guanine N
2
 adducts 

 Sharp bending toward the major groove opposite to the adduct 

 Protrusion of the C-ring (Figure 1.4) in the minor groove with potential binding to 

selective chromatin proteins.   

 

Ecteinascidin-743 is currently approved for the treatment of refractory soft-tissue 

sarcomas by the European Commission since 2007 under the trade name Yondelis.  The 

success of the ecteinascidins clearly demonstrated the benefits derived from marine 

natural products.   

 

The natural product-based compound, eribulin mesylate (1.10), has recently been 

approved for treatment of metastatic breast cancer.  This compound was derived from the 

well known halichondrin B (1.11), first isolated from the marine sponge Halichondria 

okadai in 1986 by Uemura et al.
15

  It was found to have very potent cytotoxicity against 

B-16 melanoma, P-388 leukemia and L-1210 leukemia in vivo.  A bioactivity study by 

Pettit et al. found halichondrin B to bind in the vinca domain of tubulin, and also exhibit 

differential cytotoxicity in an assay against 60 human tumour cell lines.
16

  Unfortunately, 

1.11 and its related natural products were all isolated in very low yields, and total 
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synthesis of this polyether macrolide also proved to be difficult, with reported synthetic 

routes consisting of approximately 90 steps; impractical for scale-up.   

Figure 1.5. Chemical structure of halichondrin B and eribulin mesylate. 

 

Investigation into synthetic analogues of halichondrin B resulted in the synthesis of 

eribulin mesylate (1.10), which contains a similar macrocyclic lactone moiety.
17

  

Biological evaluation of this simpler compound identified high in vitro potency against 

MDA-MB-435 human breast cancer cells, with an IC50 of 0.07 nM, markedly more potent 

than the standard therapeutics vinblastine (0.54 nM) and paclitaxel (2.6 nM).
17

  In vitro 

assays revealed 1.10 to be more potent than both vinblastine and pacitaxel with IC50's of 

0.09 and 0.71 nM against MDA-MB-435 breast and COLO 205 colon cancer 

respectively.
17

  Eribulin mesylate, marketed under the trade name Halaven, has recently 

been approved by the Food and Drug Administration (FDA) for the treatment of 

metastatic breast cancer.
18

 

 

Marine bacteria have also been considered a rich source of novel anti-cancer drug 

candidates.  Cryptophycin-1 (1.12), derived from cyanobacteria was first isolated from 

cyanobacteria Nostoc spp. strain ATCC 53789 by Schwartz et al.
19

  A biological 

evaluation of cryptophycin-1 revealed very high potency towards the KB human 
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nasopharyngeal carcinoma cell line and the LoVo human colorectal adenocarcinoma cell 

line with IC50's of 3 and 5 pg/mL respectively.
19

  Further in vivo studies identified potency 

towards five tumour cell lines, including, viz. colon adenocarcinomas 38 and 51, taxol-

sensitive and taxol-resistant mammary adenocarcinoma M16, pancreatic ductal 

adenocarcinoma 03, and lung DMS-273 cell line.
20

  

Figure 1.6. Chemical structure of cryptophycin alkaloids. 

 

A mechanistic study of the cryptophycins found this family of alkaloids to be potent 

inducers of Bcl-2 (anti-apoptotic protein B-cell leukaemia/lymphoma 2) phosphorylation 

in H460 cells in culture.
21

  This results in inhibition of tubulin polymerization and 

destabilisation of microtubule dynamics.  The synthetic analogue cryptophycin-52 (1.13) 

reached phase II clinical trial, but was dropped from the pipeline due to low objective 

responses at doses high enough to induce neurological toxicity.
22

   

 

Aplidine (1.14) is an example of a marine natural product currently undergoing phase II 

clinical trials.  The discovery of this promising drug lead began with the isolation of a 

structurally similar alkaloid, didemnin B (1.15), first isolated from the tropical tunicate 

Trididemnum solidum in 1981.
23

  This depsipeptide demonstrated very high potency as an 

antitumour agent, with in vitro IC50 of 0.001 µg/mL against the L1210 cell line.
23

  

Subsequent in vivo evaluation revealed even a low dose of 0.03 mg/kg extended survival 

time of P388 leukemia-bearing mice by 125%, while a higher concentration of 1.0 mg/kg 

resulted in a two fold increase in survival time (T/C 199%).
23

  Unfortunately, 1.15 

demonstrated significant neuromuscular toxicity and no objective responses in clinical 

trials.  All clinical trials are currently on hold due to high incidences of toxicity.   
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Figure 1.7. Chemical structure of didemnin B and aplidine. 

 

The structurally similar Aplidine (1.14), isolated from the Mediterranean tunicate 

Aplidium albicans in the 1990s, contains a pyruvyl group in place of the N-lactyl side 

chain of didemnin B.
24

  Potency of this new natural product towards tumours was similar 

to that of didemnin B, and it also demonstrates significant in vivo activities.  Aplidine is 

currently undergoing phase II clinical trial for solid and haematological malignant 

neoplasias (T cell lymphoma and myelofibrosis), and also phase III clinical trials for 

multiple myeloma.
25

 

Figure 1.8. Chemical structure of kahalalide F. 

 

The final example of a marine natural product which is also undergoing clinical trials 

against cancer is another depsipeptide, kahalalide F (1.16), isolated from alga of the genus 

Bryopsis sp.
26

  This cytotoxic natural product was initially isolated from the sacoglossan 
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Elysia rufescens, which was found to consume the alga and concentrate 1.16 internally, 

allowing extraction and isolation of 1.16 from the sea hare in high yields (0.01% wet 

weight).
26

  Kahalaide F was found to be selective against solid tumour cell lines, and 

potent against A-549 (IC50 2.5 µg/mL), HT-29 (IC50 0.25 µg/mL) and LoVo (IC50 <1.0 

µg/mL).
27

  This compound is now licensed by PharmaMar under the trade name Irvalec 

and is currently undergoing phase II clinical study on patients with non-microcitic lung 

cancer.   

 

Natural products have contributed to the discovery of countless biologically active 

compounds and the majority of current drug remedies resembled natural products.  The 

broad range of neoplastic diseases and numerous side effects of current chemotherapies 

stresses the need to develop more novel and selective drugs as anticancer treatments.   

 

1.2.2 Infectious and parasitic diseases 

 

1.2.2.1 Malaria 

 

Malaria caused nearly one million deaths in 2008, and it has been estimated a child dies 

every 45 seconds in Africa from this infectious disease.
28

  Malaria is caused by five 

different species of Plasmodium parasites, P. falciparum, P. vivax, P. malariae, P. ovale 

and P. knowlesi, with P. falciparum being the deadliest.  This disease is transmitted 

exclusively by the Anopheles mosquitoes and resides predominantly in Africa, where over 

85% of the world's malaria deaths occur.  Although effective drug therapies are currently 

available, the emergence of antimalarial drug resistance poses the greatest challenge 

facing malaria control.
29

 

 

Chloroquine (1.17), was one of the first effective drugs for treatment of malaria since its 

discovery in 1940s, and it is currently widely used for chemotherapy worldwide.
30

  

However, prolonged and extensive use of chloroquinone resulted in signs of drug 

resistance in South East Asia and South America in the 1960s and has since spread to 

most locations around the world.
30

  An alternative drug, Mefloquine (1.18), was 

introduced in the 1980s for treatment of chloroquine-resistant malaria, but resistance to 
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this drug also began to appear soon after.
30

  In response to the downfall of using 

monotherapies, combination drug therapies were developed and are currently the 

recommended method for treatment of malaria.
29

  

Figure 1.9. Current drugs for treatment of Malaria 

 

The current treatment for malaria is dependent on the verified effectiveness of the drug at 

particular locations, as well as the species of malaria being treated.  Uncomplicated P. 

falciparum malaria is treated with an artemisinin-based combination therapy (containing 

artemether (1.19) and artesunate (1.20)), together with a single dose of primaquine (1.21), 

while P.vivax malaria treatment involves the use of chloroquine and artemisinin-based 

combination therapy and also a 14-day course of primaquine.
29

  Although the use of 

combination drug therapy has reduced the rate of drug resistance build up, novel 

antimalaria drugs need to be developed in anticipation of the chance of wide spread drug 

resistance to current chemotherapies.   

 

1.2.2.2 Trypanosomiasis: African trypanosomiasis and Chagas disease 

 

Both African trypanosomiasis and Chagas disease are caused by protozoan parasites from 

the genus Trypanosoma.  African trypanosomiasis, also known as sleeping sickness, 

involves parasites of the species Trypanosoma brucei gambiense and Trypanosoma brucei 

rhodesiense, which are transmitted by bites from tsetse flies in sub-Saharan Africa 
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countries.
31

  The illness is comprised of two phases; the haemolymphatic phase stage 

causes fever, headaches, joint pains and itching, while the neurological phase can cause 

changes of behavior, confusion, sensory disturbance and decrease in coordination.
31

  

These conditions are fatal if left untreated.
31

   

 

Currently four drugs are available for treatment of African trypanosomiasis (Figure 1.10).  

Pentamidine (1.22) and suramin (1.23) are both treatments for the haemolymphatic phase 

of the disease, which are easier to administer and contain lower toxicity compared to 

second phase treatments. 

Figure 1.10. Current drugs for treatment of African trypanosomiasis. 

 

The second phase treatment consists of using melarsoprol (1.24) or eflornithine (1.25).  

Melarsoprol is an arsenic-derived compound, and is toxic to humans by causing 

encephalopathy in 3-10% of patients.
31

  The alternative treatment with eflornithine 

exhibits less toxicity, but is only effective against T. brucei gambiense.  Control of African 

trypanosomiasis has been successful in the past, with the disease almost disappearing in 

the 1960s.
31

  The lack of surveillance over the last 50 years has unfortunately led to the 

redevelopment of the parasite, and indication of drug resistance against melarsoprol is 

becoming a worrying issue.  New treatments will need to be developed to improve the 
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selectivity of the drug and also in anticipation of widespread drug resistant parasites in the 

future.   

 

Chagas disease is caused by the protozoan parasite Trypanosoma cruzi.  The disease 

involves two phases of development, beginning with the acute phase, when the parasites 

circulate in the blood causing fever, headaches, respiratory and muscular problems.
32

  

Accumulation of the parasite in heart tissue causes progression of the illness to the chronic 

phase.  Up to 30% of patients suffer from cardiac disorder which may resultantly cause 

sudden death or heart failure if left untreated.  The T. cruzi parasites are predominately 

transmitted by infected faeces of triatomine bugs, which may come into contact with 

exposed skin, eyes, mouth or any skin breaks.
32

   

Figure 1.11. Current treatments for Chagas disease. 

 

Chagas disease can be treated effectively in the early stages of the acute phase using 

benznidazole (1.26) or nifurtimox (1.27) (Figure 1.11).  These drugs however, can induce 

serious side-effects, and also have low efficacy against chronic Chagas disease, hence 

requiring prolong treatment periods.
32

  There is therefore an urgent need to identify new 

drugs for treatment of this neglected disease. 

 

1.2.2.3 Recent drug leads for malaria and trypanosomiasis 

 

Although only a limited number of drugs have been developed in the last two decades for 

the treatment of malaria and trypanosomiasis, a large number of natural product-derived 

compounds have demonstrated promising biological activities for further development.  

Natural products have provided countless number of biomolecules with fascinating 

structural scaffolds.  Some examples of bioactive antiparasitic compounds are shown in 

Figure 1.12, and will be discussed. 
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Figure 1.12. Sample of marine natural products with antiparasitic activity.
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Plakortin (1.28) isolated from the Indonesian sponge Plakortis cfr. simplex, along with 

secondary metabolites of the manadoperoxide family, have demonstrated significant 

activity towards the Plasmodium falciparum parasite.
33

  Plakortin was found to have IC50 

of 0.87µM towards the chloroquine sensitive strain of P. falciparum and IC50 of 0.39 µM 

towards the chloroquine resistant striain.
33

   

 

The structurally similar metabolites manadoperoxide A-D (1.29-1.32) all demonstrated 

moderate activity in an identical assay with IC50's of 4.5 to 10.4 µM towards the sensitive 

strain and 2.3 to 7.9 µM towards the resistant strain of P. falciparum.
33

  Although the 

structure of compounds 1.28 is very similar to that of 1.29-1.32, a 10-fold difference in 

bioactivity towards malaria was observed.  This result led to the proposal of a mechanism 

of action of plakortin by Fattorusso et al. which involved the reaction with iron (II), 

generating a radical at the O-1 atom and subsequently transferred to the side chain carbon 

as shown in Scheme 1.1.
33

 

Scheme 1.1. Suggested mechanism of biological action of plakortin.33 

 

These results suggest that these compounds did not share the mechanism of resistance of 

chloroquine and therefore have the potential to be developed into future drug leads.
34

   

 

In addition to antimalarial activity, another closely related compound, 11,12-didehydro-

13-oxo-plakortide Q (1.33), has demonstrated significant bioactivity towards the 

Trypanosoma brucei parasite.
35

  This plakortide was isolated from the Australian sponge 

Plakortis sp. and exhibited potent activity against Trypanosoma brucei with an IC50 of 49 

nM.
35

  Cytotoxicity assay of this compound against the human embryonic kidney cell line 
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HEK293 revealed moderate activity with IC50 of 5.1 µM, resulting in a 105-fold 

selectivity for antitrypanosomal activity.
35

   

 

A recently isolated marine natural product has also demonstrated high potency towards a 

broad range of parasitic diseases.  Pandaroside G methyl ester (1.34) isolated from the 

Pandaros acanthifolium Caribbean sponge in 2010 by Regalado et al. was tested against 

the parasites Trypanosoma brucei rhodesiense (IC50 0.038 µM), T. cruzi (IC50 0.77 µM), 

Leishmania donovani (IC50 0.051 µM), and Plasmodium falciparum (IC50 0.39 µM) and 

also the L6 cell line for cytotoxicity.
36

  Although 1.34 was significantly potent against all 

four parasites, it was also found to be cytotoxic, with an IC50 of 0.22 µM.
36

 

 

Manzamine A (1.35), (Figure 1.12 and 1.14) a β-carboline alkaloid previously envisaged 

as an anticancer drug lead, has demonstrated high potency towards the malaria parasite.  

Manzamine A was first isolated from marine sponges of the genus Halicona sp. by Sakai 

et al. in 1986, and was found to inhibit the growth of P388 murine leukemia cells with 

IC50 of 0.07 µg/mL.
37

  Biological evaluation of this unique natural product identified in 

vivo potency against the rodent malaria parasite Plasmodium berghei.  A single injection 

of 1.35 resulted in cure of 40% of the mice 60 days after injection. 
38

  Parallel studies with 

chloroquine found all mice died by day 10, while treatment with artemisinin resulted in 

cure of 20% of the mice.
38

  Interestingly, manzamine F (1.36), another manzamine 

alkaloid with an unsaturated cyclic octyl ring and a ketone functional group demonstrated 

no life-prolonging effect in malaria infected mice, suggesting this moiety was essential to 

the bioactivity of this class of natural products.
38

  Pharmacokinetic study on 1.35 found 

the absolute oral bioavailability to be at least 20.6%, and also indicated a low metabolic 

clearance and a long pharmacokinetic half-life, properties desired for future drug 

development.
39
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Figure 1.13. Chemical structure of manzamine A and manzamine F. 

 

A recently isolated polyaromatic alkaloid, aplidiopsamine A (1.37) was isolated from the 

Australian ascidian, Aplidiopsis confluata (Figure 1.12).
40

  This natural product possess a 

unique 3H-pyrrolo[2,3-c]quinoline conjugated to an adenine group.  In vitro bioassay 

identified equal activity against both chloroquine sensitive and resistant strains of P. 

falciparum, with IC50's of 1.47 and 1.65 µM respectively. 
40

  Cytotoxicity assay against 

HEK-293 cells demonstrated minimal potency, requiring 120 µM to inhibit 100% of the 

cells.  This intriguing marine natural product is another potential drug lead against current 

drug-resistant malaria parasites.    

 

A recent high-throughput screening by Yang et al. identified a new bioactive natural 

product from prefractionated extracts of the marine sponge Hyattella sp.  Isolation and 

purification of this sponge identified a new bromotyrosine derivative, psammaplysin G 

(1.38) and the known psammaplysin F (1.39). 
41

  Bioassay of 1.38 against chloroquine-

resistant P. falciparum strain demonstrated 98% inhibition at a concentration of 40 µM 

and no indications of cytotoxicity up to 40 µM against HEK293, the human embryonic 

kidney cell line.
41

  Psammaplysin F was also found to be potent against both chloroquine 

resistant and sensitive P. falciparum strains, with IC50's of 1.4 and 0.87 µM respectively, 

with an IC50 of 11 µM against HEK293.
41

   

 

Similar screening methods by the same research group also identified potent 

antitrypanosomal marine natural products.  A new pyridoacridine alkaloid, 12-

deoxyascididemin (1.40) and two known alkaloids, ascididemin (1.41) and eilatin (1.42) 

were isolated from the Australian ascidian Polysyncraton echinatum.  Pyridoacridine 

alkaloids are well known for potent cytotoxicity, by intercalating with DNA and disrupt 
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cellular division.  Antiparasitic evaluation against Trypanosoma brucei brucei identified 

high potency from 1.40 and 1.41, with IC50's of 0.077 and 0.032 µM respectively.  

Subsequent testing against HEK293 revealed 1.40 and 1.41 to be moderately cytotoxic 

with IC50's of 7.63 and 1.48 µM, which equates to a 99- and 46-fold selectivity towards T. 

brucei brucei.  This study demonstrated the prospects of investigating known cytotoxic 

compounds against antiparasitic bioassays to identify potential drug candidates for 

neglected diseases.
42

 

 

1.3 Summary and aims 

 

Marine natural products provide an excellent source of novel chemical structures with 

potentially attractive biological activities for future antineoplastic and antiparasitic drugs.  

This thesis will focus on two marine natural products, the well-known cytotoxic 

discorhabdins, and the recently isolated ascidiathiazones.   

 

Discorhabdin alkaloids are renowned for their potent cytotoxicity and have been 

envisaged as potential antineoplastic agents for the last 25 years.  Chapter two of this 

thesis will include a semi-synthetic study of rings E of discorhabdin C by modification at 

the C-3 position and synthesis of fluorescent analogues.  Biomimetic reactions were also 

explored and are discussed, along with the isolation of novel discorhabdin alkaloids which 

have exposed important mechanistic aspects of this family of alkaloids.  Chapter three will 

cover a semi-synthetic study of rings A and B of discorhabdin C, involving an SAR study 

at the N-13 position, as well as synthesis of fluorescent analogues.   

Lastly, chapter four will cover a structure-activity relationship study of ascidiathiazone A, 

which has been found to be a potent anti-inflammatory agent, and also to have potentially 

useful antiparasitic activities.   
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2.1 Introduction 

2.1.1 Discovery of discorhabdin alkaloids 

 

A series of biologically active metabolites have been isolated from the sponges of the 

genus Latrunculia.  This unique class of natural products were named the discorhabdins, 

due to the characteristic discorhabd microsleres present at the surface of the sponge 

ectosome.
43

  Discorhabdin C (2.1) was the first published discorhabdin alkaloid from the 

New Zealand sponge Latrunculia du Bocage (later re-examined and identified as 

Latrunculia (Biannulata) kaikoura) by Blunt, Munro and coworkers in 1986.
44,45

  Soon 

after, Kobayashi et al. published the structure of prianosin A isolated from the sponges 

Prianos melanos in 1987, which was closely followed by publications of discorhabdin A 

(2.2) and B (2.3) by Blunt and Munro et al.,
46

 together with a complete set of spectral data 

of 2.1 from Latrunculia sp. sponges.
47

  The structure of prianosin A and 2.2 was found to 

be identical by comparison of spectroscopic and biological data, and was henceforth 

concluded to belong to the same family of alkaloid.  This family of natural products, 

discorhabdins, prianosins and the later discovered epinardins, all contained a pyrido[2,3-

h]pyrrlo[4,3,2-de]quinoline tetracyclic skeleton bearing a spirocyclic moiety at the C-6 

position, and the possible presence of sulfur linkage between C-5 and C-8 and/or ring 

closure between C-2 and N-18.  An example bearing the latter structural feature is 

discorhabdin D/prianosin D (2.4).
43

 

Figure 2.1. Chemical structure of early discovered discorhabdin/prianosin alkaloids. 

 

Additional to these, close to forty alkaloids have been classified to the discorhabdin/ 

prianosin/epinardin family of natural products.
43,48

  These compounds were found to 

exhibit a wide range of biological activities, including cytotoxic, antibiotic, and also 

antimalarial properties, which will be discussed in the following section.   
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2.1.2 Bioactivity of discorhabdin alkaloids 

 

Discorhabdins A-C were found to be active in an in vitro P388 murine leukemia assay; 

with an ED50 of 0.11, 0.08, 0.11 µM respectively, but were found to have no significant 

effect in vivo (T/C < 120%).
47

  Discorhabdin D however, was identified to have a much 

lower in vitro activity against the same cell line (IC50 14.9 µM) and interestingly 

demonstrated in vivo P388 activity with T/C 132% at 20 mg/kg.
49

  Further analysis of 

discorhabdin C by the National Cancer Institute (NCI) found this alkaloid to be selective 

for the human colon tumour and leukaemia subpanels.  Furthermore, in an antimicrobial 

activity disk assay with 30 µg/disk, discorhabdin A and C were found to be active against 

Escherichia coli, Bacillus subtilis, Candida albicans and inactive against Pseudomonas 

aeruginosa.  Discorhabdin B was however inactive against P. aeruginosa and C. 

albicans.
47

   

 

Prianosins B (2.5), C (2.6) and D (2.4) from P. melanos have all been tested in similar 

biological assays and were found to be cytotoxic against murine lymphoma L-1210 cells 

(2.0, 0.15, 0.18 µg/mL), murine lymphoma L-5178Y cells (1.8, 0.024, 0.048 µg/mL) and 

human epidermoid carcinoma KB cells (>5.0, 0.57, 0.46 µg/mL).
50

  This study revealed 

the 16,17 dehydrogenated discorhabdin-type alkaloid (2.5) was much less cytotoxic, 

suggesting the pyrroloiminoquinone moiety plays a crucial part in the bioactivity.    

Figure 2.2. Chemical structures of prianosins B (2.5), C (2.6) and D (2.4). 

 

With the majority of compounds from the discorhabdin family tested for cytotoxicity, a 

preliminary structure-activity relationship (SAR) study could be completed.  The 

discorhabdin alkaloids were divided into three major types; discorhabdin B-type (with 

thiol ether, no ring closure), discorhabdin C-type (no thiol ether, no ring closure), and 

(2.5) (2.6) (2.4) 
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discorhabdin D-type (with thiol ether and ring closure), and were arranged in order of 

biological activity (Figure 2.3 and 2.4). 

 

Beginning with discorhabdin B-type alkaloids (Figure 2.3), discorhabdin B (2.3), 

discorhabdin A (2.2) and the first dimeric discorhabdin, discorhabdin W (2.7) all exhibited 

similar cytotoxicity towards the P388 cell line at IC50 0.084, 0.11 and 0.087 µM 

respectively.
47,51

  Discorhabdin U (2.8) demonstrated retention of bioactivity with an IC50 

of 0.16 µM, while the debrominated compound discorhabdin G*/I (2.9) was only 

moderately cytotoxic (0.65 µM).
52,53

  3-Dihydrodiscorhabdin A (2.10) demonstrated a 

significant drop in cytotoxicity compared to 2.2, suggesting the α-bromo-α,β-unsaturated 

ketone may contribute to the compound's overall biological activity by acting as a Michael 

acceptor for a cellular target.
53

  Lastly, the Δ
16,17

 compounds discorhabdin Q (2.11), 

discorhabdin S (2.12) and discorhabdin T (2.13) all exhibited large reduction in 

cytotoxicity with IC50's of 3.0, 3.1 and >5.0 µM respectively.
52,53

  This loss of bioactivity, 

as observed previously for prianosin B (2.5) may imply the presence of the 

pyrroloiminoquinone moiety as an essential part of these compounds mechanism of 

biological action.   

 

A similar trend in SAR was observed for discorhabdin C and D-type compounds     

(Figure 2.4).  Discorhabdin C (2.1) demonstrated the highest biological activity with an 

IC50 of 0.11 µM against P388, while both the N-13 methylated and 2-debrominated natural 

products discorhabdin P (2.14, 0.31 µM) and discorhabdin E (2.15, 0.41 µM) exhibited a 

slight decrease in cytotoxicity in a similar assay.
54,55

  A number of discorhabdin alkaloids 

were tested in an HCT-116 assay, listed in order of cytotoxicity 14-bromodiscorhabdin C 

(2.16), 3-dihydro-7,8-dehydrodiscorhabdin C (2.17), 3-dihydro-7,8-dehydro-14-

bromodiscorhabdin C (2.18), 3-dihydrodiscorhabdin C (2.19), and 3-dihydro-14-

bromodiscorhabdin C (2.20) with IC50's of 0.077, 0.197, 0.222, 0.323, and 0.645 µM 

respectively.
56
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Figure 2.3. Chemical structure and bioactivity of discorhabdin B-type alkaloids against P388 murine leukaemia cell line in µM. 
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Figure 2.4. Chemical structure and bioactivity of discorhabdin C and D-type alkaloids against P388 murine leukaemia and HCT-116 (*) cell line in µM. 
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Although these data were not directly comparable with the P388 cell line assay results, it 

was apparent that reduction at C-3 and bromination at C-14 decreased cytotoxicity.  This 

conclusion was reinforced by Copp et al., which revealed the 3-dihydro compound 2.19 to 

exhibit a P388 IC50 of 0.91 µM, this drop in cytotoxicity was similar to that observed for 

discorhabdin A (2.2) and 3-dihydrodiscorhabdin A (2.10).
57

  The discorhabdin D-type 

compounds which contains a thiol ether between C-5/C-8 and a ring closed N-18/C-2, 

exhibited less cytotoxicity in a P388 assay compared to the discorhabdin C-type 

compounds.  Discorhabdin D (2.4) and discorhabdin L (2.21) both exhibited similar 

bioactivity, with a moderate IC50 of 1.60 and 1.10 µM respectively.
55

  Discorhabdin N 

(2.22) and H/J (2.23) which contains both a discorhabdin D-type structure and an amino 

acid derivative at C-1 were found to have significantly less potent cytotoxicity.
55

   

 

A mechanism-based bioassay evaluation of discorhabdin P (2.14) revealed the compound 

to be a potent inhibitor of the peptidases, calcineurin and CPP32 with IC50 values of 0.55 

and 0.37 µg/mL respectively.
58

  Surprisingly, the related alkaloid, discorhabdin C (2.1) 

was inactive in the same assay.  Studies towards the effect on human tumour diseases have 

been extensively tested by the NCI on compounds from this family, including 

discorhabdin B (2.3), discorhabdin C (2.1), 3-dihydrodiscorhabdin C (2.19), discorhabdin 

D (2.4), and discorhabdin Q (2.11).
57

  Out of these compounds, only 2.1 and 2.19 

exhibited differential cytotoxicity by having selectivity towards both leukemia and colon 

subpanels.  As the mechanism of cytotoxic action and cellular targets of the discorhabdin 

alkaloids remains unknown, a preliminary study requires the preparation of fluorescent 

and cytotoxic analogues of 2.1. 

 

 

2.1.3 Methodology for mechanism of action studies 

 

Studies of fluorescently-derived compounds have been widely used in the elucidation of 

mechanism of biological action(s) in natural products.  The well known natural 

diterpenoid, taxol (1.5), extracted from the stem bark of Pacific yew, Taxus brevifolia is 

an anticancer chemotherapeutic agent which inhibits cell division and other interphase 

processes by stabilising microtubules.
59

  Fluorescence microscopy of suitably labeled 
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analogues of taxol was used to study the target microtubules in tumour cell cultures, 

cellular localisation and to identify possible secondary receptors for taxoids.   

 

A β-amino alanine ester linker was employed by derivatisation of the C-7 hydroxyl group 

on taxol to produce a reactive intermediate capable of reacting with various fluorophores.  

The dansyl 1.5a, fluorescein 1.5b, carboxy-X-rhodamine 1.5c and lissamine rhodamine B 

1.5d analogues were subsequently synthesised (Scheme 2.1). 

Scheme 2.1. Synthesis of taxol derivatives. 

Reagents and conditions: (i) dansyl chloride, TEA, MeCN, 25°C, 10min, 69%; (ii) fluorescein B-

hydroxysuccinate ester, 10% aq. NaHCO3, dioxane, 25°C, 1.2 h, 65%; (iii) carboxy-X-rhodamine N-

hydroxysuccinate ester, 10% aq. NaHCO3, dioxane, 25 °C, 1.5 h, 73%; (iv) Lissamine rhodamine B 

chloride, 10% aq. NaHCO3, dioxane, 25°C, 2 h.  
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All four conjugates exhibited practical excitation/emission spectra with 350/500, 512/550, 

400/610, 380/680 (nm, excitation/emission) for 1.5a-d respectively.  Taxoid 1.5a showed 

the highest retention of cytotoxicity and retained taxol’s highly lipophilic characteristic.  

The lissamine-taxoid possessed reasonable amplitudes of fluorescence and fluorescence 

lifetimes and was chosen for the fluorescent study.  Interestingly this study revealed 

localisation of taxol in structures containing nucleoli and no tubulin.  Immunofluorescence 

controls were used to show no co-localisation of α-tubulin antibodies in the same site, 

posing the discovery of a novel receptor for taxol other than microtubules.   

 

The marine natural product didemnin A (2.24), the first example of a class of macrocyclic 

depsipeptides isolated from Caribbean tunicates of the family Didemnidae, exhibits a 

range of valuable activities such as anti-tumour, antiviral and immunosuppressive 

properties.
60

  Fluorescent analogues were synthesised to detect its cellular localisation and 

to identify the mechanism of action(s) responsible for the observed bioactivities.  As it 

was found from previous studies that N-acylation of didemnins was not detrimental to 

biological potency, a fluorophore could be incorporated into the structure via a linker 

molecule.  7-Dimethylaminocoumarin-4-acetic acid (DACA) was the first fluorophore 

investigated (Figure 2.5).  The fluorescent didemnin A analogue was prepared via EDAC 

coupling of DACA with glycine and subsequent coupling with the macrocycle through a 

N-methyl leucine methyl ester to form compound 2.24B.  It was found biological activity 

of the fluorescent analogue was retained, and was later utilised to investigate the potential 

chemical defense mechanisms of Didemnid ascidians.  

Figure 2.5. Structure of didemnin A (2.24) and DACA fluorescent analogue (2.24B). 

 

 

(2.24) 

(2.24B) 
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2.1.4 Objectives and isolation of discorhabdin alkaloids 

 

As the mechanism of cytotoxic action and subcellular targets of discorhabdin alkaloids 

remain unknown, it was proposed to synthesise a series of fluorescent analogues to 

facilitate the use of fluorescent microscopy in a cellular localisation study.  Discorhabdin 

C was selected for this purpose as it can be obtained in high yields (11 mg/g), and was 

known to be stable in the TFA salt form. 

 

Figure 2.6. Latrunculia kaakaariki (green sponge) and L. duckworth (brown sponge), photographed at Three 

Kings Island, Princess Isles – Irishman's garden, 5-15 m by Malcolm Francis. 

 

Discorhabdin C (2.1) was isolated from freeze-dried samples of Kaikoura Coast-sourced 

red-brown sponge, Latrunculia (Latrunculia) trivetricillata.  The sponge specimen was 

fractionated by Sephadex LH-20 CC (MeOH, 0.05% TFA) and reversed-phase C18 CC 

using gradient H2O (0.05% TFA) to MeOH (0.05%), with each fraction analysed by 

analytical HPLC using a C8 rocket column.  The following discorhabdin alkaloids were 

isolated: discorhabdin C (2.1) TFA salt, 3-dihydrodiscorhabdin C (2.19) TFA salt and 

discorhabdin D (2.4). 
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2.2 Results and discussion  

 

2.2.1 Modification at C-3 of discorhabdin C  

2.2.1.1 Synthesis of 3-dihydrodiscorhabdin P (2.25A/2.25B) 

The initial approach consisted of modification at the C-3 carbonyl, to investigate the 

structure-activity relationship of the spiro-dienone ring and to also attempt attachment of 

fluorophores to allow cellular localisation studies of the new fluorescent analogues 

(Scheme 2.2).  To begin the investigation, the stable C-3 carbonyl must be reduced to a 

more reactive alcohol to allow future addition of sidechains to this position.   

Scheme 2.2. Proposed modification of discorhabdin C via reduction at C-3. 

Reagents and conditions: i) NaBH4, MeOH, r.t., 5 min.  

 

The reduction of discorhabdin C has been previously demonstrated by Copp et 

al.,
57

whereby dissolving 2.1 in methanol followed by the addition of NaBH4 afforded a 

high yield of the desired dienol product in less than 5 minutes.  This reaction was found to 

be highly reproducible; under reversed-phase C18 CC, two alcohol compounds were 

isolated in a 2:1 ratio as previously reported.  Comparison of NMR spectroscopic data of 

the two compounds identified them to be isomeric in structure, with only subtle 

differences observed by 
1
H NMR spectroscopy.  As 3-dihydrodiscorhabdin C (2.19) was a 

known marine natural product, the 
1
H NMR of the two semi-synthesised compounds 

(2.19A and 2.19B) were compared to naturally extracted 2.19 (Figure 2.7).  
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Figure 2.7. 
1H NMR spectra comparion of 3-dihydrodiscorhabdins; (A) semi-synthetic major isomer 2.19A; 

(B) semi-synthetic minor isomer 2.19B; (C) natural product 2.19. 

 

In D2O solvent, a small difference was observed for the H-1/5 and H-3 
1
H NMR 

resonances between the two reduction products, while the minor isomer was found to have 

identical chemical shifts to the naturally occurring natural product.   

 

Table 2.1. NMR data for the semi-synthetic 3-dihydrodiscorhabdin C major (2.19A) and minor (2.19B) 

isomers as TFA salt in D2O.  

no. 
1
H δ [m, J (Hz)] 

1
H δ [m, J (Hz)] Difference (ppm) 

 Major isomer (2.19A) Minor isomer (2.19B)  

1 6.65 6.59 0.06 

3 5.02 4.94 0.08 

5 6.65 6.59 0.06 

7 2.03 2.02 0.01 

8 3.69 3.71 -0.02 

14 7.27 7.27 0 

16 2.93 2.93 0 

17 3.86 3.86 0 

H-1/5 H-3 

A 

 

 

 

B 

 

 

 

C 
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Prior to modification of C-3, the reactive amine at N-13 of 2.19A and 2.19B was protected 

via methylation to minimize side reactions.  Two separate routes were proposed to yield 

the desired 3-dihydrodiscorhabdin P products (Scheme 2.3).  In the first route, initial 

reduction of discorhabdin C (2.1) to 3-dihydrodiscorhabdin C (2.19) was undertaken, 

followed by methylation at N-13 to yield the desired compound.  An alternative route was 

to convert discorhabdin C by methylation to yield discorhabdin P (2.14), followed by 

reduction with sodium borohydride to obtain 3-dihydrodiscorhabdin P isomers 2.25A and 

2.25B. 

 

Both major and minor isomer products from reduction of discorhabin C were methylated 

as described by Grkovic et al.
54

  In the presence of excess methyliodide, 2.19A and 2.19B 

both methylated at N-13 affording 2.25A and 2.25B in 80% and 90% yield respectively.  

These new discorhabdin alkaloids were fully characterised by NMR in DMSO-d6.  

Analysis of 
1
H NMR data observed for 2.25A identified the presence of a sp

3
 proton 

signal at δH 4.67 representative of the reduced C-3, and also a methyl singlet at δH 3.90 

characteristic of methylation at N-13 position.  Interpretation of 
1
H-

13
C HMBC NMR 

spectra confirmed the assignment of H-3 with correlation to both C-1/5 (δC 134.1) and C-

2/4 (δC 124.4), confirming the connection to the spirodienol ring.  The methyl resonance 

H3-22 (δH 3.90) showed 
1
H-

13
C HMBC correlations to both C-12 (δC 122.4) and C-14 (δC 

132.0) confirming the presence of a protected N-13. 

Scheme 2.3. Semi-synthetic conversion of discorhabdin C (2.1) into 3-dihydrodiscorhabdin C 

(2.19A/2.19B) and discorhabdin P (2.14) followed by conversion to 3-dihydrodiscorhabdin P (2.25A/2.25B).  

Reagents and conditions: i) NaBH4, MeOH, r.t., 5 min; ii) CH3I, acetone, reflux, 1h.  

2.1 

2.14 

2.25A R1 = H, R2 = OH 

2.25B R1 = OH, R2 = H 

2.19A R1 = H, R2 = OH 

2.19B R1 = OH, R2 = H 
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2.2.1.2 Synthesis of C-3-acetate discorhabdin P analogues 
 

With 3-dihydrodiscorhabdin P in hand, the reactivity at C-3 of this new discorhabdin 

alkaloid was investigated by reaction with acetic anhydride in the presence of pyridine.  

Scheme 2.4. Acetylation of 3-dihydrodiscorhabdin C (2.26A/2.26B).  

Reagents and conditions: i) Ac2O, pyridine, r.t., overnight. 
 

The acetyl analogues were synthesised from pure samples of both 2.25A and 2.25B 

isomers yielding the new acetates 2.26A and 2.26B (Scheme 2.4).  
1
H NMR (DMSO-d6, 

400 MHz) spectrum of the major isomer 2.26A exhibited the characteristic signals of 

discorhabdin P, with two exchangeable protons at δH 9.99 and δH 7.86 representative of 

NH-9 and NH-18 respectively, with no distinctive variations in the iminoquinone region.  

H-3 was found downfield at δH 6.46 compared to its dienol precursor at δH 4.67 indicating 

modification of ring E (Figure 2.8).  A sharp singlet expected from H-25 (δH 2.16) was 

observed identifying the presence of an acetate group.  Comparison of 
1
H NMR spectra of 

both acetate isomers 2.26A and 2.26B surprisingly revealed a large difference in chemical 

shift of H-3. As illustrated in Figure 2.8, the major isomer product has a H-3 proton 

chemical shift 0.74 ppm downfield relative to the minor isomer product.   

 

Figure 2.8. 
1H NMR spectra comparison of semi-synthetic analogues 2.26A and 2.26B in DMSO-d6. 

H-3 

H-3 

2.26B 

 

 

 

 

2.26A 

2.25A R1 = H, R2 = OH 

2.25B R1 = OH, R2 = H 

2.26A R1 = H, R2 = OAc 

2.26B R1 = OAc, R2 = H 
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Table 2.2. NMR data for the semi-synthetic analogues of C-3-acetate discorhabdin P major isomer (2.26A) 

and minor isomer (2.26B) TFA salt in DMSO-d6. 

no. 
1
H δ [m, J (Hz)] 

1
H δ [m, J (Hz)] 

 2.26A 2.26B 

1 6.63 (s) 6.62 (s) 

3 6.46 (s) 5.72 (s) 

5 6.63 (s) 6.62 (s) 

7 1.83 (t, 5.5) 1.90 (t, 5.6) 

8 3.53 (m) 3.57 (m) 

9 9.99 (br s) 10.09 (br s) 

14 7.39 (s) 7.39 (s) 

16 2.81 (t, 7.6) 2.84 (t, 7.4) 

17 3.72 (obscured) 3.79 (dt, 7.4, 2.8) 

18 7.86 (br s) 7.77 (br s) 

22 3.96 (obscured) 3.91 (obscured) 

25 2.16 (s) 2.24 (s) 

 

Due to the importance of identifying the stereochemistry at the C-3 position, crystalisation 

was attempted on the 3-dihydrodiscorhabdin P isomer, 2.25A in the hope of obtaining X-

ray crystallography data.  A sample of 2.25A was converted to the free base form by 

dissolving the sample in water along with K2CO3 followed by extraction with CH2Cl2 

yielding the orange free base 3-dihydrodiscorhabdin P.  Fortunately, evaporation of the 

mixture from MeOH and CH2Cl2 yielded suitable crystals from which an X-ray structure 

was obtained (Figure 2.9).  The result of this study elucidated the stereochemistry at the C-

3 position, with the alcohol group facing the discorhabdin scaffold, revealing a 3s,6s 

configuration for the major isomer product 2.25A.  The X-ray structure also identified a 

puckered C-8/C-7 structural conformation as depicted in Figure 2.9.   

 

The configuration at C-3 of naturally occurring 3-dihydrodiscorhabdin C (2.19) has not 

been previously determined.  To establish the configuration, a fresh sample of the natural 

product was methylated at N-13 with CH3I, followed by acetylation with acetic anhydride 

yielding a compound with a distinct 
1
H NMR resonance at δH 5.72 (H-3).  Full NMR 

spectroscopic data were identical to those observed for the minor isomer acetate product 

2.26B, establishing a 3r,6r configuration for the naturally occurring 3-

dihydrodiscorhabdin C.   
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Figure 2.9. X-ray crystal structure of (3s,6s)-3-dihydrodiscorhabdin P (2.25A). 

 

 

2.2.1.3 Extension of C-3 of discorhabdin P 

Scheme 2.5. Proposed extension of C-3 modification of discorhabdin P.  

 

To further the investigation of C-3 modification, a functionalized spacer molecule was 

envisaged to allow addition of fluorophores to the discorhabdin molecule (Scheme 2.5).  

This methodology will produce a reactive tether allowing expansion of the SAR study 

without hindering its pharmacophore; 6-amino caproic acid (2.27) was chosen for this 

purpose.  The terminal amine of this spacer molecule was initially protected with a tert-

butoxycarbonyl protecting group (2.28, 97% yield) followed by N-hydroxysuccinimide 

(NHS) activation of the acid group to yield 2.29 (75% yield).  Subsequent reaction of 

2.25A R1 = H, R2 = OH 

2.25B R1 = OH, R2 = H 
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activated ester 2.29 with (3s,6s)-3-dihydrodiscorhabdin P (2.25A) in the presence of 

pyridine, however, failed to yield the desired discorhabdin derivative.   

Scheme 2.6. Synthesis of 6-(tert-butoxyamino)caproic acid N-succinimidyl ester (2.29).  

Reagents and conditions: i) NaOH, di-tert-butyl dicarbonate, r.t., overnight; ii) NHS, EDC, r.t., overnight.  

 

Table 2.3. Reaction conditions for the synthesis of C-3-tert-butoxycarbonylamino hexanoate discorhabdin P 

analogue (2.30A). 

 

 

 

 

Alternative methodologies were trialed using 6-(tert-butoxycarbonyl-amino)caproic acid 

N-succinimidyl ester with the coupling reagent dicyclohexylcarbodiimide (DCC).  The 

combination of DCC in the presence of 4-dimethylaminopyridine (DMAP) yielded the 

desired product (2.30A) in 76% yield (Table 2.3).  

 

 

Scheme 2.7. General synthesis of (3s,6s)- and (3r,6r)-C-3-tert-butoxycarbonylamino hexanoate 
discorhabdin P analogue (2.30A/2.30B).  

Reagents and conditions: i) 2.29, DCC, DMAP, DMF, r.t., overnight. 

 

Interpretation of NMR spectroscopic data allowed full characterization of the product 

(Table 2.4).  A series of methylene resonances (δH 2.88, H2-29; δH 2.40, H2-25; δH 1.59, 

H2-26; δH 1.37, H2-27 and H2-28) were observed indicative of the presence of the caproic 

Conditions Yield (%) 

Pyridine 0 

DCC 0 

DCC, DMAP 76 

2.27 2.28 

2.29 

2.30A R1 = H, R2 = A 

2.30B R1 = A, R2 = H 

2.25A R1 = H, R2 = OH 

2.25B R1 = OH, R2 = H 

 

A =  



 

Chapter Two: Semi-Synthetic Study of Ring E in Discorhabdin Alkaloids 

36 

 

chain, along with an additional exchangeable resonance NH-30 (δH 6.76) integrating for 

one proton and a tert-butyl singlet at δH 1.37.  Correlations observed between H-3 (δH 

6.47) and C-24 (δC 172.1) in the 
1
H-

13
C HMBC NMR spectrum established connection of 

the caproic spacer.  Due to a lack of correlations observed to both C-10 and C-33, 

assignment of these two carbon atoms was based on previous NMR spectra data of the 

starting material 2.25A. 

 

Table 2.4. NMR data for (3s,6s)-C-3-tert-butoxycarbonylamino hexanoate discorhabdin P analogue (2.30A) 
TFA salt in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 6.63 (s) 137.4 1/5, 2/4, 3, 6, 7, 20 

2/4 - 117.9 - 

3 6.47 (s) 70.9 2/4, 1/5, 20, 24 

6 - 42.1 - 

7 1.83 (t, 5.5) 35.1 6 

8 3.53 (br s) 38.1 - 

9 9.99 (br s) - 20 

10 - 151.4 - 

11 - 165.8 - 

12 - 122.3 - 

13 - - - 

14 7.39 (s) 131.8 11, 12, 21 

15 - 119.2 - 

16 2.81 (t, 7.4) 18.0 14, 15, 17, 21 

17 3.73 (dt, 7.4, 2.9) 43.7 15, 16, 19 

18 7.87 (br s) - 21 

19 - 152.6 - 

20 - 95.4 - 

21 - 123.2 - 

22 3.91 (s) 36.0 12, 14 

23 - - - 

24 - 172.1 - 

25 2.40 (t, 7.3) 33.2 24, 26, 27 

26 1.59 (p, 7.3) 24.2 24, 25 

27 1.37 (m) 25.6 28 

28 1.37 (m) 29.0 27 

29 2.88 (dt, 6.5, 5.4) 39.4 27, 28, 31 

30 6.76 (t, 5.4) - - 

31 - 155.5 - 

32 - - - 

33 - 77.2 - 

34 1.37 (s) 28.2 33, 34 
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To complete the SAR study of utilizing a caproic linker, (3r,6r)-3-dihydrodiscorhabdin P 

(2.25B) was also coupled to 6-(tert-butoxycarbonyl-amino)caproic acid N-succinimidyl 

ester, yielding 2.30B.  The 
1
H NMR spectrum of this new analogue was found to be 

comparable to the (3s,6s)- stereoisomer 2.30A, with the major difference being a change 

in the chemical shift observed for H-3 at δH 5.71 as opposed to δH 6.47 in 2.30A.  

 

Scheme 2.8. General synthesis of (3s,6s)- and (3r,6r)-C-3-amino hexanoate discorhabdin P analogue 

(2.31A/2.31B).  

Reagents and conditions: i) H2O (0.5% TFA), 70°C, 1h. 

 

2.30A was subsequently deprotected in a weakly acidic solution of MeOH (0.5% TFA) to 

yield compounds 2.31A (Scheme 2.8).  NMR spectroscopic data observed for the (3s,6s)- 

product identified a shift in NH-30 from δH 6.76 to δH 7.73 and an increase in integral 

from one to three, indicative of the presence of a terminal amine group salt (R-
+
NH3).  The 

loss of the tert-butyl 
1
H NMR singlet (δH 1.37) and slight differences observed for 

1
H 

NMR resonances in the caproic alkyl chain also confirmed successful deprotection of 

2.30A.  The (3r,6r)- 2.31B isomer was synthesised in a similar manner (Scheme 2.8), 

again demonstrated comparable NMR spectroscopic data to 2.31A, with the major 

difference in H-3 being a chemical shift of δH 5.72 compared to δH 6.48 of 2.31A.  

Preliminary biological testing on the caproic analogues indicated loss of bioactivity in the 

deprotected (3r,6r) analogue 2.31B, hence only the (3s,6s) stereoisomer was utilised for 

the following steps. 

 

2.2.1.4 Synthesis of fluorescent discorhabdin P analogues 

 

With the reactive (3s,6s)-C-3-amino hexanoate discorhabdin P analogue (2.31A) in hand, 

attachment to fluorophores, dansyl chloride, coumarin and fluorescein isothiocyanate were 

proposed to allow development of fluorescent analogues of discorhabdin (Scheme 2.9).  It 

2.30A/2.30B 
2.31A R1 = H, R2 = A 

2.31B R1 = A, R2 = H 

A =  
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was hoped that such analogues would assist in the elucidation of mechanism of action of 

this class of alkaloids.   

 

Scheme 2.9. Synthesis of fluorescent analogues from (3s,6s)-C-3-amino hexanoate discorhabdin P analogue.  

Reagents and conditions: i) K2CO3, dansyl sulfonyl chloride, acetone, r.t., 3.5 h; ii) K2CO3, NHS-activated 

coumarin, acetone, r.t. 3.5 h; iii) K2CO3, fluorescein isothiocyanate (FITC), acetone, r.t., 3.5 h. 

 

(3s,6s)-C-3-Amino hexanoate discorhabdin P analogue (2.31A) was converted to its free 

base with excess K2CO3 in dry acetone.  Dansyl sulfonyl chloride (5 eq.) was added and 

the mixture was left to stir for 3.5 h at room temperature.  The crude mixture was 

subjected to reversed-phase C18 CC to yield a purple/brown product 2.32 in moderate 

yield.   

 

NMR spectroscopic analysis confirmed successful formation of the desired product.  

Complete assignment of compound 2.32 was accomplished by interpretation of COSY, 

HSQC and HMBC NMR spectroscopic data and through comparison with 
1
H and 

13
C 

NMR data observed for discorhabdin precursor 2.31A.  Atoms 1 to 30 demonstrated very 

similar NMR chemical shifts to 2.31A, allowing quick characterization of the 

discorhabdin caproate moiety.  The assignment of resonances for the structure was further 

reinforced with 
1
H-

13
C HMBC NMR data (Table 2.5).  Full assignment of the dansyl 

moiety began with 
1
H-

1
H COSY NMR data, which distinguished two sets of aromatic 

protons resonances (H-33/34/35 and H-38/39/40).  
1
H-

13
C HMBC NMR correlations 

2.32 2.36 
2.37 
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observed between the dimethylamino group H-43 (δH 2.83) and the aromatic triplet H-39 

(δH 7.59) resonances to the dansyl quaternary resonance C-37 (δC 151.2), together with 

1
H-

1
H COSY NMR data confirmed the assignments of H-38/H-39/H-40.   

Table 2.5. NMR data for (3s,6s)-C-3-dansyl amino hexanoate discorhabdin P analogue (2.32) TFA salt in 
DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 6.61 (s) 137.4 1/5, 2/4, 3, 6, 20 

2/4 - 117.9 - 

3 6.43 (s) 70.8 1/5, 2/4, 24 

6 - 42.1 - 

7 1.82 (m) 35.1 - 

8 3.54 (m) 38.1 - 

9 9.99 (br s) - - 

10 - 151.4 - 

11 - 165.8 - 

12 - 122.3 - 

13 - - - 

14 7.39 (s) 131.8 12, 15, 21 

15 - 119.2 - 

16 2.78 (m) 18.0 14, 15, 21 

17 3.72 (td, 7.6, 2.5) 43.7 15 

18 7.88 (m) - - 

19 - 152.6 - 

20 - 95.3 - 

21 - 123.2 - 

22 3.91 (s) 36.0 12, 14 

23 - - - 

24 - 171.9 - 

25 2.22 (t, 7.2) 33.0 24, 26, 27 

26 1.40 (p, 7.2) 23.9 24 

27 1.17 (p, 7.2) 25.2 - 

28 1.30 (p, 7.2) 28.6 - 

29 2.78 (m) 42.1 27, 28 

30 7.88 (m) - - 

31 - - - 

32 - 136.1 - 

33 8.09 (d, 7.8) 128.1 35, 41 

34 7.62 (t, 7.8) 123.5 32, 36 

35 8.45 (d, 7.8) 129.2 33, 37 (weak), 41 

36 - 129.0  

37 - 151.2  

38 7.26 (d, 8.1) 115.1 36, 40 

39 7.59 (t, 8.1) 127.7 37, 41 

40 8.29 (d, 8.1) 119.2 32, 36, 38 

41 - 129.2  

42 - -  

43 2.83 (s) 45.0 37, 43 
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Figure 2.10. (3s,6s)-C-3-Dansyl amino hexanoate discorhabdin P analogue (2.32) with 1H-13C HMBC 

correlations of the dansyl moiety allowing full assignment of structure.  

 

Elucidation of the remaining dansyl resonances were straightforward with 
3
JCH 

correlations summarised in Figure 2.10, allowing full characterization of 2.32.  

 

With the successful synthesis of dansylated analogues 2.32, a similar methodology was 

followed with NHS-activated coumarin to yield a second fluorescent analogue of 

discorhabdin P.  Beginning with ethyl 7-dimethylaminocoumarin-4-acetate (2.33)
61

, the 

ester was saponified to yield the coumarin acid 2.34 in 98% yield.  TLC analysis indicated 

successful synthesis of the acid with a single spot observed at the baseline (50:50 

EtOAc:Hexane).  
1
H NMR spectroscopic data also confirmed the presence of the desired 

product with the loss of resonances associated with the ethyl ester group.  To promote the 

reactivity of this fluorophore with C-3-amino hexanoate discorhabdin P analogue, the 

coumarin acid was activated by conversion to the N-hydroxysuccimidyl ester and using 

DCC as a coupling reagent to form the more reactive fluorophore 2.35.  With the NHS-

activated coumarin in hand, 2.35 was coupled to C-3-amino hexanoate discorhabdin P 

analogue (2.31A) in the prescence of K2CO3 in dry acetone (Scheme 2.10).   

2.32 
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Scheme 2.10. Synthesis of (3s,6s)-C-3-coumarin amino hexanoate discorhabdin P analogue (2.36) from 

NHS-activated coumarin (2.35).  

Reagents and conditions: i) 0.6 M NaOH, EtOH, r.t., 1h; ii) NHS, DCC, DMF, r.t., overnight; (iii) K2CO3, 

(3s,6s)-C-3-amino hexanoate discorhabdin P analogue, acetone, r.t., 3.5 h. 

 

Purification of the crude mixture was straightforward, requiring only a single reversed-

phase C18 CC to yield a clean purple compound.  Full characterization of 2.36 was 

achieved by interpretation of 2D COSY, HSQC and HMBC NMR spectroscopic data.  

Inspection of 
1
H NMR data identified four new aromatic resonances; a singlet (δH 5.99), a 

finely coupled doublet (δH 6.55, d, J = 2.4 Hz), a doublet of doublet (δH 6.72, dd, J = 9.0, 

2.4 Hz) and a doublet (δH 7.54, d, J = 9.0 Hz) as expected for a coumarin moiety.  A 

strong singlet resonance at δH 3.01 (6H) was also detected, indicative of the 

dimethylamino group. 

Figure 2.11. (3s,6s)-C-3-Coumarin amino hexanoate discorhabdin P analogue (2.36) with 1H-13C HMBC 
correlations of the coumarin moiety allowing full assignment of structure.  

 

2.33 2.34 2.35 

2.36 

2.36 
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Table 2.6. NMR data for C-3-coumarin amino hexanoate discorhabdin P analogue (2.37) TFA salt in 

DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 6.62 (s) 137.4 1/5, 2/4, 3, 6, 20 

2/4 - 117.9 - 

3 6.47 (s) 70.9 1/5, 2/4, 24, 25 

6 - 42.1 - 

7 1.81 (m) 35.1 - 

8 3.53 (m) 38.1 - 

9 9.99 (br s) - - 

10 - 151.3 - 

11 - 165.8 - 

12 - 122.3 - 

13 - - - 

14 7.38 (s) 131.8 12, 15, 21, 22 

15 - 119.2 - 

16 2.81 (t, 7.4) 18.0 14, 15, 17, 21 

17 3.73 (dt, 7.4, 2.6) 43.7 15 

18 7.86 (m) - - 

19 - 152.7 - 

20 - 95.4 - 

21 - 123.2 - 

22 3.90 (s) 36.0 12, 14 

23 - - - 

24 - 172.1 - 

25 2.39 (t, 7.2) 33.2 24, 26, 27 

26 1.59 (p, 7.2) 24.2 24, 25 

27 1.31 (m) 25.6 - 

28 1.42 (p, 7.2) 28.5 27, 29 

29 3.05 (dt, 7.2, 5.5) 38.5 27, 28, 31 

30 8.17 (t, 5.5) - 31 

31 - 167.5 - 

32 3.58 (s) 38.5 31, 33, 34 

33 - 151.4 - 

34 5.99 (s) 109.3 32, 42, 35 

35 - 160.6 - 

36 - - - 

37 - 155.3 - 

38 6.55 (d, 2.4) 97.4 37, 40 

39 - 152.7 - 

40 6.72 (dd, 9.0, 2.4) 108.9 38, 42 

41 7.54 (d, 9.0) 125.9 33, 37, 39 

42 - 108.1 - 

43 - - - 

44 3.01 (s) 39.4 39, 44 
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1
H-

13
C HMBC NMR data demonstrated connection between the discorhabdin-caprioc 

spacer and the fluorescent coumarin group.  Correlations observed between H-3 (δH 6.47) 

to C-24 (δC 172.1) and C-25 (δC 33.2), confirmed connection of the spacer group.  
1
H 

Resonances near the terminus of the caproic spacer H-29 (δH 3.05) and NH-30 (δH 8.17), 

as well as H-32 (δH 3.58) all correlated to the amide carbonyl resonance C-31 (δC 167.5), 

confirming attachment of the fluorophore (Figure 2.11).  H2-32 (δH 3.58) also 

demonstrated 
2
JCH and 

3
JCH correlations to C-33 (δC 151.4) and C-34 (δC 109.3).  

Assignment of resonances of the coumarin group were straightforward, as δH 5.99 (s, H-

34) correlated to the methylene carbon C-32 (δC 38.5) allowing it to be distinguished from 

δH 6.55 (s, H-38).  Both H-34 (δH 5.99) and H-40 (δH 6.72) correlated to the quaternary 

resonance C-42 (δC 108.1), while H-40 (δH 6.72) also correlated to C-38 (δC 97.4), 

confirming the assignments of H-38, H-40, and C-42.  An HMBC correlation observed 

between the dimethylamino H-44 (δH 3.01) resonance and a quaternary at δC 152.7, 

assigned C-39.  Complete 
3
JCH coupling between H-41 to C-33, C-37 and C39 re-

confirmed the assignments of the entire coumarin moiety. 

 

Lastly, fluorescein isothiocyanate (FITC) was coupled in a similar fashion to the reactive 

primary amine-containing discorhabdin analogue 2.31A.  Although purification of this 

fluorescent analogue was problematic due to the presence of both 5 and 6 carboxy isomers 

of FITC, a clean sample containing an isomeric mixture of fluorescein labeled 

discorhabdin (2.37) was obtained (Figure 2.12).   

Figure 2.12. (3s,6s)-C-3-Fluorescein amino hexanoate discorhabdin P isomers (2.37).  

2.37 
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Complete assignment of the NMR spectra of 2.37 was difficult, with the presence of 

overlapping aromatic and exchangeable resonances.  Assignment of the fluorescein moiety 

therefore proved impossible and the sample was thus assigned up to NH-30 (Table 2.6).  

Mass spectrometry indicated the desired compound was synthesised with (+)-HRESIMS 

m/z [M+H]
+
 980.0934 (calcd. for C46H40

79
Br2N5O8S, 980.0959), 982.0946 (calcd. for 

C46H40
79

Br
81

BrN5O8S, 982.0944), 984.0949 (calcd. for C46H40
81

Br2N5O8S, 984.0921). 

 

2.2.2 Modification at C-3 of discorhabdin B 

 

With the successful synthesis of discorhabdin C derived analogues, the focus then turned 

to the more biologically active alkaloid; discorhabdin B (2.3).  As discorhabdin B is 

known to be relatively unstable,
54

 exploration of C-3 reactivity could be simplified 

through initial conversion to discorhabdin U (2.8) via methylation of both the thiol bridge 

and N-13 of the molecule.  This was accomplished with trimethylphosphate as described 

by Grkovic, to yield compound 2.8 (26%).
54

  

Scheme 2.11. Semi-synthesis of (+)-(6S)-discorhabdin U (2.8) from (+)-(6S,8S)-discorhabdin B (2.3).  

Reagents and conditions: i) (CH3O)3PO, K2CO3, 90°C, 3h; ii) NaBH3CN, dry MeOH, 5 min. 

 

Subsequent reduction of discorhabdin U (2.8) with NaBH4, however, did not result in the 

expected conversion of the spiro-dienone moiety to the desired dienol.  An alternative 

reducing agent NaBH3CN was subsequently used on 2.8 to produce a new alkaloid in low 

yields.  Investigation of the product identified a new discorhabdin U-type alkaloid (2.38) 

2.3 2.8 

2.38 
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with reduction at Δ
7(8)

.  Inspection of 
1
H NMR data indicated the disappearance of two 

resonances at δH 6.54 (H-8) and δH 4.71 (H-7) observed in discorhabdin U and the 

formation of a new multiplet resonance at δH 2.08, similar in chemical shift to H2-7 of 

discorhabdin C.  HSQC NMR data revealed two hidden resonances obscured by residual 

water assigned as H2-8 and H2-17 (δH 3.73), illustrated in Figure 2.13.  
1
H-

13
C HMBC 

NMR of 2.38, in conjuction with spectroscopic data of discorhabdin C and U, afforded full 

characterization of 2.38 (Table 2.7). 

 

 

Figure 2.13. Partial contour plot of HSQC NMR experiment of reduced (+)-7,8-dihydrodiscorhabdin U 

(2.38) in DMSO-d6. 

 

 

1
H-8→

13
C-8 

1
H-7→

13
C-7 
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Table 2.7. NMR data for 7,8-dihydrodiscorhabdin U (2.38) TFA salt in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 7.73 (s) 149.9 2, 5, 6, 20 

2 - 124.5 - 

3 - 173.9 - 

4 6.38 (s) 120.6 2, 5, 6 

5 - 167.3 - 

6 - 45.4 - 

7 2.08 (m) 37.8 or 37.9 - 

8 3.73 (obscured) 37.9 or 37.8 - 

9 10.11 (br s) - - 

10 - 152.0 - 

11 - 165.5 - 

12 - 122.5 - 

13 - - - 

14 7.40 (s) 132.0 12, 15, 21 

15 - 119.2 - 

16 2.82 (m) 17.9 15 

17 3.73 (obscured) 43.5 15, 16 

18 7.92 (br s) - - 

19 - 152.6 - 

20 - 93.2 - 

21 - 122.9 - 

22 3.92 (s) 36.0 12, 14 

23 2.41 (s) 14.3 5 

 

Although discorhabdin U did not react as predicted, the reduction of Δ
7(8)

 has provided a 

possible semi-synthetic route to discorhabdin S.  The newly synthesised 2.38 could 

possibly be oxidised at C-16,17 in basic solution, or alternatively, discorhabdin T could be 

reduced with NaBH3CN to afford discorhabdin S as illustrated in Scheme 2.12.   

2.38 
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Scheme 2.12. Illustration of proposed synthesis of discorhabdin S.  

 

 

2.2.3 Biological activity of ring E modified analogues  

 

The ring E modified discorhabdin analogues 2.25, 2.26, 2.30, 2.31, 2.32, 2.36 and 2.37 

were evalutated for biological activity in an assay against the P388 murine leukemia cell 

line, the results of which are summarised in Figure 2.14.  Methylation of discorhabdin C 

(2.1) at the N-13 position to discorhabdin P (2.14) or reduction at C-3 to 3-

dihydrodiscorhabdin (2.19A/2.19B) was known to give a reduced IC50 of 0.31 and 0.53 

µM respectively.  Therefore when discorhabdin P (2.14) was reduced to give the new 

analogues 2.25A (3.3 µM) and 2.25B (1.3 µM), the further decrease in bioactivity was 

expected.  Further modifications by synthesis of the acetylated analogues 2.26A and 2.26B 

revealed bioactivity was retained, exhibiting an IC50 of 1.9 and 1.2 µM respectively for the 

(3s,6s) and (3r,6r) isomers.  Although these semi-synthetic analogues all exhibit lower 

cytotoxicity when compared to the natural product discorhabdin C, the bioactivity was still 

considered significant and relevant for this study. 

 

Extension of the C-3 linker revealed promising results, with both the tert-butoxy and free 

amine analogue of the major isomer 2.30A (1.5 µM) and 2.31A (1.7 µM) demonstrating 

similar bioactivity compared to the acetate analogues.  However the corresponding 

2.38 

2.8 
(2.13) 

2.12 
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isomers 2.30B (4.4 µM) and 2.31B (>7.6 µM) exhibited a significant drop in cytotoxicity, 

suggesting a possible steric effect demonstrated by this isomer which hindered cytotoxic 

activity.   

 

The three fluorescent analogues 2.32, 2.36 and 2.37 were all tested in a similar assay to 

reveal that only the dansyl analogue 2.32 exhibited bioactivity with an IC50 of 4.5 µM.  

Both 2.36 and 2.37 failed to demonstrate any cytotoxicity up to a concentration of 5.7 µM.  

This result suggested the presence of bulky substituents at the C-3 position greatly reduces 

cytotoxic activity of the natural product. 
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Figure 2.14. Chemical structure and bioactivity of semi-synthesised discorhabdin analogues against P388 murine leukaemia cell line (IC50 in µM). 

*Mitomycin C was used as a positive control (IC50 0.5 µM)
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2.3 Biomimetic reactions of discorhabdin alkaloids with biomimetic 

nucleophiles 

 

To complement the SAR study, the reactivity of discorhabdin alkaloids towards cellular-

like nucleophiles was investigated.  Such studies would determine if the discorhabdin 

alkaloids are electrophiles; covalent reaction with cellular targets may be the cause of the 

observed bioactivity of this class of compound.   

 

Hushan Yuan et al. previously demonstrated the irreversible covalent reactions of 

wortmannin (2.39) under physiological conditions with a number of amino acid 

derivatives.
62

  N-Acetyl-L-cysteine, Nα-acetyl-L-lysine and proline successfully reacted 

with 2.39 in a solvent mixture of methanol, DMSO, water and TEA (Scheme 2.13).  

Scheme 2.13. Illustration of semi-synthesis of wortmannin C-20 amino acid derivatives.62
 

 

The amino acid nucleophiles were found to react exclusively at C-20 of wortmannin, due 

to the high electrophilicity induced by the two carbonyl groups of the 2,4-diacylfuran ring 

(Scheme 2.13).
62

   

(2.39) 
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Investigation into the SAR of discorhabdin C (2.1) and (3r,6r)-3-dihydrodiscorhabdin C 

(2.19) suggests the presence of a spiro-dienone ring may contribute to the higher 

biological activity of P388 IC50 of 0.11 µM for the former (2.1) compared to 0.58 µM of 

the latter (2.19).  The presence of an electrophilic spiro-dienone moiety may allow 

Michael addition at C-1 or C-5 of discorhabdin alkaloids, resulting in binding of the 

alkaloid to a cellular target as illustrated in Figure 2.15.   

Figure 2.15. Illustration of Michael addition on spiro-dienone ring of discorhabdin C and 3-

dihydrodiscorhabdin C.   

 

The reactivity of the more abundant discorhabdins B and C, were hence trialed against a 

series of biomimetic nucleophiles including N-acetyl-L-cysteine, Nα-acetyl-L-lysine and 

glutathione. 

 

2.3.1 N-Acetyl-L-cysteinyl discorhabdin C analogue 

 

N-Acetyl-L-cysteine (5 eq) was dissolved in a mixture of DMF (1 mL), MeOH (1 mL) and 

H2O (0.1 mL), followed by the addition of TEA (7 eq) before combining the mixture with 

the free base form of discorhabdin C.  The reaction mixture began as a bright orange 

colour and was converted to a dark orange/brown colour within 10 min. of stirring whilst 

open to air at room temperature.  The reaction was halted at 20 min. by loading the crude 

mixture directly onto a reversed-phase C18 CC, and washing repeatedly with H2O (0.05% 

TFA).   

 

Gradient solvent elution with 10 to 15% MeOH (0.05% TFA) was used to separate the 

mixture into three bands of brown, red/purple, and yellow/brown coloured material.  

Interpretation of 
1
H NMR (CD3OD, 400 MHz) spectroscopic data of the crude samples 

found the brown fraction was discorhabdin C-like, with the presence of H-1/5 (δH 7.71), 
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H-14 (δH 7.20) and a set of new signals comprised of a doublet at δH 6.57, cysteine related 

resonances were also observed in the alkyl region.  The second fraction was identified as 

unreacted discorhabdin C, while the last fraction containing a complex mixture of 

compounds likely due to decomposition.   

The brown discorhabdin-like fraction was subjected to reversed-phase CC, using 25-40 

µm C18 to yield four new fractions.  Analysis of the major band by NMR in D2O indicated 

the presence of both discorhabdin and cysteine resonances.  This fraction was therefore 

fully characterised by NMR in CD3OD. 

 

Figure 2.16. 
1H NMR spectrum of semi-synthetic N-acetyl-L-cysteinyl discorhabdin C analogue (2.40) in 

CD3OD. 

 

NMR spectroscopic data analysis identified a clean sample, with resonances observed 

being consistent with the presence of a modified discorhabdin C structure (Figure 2.16).  

Integration of the enone-like resonance at δH 7.71 (H-1/5) was found to be one, confirming 

the loss of one enone proton, indicating nucleophilic attack at C-1/5.  Comparison with 

NMR spectroscopic data reported for discorhabdin E (2.15), revealed an identical 

chemical shift for H-2 at δH 6.55 highlighted in Figure 2.16, suggesting that indeed, one 

bromine atom had been eliminated in the product.
63

 

 

Discorhabdin E- like 
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Table 2.8. 1H NMR data comparison (H-1 to H-17) of N-acetyl-L-cysteinyl discorhabdin C analogue (2.40) 

and discorhabdin E (2.15) in CD3OD. 

no. 1
H δ [m, J (Hz)] 

N-acetyl-L-cysteinyl discorhabdin C 

1
H δ [m, J (Hz)] 

Discorhabdin E 

1 - 7.19 (dd, 9.9, 2.6) 

2 6.56/6.58 (s) 6.54 (d, 9.9) 

5 7.71 (s) 7.70 (d, 2.6) 

7 2.13, 2.34 (m) 2.05 (m) 

8 3.69, 3.88 (m) 3.70 (t, 5.7) 

14 7.20 (s) 7.18 (s) 

16 2.89 (m) 2.87 (t, 7.5) 

17 3.80 (m) 3.77(t, 7.5) 
 

A doubling of 
1
H resonances was observed for H-2 (δH 6.56, 6.58), H2-7 (δH 2.13, 2.34) 

and H2-8 (δH 3.69, 3.88), as well as the cysteine protons H-2' (δH 3.55, 3.21), H-3' (δH 

4.71, 4.75), and H-6' (δH 1.94, 1.97).  Such doubling suggested the presence of 

diasteromers in the product mixture (Scheme 2.14).  This is not unexpected, as both C-1 

and C-5 in discorhabdin C are chemically equivalent, but attack at either position by a 

chiral sulfur nucleophile would yield diastereomeric products.  Analysis of 2D COSY, 

HSQC, and HMBC NMR data allowed full characterization of the new discorhabdin 

analogue.  

Scheme 2.14. Biomimetic reaction of discorhabdin C with N-acetyl-L-cysteine.  

Reagents and conditions: i) N-acetyl-L-cysteine, TEA, DMF, MeOH, H2O, r.t., 30 min.  

2.1 
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Comparison of resonances of 2.40 and discorhabdin C revealed no significant change in 

the iminoquinone moiety, while resonances identified as H2-7 (δH 2.13, 2.34) and H2-8 (δH 

3.69, 3.88) appeared as two distinct sets of signals, possibly due to the presences of 

diastereomers.  Analysis of an 
1
H-

13
C HMBC NMR experiment of 2.40 revealed coupling 

between H2-8 and C-6 (δC 47.3), C-7 (δC 39.2 or 39.4), and C-10 (δC 154.2), which 

confirmed the correct assignment of the resonance H2-8 (δH 3.69, 3.88).   

Figure 2.17. N-Acetyl-L-cysteinyl discorhabdin C analogue (2.40) with 1H-13C HMBC correlations, 
observed for H-2 and H-5 (left) and for H2-7 and H2-8 (right). 

 

Interpretation of the HMBC spectrum also identified linkage between H2-7 and the spiro-

dienone ring, with correlations observed to C-1 (δC 167.5) and C-5 (δC 152.2), hence 

distinguishing H-5 (δH 7.71) from H-2 (δH 6.56/6.58); highlighted in Figure 2.17.  

Correlations between the resonances H-2 and H-5 to C-3 (δC 176.2), C-4 (δC 126.0), C-6 

(δC 47.3) and C-7 (δC 39.2/39.4), reinforced the presence of an intact spiro-dienone moiety 

(Figure 2.17).  The absence of a resonance for H-1 indicated nucleophilic addition at C-1, 

while the presence of the new H-2 (δH 6.56, 6.58) signal suggested an elimination of 

bromide had occurred.  Complete assignment of NMR data of 2.40 is given in Table 2.9. 

 

 

 

2.40 
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Table 2.9. NMR data for diastereomic mixture of 6S- and 6R-N-acetyl-L-cysteinyl discorhabdin C analogue 

(2.40) TFA salt in CD3OD. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 - 167.5/168.1 - 

2 6.56/6.58 (s) 122.2/122.4 1, 3, 4, 6, 7 

3 - 176.2 - 

4 - 126.0 - 

5 7.71 (s) 152.2 1, 3, 4, 6, 7, 20 

6 - 47.3 - 

7 2.13, 2.34 (m) 39.2* 1, 5, 6, 8, 20 

8 3.69, 3.88 (m) 39.4* 6, 7, 10 

9 - - - 

10 - 154.2 - 

11 - 166.4 - 

12 - 125.4 - 

13 - - - 

14 7.20 (s) 127.9 10, 11, 12, 15, 16, 19, 21 

15 - 121.5 - 

16 2.89 (m) 19.5 14, 15, 17, 21 

17 3.80 (m) 45.3/45.4 15, 16, 19 

18 - - - 

19 - 156.1 - 

20 - 94.3 - 

21 - 124.6 - 

1' - - - 

2' 3.21, 3.55 (m) 33.8/34.2 3', 5', 7' 

3' 4.71, 4.75 (m) 51.5/52.0  2', 5' 

4' - - - 

5' - 173.5 - 

6' 1.94, 1.97 (s) 22.4 5' 

7'  172.6 - 
*denotes interchangeable resonances 

Although no NMR correlations were observed between the spiro-dienone and cysteine 

fragments, mass spectrometry indicated the correct assignment of chemical structure with 

(+)-HRESIMS m/z [M+H]
+
 545.0482 (calcd. for C23H22Br

79
N4O5S, 545.0489), 547.0468 

(calcd. for C23H22Br
81

N4O5S, 547.0469).  Formation of the observed product was proposed 

to have resulted from Michael addition of the thiol of N-acetyl-L-cysteine at C-1/C-5 of 

discorhabdin C (Scheme 2.15).  The initial enolate intermediate could tautomerise back to 

a ketone, which can proceed to undergo HBr elimination to form the observed product 

2.40.  Alternatively, ring-closure between N-18 and C-2 could occur followed by 

elimination of H
+
 and reopening of N-18/C-2 to yield 2.40.   
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Scheme 2.15. Proposed mechanism of action for the formation of N-acetyl-L-cysteinyl discorhabdin C 

analogue (2.40). 

 

2.3.2 Nα-Acetyl-L-lysinyl discorhabdin C analogue 

 

Scheme 2.16. Biomimetic reaction of discorhabdin C with Nα-acetyl-L-lysine.  

Reagents and conditions: i) Nα-acetyl-L-lysine, TEA, DMF, MeOH, H2O, r.t., 3 h. 

 

Having established the reactivity of discorhabdin C with a biomimetic thiol, similar 

methodology was applied to investigate the reactivity of discorhabdin C with a primary 

2.40 

2.1 

2.1 2.41 
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amine functional group using Nα-acetyl-L-lysine.  Unfortunately, Nα-acetyl-L-lysine failed 

to dissolve in a solvent mixture of DMF (1 mL), MeOH (1 mL) and H2O (0.1 mL), and so 

subsequent reaction with the free base form of discorhabdin C produced no new product 

after stirring at room temperature for 30 min.  The reaction was repeated by initially 

dissolving the amine (5 eq.) in water (0.1 mL), followed by addition of DMF (1 mL) and 

MeOH (1 mL) and TEA (7 eq.).  This mixture was added to discorhabdin C (free base) 

and stirred for 3 hours (Scheme 2.16), after which the crude was directly loaded on to a 

reversed-phase C18 CC and washed repeatedly with H2O (0.05% TFA).  Upon elution with 

10% MeOH (0.05% TFA), separation of a brown band from unreacted red/purple 

discorhabdin C was observed.  
1
H NMR spectroscopy analysis established the brown 

fraction to comprise a mixture of discorhabdin C-like compounds.  Subjecting the mixture 

to column chromatography using C18 (25-40 µm) yielded multiple bands of red/purple 

fractions.  However, 
1
H NMR data on individual fractions identified no resolution of the 

mixture. 

 

Figure 2.18. 
1H NMR spectrum of semi-synthetic Nα-acetyl-L-lysinyl discorhabdin C analogue in CD3OD 

with signals contributing to one product highlighted.  

 

Analysis of the 
1
H NMR spectrum (Figure 2.18) established the presence of at least two 

discorhabdin-like compounds with Nα-acetyl-L-lysine attached.  The sample was hence 

analysed as a mixture of compounds, using a combination of 2D COSY, HSQC, and 

HMBC NMR to assist in grouping the 
1
H NMR resonances to individual compounds.  One 
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set of discorhabdin signals highlighted in Figure 2.18 could be grouped and were 

consequently characterised as compound 2.41.  Initial inspection of the 
1
H NMR spectrum 

indicated that enone resonance H-5 (δH 7.80) integrated for one proton; as observed earlier 

for the product of the cysteine addition reaction.  Surprisingly, small broad singlets were 

observed at ~4.5 ppm, indicative of H-1 or H-2 of a N-18 to C-2 cyclised product observed 

in discorhabdin D (2.4).
49

 

 

This cyclised analogue was fully characterised by NMR spectroscopy (Table 2.10).  

Beginning at the H2-17 resonance (δH 3.90, 3.97), correlations to C-15 (δC 120.0), C-16 

(δC 19.9), C-19 (δC 150.3) were observed, as well as a new correlation to C-2 (δC 65.6), 

confirming ring closure between N-18 and C-2.  Correlations from H-2 (δH 4.62) to C-17 

(δC 51.5) and C-19 (δC 150.3), were also observed (Figure 2.19A), further supporting the 

presence of ring closure.  
1
H-

13
C HMBC correlations confirmed attachment of lysine at C-

1 via correlation from H-1 (δH 3.87) into C-2' (δC 49.0), which was mirrored by correlation 

from H2-2' (δH 2.84, 3.09) to C-1 (δC 57.9) (Figure 2.19B).  Assignment of H-5 (δH 7.80) 

was established by the extensive correlations observed into the spiro-enone ring, as well as 

to C-7 (δC 25.3) and C-20 (δC 91.1) illustrated in Figure 2.19C.  

Figure 2.19. Nα-Acetyl-L-lysinyl discorhabdin C analogue (2.41) with crucial 1H-13C HMBC correlations 

required for structure elucidation; (A) Correlations from H-1, H-2 and H2-17, demonstrating ring closure; 

(B) 3JCH correlation indicating connection to lysine; (C) Correlations to characterise entire spiro-enone ring. 
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Table 2.10. NMR data for Nα-acetyl-L-lysinyl discorhabdin C analogue (2.41) TFA salt in CD3OD. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 3.87 (br s) 57.9 5, 20, 2' 

2 4.62 (br s) 65.6 1, 3, 4, 6, 17, 19 

3 - 173.4 - 

4 - 122.9 - 

5 7.80 (s) 155.0 1, 2, 3, 4, 6, 7, 20 

6 - 38.6 - 

7 2.04 (m), 2.32 (m) 25.3 1, 4, 5, 6, 8, 20 

8 3.90 (m) 39.3 6, 7, 10, 20 

9 - - - 

10 - 153.2 - 

11 - 166.4 - 

12 - 125.3 - 

13 - - - 

14 7.11/ 7.13 (s) 127.8 11, 12, 15, 16, 19, 21 

15 - 120.0 - 

16 3.02 (m) 19.9 14, 15, 17, 21 

17 3.90, 3.97 (m) 51.5 2, 15, 16, 19 

18 - - - 

19 - 150.3 - 

20 - 91.1 - 

21 - 124.0 - 

1' - - - 

2' 2.84, 3.09 (m) 49.0 (in solvent) 1, 3', 4' 

3' 1.60 (m) 28.9 2', 4', 5' 

4' 1.44 (m) - 2', 3', 5', 6' 

5' 1.88 (m) 32.4 4', 6', 10' 

6' 4.36 (m) 53.4 4', 5', 8', 10' 

7' - - - 

8' - 173.4 - 

9' 1.97 (s) 22.4 8' 

10' - 153.2 - 

 

 

2.41 
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The formation of the characterised product 2.41 was proposed to have involved the 

addition of lysine at C-1 via Michael addition (Scheme 2.17).  Subsequent formation of an 

enolate (2.42) would lead to tautomerisation to yield the ketone 2.43, and lastly attack of 

N-18 on C 2 causing elimination of bromide to form the observed compound 2.41.  As the 

sample consisted of a mixture of compounds, the relative stereochemistry of 2.41 was not 

determined.  

Scheme 2.17. Proposed mechanism for the formation of Nα-acetyl-L-lysinyl discorhabdin C analogue (2.41). 
 

With one compound identified from the mixture, the focus now turned to the remaining 

NMR signals observed.  A second set of 
1
H NMR signals in the product mixture were 

identified (Figure 2.20) and the associated 
13

C chemical shifts determined by 

interpretation of HMBC NMR data.  The deduced 
1
H resonances were found to be similar 

to 2.41 in that nucleophilic addition was again observed at C-1, and also ring closure 

occurred between N-18 to C-2.  However, resonances assigned as H-1 (δH 4.15), H-2 (δH 

4.53), H-4 (δH 3.97) and H-5 (δH 3.93) in the new product (2.44) were considerably 

different from those observed for 2.41.   

2.1 

2.42 

2.43 2.41 
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Figure 2.20. 
1H NMR spectrum of semi-synthetic Nα-acetyl-L-lysinyl discorhabdin C analogue in CD3OD, 

with a second set of signals highlighted.  

 

Inspection of 
1
H-

13
C HMBC NMR spectroscopic data identified an intriguing set of 

correlations from H-2 (δH 4.53), H-4 (δH 3.97) and H-5 (δH 3.93) to a carbon resonance at 

98.8 ppm, proposed to be C-3 existing as an sp
3
 carbon.  As the NMR data set was too 

complex to fully characterise this second compound, a model reaction with the simpler 

primary amine n-pentylamine was investigated.  The results of that study (Section 2.3.3 

suggest that the general structure of 2.44 is that shown in Figure 2.11. 

 

Figure 2.20. Proposed structure of second identified product 2.44. 

 

2.3.3 Reaction of discorhabdin C with n-pentylamine 

 

Discorhabdin C was reacted with n-pentylamine as a model study for the reaction with 

amino acid derivatives.  As n-pentylamine is a liquid at room temperature, dissolution of 

the reactant was no longer an issue.  The amine also only contained one reactive 

functional group, as opposed to lysine with amino and carboxylic acid groups, which may 

yield cleaner products at higher yields.   

 

2.44 
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This model reaction was undertaken in a range of conditions to investigate both solvent 

effects as well as differences in products produced when different molar equivalences of 

amine were used (Table 2.11). 

 

Table 2.11. Reaction conditions for model study of discorhabdin C with n-pentylamine. 

 

All five conditions tested yielded identical mixtures of products in varying yields, with the 

final condition (Entry 5) of 5 equivalents of n-pentylamine in DMF stirring at 180 min. 

yielding the product in highest yield (Scheme 2.18).  As with the lysine reaction, the 

mixture of new products was found to be inseparable. 

Scheme 2.18. Model study on reactivity of discorhabdin C with n-pentylamine.  

Reagents and conditions: i) n-pentylamine, TEA, DMF, r.t., 3 h. 

 

Mass spectrometry data obtained for a sample dried from MeOH identified four possible 

molecular ions.  Analysis of possible products revealed likely structures as shown in 

Figure 2.22.  The lowest massed ion of the four molecular ions, (+)-ESIMS m/z [M]
+
 

469.12, was consistent with a compound containing n-pentylamine substituted at C-1 and 

ring-closure between N-18 and C-2, analogous to the lysine product (2.41) previously 

discussed.  A second molecular ion of (+)-ESIMS m/z [M]
+
 487.13 has a mass difference 

of 18  gmol
-1

 indicative of water addition to the first product.  The third molecular ion of 

(+)-ESIMS m/z [M]
+
 505.14, again has a 18 mass unit difference, suggesting further 

addition of water molecules.  The final molecular ion of (+)-ESIMS m/z [M]
+
 519.16 is 

14.02 gmol
-1

 larger than the previous molecular ion, which was proposed to be the result 

Entry Pentylamine (eq) Solvents 
Reaction time 

(min) 
Relative yields 

1 5 DMF, MeOH, H2O 30 Low 

2 1 DMF, MeOH, H2O 60 Very low 

3 1 DMF, MeOH, H2O 120 Low 

4 0.8 DMF 120 Low 

5 5 DMF 180 Moderate 

2.1 2.48 



 

Chapter Two: Semi-Synthetic Study of Ring E in Discorhabdin Alkaloids 

63 

 

of a hydrate exchange with methanol to yield the predicted compound illustrated in Figure 

2.22. 

 

 

Figure 2.22. Predicted compounds identified by (+)-ESIMS from the reaction of discorhabdin C with n-

pentylamine. 

 

After addition of a primary amine at C-1, ring closure and elimination of the C-2 bromine 

atom as bromide could occur as illustrated in Scheme 2.19 yielding 2.45.  Subsequent 

conjugate addition of water at C-5 would initiate the formation of another enolate anion 

(2.46), which could tautomerise to ketone 2.47 as detected by ESIMS.  Further addition of 

water could afford the keto-hydrate 2.48, while the presence of methanol could yield the 

ketal 2.49.   
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Scheme 2.19. Proposed mechanism of action for the formation of product mixture from reaction with n-

pentylamine. 

 

Fortunately, 
1
H NMR spectroscopy of the same sample that had been dissolved in D2O for 

six hours yielded an interesting result.  Time course 
1
H NMR analysis of a freshly 

prepared sample at 5 min., 30 min. and 6 hours after dissolving in D2O revealed 

conversion of the mixture into a single compound (Figure 2.23).   

2.1 

2.45 2.47 
2.46 

2.48 2.49 
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Figure 2.23. 
1H NMR spectrum of n-pentyamine discorhabdin C in D2O at different intervals (A) 5min., (B) 

30 min., (C) 6h., after dissolution. 

 

Interpretation of NMR spectroscopic data indicated the presence of n-pentylamine with 

discorhabdin H-like resonances.
48

  Characterization of the iminoquinone moiety was 

straightforward, with 
1
H-

13
C NMR HMBC correlations (Figure 2.24) observed between 

the 
1
H resonance δH 7.22 (H-14) to resonances δC 122.1 (C-15), δC 125.7 (C-21), and δC 

126.0 (C-12).  The methylene resonances H2-16 (δH 3.04) and H2-17 (δH 4.06, 4.22) also 

correlated to the quaternary resonance C-15 (δC 122.1).  Ring closure was confirmed by 

strong correlations from both H-2 (δH 4.38) and H2-17 (δH 4.06, 4.22) to C-19 (δH 154.2).  

Combination of 2D NMR analysis revealed the 
1
H NMR singlets at δH 4.15, 4.28 and 4.38 

to be H-5, H-1 and H-2 respectively.  Interestingly, no 
1
H and 

13
C NMR resonances were 

found to correspond to H-4.  However, further inspection of 
1
H-

13
C HMBC NMR data 

revealed a strong correlation from the resonances due to H-2 (δH 4.38) and H-5 (δH 4.15) 

to a carbon resonance at ~55 ppm; proposed to be C-4.   

A) 5 min 

 

 

 

 

 

B) 30 min 

 

 

C) 6 h. 

 

 

 

6 hours 

X  

X  

X  

X  X 

X  X 

X  X 
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Figure 2.24. n-Pentylamino discorhabdin C with crucial 1H-13C HMBC correlations required for structure 
elucidation. 

 

It was hypothesised that keto-hydrate intermediate 2.48 (Figure 2.25A) underwent 

deuterium exchange on carbon, resulting in the absence of the H-4 resonance.  As 

illustrated in Figure 2.25A, dehydration of 2.48 would result in the formation of a ketone 

2.47, which in-turn could tautomerise to form enolate 2.46, resulting in the loss of H-4.  In 

the presence of D2O, tautomerisation of the enolate back to ketone 2.50 results in the 

addition of 
2
H at C-4.  Further addition of 

2
H2O results in the observed product 2.51. 

 

Figure 2.25.(A) Mechanism for deuterium exchange of diol product in the presence of D2O.  (B) 13C NMR 

segment in D2O.  (C) 13C NMR segment in 90% H2O, 10% D2O highlighting appearance of C-4 at 57.5 ppm. 

A       B 

 

 

 

 

 

      C 
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2.48 2.47 
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Due to attachment of deuterium at C-4, 
1
H NMR would not reveal a resonance at this 

position, while 
13

C NMR spectroscopy would detect a triplet of three equal lines because 

of splitting from the attached deuterium.  As no 
13

C resonances were visible for C-4 

(Figure 2.25B), it was suggested poor relaxation resulted in broadening of this resonance.  

However, 
1
H-

13
C HMBC correlations from H-2 (δH 4.38) and H-5 (δH 4.15) towards a 

deuterium coupled C-4 would still be detectable.  In order to prevent deuterium exchange 

on C-4 and allow characterization of H-4 and C-4, the sample was dissolved in a mixture 

of D2O (10%) and H2O (90%).  A 
13

C NMR spectrum of the sample in 90% H2O revealed 

an extra carbon signal at δC 57.5 (Figure 2.25C), whilst the 
1
H NMR spectrum revealed a 

new broad singlet at δH 4.42 (H-4).  Complete assignment of NMR data of 2.48 is given in 

Table 2.12.   

 

  

2.48 



 

Chapter Two: Semi-Synthetic Study of Ring E in Discorhabdin Alkaloids 

68 

 

Table 2.12. NMR data for n-pentylamino discorhabdin C (2.48) TFA salt in D2O. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 4.28 (d, 2.3) 55.3 6, 20 

2 4.38 (d, 2.3) 66.7 1, 3, 4, 6, 19 

3 - 98.1 - 

4 4.42 (d, 3.4) 57.5 - 

5 4.15 (br s) 75.7 1, 4, 5, 6 

6 - 41.7 - 

7A 2.53 (d, 14.0) 25.0 6, 20 

7B 1.74 (m) - 6 

8A 3.90 (dd, 14.0, 4.3) 40.5 - 

8B 3.62 (m) - 6 

9 - - - 

10 - 155.2 - 

11 - 168.2 - 

12 - 126.0 - 

13 - - - 

14 4.42 (d, 3.4) 131.0 12, 21 

15 - 122.1 - 

16 3.04 (m) 22.2 15, 17, 21 

17A 4.22 (m) 55.4 15, 16, 19 

17B 4.06 (m) - 15, 16, 19 

18 - - - 

19 - 154.2 - 

20 - 92.0 - 

21 - 125.7 - 

1' - - - 

2' 3.19 (t, 8.0) 50.5 1, 3' 

3' 1.74 (m) 27.5 4', 5' 

4' 1.34 (m) 30.6 5' 

5' 1.34 (m) 24.2 4' 

6' 0.88 (m) 15.7 4', 5' 

Dioxane
a 3.75 (s) 69.3 - 

a referenced to dioxane. 

 

2.3.4 Stereochemisty of discorhabdin C amine derivatives  

 

Although discorhabdin C is an achiral molecule, addition of an amine at C-1, ring 

formation between N-18 and C-2, and water addition at C-5 yields a product with five new 

stereogenic centers (Figure 2.26).  Investigation of the stereochemistry of 2.48 was carried 

out on a pure hydrated sample, prepared by leaving a sample in H2O for 24 hours before 

drying in vacuo.  The hydrate sample was dissolved in D2O and immediately characterised 

by acquisition of 
1
H, 

13
C NMR, COSY, HSQC, HMBC and NOESY NMR data. 
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Figure 2.26. Stereogenic centres highlighted for diol product from reaction with n-pentylamine. 

 

As the initial attack of an amine at C-1 or C-5 of discorhabdin C has an equal probability, 

the presence of enantiomeric products was inevitable.  Furthermore, inspection of the 

spatial geometry of the spiro-enone ring with respect to N-18 suggested nucleophilic 

attack of N-18 on C-2 could only occur on one face of C-2 and thus was stereospecific. C-

2 was hence labeled as S* to allow assignment of the remainder of the molecule.  

 

Inspection of 
1
H-

13
C HMBC NMR data optimised for 8.33 Hz revealed a strong 

3
JCH 

correlation between H-1 (δH 4.28) and C-20 (δC 92.0), and a weak correlation between H-1 

and C-3 (δC 98.1).  An energy minimised Chem3D model of (1S*,2S*)-2.48 predicted a 

dihedral angle of 172° for H-1/C-20, while a similar model of (1R*,2S*)-2.48 predicted a 

dihedral angle of 46° (Figure 2.27).  The angular dependence of vicinal couping between 

1
H and 

13
C nuclei follows a cos

2
θ relationship, the same relationship as described by the 

Karplus equation for vicinal 
1
H-

1
H coupling.  Thus an antiperiplanar geometrical 

relationship between H-1 and C-20 with a dihedral angle of 172° between H-1/C-20 would 

be expected to result in a large coupling constant between the nuclei, and hence a strong 

HMBC correlation.  As a strong correlation was observed, this establishes a relative 

configuration of (1S*,2S*) in 2.48. 
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Figure 2.27. Chem3D energy minimised models of (A) (1S*,2S*)-2.48 and (B) (1R*,2S*)-2.48, identifying 

H-1/C-20 dihedral angles. *denotes pentylamine group which was omitted for clarity.  

 

The presence of the geminal diol at C-3 prevented the observation of any useful 

stereochemical defining correlations between H-2 and H-4.  To overcome this, attention 

turned to defining the stereochemical assignments of the diastereotopic methylene protons 

H-7α and H-7β. 

 

Analysis of the 
1
H-

13
C HMBC and NOESY NMR correlations observed for 2.48 was 

undertaken in a similar manner to the elucidation of relative stereochemistry of 

discorhabdin N (2.22) described by Grkovic et al.
48

  The α-face orientation of one of the 

two diastereotopic H2-7 methylene proton resonances was established by interpretation of 

HMBC NMR data.  The 
1
H-

13
C HMBC spectrum optimised for 8.33 Hz contained a 

strong correlation between one of the diastereotopic methylene 
1
H resonances H-7B (δH 

1.74) and C-5 (δC 75.7).  This suggested a large dihedral angle between H-7B/C-5, 

establishing the α-face orientation of this specific methylene proton (Figure 2.28).  This 

orientation was again confirmed by observation of a strong 
1
H-

13
C HMBC correlation 

between the other diastereotopic methylene resonance H-7A (δH 2.53) and C-20 (δC 92.0), 

hence establishing the β-orientation of this proton. 

 

NOESY correlations were observed between one of the diastereotopic methylene protons 

H-7β (δH 2.53) and the H-5 proton resonance (δH 4.15), subsequently identifying the 

relative stereochemistry at C-5 as 5R*.  In addition the observation of a strong 
1
H-

13
C 

HMBC correlation between the H-5 resonance (δH 4.15) to C-3 (δC 98.1), and a weak 

correlation to C-20 (δC 92.0) were both supportive of 5R* configuration.   

172° 

46° 

(1S*) (1R*) 

20 

 

 

 

 

A      B 

1 

20 

 

 

 

 

1 

* 
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Figure 2.28. (A) Strong 
1
H-

13
C HMBC correlations from the resonances H-1, H-2, H-5,H-7α and H-7β, 

demonstrating antiperiplanar geometrical relationship in 2.48.  (B) Crucial NOESY correlations for 

elucidation of relative stereochemistry of C-5 in 2.48. *denotes pentylamine group which was omitted for 

clarity. 

Inspection of NOESY NMR spectroscopy revealed no obvious correlation between the H-

1 (δH 4.28) and H-4 resonances (δH 4.42), expected if C-4 was in an R* configuration.  

Further analysis of 
1
H-

13
C HMBC data optimised for 8.33 Hz also identified no 

correlations from the resonance δH 4.42 (H-4) to any carbons.  Analysis of energy 

minimised Chem3D models of (1S*,2S*,4S*,5R*,6R*), revealed predicted dihedral angles 

of -176.6° between H-4 (δH 4.42) and C-6 (δC 41.7), resulting in a large J value which 

should be identifiable with an HMBC (8.33 Hz) experiment.  The lack of observations 

from both NOESY and HMBC suggests hydrogen exchange occurred too rapidly for 

analysis and so the configuration at C-4 could not be defined. 

 

Figure 2.29. Relative stereochemistry of 2.48 (1S*,2S*,5R*,6R*). 

A      B 

5↔7A 

R = n-pentylamine 

* 
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Thus it was concluded that the product of the model reaction between discorhabdin C and 

n-pentylamine was (1S*,2S*,5R*,6R*)-n-pentylamino discorhabdin C (2.48). 

 

2.3.5 N-Acetyl-cysteinyl discorhabdin B 

 

With a successful study of the reactivity of discorhabdin C with amino acid derivatives 

completed, the focus turned to the investigation of similar reactions with discorhabdin B.  

Several known discorhabdin alkaloids embody structures that suggest biosynthesis arising 

from attack of a nucleophile at C-1 of discorhabdin B (2.3).  For example, discorhabdins 

G* (2.9) and K (2.52) possibly arise from hydride or (thio)methylhistidine addition at C-1 

of discorhabdin B, followed by elimination of bromide at C-2 (Scheme 2.20).  

Discorhabdins H (2.23), L (2.21) and N (2.22) likely are the result of nucleophilic attack at 

C-1, followed by ring closure between N-18 and C-2 (Scheme 2.20). Biomimetic reactions 

involving N-acetyl-L-cysteine, Nα-acetyl-L-lysine and glutathione were hence trialed on 

discorhabdin B, as previously described for discorhabdin C, to investigate the applicability 

of these biomimetic reactions to a sulfur-containing scaffold. 

 

Scheme 2.20. Proposed biosynthesis of discorhabdin alkaloids from discorhabdin B.  
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The free base form of (+)-(6S,8S)-discorhabdin B (2.3) was reacted with N-acetyl-L-

cysteine in a mixed solvent system of DMF (1 mL), MeOH (1 mL) and H2O (0.1 mL) in 

the presence of triethylamine (Scheme 2.21).  Reversed-phase C18 CC led to the isolation 

of a new analogue, 1-N-acetyl-L-cysteinyl discorhabdin D (2.53) which was subsequently 

fully characterised with NMR spectroscopy (CD3OD, 600 MHz), mass spectrometry and 

circular dichroism.  Interpretation of the 
1
H NMR spectrum of 2.53 identified two new 

doublet resonances at δH 3.89 (J = 3.2 Hz, H-1) and δH 4.46 (J = 3.2 Hz, H-2), 

characteristic of N-18/C-2 ring closure.
49

  Full characterization with 2D COSY, HSQC 

and HMBC identified 2.53 as a discorhabdin B-type molecule with thiol addition at C-1 

and ring closure between N-18/C-2.   

Scheme 2.21. Biomimetic reaction of discorhabdin B with N-acetyl-L-cysteine.  

Reagents and conditions: i) N-acetyl-L-cysteine, TEA, DMF, MeOH, H2O, r.t., 30 min.  

 

Direct comparison with NMR data observed for discorhabdin B indicated no significant 

change in chemical shifts of the resonances corresponding to H-4 (δH 6.10), H-8 (δH 5.62) 

and H-14 (δH 7.11) of 2.53, indicating no reactivity at N-13 or at the thiol ether of 

discorhabdin B.  Interpretation of 
1
H-

13
C HMBC NMR data identified an unmodified 

iminoquinone moiety, with correlations observed from the resonance H-14 (δH 7.11) to the 

resonances C-12 (δC 125), C-15 (δC 119.3), and C-21 (δC 122.8).  Overlapping 
1
H NMR 

resonances corresponding to H-1 and H-17B (δH 3.89) was problematic as it prevented 

identification of a 
1
H-

13
C HMBC correlation from H-17 to C-2 (δC 67.6), necessary for the 

confirmation of NH-18/C-2 ring closure.  Fortunately a 
3
JCH correlation was observed 

from H-2 (δH 4.46) to C-19 (δC 150.3) indicative of ring closure.  Cysteine addition at C-1 

was also confirmed by identification of a 
3
JCH correlation from H-1 (δH 3.89) to C-2' (δC 

35.9).   
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Table 2.13. NMR data for 1-N-acetyl-L-cysteinyl discorhabdin D (2.53) TFA salt in CD3OD. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 3.89 (m) 47.3 3, 5, 6, 2' 

2 4.46 (d, 3.2) 67.6 3, 6, 19 

3 - 183.4 - 

4 6.10 (s) 114.4 2, 6 

5 - 172.1 - 

6 - 47.6 - 

7A 3.24 (m) 39.3 1, 20 

7B 2.69 (d, 12) - 5 

8 5.62 (d, 2.8) 64.1 5, 6, 10 

9 - - - 

10 - 148.3 - 

11 - 167.3 - 

12 - 125.5 - 

13 - - - 

14 7.11 (s) 127.4 12, 15, 21 

15 - 119.3 - 

16A 3.24 (m) 20.7 15 

16B 3.12 (m) - 15 

17A 4.07 (m) 52.8 2, 19 

17B 3.89 (m) - - 

18 - - - 

19 - 150.3 - 

20 - 102.0 - 

21 - 122.8 - 

1' - - - 

2'A 3.29 (m) 35.9 - 

2'B 3.04 (m)  1, 3' 

3' 4.71 (obscured) 53.5 - 

4' - - - 

5' - 173.6 - 

6' 2.14 (s) 22.5 5' 

7' - Not observed - 

 

Inspection of the core structure of 2.53 suggested structural similarities to discorhabdin L 

(Scheme 2.20), which contains an OH substituent at C-1 and N-18/C-2 ring closure.
48

  Full 

assignment of the remaining 
1
H and 

13
C NMR resonances were therefore straightforward 

and are tabulated in Table 2.13. 
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Scheme 2.22. Proposed mechanism of action for the formation of N-acetyl-L-cysteinyl discorhabdin D 

(2.53). 

 

The mechanism for formation of 2.53 was proposed to involve nucleophilic attack of N-

acetyl-L-cysteine at C-1 of discorhabdin B, resulting in the formation of an enolate anion 

(2.54) (Scheme 2.22).  Tautomerisation of this enolate back to ketone (2.55) allows for 

nucleophilic attack of the free base N-18 on C-2, resulting in the elimination of bromide to 

yield compound 2.53. 

 

In addition to the defined configuration at both C-6 and C-8 of the discorhabdin B starting 

material, nucleophilic addition at C-1 and ring closure at C-2 of discorhabdin B generated 

two new stereogenic centres at C-1 and C-2.  Elucidation of the relative stereochemistry of 

2.53 began at C-2.  As discorhabdin B exists in a rigid structural geometry, the orientation 

of the spiro-enone ring, which is defined by C-6 and C-8 configuration, only allows ring 

closure in a stereospecific fashion, leading to (2S) configuration.  Elucidation of the 

chirality of C-1 was accomplished from interpretation of a combination of HMBC and 

NOESY NMR spectroscopic data.   

 

Inspection of 
1
H-

13
C HMBC NMR data optimised for 8.33 Hz identified strong 

correlations between the resonance H-1 (δH 3.89) and resonances C-3 (δC 183.4), C-5 (δC 

172.1) and C-2' (δC 35.9).  An energy minimised Chem3D model of (1R,2R,6R,8S)-2.53 

2.54 

2.55 

2.53 

(2.3) 
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predicted a dihedral angle of -177° for H-1/C-5, whilst an angle of 60.7° was predicted for 

H-1/C-20.  A similar model of (1S,2R,6R,8S)-2.53 predicted a dihedral angle of -65.5° for 

H-1/C-5 and -175.3° for H-1/C-20.  Application of the Karplus relationship between 
1
H-

13
C dihedral angle and coupling constant, suggests the coupling constant between H-1 and 

C-5 should be large, and the coupling constant between H-1 and C-20 should be small for 

(1R,2R,6R,8S)-2.53.  The observation of a strong 
1
H-

13
C HMBC correlation between the 

H-1/C-5 resonances and lack of observed correlation between H-1 and C-20 supports a 1R 

configuration.  To reinforce this finding, the focus turned to determining the 

stereochemical assignments of the diastereotopic methylene protons H-7α and H-7β. 

 

A similar methodology was employed for elucidation of the spatial orientation of the H-

7α/H-7β methylene protons as performed previously for 2.48.  Analysis of the 
1
H-

13
C 

HMBC spectrum (optimised for 8.33 Hz) of 2.53 revealed that one of the two 

diastereotopic proton resonances (δH 2.69, H-7B) correlated to C-5 (δC 172.1), but not C-

20 (δC 102.0) and that the other methylene resonance H-7A (δH 3.24) correlated to C-20 

(δC 102.0) but not C-5 (δC 172.1).  Inspection of Chem3D energy minimised models 

revealed predicted dihedral angles from H-7α to C-5 to be -169.1° (large J) and to C-20 to 

be -57.8° (small J).  Thus H-7α was established to be the methylene resonance at δH 2.69.  

Similar assessment of predicted dihedral angles from H-7β to C-5 to be 69.4° (small J) 

and to C-20 to be -179.4 (large J), concluding H-7β to be the other methylene resonance at 

δH 3.24. 

 

Figure 2.30. (A) Strong 1H-13C HMBC correlations from the resonances H-1, H-7A(Hα) and H-7B(Hβ), 

demonstrating antiperiplanar geometrical relationship in 2.53.  (B) Crucial NOESY correlations for 

elucidation of relative stereochemistry of C-1 in 2.53. *denotes N-acetyl-L-cysteine group which was 

omitted for clarity. 

 

A      B 

1↔7B (Hα) 

C-7 C-1 

R = N-acetyl-L-cysteine 

* 
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With H-7α and H-7β resonances identified, analysis of the NOESY NMR spectrum 

revealed a correlation between H-1 (δH 3.89) and exclusively H-7α (δH 2.69) (Figure 

2.30), thereby supporting the initial assignment of stereochemistry at C-1 and confirming 

the absolute configuration of 1-N-acetyl-L-cysteinyl discorhabdin D (2.53) as 

(1R,2R,6R,8S).  The electronic circular dichroism (ECD) spectrum of 2.53 was compared 

to that of a structurally related discorhabdin alkaloid with previously defined 

configuration.  (-)-(1R,2R,6R,8S,7'S)-Discorhabdin H (2.23) was chosen as the model.
48

  

The ECD spectrum observed for 2.53 showed similarities of the sign of the Cotton effect 

maxima (Figure 2.31) to that reported for (-)-discorhabdin H, further confirming the 

absolute stereochemistry assignment of 2.53.   
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Figure 2.31. Experimental ECD spectra (MeOH) of the TFA salts of (-)-(1R,2R,6R,8S,7'S)-discorhabdin H 

(2.23) (red), and (-)-(1R,2R,6R,8S)-1-N-acetyl-L-cysteinyl discorhabdin D (2.53) (blue).48
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2.3.6 Reaction of discorhabdin B with amine nucleophiles 

 

To expand the biomimetic study on discorhabdin B, the reactivity of discorhabdin B with 

primary amines was investigated using Nα-acetyl-L-lysine, using the same methodology as 

applied to the reaction of discorhabdin C with amines.  Repeated attempts to react 

discorhabdin B with Nα-acetyl-L-lysine failed to yield any identifiable lysine-linked 

product.  Investigation of the reaction product revealed a high percentage of 2-bromo-

discorhabdin D (2.56), an unusual side product previously characterised by Grkovic 

during the isolation of discorhabdin B.
53

  This compound was proposed to form via 

nucleophilic attack of N-18 on C-2 with subsequent proton capture rather than bromide 

elimination (Scheme 2.23). 

Scheme 2.23. Proposed formation of 2-bromo-discorhabdin D (2.56) from (+)-discorhabdin B free base.53 

 

As no nucleophilic attack was observed between Nα-acetyl-L-lysine and discorhabdin B, a 

model study using n-pentylamine was repeated (Scheme 2.24).  However, repetition of the 

reaction with prolonged reaction time failed to yield any identifiable products.  This result 

suggests discorhabdin B is unreactive or reacts very slowly with primary amines. 

Scheme 2.24. Unsuccessful reaction of (+)-discorhabdin B free base with Nα-acetyl-L-lysine and n-

pentylamine. 
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2.3.7 Biomimetic reactions of poorly cytotoxic discorhabdin alkaloids 

 

The electrophilic nature of both discorhabdins B and C suggests that covalent reaction 

with proteins may be one molecular mechanism of cytotoxicity observed for both 

alkaloids.  In order to confirm this potential mechanism of action of discorhabdins B and 

C, two other discorhabdin alkaloids lacking a spiro-enone moiety were chosen as control 

compounds.  3-Dihydrodiscorhabdin C (2.19) lacks the C-3 keto group of discorhabdin C, 

hence preventing Michael-type addition to occur at C-1 (Scheme 2.25).  (-)-(2S,6R,8S)-

Discorhabdin D (2.4) embodies N-18/C-2 ring closure as well as a lack of bromine leaving 

group, preventing nucleophilic attack to occur.  Although both of these alkaloids exhibit 

bioactivity against P388 murine leukaemia, their relative cytotoxic potency (2.19: 0.53 

µM, 2.4: 6.0µM) are far less than that of discorhabdin C (0.11 µM).
57

  Both analogues 

were therefore subjected to similar reaction conditions as previously described, with N-

acetyl-L-cysteine and Nα-acetyl-L-lysine as the corresponding biomimetic nucleophiles.   

 

Scheme 2.25. Control reactions of 3-dihydrodiscorhabdin C (2.19) and (-)-(2S,6R,8S)-discorhabdin D (2.4) 

with N-acetyl-L-cysteine and Nα-acetyl-L-lysine. 
 

Both 2.19 and 2.4 failed to react with the amino acid derivatives.  This result hence 

suggests the presence of an electrophilic α,β-unsaturated carbonyl contributed to the 

cytotoxic potency of the discorhabdin alkaloid.   

2.3.8 Reaction of discorhabdins with glutathione 

 

The reactive nature of both discorhabdin B and C with amino acid derivatives suggested 

one of the possible routes of mechanism of biological action involves the spiro-enone ring.  

2.19 

2.4 
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However, only one discorhabdin alkaloid; (-)-(2S,6R,8S)-discorhabdin D (2.4), has ever 

exhibited in vivo antitumour efficacy.
49

  The reactivity of discorhabdin B and C towards 

the antioxidant glutathione was therefore investigated, as an irreversible reaction with this 

tripeptide would deactivate the reactive spiro-enone moiety in the molecule, hence 

reducing its biological activity.   

Figure 2.32. (A) Structure of GSH; (B) Illustration of hydroperoxide metabolism.   

 

Glutathione (GSH) is present in high concentrations in aqueous compartments of the cell, 

and also detected at significant amounts in blood plasma.  This tripeptide participates in 

numerous cellular functions, for example, protein synthesis, amino acid transport and also 

as an intracellular reductant, serving a protective role against oxidative stress.  Together 

with glutathione peroxidase and glutathione reductase, reactive oxygen species can be 

broken down as shown in Figure 2.32.
64

 

 

Hence both discorhabdin B and C were reacted with glutathione under the reaction 

conditions previously described.  Glutathione (5 eq) was dissolved in a mixture of DMF (1 

mL), MeOH (1 mL) and H2O (0.1 mL), followed by the addition of TEA (7 eq) before 

combining the mixture with the free base form of discorhabdin C.  As with the reaction 

with cysteine, the reaction mixture turned to a dark orange/brown colour within 10 min. of 

stirring at room temperature.  The reaction was halted at 30 min. by directly loading onto a 

reversed-phase C18 CC and washed repeatedly with H2O (0.05% TFA).  Gradient solvent 

elution identified a brown coloured fraction, which was isolated and further purified with 

C18 (25-40 µm) CC, yielding four new fractions.   

 

Analysis of these four fractions by NMR spectroscopy revealed two of interest.  The first 

eluted fraction exhibited a lack of a 
1
H NMR signal at δH 7.70, indicative of the loss of H-

1/5 from the spiro-enone moiety.  As the sample was only isolated in low quantity, 

characterization by NMR was difficult, and so product identification was achieved by 

mass spectrometry only.  Investigation of the mass spectrometry data identified three ions 
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of interest, summarised in Table 2.14 (Entry 1-3).  These three compounds were 

suggestive of nucleophilic attack of glutathione on the discorhabdin core, similar to the 

results observed for reactions with lysine and n-pentylamine.  A second fraction isolated 

from the column demonstrated 
1
H NMR resonance at δH 6.55, indicative of H-2/4 from the 

loss of bromide from the spiro-enone ring.  This was similarly analysed by mass 

spectrometry to identify a single molecular ion of interest, also tabulated in Table 2.14 

(Entry 4).   

 

Table 2.14. Possible structures for the four ions identified from reaction between discorhabdin C and GSH. 

 

Entry 
(+)-HRESIMS 

observed 
Molecular 

Formula 
Proposed Compound Structures 

1 
689.1028 / 

691.1013 
C28H30BrN6O8S

+ 

 

2 
725.1219 / 

727.1196 
C28H34BrN6O10S

+  

3 
739.1402 / 

741.1371 
C29H36BrN6O10S

+  

4 
689.1043 / 

691.1017 
C28H30BrN6O8S

+  
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This fourth product suggested a thiol attack had occurred on C-1/4 of discorhabdin C, 

resulting in the elimination of HBr, as with the reaction with cysteine.   

 

Reaction with glutathione was next trialed on discorhabdin B in the same fashion.  The 

reaction mixture changed to a dark brown colour within 10 min. of stirring at room 

temperature and was halted after 30 min. by loading onto a reversed-phase C18 CC and 

washed repeatedly with H2O (0.05% TFA).  Elution with 10% MeOH/Milli Q (0.05% 

TFA) yielded a yellow/green coloured fraction which was analysed by NMR 

spectroscopy.  Interpretation of 
1
H NMR data revealed the loss of H-1 as no resonances 

were detected at δH 7.90, and the possibility of producing 2-bromo-discorhabdin D was 

also not probable as no doublet resonance was observed at δH 3.50.  Mass spectrometry of 

this sample unfortunately indicated decomposition of the product, however, the results still 

suggest that discorhabdin B was highly reactive to glutathione.   

 

A control experiment using 3-dihydrodiscorhabdin C and (-)-(2S,6R,8S)-discorhabdin D 

was undertaken, by reacting both alkaloids with glutathione.  As expected, these alkaloids 

failed to react with this nucleophile due to their lack of spiro-enone moiety.  This result 

therefore offers an explanation as to why discorhabdins B and C were biologically inactive 

in in vivo antitumour studies, while discorhabdin D (with lower in vitro activity), 

demonstrated some in vivo activity.
49
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2.4 Discovery of new discorhabdin alkaloids 

 

Biomimetic reactions with discorhabdin C identified the reactive nature of the spiro-enone 

ring as an excellent electrophile for amino acid derivatives.  However, no known naturally 

occurring alkaloids in the discorhabdin family contains a discorhabdin C-like (no thiol 

bridge) structure with an amino acid derivative in the C-1/5 position.  In the studies 

discussed earlier any naturally occurring alkaloids with these structural properties may be 

too unstable for purification, as in the case observed for the reaction between discorhabdin 

C and Nα-acetyl-L-lysine.  The high polarity of these substituted discorhabdin alkaloids 

may also pose difficulties in separation by chromatography.  None the less, the red/purple 

Latrunculia trivetricillata sample MNP 6116 which contains a high abundance of 

discorhabdin C was further investigated in an attempt to discover signs of new 

undiscovered discorhabdin alkaloids.   

 

During the original isolation of discorhabdin C from L. trivetricillata using LH-20 CC, a 

brown coloured fraction was observed to elute before discorhabdin C.  Further CC of this 

fraction yielded three bands which were further purified by a series of reversed-phase CC 

to afford multiple fractions.  Each sample was analysed by NMR spectroscopy, identifying 

two samples of discorhabdin-like compounds labeled as MNP 6116 1-1 (2.57/2.58) and 

MNP 6116 1-2 (2.59).  

 

2.4.1 Structure elucidation of (thio)methylhistidine discorhabdin C (2.57) 

 

Interpretation of 
1
H NMR data observed for fraction MNP 6116 1-1 revealed the presence 

of at least four compounds (2.57A/2.57B/2.58A/2.58B) in the mixture (Figure 2.33).  

Discorhabdin-type resonances were observed accounting for an iminoquinone moiety, 

with resonances corresponding to H-14 (δH 7.22, 7.17), H2-16 (δH 2.95, 2.87) and H2-17 

(δH 3.95, 3.83) identified.  Further analysis identified overlapping singlet resonances 

indicative of enone-like protons H-1/H-5 (δH 7.75), two fine coupled doublets 

corresponding to H-2 (δH 5.89, 5.86) and multiplets which resembled H2-7 resonances (δH 

2.59, 2.16, 2.03, 1.98).  Two fine coupled doublets (J = 2.0 Hz) were also identified at δH 

6.81 and 6.68, which were un-assignable at the preliminary stage (Figure 2.33). 
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Figure 2.33. 
1H NMR spectrum of MNP 6116 1-1 in CD3OD with discorhabdin-like resonances highlighted 

in green and (thio)methylhistidine residue resonances highlighted in red.  

 

The chemical shifts of H-1/5 and H-2 at δH 7.74 and δH 5.89/5.86 were characteristic of C-

1/C-5 substitution with elimination of bromide at C-2/C-4 on discorhabdin C, as observed 

in the biomimetic reaction between discorhabdin C and cysteine (2.40) (Figure 2.34).  

Comparison of NMR spectroscopic data with other known discorhabdin alkaloids also 

revealed striking resemblance to those signals observed for discorhabdin K (2.52), a 

discorhabdin B-type compound with a (thio)methylhistidine residue at C-1 position 

(Figure 2.34).
53

  The 
1
H NMR spectrum of 2.57/2.58 (Figure 2.33) revealed the presence 

of multiple (thio)methylhistidine groups represented by singlet resonances at δH 8.11, 8.00 

and 7.99 (H-2'), multiple triplets at δH 4.28, 4.20 and 4.13 (H-7'), two methyl singlets at δH 

3.79 and 3.75 (H-9') and multiplets at δH 3.42 and 3.26 (H-6'A and H-6'B).  Thus it was 

concluded that the structures of two of the compounds present in the fraction MNP 6116 

1-1 were C-1/C-5 (thio)methylhistidine substituted discorhabdin E analogues 2.57A and 

2.57B (Figure 2.34) present in a relative ratio of 1:1.  
1
H NMR spectra data associated 

with these compounds is given in Table 2.15. 

  

1/5 14 

2’ 

2 17 8 

7’ 6’ 

16 

7 
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Table 2.15. 
1H NMR data for discorhabdin fragment observed for substituted alkaloids from MNP 6116-1-1 

(2.57A/2.57B/2.58A/2.58B) TFA salt in CD3OD. 

 2.57A
 2.57B 2.58A 2.58B 

no. 1
H δ [m, J (Hz)] 

1
H δ [m, J (Hz)]

 1
H δ [m, J (Hz)] 1

H δ [m, J (Hz)] 

1 - - 6.81 (d, 2.1) 6.68 (d, 2.1) 

2 5.89 (d, 0.8) 5.85 (d, 0.8) - - 

5 7.75 (s) 7.75 (s) 7.74 (m) 7.74 (m) 

7A 2.59 (m) 2.59 (m) 2.03 (m) 1.98 (m) 

7B 2.16 (m) 2.16 (m) - - 

8A 3.97 (m) 3.97 (m) 3.63 (m) 3.63 (m) 

8B 3.74 (m) 3.74 (m) - - 

14 7.17 (s) 7.17 (s) 7.22 (s) 7.22 (s) 

16 2.87 (t, 7.2) 2.87 (t, 7.2) 2.95 (m) 2.95 (m) 

17 3.83 (m) 3.83 (m) 3.94 (m) 3.94 (m) 

 

Figure 2.34. Structural similarities of C-1/5 substituted alkaloids MNP 6116-1-1 (2.57A/2.57B) compared 

to 1-N-acetyl-L-cysteinyl discorhabdin C analogue 2.40 and (-)-discorhabdin K (2.52). 

 

With the structure of compounds 2.57A/2.57B elucidated, the focus turned to the 

unassigned 
1
H NMR resonances observed at δH 6.81 (d, J = 2.1 Hz) and 6.68 (d, J = 2.1 

Hz) in the spectrum (Figure 2.33).  Analysis of COSY NMR data for the unassigned 

doublets revealed correlations from both signals to a resonance at δH 7.74 (H-1/H-5), with 

a small coupling constant of 2.1 Hz.  Interpretation of 
1
H-

13
C HMBC spectroscopic data 

identified correlations from both δH 6.81 and 6.68 to the resonances C-2 (δC 137.1), C-3 
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(δC 176.5), C-5 (δC 153.2), C-6 (δC 45.1), and C-20 (δC 93.6), indicating δH 6.81 and 6.68 

are located at the H-1/5 position of a discorhabdin molecule (Figure 2.35).  This result 

suggests the presence of an unsymmetrical spiro-dienone moiety with a substituent at C-

2/4 in place of a bromine atom, hence resulting in a less deshielded 
1
H resonance.  The 

observation of identical sets of 2D NMR correlations from both δH 6.81 and 6.68 

confirmed the presence of diastereomers 2.58A and 2.58B for this C-2/4 substituted 

alkaloid.  The relative ratios of 2.58A and 2.58B present in fraction MNP 6116 1-1 was 

approximately 2.75 : 1, as determined by relative integrals of the δH 6.81 and 6.68 signals.  

1
H NMR resonances associated with these two compounds is given in Table 2.15. 

 

Figure 2.35. 
1H-13C HMBC correlations from the unassigned 1H resonance at δH 6.81. 

 

Examination of mass spectrometric data for the diastereomeric mixture (2.57/2.58) 

identified a single molecular ion with (+)-HRESIMS m/z [M+H]
+
 583.0739 (calcd. for 

C25H24
79

BrN6O4S, 583.0758), 585.0728 (calcd. for C25H24
81

BrN6O4S, 585.0738).  This 

confirmed the presence of a discorhabdin C-derived alkaloid containing one less bromine 

atom, but with the presence of a (thio)methylhistidine moiety at either C-1/C-5 (Figure 

2.34), or C-2/C-4 as illustrated in Figure 2.36.  Attempts to purify individual components 

were unsuccessful.   
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Figure 2.36. Proposed structures of the C-2/4 substituted alkaloid (2.58A/2.58B) present in the fraction 

MNP 6116-1-1. 

 

 

2.4.2 Structure elucidation of discorhabdin 1 (MNP 6116 1-2) 

 

Purification of the unexplored fraction from the purple sponge Latrunculia trivetricillata 

MNP 6116 also yielded a second sample containing a novel discorhabdin alkaloid.  

Although initial NMR analysis in D2O solvent established the presence of a semi-pure 

alkaloid, subsequent NMR analysis in CD3OD afforded a complex spectrum indicating the 

presence of multiple components.  Fortunately, re-dissolving this complex mixture in D2O 

converted the sample back to its original state.  The “decomposition” was recognised as a 

possible discorhabdin C hydrate derivative, as observed previously in the biomimetic 

reaction between discorhabdin C and amino acid derivatives.  Thus NMR spectroscopic 

analysis of this new hydrate sample was undertaken by immediate analysis after addition 

of D2O, using dioxane as an external reference. 

 

Interpretation of the 
1
H NMR spectrum (Figure 2.37B) revealed the presence of two 

discorhabdin-like fragments.  The first set of discorhabdin resonances consisted of a 

discorhabdin-like core, with 
1
H resonances resembling H-1/H-5 (δH 7.81), H-7 (δH 2.15), 

and H-8 (δH 3.76).  Inspection of the corresponding iminoquinone resonances however, 

identified H-14 (δH 6.86), H2-16 (δH 2.72) and H2-17 (δH 3.89) to be present in more 

shielded environments compared to discorhabdin C.  Taken together, these data suggested 

the presence of a substituent at the N-13 position of discorhabdin C (Figure 2.37A).   
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Investigation of the second set of discorhabdin resonances revealed a familiar structure, 

with 
1
H NMR resonances attributable to a ring closed (N-18'/C-2'), keto-hydrate 

discorhabdin-like structure.  Such a substructure was previously observed as a result of the 

biomimetic reaction between discorhabdin C and amino functionalised derivatives.  A 

substituted spiro-dienone core consisting of the resonances H-2' (δH 4.29), H-4' (δH 4.65), 

H-5' (δH 4.16), H-7' (δH 2.31, 1.07), and H-8' (δH 3.89, 3.56) were observed.  However, a 

resonance corresponding to H-1' (δH 6.44) was present in an unusually deshielded region, 

suggesting the attachment of a highly electron withdrawing group at C-1' position.  The 

remaining 
1
H resonances H-14' (δH 7.24), H2-16' (δH 3.06) and H2-17' (δH 4.13, 4.04) were 

typical of a iminoquinone structure with ring closure between N-18'/C-2'. 

 

 

 

Figure 2.37. (A) Proposed discorhabdin substructures identified for discorhabdin 1 (2.59). (B)  1H NMR 

spectrum of discorhabdin 1 (D2O). 

 

 

A 

 

 

 

 

B 
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Analysis of (+)-HRESI mass spectrometry of 2.59 identified a molecular ion [M]
+
 at m/z 

879/881/883/885, with the doubly protonated ion [M+H]
2+

 also present at m/z 

440/441/442/443.  The molecular formula of C36H30Br3N6O6 suggested the presence of a 

dimer which resulted from connectivity between the two discorhabdin-like fragments.  

This result explains the presence of a substituent on N-13 of the discorhabdin C fragment, 

and also the presence of a discorhabdin keto-hydrate fragment.  Evidence of connectivity 

between the two fragments was revealed by an 
1
H-

13
C HMBC experiment which 

contained strong correlations between H-1' (δH 6.44) to C-12 (δC 126.6) and C-14 (δC 

130.1), as shown in Figure 2.38.  Thus the structure of discorhabdin 1 (2.59) was 

determined to be a pseudo dimer resulting from nucleophilic attack of N-13 of one 

discorhabdin C subunit at C-1 of another discorhabdin C molecule, with subsequent 

double hydration (Table 2.16). 

 

 

 

Figure 2.38. Zoom in of 1H-13C HMBC spectroscopic data, highlighting crucial correlations between the 

two discorhabdin substructures of 2.59. 

 

 

H-1'→C-12 

 

 

 

 

 

 

 

H-1'→C-14 

 

2.58 
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As interpretation of NMR spectroscopy and mass spectrometry data confirmed the 

presence of a single compound, this new discorhabdin was labeled discorhabdin 1, as a 

novel alkaloid in the discorhabdin family.  Discorhabdin 1 (2.59) contains five chiral 

carbon centres on the keto-hydrate fragment at C-1', C-2', C-4', C-5', and C-6' position.  

Fortunately, comparison of 
1
H-

13
C HMBC NMR spectroscopic data of 2.59 with data 

acquired for n-pentylamino discorhabdin C hydrate analogue (2.48) identified similarities 

in 
3
JCH correlations from the stereogenic 

1
H resonances.  Elucidation of stereochemistry of 

2.59 began with the assignment of C-2' as 2S*, to allow direct comparison of the relative 

stereochemistry of the two keto-hydrate discorhabdins.  An 
1
H-

13
C HMBC NMR 

experiment optimised for 8.33 Hz identified extensive 
x
JCH correlations from the 

resonance H-1' (δH 6.44), to C-2' (δC 71.2), C-5' (δC 76.0), C-6' (δC 42.8) and C-20' (δC 

93.7/94.0) (Figure 2.39). 
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Table 2.16. NMR data for discorhabdin 1 (2.59) TFA salt in D2O. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 7.81 (s) 156.0 2, 3, 5, 6, 7, 20 

2 - 124.9 - 

3 - 177.0 - 

4 - 124.9 - 

5 7.81 (s) 156.0 1, 3, 4, 6, 7, 20 

6 - 47.7 - 

7 2.15 (t, 5.5) 35.3 1, 5, 6, 8, 20 

8 3.76 (m) 41.1 6, 7, 10 

9 - - - 

10 - 154.9 - 

11 - 169.6 - 

12 - 126.6 - 

13 - - - 

14 6.86 (s) 130.1 12, 16, 21 

15 - 124.5 - 

16 2.72 (m) 20.7 15, 17, 21 

17 3.89 (m) 46.6 15, 16, 19 

18 - - - 

19 - 156.5 - 

20 - 93.7* - 

21 - 126.6 - 

1' 6.44 (d, 2.0) 54.1 12, 14, 2', 5', 6', 20' 

2' 4.29 (d, 2.0) 71.2 1', 3', 4', 6', 19' 

3' - 98.4 - 

4' 4.51 (d, 3.9) 58.6 - 

5' 4.16 (s) 76.0 1', 3', 4', 6', 7' 

6' - 42.8 - 

7'A 2.31 (dd, 13.5, 2.4) 24.3 - 

7'B 1.07 (td, 13.5, 5.4) - 5' 

8'A 3.89 (m) 40.6 6' 

8'B 3.56 (m) - - 

9' - - - 

10' - 154.9 - 

2.59 
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11' - 168.8 - 

12' - 125.5
# - 

13' - - - 

14' 7.24 (s) 130.8 12', 15', 21' 

15' - 122.3 - 

16' 3.06 (m) 22.2 15' 

17'A 4.13 (m) 55.4 15', 19' 

17'B 4.04 (m) - 15' 

18' - - - 

19' - 154.2 - 

20' - 94.0* - 

21' - 126.2
# - 

Dioxane
a 3.75 (s) 69.3 - 

a referenced to dioxane. 

*,#denotes interchangeable resonances 

 

 

Figure 2.39. Expansion of 1H-13C HMBC NMR spectroscopic data observed for 2.59, demonstrating 

variable intensities of correlations observed for the H-1' resonance. 

 

Comparison of the relative intensities of these correlations revealed much stronger 

correlations from H-1' to C-6' (δC 42.8) and C-20' (δC 93.7/94.0), as illustrated in Figure 

2.39.  Using the Karplus relationship between 
1
H-

13
C dihedral angle and 

3
JCH coupling 

constant, an antiperiplanar geometrical relationship between H-1' and C-20' must be 

present, establishing a relative configuration of 1S* at the C-1' position of discorhabdin 1 

(Figure 2.40).  Likewise, the configuration at C-5' was solved with the observation of a 

strong HMBC correlation from H-5' (δH 4.17) to C-3 (δC 98.4) indicating an antiperiplanar 

relationship between H-5' and C-3, resulting in a 5R* configuration (Figure 2.40).   

2.59 
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Figure 2.40. Chem3D energy minimised models demonstrating 2.59 in (A) (1S*) configuration, (B) (5R*) 

configuration. 

 

In order to evaluate the NOESY NMR experiment, knowledge of the spatial orientation of 

the H-7' methylene resonances was required.  This was resolved from an 
1
H-

13
C HMBC 

NMR experiment, where one of the H-7' methylene resonances at δH 1.07 exhibited a 

strong correlation to C-5' (δC 76.0).  As only the α-faced proton was in an antiperiplanar 

geometry with C-5', the methylene resonance at δH 1.07 was attributed to H-7'α, leaving 

the remaining H-7' resonance at δH 2.31 as the 7'β proton.  Analysis of NOESY NMR data 

(Table 2.17) revealed strong correlations between the resonances H-1' and H-7'β, therefore 

confirming the previous assignment of a 1S* configuration (Figure 2.41).  The resonance 

H-5' also exhibited a strong NOE to one of the methylene H2-8' resonances, which was 

expected for a 5R* configuration at the C-5' position.  It was fascinating to note strong 

NOESY NMR correlations between the H-14 resonance of the N-13 substituted 

discorhabdin C fragment to both methylene resonances H-7'α and H-17' (Figure 2.41).  

This result confirms the spatial orientation of the H-7'α resonance, as well as further 

establishing connectivity between the two discorhabdin fragments. 

(1S*) 

(5R*) 

20 

3 

178.6° 

177.4° 
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Figure 2.41. Two spatial conformations, rotated about the N-13-C-1' interfragment linkage, showing crucial 
NOESY correlations for discorhabdin 1 (2.59). 

 

Table 2.17. NOESY NMR data for discorhabdin 1 (2.59) TFA salt in D2O. 

no. 1
H δ [m, J (Hz)] NOESY 

1/5 7.81 (s) H2-7, H2-8 

7 2.15 (t, 5.5) H-1/5, H2-8 

8 3.76 (m) H-1/5, H2-7 

14 6.86 (s) H2-16, H-2', H-7'α, H2-17' 

16 2.72 (m) H-14, H2-17 

17 3.89 (m) H2-16 

1' 6.44 (d, 2.0) H-2', H-7'β 

2' 4.29 (d, 2.0) H-14, H-1', H2-17' 

4' 4.51 (d, 3.9) - 

5' 4.16 (s) H2-8'B 

7'A(β) 2.31 (dd, 13.5, 2.4) H-1', H-7'α, H2-8' 

7'B(α) 1.07 (td, 13.5, 5.4) H-14, H-7'β, H2-8' 

8'A 3.89 (m) H-7'α, H-7'β 

8'B 3.56 (t, 13.88) H-5', H-7'α, H-7'β 

14' 7.245 (s) H2-16' 

16' 3.06 (m) H-14', H2-17' 

17'A 4.13 (m) H-14, H-2', H2-16' 

17'B 4.04 (m) H-14, H-2', H2-16' 

Dioxane
a 3.75 (s)  

a referenced to dioxane. 

 

Attempts to determine the stereochemistry of C-4 via analysis of 
1
H-

13
C HMBC NMR and 

NOESY NMR data were unsuccessful, as no correlations were observed in either 

experiment.  It was proposed that rapid deuterium exchange of H-4' in the presence of 

D2O prevented the observation of correlations.  Discorhabdin 1 was found to be racemic, 

H-5'↔H-8' 

14 

H-1'↔H-7'β 

H-14↔H-17' 

H-14↔H-7'α 

1' 1' 7' 7' 
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exhibiting no optical rotation and with no detectable Cotton effects in a circular dichroism 

spectrum.  The putative biogenesis of discorhabdin 1 will be discussed in the following 

section.   

 

Figure 2.42. Relative stereochemistry of discorhabdin 1 (2.59). 

 

2.4.3. Biogenesis of new discorhabdin alkaloids 

2.4.3.1 (Thio)methylhistidine discorhabdin C 

The biosynthesis of (thio)methylhistidine discorhabdin C alkaloids (2.57A/2.57B) was 

proposed to be similar to the mechanism derived for the addition of N-acetyl-L-cysteine to 

discorhabdin C (Scheme 2.26).  The presence of an electrophilic spiro-dienone ring allows 

for Michael addition of (thio)methylhistidine at either C-1 or C-5 of discorhabdin C.  The 

enolate intermediate 2.60 can tautomerise back to ketone 2.61 and proceed either with 

elimination of HBr to form the C-1/C-5 substituted alkaloids identified, or ring close at N-

18/C-2 followed by elimination to give the same product.   

2.57A/2.57B 2.58A/2.58B 
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Scheme 2.26. Proposed mechanism for biosynthesis of 2.57. 

 

The discovery of a discorhabdin C-type alkaloid containing a (thio)methylhistidine group 

at the C-1/C-5 position was not unexpected, as a large number of known discorhabdin 

alkaloids also contain this side-chain.  Examples of such natural products include 

discorhabdin K (2.52), and discorhabdin H (2.23) (Figure 2.43).   

Figure 2.43. Discorhabdin alkaloids containing a (thio)methylhistidine.48  

 

2.60 

2.61 

2.62 

2.57 

2.1 
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The free thiol corresponding to the (thio)methylhistidine, is a known natural product, 

ovothiol, found in marine organisms such as sea urchins.
65

  It has been suggested this 

amino acid plays a critical role during cell division and growth of sea urchin eggs.  The 

discovery of discorhabdin alkaloids containing this amino acid sidechain hence suggests a 

high abundance of ovothiol in the sponge, resulting in biosynthesis of the observed 

alkaloids.
66

 

 

The discovery of substituted C-2/C-4 discorhabdin alkaloids in 2.58A/2.58B was rather 

unusual, as no known discorhabdins contain any substituent at this position apart from H, 

Br, and OH groups.  A possible mechanism was proposed which suggests the ring-closed 

intermediate 2.62 undergoes nucleophilic attack by a second (thio)methylhistidine, 

yielding 2.63, followed by elimination of (thio)methylhistidine from either C-1 or C-2 to 

give the observed natural products 2.58. 

Scheme 2.27. Proposed mechanism for biosynthesis of C-1/5 and C-2/4 substituted alkaloids 2.57A and 

2.57B. 

  

2.62 2.63 

2.58A 2.58B 
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2.4.3.2 Discorhabdin 1 

 

The mechanism of biosynthesis of discorhabdin 1 is proposed as a dimerisation of two 

discorhabdin molecules, in a similar fashion to the biomimetic reaction between 

discorhabdin C and amine nucleophiles.  The presence of the reactive N-13 on 

discorhabdin C allows for nucleophilic attack on the electrophilic spiro-dienone moiety of 

a second molecule of discorhabdin C (Scheme 2.28).  The resultant enolate 2.64 

tautomerises back to a ketone 2.65, allowing attack of N-18 at C-2, leading to ring closure 

and elimination of HBr to yield 2.66 as postulated earlier (Section 2.3.3).  A double 

hydration of 2.66 affords the isolated alkaloid discorhabdin 1 (2.59), consisting of a 

discorhabdin C fragment and a discorhabdin keto-hydrate fragment.  Given the natural 

product isolated from the sponge was found to be racemic, it follows that the first step of 

biosynthesis of discorhabdin 1 (Scheme 2.28) is not under enzymatic control.  As the 

spiro-dienone ring in discorhabdin C is symmetrical, nucleophilic addition can occur at 

either C-1 or C-5, resulting in the racemic mixture observed.   

 

To examine the possibility of this natural product being an artifact produced during 

isolation, samples of free base discorhabdin C were left to stir in the presence of TEA and 

water.  Reaction was monitored by HPLC at 12 h. intervals, with no significant change 

observed.  The reaction was halted after 48 h., which yielded small quantities of 

discorhabdin C and a decomposed mixture, analysis of which did not indicate the presence 

of discorhabdin 1. 

2.59 



 

Chapter Two: Semi-Synthetic Study of Ring E in Discorhabdin Alkaloids 

99 

 

Scheme 2.28. Proposed mechanism of biosynthesis of discorhabdin 1 (2.59).  

 

2.59 

2.64 

2.65 
2.66 
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2.5 Summary and future work 

 

Semi-synthetic study at C-3 of discorhabdin C (2.1) has generated a range of analogues for 

SAR study and has also led to the investigation and elucidation of the stereochemistry of 

the known natural product, 3-dihydrodiscorhabdin C (2.19).  Biological studies on the 

synthetic analogues have identified a significant decrease in biological activity against the 

P388 murine leukemia cell line for the acetate, caproic and dansyl derivatives, with IC50's 

of 1.0-4.5 µM observed.  The reduced activity was suggested to be the result of 

deactivation of the spiro-dienone moiety, but the presence of the pyrroloiminoquinone 

moiety allows these compounds to continue to exhibit some degree of biological activity.  

The inactivity of the FITC and coumarin analogues could be the result of steric effects, 

concluding that bulky substituents at the C-3 position may hinder cytotoxic activity.  

 

Reactivity of discorhabdin alkaloids against the cellular-like nucleophiles, N-acetyl-L-

cysteine, Nα-acetyl-L-lysine and glutathione clearly confirmed the high electrophilicity of 

the spiro-enone moiety.  Successful elucidation of the reaction products also provided an 

insight into the mechanism of biological action of discorhabdins, which subsequently led 

to the discovery of novel discorhabdin alkaloids from the well studied marine sponge, 

Latrunculia (Latrunculia) trivetricillata. 

 

Previous studies by Grkovic into the anti-infective properties of discorhabdin alkaloids 

have identified the novel analogue, (-)-1-discorhabdyl discorhabdin D (2.67), to exhibit 

high potency towards Plasmodium falciparum.
53

  Antimalarial testing found 2.67 to 

exhibit an IC50 of 0.078 µg/mL, as potent as the current therapeutic drug, chloroquine, 

which exhibited an IC50 of 0.074 µg/mL.  The cytotoxic potency was also relatively low 

(40.3 µg/mL) against the L6 cell line, hence this alkaloid was proposed as a potential 

2.67 
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antimalarial agent.  The antimalarial activities of known discorhabdins have also been 

recently identified by Na et al.
67

  Discorhabdin A (2.2), discorhabdin C (2.1) and 

dihydrodiscorhabdin C (2.19) were found to exhibit IC50's of 52, 2800 and 170 nM 

respectively against the DC (chloroquine-susceptible) clone of P. falciparum, and also 53, 

2000, and 130 nM respectively against the W2 (chloroquine-resistant) clone.  The new 

concept of utilizing discorhabdin alkaloids as antimalarial drug candidates will need to be 

investigated for the large number of C-3 modified discorhabdin C analogues produced in 

this study.  The idea of deactivating the spiro-enone moiety of 2.1 and discorhabdin B 

using primary amine and thiol derivatives may also allow the future synthesis of highly 

selective antimalarial agents.   

 

Elucidation of the mechanism of cytotoxic activity of discorhabdins will be further 

investigated in the next chapter.  
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3.1 Introduction 

 

Since modification at the spiro-dienone moiety of discorhabdin C (2.1) greatly reduced 

cytotoxicity of the alkaloid (Chapter 2), an alternative approach was investigated to 

prepare bioactive analogues for SAR and mechanism study (Scheme 3.1).  Modification at 

the N-13 position at ring A of 2.1 was well known from the semi-synthesis of 

discorhabdin P (2.14), and also from a study of the semi-synthesis of discorhabdin C 

analogues, further discussed in the next section.   

Scheme 3.1. Illustration of N-13 modification on discorhabdin C (2.1). 

 

3.1.1 Previous semi-synthetic studies 

 

Methylation of discorhabdin C (2.1) can occur at two different sites; N-9 and N-13.
54

  

Discorhabdin C was reacted with CH3I in dry acetone to yield N-13 methylated 

discorhabdin C (2.14), also known as discorhabdin P (Scheme 3.2).
54

  This analogue had 

been isolated previously from the marine sponge Batzella sp., and displays cytotoxicity 

against the P388 tumour cell line and human lung carcinoma A-549 tumour cell line (IC50 

= 0.025, 0.41 µg/mL).
54

  The methylation of 2.1 occurred exclusively at the N-13 position 

even in the presence of excess CH3I, indicating that N-13 was a possible selective 

alkylation site for further structure-activity studies.  

Scheme 3.2. Semi-synthesis of discorhabdin P (2.14) from methylation of discorhabdin C (2.1). 

Reagents and conditions: i) CH3I, K2PO3, acetone, 70°C, 2 h.   

 

2.1 2.14 
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The preparation of a variety of discorhabdin C (2.1) analogues, including chlorination and 

formation of alkyl, sulphonamide, amide and carbamate derivatives, was undertaken by 

Chand in 2005.
68

  From this series of reactions, it was noted that carbamate and amide 

derivatives at the pyrrole N-13 position of 2.1 were unstable, and that reactions to 

chlorinate at C-14 and alkylate at N-13 using long chain esters were unsuccessful.  The 

study however identified that benzyl (3.1), methylacetate (3.2), tosyl (3.3) and dansyl 

derivatives (3.4) (Figure 3.1) could be synthesised successfully.  Biological evaluation of 

these derivatives showed a decreased but still significant (IC50 < 1µM) cytotoxicity against 

the P388 murine leukaemia cell line compared to 2.1.  Interestingly, 3.2 showed 

equivalent activity to the parent alkaloid.
68

  A loss of activity against E. coli was observed 

with modification at N-13.
68

  

 

Figure 3.1. Analogues of discorhabdin C. 

 

A study of the fluorescent properties of 3.4 established an excitation maximum 

wavelength (Exmax) of 269 nm and emission maximum wavelengths (Emmax) of 294 and 

575 nm.
68

  This excitation wavelength however falls in the UV-C wavelength range where 

DNA bases absorb maximally (at ~260nm), which would lead to DNA damage and cell 

3.1 

3.3 3.4 

3.2 
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death.
69

  UV irradiation near this wavelength results in mutagenic and cytotoxic DNA 

lesions, due to cyclobutane-pyrimidine dimers and 6-4 photoproducts (6-4PPs) formation 

(Figure 3.2).
70

  

Figure 3.2. DNA lesions caused by UV-C radiation.  Pyrimidine dimerisation forming (A) thymine-thymine 

cyclobutane-pyrimidine dimer, (B) thymine-cytosine dimer, (C) pyrimidine dimerisation forming 6-4 

photoproducts. 70
 

 

Both forms of DNA lesion induce kinks in DNA structure, distorting the double-strand 

helix of DNA.  In order to increase the excitation maximum wavelength out of the UV-C 

wavelength band, it was proposed that fluorescent analogues containing a non-conjugating 

spacer between the fluorophore and the discorhabdin alkaloid would be synthesised 

(Figure 3.3).   

 

Figure 3.3. Illustration of attachment of fluorophore via a non-conjugating spacer.   
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3.2 Modification of ring A and B of discorhabdin C 

3.2.1 Synthesis of Δ
16(17)

 discorhabdin C (3.7) 

 

Before proceeding with semi-synthesis of N-13 analogues of discorhabdin C, the 

bioactivity of Δ
16(17)

 discorhabdin C was investigated to build a complete SAR study of the 

pyrroloiminoquinone alkaloid.  In a published synthesis of makaluvamine alkaloids, White 

et al. reported a reaction which generated a fully unsaturated pyrroloiminoquinone ring as 

shown in Scheme 3.3A.
71

  An attempted nucleophilic substitution with NaN3 at C-7 of a 

tosylated iminoquinone compound 3.5, failed to yield the compound of interest.  It did 

however lead to the formation of an aromatised system 3.6 (Scheme 3.3B).  This 

fascinating reaction was therefore investigated using discorhabdin C, in an attempt to 

synthesise a Δ
16(17)

 analogue for SAR study.   

Scheme 3.3. (A) Synthesis of aromatised iminoquinone by White et al.; (B) Synthesis of Δ16(17) discorhabdin 

C (3.7). 

Reagents and conditions: i) 4-Toluenesulfonyl chloride, dry acetone, r.t., overnight; ii) NaN3, DMF, r.t., 5h. 

 

Synthesis of an N-13 tosylated discorhabdin C (3.3) has previously been demonstrated in 

the research group.
68

  Discorhabdin C was dissolved in dry acetone, 4-toluenesulfonyl 

chloride (10 eq.) and K2CO3, before stirring overnight at r.t. under an atmosphere of N2.  

The crude reaction mixture was subsequently purified by reversed-phase C18 CC to yield 

the desired tosylated analogue 3.3 in quantitative yield.  NMR spectroscopic data were 

identical to those previously reported, with two new doublet resonances identified in the 

A 

 

 

 

 

B 

3.5 3.6 

2.1 3.3 3.7 
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aryl region, δH 8.05 (d, J = 8.4, H-23 and H-27), and δH 7.53 (d, J = 8.4 Hz, H-24 and H-

26), as well as a methyl singlet δH 2.42 (s, H-27) corresponding to the tosyl group. 

 

N-13 Tosyl discorhabdin C (3.3) was then dissolved in DMF, in the presence of excess 

NaN3 at r.t.  The reaction was monitored by reversed-phase C18 analytical HPLC, and 

halted after 5 hours as starting material was no longer detected.  Purification by reversed-

phase C18 CC yielded a single fraction, which was immediately converted to its free base 

by partitioning in water/CH2Cl2 in the presence of K2CO3.  The organic layer was dried in 

vacuo to yield Δ
16(17)

 discorhabdin C (3.7).  

 

1
H NMR spectroscopic data revealed the loss of the tosyl moiety, along with the 

disappearance of two methylene resonances and the formation of two new broad doublets 

in the aryl region; δH 8.07 (d, J = 5.8 Hz, H-17), δH 7.36 (d, J = 5.8 Hz, H-16).  Mass 

spectrometry confirmed the expected molecular formula with (+)-HRFABMS m/z [M+H]
+
 

459.92807 (calcd. for C18H12
79

Br2N3O2, 459.92962), 461.92922 (calcd. for 

C18H12
80

Br2N3O2, 461.92758), 463.92468 (calcd. for C18H12
81

Br2N3O2, 463.92553).   

Scheme 3.4. Proposed reaction mechanism for the formation of Δ16(17) discorhabdin C (3.7). 

 

The reaction mechanism for the dehydrogenation of a pyrroloiminoquinone moiety was 

recently demonstrated by Wada et al. in the first total synthesis of prianosin B (2.5).
72

  As 

3.3 

3.7 

3.9 
3.8 
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Δ
16(17)

 discorhabdin C and prianosin B both contain the same core structure, the reaction 

mechanism was assumed to be identical.  A proposed mechanism (Scheme 3.4) suggests 

an initial nucleophilic attack of N3
-
 on the tosyl group present at N-13 to yield 3.8, 

followed by addition of TsN3 at C-15 (3.9).  An intramolecular elimination follows via a 

six-membered transition state, which subsequently rearranges to the observed final 

compound (3.7).  This Δ
16(17)

 analogue was found to have decreased bioactivity towards 

the P388 murine leukemia cell line, which will be further discussed in Section 3.5. 

 

3.2.2 Synthesis of N-13-arylacetamido discorhabdin C (3.13-3.15) 

 

Previous investigations of the chemical reactivity of discorhabdin C (2.1) revealed that 

amide and carbamate analogues at the N-13 position yielded unstable products, while 

alkylated analogues were stable.
68

  Therefore, modification at the N-13 position was 

proposed to be carried out via a common alkylating linker molecule which would allow 

the ease of generating semi-synthetic analogues of 2.1.  Bromoacetyl bromide was 

considered appropriate for this study as it contains two reactive sites; one (acid bromide) 

for addition of amines, and the other (alkylbromide) for linkage onto N-13 of 2.1. 

 

Three aryl amines, namely, benzyl, phenylethyl and phenylpropyl amine were reacted 

with bromoacetyl bromide to form compounds 3.10, 3.11 and 3.12.   

Scheme 3.5. Reaction of aryl amines with bromoacetyl bromide. 

Reagents and conditions: i) Bromoacetyl bromide, CH2Cl2, -30 °C, 30 min., r.t. 20 min.   

 

The reaction with bromoacetyl bromide involved the use of 2 eq. of alkyl amine in CH2Cl2 

and stirring at -30 °C for 20 min.  Workup of the crude products required washing with 

3.10 

3.11 

3.12 
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HCl (3x 10%, 5 mL), saturated aq. sodium bicarbonate (2x 5 mL), and H2O (5 mL), before 

drying with anhyd. MgSO4.  The organic layer was dried in vacuo to yield the desired 

products 3.10 (90%), 3.11 (89%) and 3.12 (90%). 

Discorhabdin C was subsequently reacted with these reactive molecules to produce three 

new analogues, N-13-benzylacetamido discorhabdin C (3.13), N-13-phenylethylacetamido 

discorhabdin C (3.14) and N-13-phenylpropylacetamido discorhabdin C (3.15) 

Scheme 3.6. General reaction scheme for addition of aryl functionality to N-13 of discorhabdin C.  

 

Reaction with the bromide linkers was straightforward, achieved by dissolving both 

discorhabdin C and the appropriate alkylbromide (3.10/3.11/3.12) in dry acetone in the 

presence of K2CO3.  The mixture was refluxed for 2 h. before subjecting to reversed-phase 

C18 CC and washed repeatedly with H2O (0.05% TFA).  Purification of all three analogues 

were identical, with gradient MeOH/H2O (0.05% TFA) elution affording the desired 

products along with unreacted alkylbromide.  The mixtures, inseparable by C18 and 

Sephadex LH-20 CC, were seperable using reversed-phase cyanopropyl chromatography 

support yielding the compounds in moderate yields of 69% (3.13), 47% (3.14) and 42% 

(3.15) (Figure 3.4).   

 

 

3.13-3.15 
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Figure 3.4. Aryl discorhabdin C analogues 3.13, 3.14, and 3.15. 

 

1
H NMR data of 3.13 confirmed the compound desired with identification of two new 

methylene resonances at δH 5.06 and δH 4.32, a set of aryl resonances at δH 7.37-7.24 and a 

new exchangeable resonance at δH 8.40, indicating the presence of a benzyl substituent.  

Investigation of the discorhabdin resonances found no changes in chemical shift in the 

spiro-dienone moiety, but the disappearance of an exchangeable resonance at δH 13.20 

indicated reaction had occurred at N-13.  
1
H-

13
C HMBC NMR data revealed correlations 

from the methylene resonance at δH 5.06 (H2-22) to δC 122.7 (C-12), δC 132.4 (C-14) and 

δC 165.5 (C-23), confirming connection of the benzyl fragment to N-13 of discorhabdin C.  

Analysis of 
1
H NMR spectrum of phenylethyl analogue 3.14 revealed similar results with 

the presence of the distinctive methylene resonance δH 4.96 (H2-22), alkyl resonances δH 

3.31 (H2-25) and δH 2.73 (H2-26), and aryl resonances at δH 7.33-7.22 (H-28 and H-29).  

Phenylpropyl analogue (3.15) again demonstrated the expected 
1
H NMR resonances at δH 

4.98 (H2-22), propyl resonances δH 3.09 (q, J = 6.6 Hz, H2-25), δH 2.60 (t, J = 7.2 Hz, H2-

27), and δH 1.72 (p, J = 6.9 Hz, H2-26), along with the aryl resonances at δH 7.31-7.15 (H-

29 and H-30).  Mass spectrometry data of all three analogues were in agreement with the 

desired chemical structures.  The three compounds were tested for biological activity, the 

results of which will be discussed later in Section 3.5. 

 

3.13 3.14 

3.15 



 

Chapter Three: Semi-Synthetic Study of Rings A & B in Discorhabdin Alkaloids 

111 

 

 

3.2.3 Synthesis of N-13-octylacetamido discorhabdin C (3.17) 

 

To further expand the SAR study to include a long lipophilic alkyl chain analogue of 

discorhabdin C, n-octyamine was considered an appropriate amine for attachment via the 

bromoacetyl bromide methodology.  Synthesis of this analogue proceeded with the initial 

preparation of 2-bromo-N-octylacetamide (3.16), from n-octylamine and bromoacetyl 

bromide (Scheme 3.7).  NMR spectroscopy data of 3.16 was in agreement with literature 

data.
73

 

Scheme 3.7. Semi-synthesis of N-13-octylacetamido discorhabdin C.  

Reagents and conditions: i) Bromoacetyl bromide, CH2Cl2, -30 °C, 30 min., r.t. 20 min.; ii) discorhabdin C, 

K2CO3, dry acetone, 70 °C, 2 h. 

 

The desired analogue was subsequently synthesised by reacting discorhabdin C with 3.16 

in the presence of K2CO3 dissolved in dry acetone.  Monitoring the reaction by HPLC 

revealed no increase in product/starting material ratio, indicating completion, and the 

reaction was halted after 2h.  Purification of the crude reaction mixture using reversed-

phase C18 CC again yielded a mixture containing unreacting octylacetamide and the 

product of interest.  Separation of the two compounds was eventually achieved using 

reversed-phase phenyl-bonded support CC to provide N-13-octylacetamido discorhabdin 

C (3.17) in 48% yield.  Full characterisation of this new analogue was achieved with NMR 

spectroscopy.  Analysis of 
1
H NMR data revealed the presence of methylene resonance δH 

4.95 (H2-22), along with alkyl resonances δH 3.07 (H2-25), δH 1.41 (H2-26), δH 1.25 (H2-

27-H2-31) and δH 0.88 (H3-32).  
1
H-

13
C HMBC NMR data provided evidence of 

connectivity to the discorhabdin molecule as correlations were detected between the 
1
H 

methylene resonance H2-22 (δH 4.95) and 
13

C resonances at δC 165.4 (C-11), δC 122.6 (C-

12) and δC 132.3 (C-14).  Complete NMR data assignments of 3.17 are given in Table 3.1. 

 

3.16 

3.17 
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Table 3.1. NMR data for N-13-octylacetamido discorhabdin C (3.17) TFA salt in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 7.73 (s) 151.1 1/5, 2/4, 3, 6, 7, 20 

2/4 - 122.6 - 

3 - 171.3 - 

6 - 44.6 - 

7 2.01 (t, 7.5) 33.5 1/5, 6, 8, 20 

8 3.61 (br s) 38.2 6, 10 

9 10.08 (br s) - 11, 20 

10 - 151.4 - 

11 - 165.4 - 

12 - 122.6 - 

13 - - - 

14 7.36 (s) 132.3 11, 12, 15, 22 

15 - 118.7 - 

16 2.82 (t, 7.5) 17.9 14, 15, 17, 21 

17 3.68 (dt, 7.5, 3.0) 43.5 15, 16, 19 

18 8.24 (br s) - 20, 21 

19 - 152.6 - 

20 - 91.9 - 

21 - 123.4 - 

22 4.95 (s) 50.8 12, 14, 23 

23 - 165.4 - 

24 8.24 (br s) - 23, 25 

25 3.07 (dt, 6.9, 6.9) 38.7 23, 26 

26 1.41 (br s) 28.9 25 

27 1.25 (br s) 31.2 - 

28 1.25 (br s) 28.6 - 

29 1.25 (br s) 28.6 - 

30 1.25 (br s) 26.3 - 

31 1.25 (br s) 22.0 - 

32 0.88 (br t) 13.9 - 

 

3.3 Synthetic study towards bioactive fluorescent analogues of 

discorhabdin C 

 

Preliminary biological activity data obtained for the aryl analogues 3.13, 3.14, and 3.15 

and N-13-octylacetamido discorhabdin C (3.17) indicated that substitution of long side-

chains at N-13 of discorhabdin C does not hinder the cytotoxicity of the natural product 

(see Section 3.5).  The focus then turned to the synthesis of fluorescent analogues of 

discorhabdin C via a tether linker.  This was envisaged to involve the synthesis of an 
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analogue which contains a reactive side-chain, and will allow the addition of different 

fluorophores for generation of a library of fluorescent analogues.   

 

3.3.1 Synthesis of N-13-(2-aminoethyl acetamido) discorhabdin C (3.21) 

 

The convenience of using bromoacetyl bromide as the linker molecule was applicable in 

the synthesis of the previous N-13 analogues.  Synthesis of a reactive tether molecule onto 

discorhabdin C required the use of a protected spacer molecule; in this case, 

ethylenediamine was selected for this function.   

 

Mono-protection of ethylenediamine was achieved with the methodology demonstrated by 

Eisenführ et al., which consisted of addition of di-tert-butyl dicarbonate to large excess of 

ethylene diamine (10 eq.) in CH2Cl2 at 0 °C over 3 h.
74

  This procedure ensured minimal 

di-protection of the diamine molecule and the mixture was left to stir an additional 36 h. 

before workup.  The crude product was washed with brine and water, dried with MgSO4 

and concentrated in vacuo to yield product 3.18 in 76% yield (Scheme 3.8).   

Scheme 3.8. Synthesis of protected linker molecule tert-butyl 2-(2-bromoacetamido)ethylcarbamate (3.19). 

Reagents and conditions: i) di-tert-butyl-carbonate, CH2Cl2, 0 °C, 3 h., r.t., 36 h.; ii) Bromoacetyl bromide, 

CH2Cl2, -30 °C, 30 min., r.t. 20 min. 

 

Formation of the desired protected product was obvious from inspection of the 
1
H NMR 

spectrum obtained for 3.18, with two exchangeable resonances at δH 5.23 (NH) and δH 

1.23 (NH2), and a tert-butoxy singlet resonance at δH 1.41 (H-8).  Subsequently, the 

protected amine was reacted with bromoacetyl bromide to afford activated linker (Scheme 

3.8).  Thus, tert-butyl-2-aminoethylcarbamate (3.18, 2 eq.) was stirred with bromoacetyl 

bromide in CH2Cl2 at -30 °C for 30 min., before allowing the reaction to warm to room 

temperature.  The crude product was washed with HCl (10%), sat. NaHCO3, and H2O, 

before drying in vacuo to yield tert-butyl 2-(2-bromoacetamido) ethylcarbamate (3.19) in 

high yield (91%).  
1
H NMR data of the product established the presence of methylene 

resonances δH 3.84 (CH2), alkyl resonances δH 3.37 and δH 3.20 (H2-4 and H2-5), and tert-

butyl resonance δH 1.42 (H3-10) confirming retention of the protecting group.   

3.18 3.19 
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Scheme 3.9. Synthesis of N-13-(tert-butyl-2-acetamido ethylcarbamate) discorhabdin C. 

Reagents and conditions: i) Discorhabdin C, K2CO3, dry acetone, 70 °C, 2 h. 

 

Attachment of this protected tether to discorhabdin C was carried out by reacting excess 

tert-butyl 2-(2-bromoacetamido)ethylcarbamate (3.19, 25 eq.) with discorhabdin C and 

K2CO3 in dry acetone (Scheme 3.9).  The reaction mixture was heated at reflux resulting 

in a colour change from red/purple to orange; an indication sufficient base was added.  

The mixture was heated at reflux for 2 h., the crude product purified by a series of C18 and 

CN CC steps, yielding target compound 3.20 in 85% yield.  Analysis of 
1
H NMR data 

acquired for 3.20 established the loss of the exchangeable resonance at δH 13.20 (H-13) of 

discorhabdin C, indicating that substitution had occurred at N-13.  The presence of the 

tert-butyl-2-acetamido ethylcarbamate moiety was identified by the methylene resonance 

at δH 4.95 (H2-22) and the distinctive tert-butyl singlet resonance at δH 1.38 (H3-31).  

Connectivity of the two fragments was confirmed by analysis of 
1
H-

13
C HMBC NMR 

data, with correlations observed from H2-22 (δH 4.95) to C-12 (δC 122.7) and C-14 (δC 

132.3).  A similar confirmatory correlation was observed between H-14 (δH 7.36) and C-

22 (δC 50.9).   

Scheme 3.10. Deprotection of 3.20 to yield N-13-(2-aminoethyl acetamido) discorhabdin C. 

Reagents and conditions: i) H2O (0.5% TFA), 70 °C, 1 h. 

3.19 
3.20 

3.20 3.21 
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Lastly, the tert-butoxycarbonyl group was removed by heating 3.20 in a weakly acidic 

solution of H2O (0.5% TFA) to 70 °C for 1h (Scheme 3.10).  Purification of the product 

via reversed-phase C18 CC yielded the deprotected analogue 3.21 in 90% yield.  Inspection 

of 
1
H NMR data obtained for the product clearly indicated the disappearance of the tert-

butyl resonance and identified a new exchangeable resonance at δH 7.90 (NH3-27).  

HRFAB mass spectrometry established the molecular formula to be C22H22Br2N5O3, 

which was consistent with the target analogue.   

 

Biological testing of the tert-butylcarbonyl analogue 3.20 and the free amine 3.21 

indicated only 3.20 retained cytotoxicity against the P388 murine leukaemia cell line with 

an IC50 of 0.47 µM, while the more polar and reactive analogue 3.21, did not display any 

indication of activity in the same test (IC50 >7.9 µM).  Despite this result, the subsequent 

addition of fluorophores at the terminal amine of 3.21 may still yield biologically active 

fluorescent analogues.   

 

3.3.2 N-13-(Dansyl-2-aminoethyl-acetamido)-discorhabdin C (3.22) 

 

The first fluorescent analogue of discorhabdin C (2.1) was therefore synthesised with the 

deprotected analogue 3.21.  5-(Dimethylamino) naphthalene-1-sulfonyl chloride (3 eq.) 

was stirred with free base form of 3.21 with excess K2CO3 in dry DMF (Scheme 3.11).  

The mixture was stirred for 1.5 h. at room temperature, before loading onto a reversed-

phase C18 CC to yield a purple fraction containing the target compound 3.22 in 60% yield. 

Scheme 3.11. Synthesis of N-13-(dansyl-2-aminoethyl-acetamido) discorhabdin C (3.22). 

Reagents and conditions: i) 5-(Dimethylamino) naphthalene-1-sulfonyl chloride, K2CO3, dry DMF, r.t., 1.5 

h. 

3.21 3.22 
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Table 3.2. NMR data for N-13-(dansyl-2-aminoethyl-acetamido) discorhabdin C (3.22) TFA salt in DMSO-

d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 7.71 (s) 151.0 1/5, 2/4, 3, 6, 7, 20 

2/4 - 122.6 - 

3 - 171.3 - 

6 - 44.6 - 

7 2.00 (t, 5.3) 33.5 1/5, 6, 8, 20 

8 3.59 (br s) 38.2 6, 10 

9 10.07 (br s) - 11, 20 

10 - 151.4 - 

11 - 165.5 - 

12 - 122.6 - 

13 - - - 

14 7.31 (s) 132.2 11, 12, 15, 22 

15 - 118.8 - 

16 2.80 (m) 17.8 14, 15, 17, 21 

17 3.66 (dt, 7.6, 2.8) 43.5 15, 16, 19 

18 8.21 (br s) - 20, 21 

19 - 152.6 - 

20 - 91.9 - 

21 - 123.5 - 

22 4.89 (s) 50.8 12, 14, 23 

23 - 165.8 - 

24 8.31 (t, 5.6) - 23, 25 

25 3.09 (dt, 6.4, 5.6) 39.5 23, 26 

26 2.80 (m) 41.5 25 

27 8.08 (m) - - 

28 - - - 

29 - 135.7 - 

30 8.08 (m) 128.2 38 

31 7.64 (m) 123.6 29, 33 

32 8.48 (d, 8.4) 129.4 30, 34, 38 

33 - 128.9 - 

34 - 151.0 - 

35 7.26 (d, 8.8) 115.2 33, 34, 37 

36 7.61 (m) 127.9 34, 38 

37 8.27 (d, 8.8) 119.0 29, 33, 34, 35 

38 - 128.9 - 

39 - - 34, 41 

40 2.84 (m) 45.0 43, 40 

41 2.84 (m) 45.0 43, 40 

 

Analysis of 3.22 by 
1
H NMR detected six new aryl resonances, δH 8.48 (d, H-32), δH 8.27 

(d, H-37), δH 8.08 (m, H-30), δH 7.64 (m, H-31), δH 7.61 (m, H-36), and δH 7.26 (d, H-35), 
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as well as a N,N-dimethyl resonance at δH 2.84 (2H3-40).  Classification of these 

resonances was straightforward as this fluorophore was previously used in the synthesis of 

discorhabdin P analogue 2.32 (Table 3.2).  The usual discorhabdin resonances were also 

identified, along with the ethyl-linker resonances at δH 3.09 (H2-25) and δH 2.80 (H2-26).  

Although no HMBC NMR correlations were observed between the dansyl fragment and 

the ethyl-chain, HRFABMS confirmed the synthesis of the fluorescent discorhabdin 

analogue with an observed pseudomolecular ion cluster at m/z [M+H]
+
 795.05975.  This 

sample was subsequently sent for biological testing, which indicated retention of 

bioactivity, further discussed in Section 3.5. 

 

3.3.3 N-13 (Fluorescein 2-aminoethyl acetamido) discorhabdin C (3.23) 

 

Having tested the reactivity of the amino analogue 3.21 with dansyl chloride, fluorescein 

5(6)-isothiocyanate (FITC) was expected to react in a similar manner with the free amine 

to yield a second fluorescent analogue.  Thus N-13-(2-aminoethylacetamido)-discorhabdin 

C (3.21) was dissolved in dry acetone with fluorescein (5)6-isothiocyanate (2.2 eq.) and 

excess K2CO3 (Scheme 3.12).  The reaction mixture was stirred for 90 min. at room 

temperature during which time a colour change from purple to orange was observed.  

Purification of the product required multiple steps of reversed-phase C18 CC, affording N-

13-fluorescein-(2-aminoethylacetamido)-discorhabdin C (3.23) in relatively low yield of 

20%.   

 

Interpretation of 
1
H NMR data discovered new resonances contributed by the FITC 

fragment, with aryl resonances at δH 8.17 (s, H-31), δH 7.72 (br s, H-35), δH 7.20 (d, H-

34), and overlapping resonances at δH 6.68-6.54 (H-38/H-39/H-41/H-45/H-47/H-48).  The 

disappearance of the exchangeable resonance for NH3-27 indicated the substitution had 

occurred in the expected position.  
1
H-

13
C HMBC spectroscopic data confirmed the 

assignment by demonstrating correlations between δH 5.00 (H2-22) and C-12 (δC 122.6), 

C-14 (δC 132.3) and C-23 (δC 166.1).  As extensive overlapping of the 
1
H and 

13
C 

resonances prevented full NMR assignment of the 
13

C resonances, so confirmation of the 

structure relied upon observation of the expected molecular ion by (+)-HRESIMS; m/z 

MH
+
 951.0425 (calcd. for C43H33

79
Br2N6O8S, 951.0442), 953.0402 (calcd. for 
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C43H33
80

Br2N6O8S, 953.0426), 955.0393 (calcd. for C43H33
81

Br2N6O8S, 955.0417).  This 

analogue was sent for biological testing, discussed in later Section 3.5.  Unfortunately, 

biological testing found 3.23 did not exhibit activity towards the P388 murine leukemia 

cell line. 

Scheme 3.12. Synthesis of N-13 fluorescein-2-aminoethyl acetamido discorhabdin C (3.23). 

Reagents and conditions: i) FITC, K2CO3, dry acetone, r.t., 1.5 h. 

 

3.3.4 N-13 (Lissamine rhodamine-2-aminoethyl acetamido) discorhabdin C (3.24) 

 

Lastly, the fluorophore lissamine rhodamine was utilised to yield another fluorescent 

analogue of discorhabdin C.  Lissamine rhodamine sulfonyl chloride was dissolved with 

N-13 2-aminoethyl acetamido discorhabdin C (3.21) in dry DMF with excess K2CO3 and 

heated to 60 °C (Scheme 3.13).  The reaction was halted after 90 min. and purified by a 

series of reversed-phase C18 CC to yield the third fluorescent analogue 3.24 as a 

pink/purple non-crystalline solid in 27% yield.   

 

1
H NMR spectrum afforded clear separation of the resonances contributed by the 

lissamine rhodamine fragment, with aryl resonances δH 8.43 (H-30), δH 7.95 (H-34), δH 

7.51 (H-33), δH 7.01 (H-41/H-42/H-47/H-48), and δH 6.94 (H-44/H-45), and alkyl 

resonances δH 3.62 (H2-50) and δH 1.21 (H3-51).  As lissamine rhodamine contains a 

symmetrical tricyclic moiety, overlapping of NMR resonances were observed.   

3.21 3.23 
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Scheme 3.13. Synthesis of N-13 (lissamine rhodamine-2-aminoethyl acetamido) discorhabdin C (3.24). 

Reagents and conditions: i) lissamine rhodamine sulfonyl chloride, K2CO3, dry DMF, 60 °C, 1.5 h. 

 

Assignment of these resonances was achieved with 2D NMR experiments, which 

demonstrated 
1
H-

13
C HMBC NMR correlations between the 

1
H resonance at δH 7.51 (H-

33) and 
13

C resonances at δC 141.3 (C-29 or C-31), δC 147.9 (C-29 or C-31) and δC 157.3 

(C-35) (Figure 3.5).  The quaternary resonance C-32 (δC 133.1) was identified by 
3
JCH 

correlations between H-30 (δH 8.43) and H-34 (δH 7.95) resonances with δC 133.1 (C-32).  

The H-41 resonance were subsequently identified through correlations with C-35 (δC 

157.3), which consequently confirmed the assignment of the remaining aryl resonances 

contributed by H-42 and H-44.  The H-41 resonance also correlated to C-37 (δC 157.0) 

and C-43 (δC 154.9), while both H-42 (δH 7.01) and H-44 (δH 6.94) correlated to the final 

quaternary resonance at δC 113.4 (C-36).  Correlations were observed between the 

diethylamino resonance δH 3.62 (H2-50) to C-43 (δC 154.9), allowing full assignment of 

the lissamine rhodamine moiety.   

 

The 
1
H-

13
C HMBC experiment also identified the usual correlations demonstrated by the 

discorhabdin C core, summarised in Table 3.3.  Connection between the linker and 

discorhabdin C was also present, with the methylene resonance H2-22 (δH 4.98) 

correlating to C-12 (δC 122.6), C-14 (δC 132.4), and C-23 (δC 166.0).  Although no 

correlations afforded connectivity from the lissamine fragment to the linker, HRFABMS 

data confirmed the synthesis of the new analogue 3.24.  Biological testing of this 

analogue, also revealed the loss of bioactivity, further discussed in Section 3.5.   

3.21 3.24 
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Figure 3.5. N-13 (Lissamine rhodamine-2-aminoethyl acetamido) discorhabdin C (3.24) with 1H-13C HMBC 

correlations of the lissamine moiety allowing full assignment of structure.  

 

Table 3.3. NMR data for N-13 (lissamine rhodamine-2-aminoethyl acetamido) discorhabdin C (3.24) TFA 

salt in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 7.71 (br s) 151.1 1/5, 2/4, 3, 6, 7, 20 

2/4 - 122.6 - 

3 - 171.3 - 

6 - 44.6 - 

7 2.00 (br s) 33.5 1/5, 6, 8, 20 

8 3.61 (br s) 38.2 6, 10 

9 10.12 (br s) - 11, 20 

10 - 151.5 - 

11 - 165.4 - 

12 - 122.6 - 

13 - - - 

14 7.39 (s) 132.4 11, 12, 15, 22 

15 - 118.7 - 

16 2.78 (t, 7.8) 17.8 14, 15, 17, 21 

17 3.65 (m) 43.4 15, 16, 19 

18 8.22 (br s) - 20, 21 

19 - 152.6 - 

20 - 91.8 - 

21 - 123.5 - 

22 4.98 (s) 50.8 12, 14, 23 

23 - 166.0 - 

24 8.41 (t, 6.0) - 23, 25 

25 3.22 (dt, 6.0, 6.0) 38.8 23, 26 
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26 2.97 (dt, 6.0, 6.0) 41.8 25 

27 8.08 (t, 6.0) - - 

28 - - - 

29 - 141.3* - 

30 8.43 (d, 2.8) 125.5 32, 34 

31 - 147.9* - 

32 - 133.1 - 

33 7.51 (d, 8.4) 130.7 29, 31, 35 

34 7.95 (dd, 8.4, 2.8) 126.5 30, 32 

35 - 157.3 - 

36 - 113.4 - 

37 - 157.0 - 

38 - - - 

39 - 157.0 - 

40 - 113.4 - 

41 7.01 (m) 132.6 35, 43 

42 7.01 (m) 113.5 36, 44 

43 - 154.9 - 

44 6.94 (d, 2.4) 95.3 42, 36 

45 6.94 (d, 2.4) 95.3 40, 47 

46 - 154.9 - 

47 7.01 (m) 113.5 40, 45 

48 7.01 (m) 132.6 35, 39, 46 

49 - - - 

50 3.62 (obscured) 45.2 43, 51 

51 1.21 (t, 7.2) 12.4 50 
*denotes interchangeable resonances 

3.3.5 N-13 (Coumarin 2-aminoethyl acetamido) discorhabdin C (3.25) 

 

Biological testing of the fluorescent analogues thus far suggested the presence of a large 

fluorophore such as FITC and lissamine rhodamine results in the loss of bioactivity of the 

discorhabdin alkaloid.  A smaller fluorophore, 7-dimethylamino coumarin, was therefore 

proposed to be used in this study towards bioactive fluorescent analogues.  The synthesis 

of NHS-activated 7-dimethylaminocoumarin-4-acetic acid (2.35) was discussed 

previously in Section 2.2.1.4.  This compound contains an NHS-activated acid and should 

allow direct coupling with N-13 2-aminoethyl acetamido discorhabdin C (3.21) with the 

same methodology discussed to yield an analogue with less steric bulk.   

 

NHS-activated 7-dimethylaminocoumarin-4-acetic acid (5.3 mg, 2 eq.) was dissolved with 

3.21 and excess K2CO3 in dry acetone and stirred at room temperature for 1.5 h     



 

Chapter Three: Semi-Synthetic Study of Rings A & B in Discorhabdin Alkaloids 

122 

 

 

(Scheme 3.21).  The crude reaction mixture was purified by reversed-phase C18 CC and 

Sephadex LH-20 to yield the product 3.25 in moderate yield of 55%. 

Scheme 3.14. Synthesis of N-13 (coumarin-2-aminoethyl acetamido) discorhabdin C (3.25). 

Reagents and conditions: i) NHS-activated 7-dimethylaminocoumarin- 4-acetic acid, K2CO3, dry acetone, 

r.t., 1.5 h. 

 

Table 3.4. NMR data for N-13 (coumarin-2-aminoethyl acetamido) discorhabdin C (3.25) TFA salt in 

DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 7.72 (br s) 151.1 1/5, 2/4, 3, 6, 7, 20 

2/4 - 122.6 - 

3 - 171.3 - 

6 - 44.6 - 

7 2.00 (br s) 33.5 1/5, 6, 8, 20 

8 3.61 (obscured) 38.7 6, 10 

9 10.08 (br s) - 11, 20 

10 - 151.0 - 

11 - 165.5 - 

12 - 122.7 - 

13 - - - 

14 7.35 (s) 132.3 11, 12, 15, 22 

15 - 118.8 - 

16 2.82 (t, 7.8) 17.9 14, 15, 17, 21 

17 3.67 (dt, 7.8, 4.2) 40.0 15, 16, 19 

18 8.22 (br s) - 20, 21 

19 - 152.6 - 

20 - 91.9 - 

21 - 123.5 - 

22 4.95 (s) 50.9 12, 14, 23 

23 - 165.8 - 

24 8.37 (br s) - 23, 25 

25 3.15 (br s) 38.2 23, 26 

26 3.15 (br s) 38.2 25, 28 

27 8.25 (br s) - 25, 26, 28 

28 - 168.0 - 

3.21 3.25 
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29 3.61 (br s) 38.7 28, 31, 39 

30 - 151.4 - 

31 6.00(s) 109.3 29, 32, 39 

32 - 160.7 - 

33 - - - 

34 - 155.3 - 

35 6.60 (d, 1.8) 97.4 34, 37 

36 - 152.7 - 

37 6.71 (d, 9.0) 108.9 35, 39 

38 7.52 (d, 9.0) 126.0 30, 34, 36 

39 - 108.1 - 

40 - - - 

41 3.02 (s) 39.7 36, 41 

 

Characterization of 3.25 was straightforward, as NMR spectrum data were comparable to 

C-3-coumarin amino hexanoate discorhabdin P analogue (2.36), allowing identification of 

the aryl resonances H-31 (δH 6.00), H-35 (δH 6.60), H-37 (δH 6.71), and H-38 (δH 7.52), 

and also the methylene H2-29 (δH 3.61) (Table 3.4).  
1
H-

13
C HMBC NMR data 

demonstrated correlations between the linker resonances H2-26 (δH 3.15) and NH-27 (δH 

8.25) with the carbonyl C-28 (δC 168.0), confirming successful coupling of the 

fluorophore to the desired amine.  Biological testing on 3.25 indicated cytotoxicity was 

lost and will be discussed in Section 3.5 

 

3.3.6 N-13 (tert-Butyl 6-oxo-6-(2-propionamidoethylamino) hexylcarbamate) 

discorhabdin C 

 

To overcome the steric effects induced by the fluorophore on bioactivity of the compound 

a longer linker molecule was envisaged to create extra distance between the substituent 

and the discorhabdin-core.  The protected caproic linker (2.29) previously synthesised for 

the study of C-3 modification was therefore used to provide extra length to the N-13 2-

aminoethyl acetamido discorhabdin C analogue (3.21).   

 

The analogue 3.21 was dissolved with 6-(tert-butoxycarbonyl-amino) caproic acid N-

succinimidyl ester (2.29) in dry acetone with excess K2CO3 and stirred at room 

temperature for 24 h (Scheme 3.15).  This was purified with a series of reversed-phase C18 

and CN CC to yield the desired product 3.26 (66%).  Analysis of 
1
H NMR data of 3.26 
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revealed the presence of five exchangeable resonances at δH 10.08 (NH-9), δH 8.32 (NH-

24), δH 8.20 (NH-18), δH 7.81 (NH-27), and δH 6.73 (NH-34), in concordance with the 

desired structure.  Identification of the alkyl resonances, δH 2.85 (H2-33), δH 2.03 (H2-29), 

δH 1.44 (H2-30), δH 1.34 (H2-32), δH 1.19 (H2-31) and the tert-butyl resonance δH 1.34 

(H3-38) confirmed the presence of the protected caproic linker.   

Scheme 3.15. Synthesis of N-13-(tert-butyl 6-oxo-6-(2-propionamidoethylamino)-hexylcarbamate)-

discorhabdin C (3.26). 

Reagents and conditions: i) 6-(tert-butoxycarrbonyl-amino) caproic acid N-succinimidyl ester, K2CO3, dry 

acetone, r.t., 1.5 h. 

 

Mass spectrometry provided HRFABMS data which confirmed the structure of the desired 

analogue.  Biological testing on 3.26, however, indicated cytotoxicity was lost and will be 

discussed in Section 3.5.  Because further modifications of this analogue will likely yield 

biologically inactive compounds, the concept of extending the linker molecule to retain 

bioactivity was halted. 

 

  

3.21 3.26 
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3.4 Synthetic study towards ex vivo fluorescent labelling of discorhabdin 

C 

 

Summary of the biological results, to be discussed more fully in section 3.5, suggests 

bioactivity of N-13 analogues of discorhabdin C was limited by the size and polarity of the 

substituents.  To overcome the limitations encountered, a new approach had to be 

examined.  The use of an ex vivo imaging technique may allow imaging of the cellular 

target(s) of discorhabdin alkaloids.  As studies on biomimetic reactions of discorhabdins 

with amino acid derivatives have provided preliminary evidence that these alkaloids may 

bind irreversibly via the spiro-enone ring to form covalent adducts, an ex vivo study would 

require bioactive discorhabdin analogues containing an additional reactive site that may 

undergo labelling with a fluorescent molecule after binding irreversibly to the target site. 

 

The use of copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition or 'click' chemistry have 

grown more frequent in the last decade and has been recognised as an efficient, versatile 

and selective reaction for connecting two fragments together.  These properties match the 

requirements desired for this study.  The reaction mechanism was proposed by Sharpless 

et al., summarised in Figure 3.16.
75

  The reaction begins with the formation of the copper 

(I) acetylide I, between the Cu(I) and terminal alkyne, subsequently followed by the 

ligation with the azide fragment (II).  A 6-membered transition state is formed (III), 

allowing the formation of the triazole ring (IV).   

 

 

Scheme 3.16. Mechanism for the copper-catalyzed cycloaddition proposed by Sharpless et al.75
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In order to utilise this methodology in our study, bioactive discorhabdin analogues 

containing an alkyne or azide functionality were targeted for synthesis.  Two new 

analogues containing these functional groups were therefore proposed for this study 

towards ex vivo fluorescent labelling of discorhabdin alkaloids (Figure 3.6).  Furthermore, 

the propargyl and azide functional groups are relatively small molecules, and addition of 

these functional groups at the N-13 position of discorhabdin C would be expected to have 

little effect on biological activity.   

 

Figure 3.6. Illustration of alkyne and azide functionalised discorhabdin C.   

 

3.4.1 Synthesis of N-13-propargylacetamido discorhabdin C 

 

The installation of a propargyl functional group onto discorhabdin C followed the 

methodology already developed for the synthesis of N-13 modified analogues.  

Propargylamine was stirred with bromoacetyl bromide in CH2Cl2 at -30 °C for 30 min. 

before leaving it to warm to room temperature (Scheme 3.17).  The crude mixture was 

washed with HCl (10%) and sat. NaHCO3 before drying with MgSO4 and concentrated in 

vacuo to yield the desire product as a yellow oil (3.27).  NMR experiments revealed a 

simple 
1
H NMR spectrum, containing four resonances, an exchangeable resonance at δH 

6.88 (br s, NH-3), a doublet of doublet resonance contributed by the methylene δH 4.05 (J 

= 5.4, 2.7, H2-4), a fine triplet resonance δH 2.26 (J = 2.7, H-6) and a singlet methylene 

resonance expected from the acetamide linker δH 3.86 (s, H2-1).  These were in 

concordance with literature data.
76
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Scheme 3.17. Synthesis of N-13-propargylacetamido discorhabdin C. 

Reagents and conditions:i) Bromoacetyl bromide, CH2Cl2, -30 °C, 30 min., r.t. 20 min. ; ii) discorhabdin C, 

K2CO3, dry acetone, 70 °C, 2 h. 

 

2-Bromo-N-propargylacetamide (3.27) was subsequently coupled onto discorhabdin C by 

dissolving the reactants in dry acetone in the presence of K2CO3 (Scheme 3.17).  This was 

refluxed for 2 h. before purification with reversed-phase C18 and CPhenyl flash 

chromatography to yield a purple solid (3.28) in 45% yield.  Interpretation of NMR data 

revealed the usual 
1
H resonances of a discorhabdin C moiety, with the disappearance of 

the NH-13 resonance.  The formation of four new resonances were observed with an 

exchangeable resonance at δH 8.79 (NH-24), two methylene resonances at δH 5.00 (s, H2-

22) and δH 3.90 (H2-25), and also a fine triplet resonance at δH 3.17 (H-27) assigned as the 

propargyl substituent.  
1
H-

13
C HMBC data identified crucial correlations to connect the 

fragments, with the resonance δH 5.00 (s, H2-22) correlating to the discorhabdin carbons 

C-12 (δC 122.6) and C-14 (δC 132.3), as well as the carbonyl C-23 (δC 165.5), which the 

propargyl resonance δH 3.90 (H2-25) also correlated to.  As expected, this new propargyl 

functionalised analogue was found to have retained cytotoxicity, details being provided 

later in Section 3.5.  

 

3.4.2 Synthesis of N-13-azidopropylacetamido discorhabdin C (3.31) 

 

Commercially available 2-bromopropylamine hydrobromide was reacted with sodium 

azide using the procedure demonstrated by Angelos et la. for the synthesis of 2-

azidoethylamine.
77

  Sodium azide was added to a solution of 2-bromopropylamine 

hydrobromide dissolved in H2O, and stirred at 75 °C for 16 h (Scheme 3.18).  The reaction 

was then allowed to cool to room temperature before addition of NaOH, and the resulting 

mixture was extracted with CH2Cl2, which was dried with MgSO4 and concentrated in 

vacuo.  Unfortunately, the product 3.29 was found to be volatile, and evaporation of 

3.27 3.28 
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reaction solvents resulted in the loss of the desired product.  It was therefore suggested to 

only partially dry the reaction mixture under reduced pressure, and proceed with the 

subsequent reaction step.  2-Azidopropylamine (3.29) in CH2Cl2 was cooled to -30 °C 

followed by dropwise addition of bromoacetyl bromide.  The mixture was stirred for 20 

min. before leaving to warm to room temperature.  The crude product was washed with 

HCl (10%), sat. NaHCO3 and water, before drying in vacuo to yield the desired azide 

linker 3.30.  Analysis of 
1
H NMR data confirmed the structure with identification of the 

expected five resonances δH 6.94 (NH-3), δH 3.90 (H2-1), δH 3.39 (H2-4 and H2-6), and δH 

1.82 (H2-5).  Confirmation of the azide group required mass spectrometry, which observed 

a pseudomolecular ion by (+)-HRESIMS at m/z MH
+
 242.9855 (calcd. for 

C4H9
79

BrN4NaO, 242.9852), 244.9833 (calcd. for C4H9
81

BrN4NaO, 244.9832) which 

coincided with the desired compound. 

Scheme 3.18. Synthesis of N-13-azidopropylacetamido discorhabdin C (3.31). 

Reagents and conditions: i) NaN3, H2O, 70 °C, 16h.; ii) Bromoacetyl bromide, CH2Cl2, -30 °C, 30 min., r.t. 

20 min.; iii) Discorhabdin C, K2CO3, dry acetone, 70 °C, 2 h. 

 

Lastly, the azide linker (3.30) was dissolved in dry acetone with discorhabdin C and 

K2CO3, before heating at reflux for 2 h (Scheme 3.18).  The crude mixture was purified by 

reversed-phase C18 chromatography to isolate the azide functionalised analogue N-13-

azidopropylacetamido discorhabdin C (3.31).  NMR experiments allowed full 

characterization of 3.31, with five new 
1
H resonances δH 8.36 (NH-24), δH 4.96 (H2-22), 

δH 3.80 (H2-27), δH 3.15 (H2-25), δH 1.68 (H2-26) contributed by the azide linker.  
1
H-

13
C 

HMBC data established connection between the linker and discorhabdin C with the usual 

correlations observed from the H2-22 (δH 4.96) resonance to C-12 (δC 122.6) and C-14 (δC 

132.3). 

 

3.29 3.30 

3.31 
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Biological testing of the two analogues 3.28 and 3.31 found both compounds to have 

retained cytotoxicity towards P388 murine leukemia (see later Section 3.5).  The 

successful synthesis of both alkyne and azide functionalised discorhabdin analogue has 

provided an excellent starting point for future study towards ex vivo labeling of 

discorhabdin alkaloids.  As N-13-propargylacetamido discorhabdin C (3.28) was found to 

be more cytotoxic with P388 IC50 of 0.34 µM compared to an activity of IC50 1.30 µM for 

N-13-azidopropylacetamido discorhabdin C (3.31), the alkyne analogue 3.28 was selected 

for further study under "click" chemistry conditions.   

 

3.4.3 Synthesis of azide functionalised fluophores 

 

To demonstrate the copper (I)-catalyzed Huisgen 1,3-dipolar cycloaddition was possible 

with 3.28, two fluorophores with an azide functional group were synthesised (Scheme 

3.19).  Using a modified method described by Diaz et al., dansyl chloride was reacted with 

3-azidopropylamine (3.29) with Et3N and DMAP in dry CH2Cl2.
78

  The reaction was 

stirred for four hours before diluting in CH2Cl2 and washed with HCl (10%), sat. 

NaHCO3, and water.  The organic layer was dried in vacuo and purified by flash 

chromatography in silica gel (0-1% MeOH in CH2Cl2) to yield the desired dansyl azide 

analogue; N-(3-azidopropyl)-5-(dimethylamino)-1-naphthalenesulfonamide (3.32).  The 

1
H NMR spectrum of the product was in agreement with published data, and this 

experimental procedure was repeated on a second fluorophore; lissamine rhodamine 

sulfonyl chloride.   

 



 

Chapter Three: Semi-Synthetic Study of Rings A & B in Discorhabdin Alkaloids 

130 

 

 

Scheme 3.19. Synthesis of dansyl (3.32) and lissamine rhodamine (3.33) azide analogues. 

Reagents and conditions: i) dansyl sulfonyl chloride, TEA, DMAP, CH2Cl2, r.t., 4 h.; ii) lissamine 

rhodamine sulfonyl chloride, TEA, DMAP, CH2Cl2, r.t., 4 h. 

 

Lissamine rhodamine sulfonyl chloride was dissolved in dry CH2Cl2 with 3-

azidopropylamine (3.29) with TEA and DMAP, and the reaction mixture was stirred at r.t. 

for 4 hours.  After this time, the crude product was dried in vacuo and purified with a 

series of flash chromatography steps on silica gel, eluting with 3-4% MeOH in CH2Cl2.  

As the sulfonyl chloride starting material was present as an isomeric mixture, purification 

of the crude product found two bands which were eluted closely together.  NMR 

experiments on the two fractions found one to contain a single compound (3.33), while the 

second fraction contained two compounds; most likely a mixture of the isomers illustrated 

in Figure 3.7.  The pure fraction was hence characterised and used for subsequent 

reactions.  NMR experiments identified extensive overlap of the aryl resonances of the 

lissamine rhodamine moiety, as previously experienced with this fluorophore.  Full 

assignment of this new azide fluorophore (Table 3.5) was achieved by comparison with 

previous spectroscopic data observed for 3.24.   

3.29 

3.32 

3.33 
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Figure 3.7. Isomers of N-(3-azidopropyl)-lissamine rhodamine sulphonamide (3.33).  

 

Table 3.5. NMR data for N-(3-azidopropyl)-lissamine rhodamine sulfonamide (3.33) in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ 

1 - - 

2 - 141.2* 

3 8.42 (d, 1.4) 125.6 

4 - 148.0* 

5 - 133.0 

6 7.48 (d, 4.4) 130.5 

7 7.94 (dd, 4.4, 1.4) 126.4 

8 - 157.3 

9/13 - 113.4 

10/12 - 157.0 

11 - - 

14/21 7.03 (m) 132.5 

15/20 7.03 (m) 113.5 

16/19 - 154.9 

17/18 6.94 (m) 95.3 

22 - - 

23 3.64 (m) 45.1 

24 1.21 (br t, 9.0) 12.3 

25 8.00 (t, 4.4) - 

26 2.94 (dt, 5.0, 4.4) 39.4 

27 1.70 (p, 5.0) 28.4 

28 3.41 (t, 5.0) 47.8 
        *denotes interchangeable resonances 

3.4.4 "Click chemistry" of discorhabdin alkaloids 

 

Copper-catalyzed Huisgen 1,3-dipolar cycloaddition has been achieved by a number of 

different reaction systems, using different copper salts, solvents and reducing agents to 

afford the desired triazole formation.  The reagents selected are usually determined by the 

solubility of the compound of interest.  In the case of hydrophilic compounds, copper (II) 
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salts such as copper sulphate pentahydrate or copper acetate are used, in the presence of 

reducing agents such as sodium ascorbate or metallic copper, dissolved in tert-butanol and 

water.
79

  The presence of a reducing agent reduces copper (II), enabling high 

concentrations of copper (I) to undergo catalytic activity.  Lipophilic compounds require 

the use of copper (I) salts such as copper iodide or Cu(CH3CN)4PF6, in the presence of 

excess base; usually TEA or DIPEA, dissolved in organic solvents such as THF, toluene, 

CH2Cl2 or acetonitrile.
79

  As the discorhabdins are known to be lipophilic in basic 

conditions, CuI with DIPEA was chosen as the reaction condition for this model study, 

using CH2Cl2 as the organic solvent.   

 Scheme 3.20. Synthesis of dansyl "click" discorhabdin C analogue. 
Reagents and conditions:i) N-(3-azidopropyl)-5-(dimethylamino)-1-naphthalenesulfonamide, CuI, DIPEA, 

CH2Cl2, r.t., 30 min. 

 

N-13-Propargylacetamido discorhabdin C (3.28) was dissolved in CH2Cl2 with CuI and 

DIPEA, before addition of excess N-(3-azidopropyl)-5-(dimethylamino)-1-naphthalene-

sulfonamide (3.32) (Scheme 3.20).  The reaction was left to stir for 30 min, after which 

the crude mixture was diluted with MeOH and partially dried in vacuo to remove the 

CH2Cl2 present.  The resulting solution was filtered to remove un-dissolved CuI and 

purified by Sephadex LH-20 chromatography, to afford a purple fraction which was 

suspected to contain the product of interest (3.34), followed by a yellow fraction, most 

likely unreacted dansyl azide reagent.  The purple fraction was further purified by 

reversed-phase C18 chromatography to yield the desired product as a purple non-

crystalline solid.  Successful formation of a triazole ring was identified by a characteristic 

1
H NMR singlet resonance at δH 7.79 (H-27), as well as the disappearance of the alkyne 

resonance at δH 3.17 observed in 3.28.   

3.28 

3.34 
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Figure 3.8. Dansyl "click" discorhabdin C analogue (3.34) with 1H-13C HMBC correlations to confirm the 

presence of a triazole linkage.  

 

Table 3.6. NMR data for dansyl "click" discorhabdin C analogue (3.34) TFA salt in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1/5 7.69 (s) 151.0 1/5, 2/4, 3, 6, 7, 20 

2/4 - 122.6 - 

3 - 171.3 - 

6 - 44.6 - 

7 2.00 (br s) 33.5 - 

8 3.61 (m) 38.2 - 

9 10.08 (br s) - - 

10 - 151.3
1 - 

11 - 165.5
2 - 

12 - 122.6 - 

13 - - - 

14 7.37 (s) 132.3 12, 15, 21 

15 - 118.7
3 - 

16 2.80 (m) 17.8 15, 17, 21 

17 3.68 (t, 7.0) 43.4 15 

18 8.20 (br s) - 21 

19 - 152.6 - 

20 - 91.8 - 

21 - 123.5 - 

22 5.00 (s) 50.8 12, 14, 23 

23 - 165.6
2 - 

24 8.79 (br t, 5.6) - 23 

25 4.30 (m) 34.4 23, 26, 27 

26 - 143.9 - 

27 7.79(s) 122.9 26 

28 - - - 

29 - - - 

30 - - - 

31 4.30 (m) 46.5 32, 33 

32 1.88 (p, 6.0) 30.0 31, 33 

33 2.80 (m) 39.4 31, 32 
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34 8.06 (m) - - 

35 - - - 

36 - 135.5 - 

37 8.06 (m) 128.3 39, 45 

38 7.61 (t, 8.1) 123.5 36 

39 8.47 (d, 8.1) 129.4 37, 41 

40 - 128.9
4 - 

41 - 151.4
1 - 

42 7.27 (d, 8.1) 115.1 40, 44 

43 7.61 (t, 8.1) 127.8 41, 45 

44 8.29 (d, 8.1) 118.8
3 36, 40, 42 

45 - 129.0
4 - 

46 - - - 

47 2.84 (s) 45.0 41 
1,2,3,4denotes interchangeable resonances 

Inspection of the 
1
H NMR spectrum clearly revealed the dansyl sulfonamide moiety, with 

six aryl resonances δH 8.47 (H-39), δH 8.29 (H-44), δH 8.06 (H-37), δH 7.61 (H-38 and H-

43) and δH 7.27 (H-42) and three alkyl resonances δH 4.30 (H2-31), δH 2.80 (H2-33), and 

δH 1.88 (H2-32).  
1
H-

13
C HMBC spectroscopy demonstrated connectivity towards the 

triazole ring, with correlations from H2-25 (δH 4.30) to C-26 (δC 143.9), C-27 (δH 122.9) as 

well as the carbonyl resonance C-23 (δC 165.6).  Assignment of the C-26 resonance was 

confirmed by a correlation from H-27 (δH 122.9) to C-26 (δC 143.9), highlighted in Figure 

3.8.  The complete assignment of NMR data for 3.34 is given in Table 3.6. 

 

Subsequently, the lissamine rhodamine azide analogue was reacted with discorhabdin C 

using similar methodology.  To avoid the need to remove CH2Cl2 from the crude mixture 

before chromatography, an alternative solvent was investigated for this second reaction.  

Acetonitrile was used in place to dissolve both N-13-propargylacetamido discorhabdin C 

(3.28) and N-(3-azidopropyl)-lissamine rhodamine sulphonamide (3.33) along with CuI 

and DIPEA (Scheme 3.21).  As the azide reagent was found to be only sparingly soluble 

in MeCN, this reagent was predissolved by warming the sample first to ensure complete 

dissolution, before addition of the remaining components of the reaction.  The reaction 

was stirred at room temperature for 30 min. before being filtered and loaded directly onto 

a reversed-phase C18 CC.  This was washed repeatedly with H2O, before eluting with 

gradient MeOH/H2O (0.05% TFA) to afford the desired cyclised product 3.35 in 51% 

yield.   
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Scheme 3.21. Synthesis of lissamine "click" discorhabdin C (3.35). 

Reagents and conditions: i) N-(3-azidopropyl)-lissamine rhodamine sulfonamide, CuI, DIPEA, MeCN, r.t., 

30 min. 

 

Interpretation of NMR data confirmed formation of the triazole linkage with detection of 

the characteristic 
1
H NMR singlet resonance at δH 7.94 (H-27), in conjunction to 

13
C NMR 

resonances of δC 144.1 (C-26) and δC 123.0 (C-27), contributed by the triazole moiety 

(Figure 3.9).  
1
H-

13
C HMBC NMR data reinforced these assignments with correlations 

observed from H2-25 (δH 4.34) resonance to C-23 (δC 165.5 or 165.6), C-26 (δC 144.1) and 

C-27 (δC 123.0), accompanied by correlations from H2-22 (δH 5.00) resonance to C-12 (δC 

122.6), C-14 (δC 132.3), and C-23 (δC 165.5 or 165.6).  This therefore established 

connection from the triazole linkage to the discorhabdin moiety.   

Figure 3.9. Lissamine "click" discorhabdin C (3.35) with 1H-13C HMBC correlations to confirm the 

presence of a triazole linkage. 

 

3.35 3.28 
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Full characterisation of the remaining 
1
H and 

13
C resonances of 3.35 was straightforward, 

as the chemical shifts of both the discorhabdin and the lissamine rhodamine fragments did 

not change dramatically from those observed for 3.28 and 3.33.   

 

3.5 Biological activity  

3.5.1 Δ
16(17)

 Discorhabdin alkaloids 

 

Biological testing of Δ
16(17)

 discorhabdin C (3.7) against the P388 murine leukemia cell 

line revealed a decreased potency, relative to discorhabdin C (2.1), with an IC50 of 1.74 

µM.  This result was expected as similar compounds, discorhabdin Q (2.11), discorhabdin 

S (2.12) and discorhabdin T (2.13) all exhibited an IC50 of ≥ 3.0 µM in the same assay.
52, 

53
  The more potent of 3.7 compared to the other Δ

16(17)
 alkaloids suggested the presence 

of an intact spiro-dienone moiety played a crucial role in the mechanism of cytotoxic 

action of this compound.   

 

Previous biological evaluation of discorhabdin alkaloids by Grkovic for growth inhibition 

of Plasmodium falciparum, Leishmania donovani, Trypanosoma brucei rhodesiense and 

Trypanosoma cruzi identified the Δ
16(17)

 compound discorhabdin Q (2.11) to be selective 

for T. b. rhodesiense, with an IC50 of 0.52 µg/mL.
53

  Although the current 

antitrypanosoma drug melarsoprol is more potent at 0.004 µg/mL, the ability to reduce 

cytotoxicity of discorhabdin alkaloids and subsequently increase selectivity towards other 

biological targets will be an important aspect in the development of future drug leads from 

this family of compounds.   

3.5.2 P388 assay of N-13 modified discorhabdin analogues 

 

All new semi-synthetic discorhabdin analogues were evaluated for cytotoxicity against the 

P388 murine leukaemia cell line, as summarised in Table 3.7.  Compounds 3.13, 3.14, 

3.15 and 3.16) were all found to have cytotoxicity similar to 2.1 (0.11 µM) with IC50's of 

0.21, 0.15, 0.23, 0.12 µM respectively.  These results suggest that addition of aryl and 

alkyl substitutes at the N-13 pyrrole ring do not affect the alkaloids cytotoxicity profile.  
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Figure 3.10. SAR for N-13 modified discorhabdin analogues against the P388 murine leukemia cell line.   

*Mitomycin C was used as a positive control (IC50 0.5 µM) 

 



 

138 

 

Further modification at N-13 by addition of a tert-butyl linker (3.20) was found to 

demonstrate lower potency compared to the parent compound 2.1, while the de-protected 

analogue (3.21) was deemed non-cytotoxic.  The complete loss of cytotoxicity was 

suggested to be the result of poor cell permeability of 3.21.  

 

Unfortunately, only one of the four synthesised fluorescent analogues, N-13 dansyl 2-

aminoethyl acetamido discorhabdin C (3.22) demonstrated biological activity towards the 

tumour cell line.  It was proposed the bulky fluorophores present in compound 3.23 and 

3.24 altered the cell penetration of the discorhabdin moiety, this steric effect on bioactivity 

was also evident in 3.26 where an extended spacer molecule was present.  Surprisingly, 

the coumarin analogue 3.25 was also found to be non-cytotoxic, even though it was 

structurally similar to the dansyl analogue 3.22.  It was suggested the N-13 modified 

analogues exhibit a strict SAR dependent on the length and size of the side chain.   

 

Proparyl and azidopropyl functionalised analogues 3.28 and 3.31 were both active towards 

the P388 cell line, with IC50's of 0.34 and 1.30 µM respectively.  While 3.28 exhibited 

similar bioactivity to 2.1, the azidopropyl analogue was much less cytotoxic, but was still 

considered biologically active.  These analogues can therefore be used for future ex vivo 

fluorescent labeling assays.  Compound 3.34, synthesised using "click" chemistry, was 

found to be non-cytotoxic against P388 murine leukemia.  Compared to the dansyl 

analogue 3.22, 3.34 contains a basic triazole group half way along the linker chain, this 

change in basicity may alter the biological potency of discorhabdin C.   

 

The biologically active analogues, 3.14, 3.17, 3.20, 3.22 and 3.28 were also sent to the 

National Cancer Institute for further evaluation against a panel of human tumour cell lines.  

Examination of the NCI developmental therapeutics program dose response curves 

(Figure 3.10) identified significant activity against the NCI's 60-cell line panel for all five 

analogues.  Compounds 3.14, 3.17 and 3.28 were found to have a good differential 

cytotoxicity profile, identified by the degree of line dispersion observed from the graphs.  

These compounds were therefore selected for further in vivo testing at NCI.  

Unfortunately, both the propargyl (3.28) and the phenethylacetamide (3.14) analogues 

failed to demonstrate bioactivity in hollow fiber assays.  This result could be explained by 

the biomimetic reactions previously investigated in Chapter 2, as discorhabdin alkaloids 
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containing an intact spiro-enone moiety may bind irreversibly with glutathione, resulting 

in the possible deactivation of the compounds.   

 

 

 

 

Figure 3.11. NCI 60 cell line dose response curves of N-13-phenethylacetamido (3.14), N-13-

octylacetamido (3.17), N-13- tert-butyl 2-acetamido ethylcarbamate (3.20), N -13 dansyl 2-aminoethyl 

acetamido (3.22) and N -13-propargylacetamido (3.28) discorhabdin C analogues. 

 

 

  

3.14      3.17 

 

 

 

 

 

 

 

3.20      3.22 

 

 

 

 

 

 

 

3.28 
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3.6 Summary and future work  

 

Modifications at N-13 of discorhabdin C have produced a number of potent anti-tumour 

agents which have reached in vivo testing stage at the National Cancer Institute.  The 

inactivity observed in the in vivo assays was proposed to be the result of reactivity of the 

spiro-dienone moiety with cellular nucleophiles, such as glutathione, before reaching the 

target site which results in anti-tumour effect.  The fluorescent analogues synthesised were 

also found to exhibit decreased/loss of potency towards the P388 murine leukemia cell 

line.  It was suggested the presence of a bulky moiety at the N-13 position produced steric 

effects which resulted in decreased biological activity.  The concept of ex vivo fluorescent 

labeling of discorhabdin analogues containing either an alkyne or azide functional group 

should be the next focus of future work to elucidate the mechanism of cytotoxic action of 

this family of cytotoxic alkaloids.  The successful use of "click chemistry" to synthesise 

the triazole analogues 3.34 and 3.35 have reinforced this methodology for future 

mechanistic studies.   

To complement future studies, the use of copper-free "click chemistry" should be 

investigated.  This concept involves the use of a difluorinated cyclooctyne (DIFO) as the 

alkyne functional group for the cycloaddition reaction.
80

  The presence of a strained 

cycloalkyne and also electron-withdrawing substituents (fluorine) has been demonstrated 

to increase the rate of cycloaddition without the need of copper as a catalyst.  Another 

method which may be of interest is the recent discovery of biocompatible copper (I) 

catalysts recently published by Amo et al.
81

  It was reported the use of a 

tris(triazolylmethyl)amine-based ligand can promote the triazole formation without 

apparent cytotoxicity observed under in vivo conditions.  Synthesis of a multi-

functionalised probe with a lysine molecule has been suggested to yield a chemical marker 

capable of binding to an azide functionalised discorhabdin C and provide both fluorescent 

and protein binding studies with biotin (Figure 3.11).   
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Figure 3.12. Proposed multi-functionalised probe with lysine molecule. 

 

N-13-Azidopropylacetamido discorhabdin C could be added to cells and after a period of 

time, the cells lysed and addition of the multi-functionalised probe will in theory bind 

covalently via "click" chemistry to yield tagged discorhabdin molecules.  The biotin 

moiety will allow separations of the discorhabdin adduct from the mixture, and proteomic 

analysis can determine the cellular target(s) of the discorhabdin C analogue.  The presence 

of a fluorophore on the probe will also enable cellular localisation studies to be completed, 

clarifying the mechanism of biological action of this class of biological active marine 

natural product.  
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4.1 Introduction 

 

4.1.1 Background  

 

Ascidiathiazones A (4.1) and B (4.2) were isolated by bioassay-guided fractionation of the 

New Zealand ascidian Aplidium sp. by Pearce et al.
82

  The structure of 4.1 was confirmed 

by X-ray crystallography and both 4.1 and 4.2 were found to exhibit in vitro and in vivo 

anti-inflammatory activities.  Unlike many current nonsteroidal anti-inflammatory drugs 

(NSAIDs), which target cyclooxygenase and phospholipase enzymes, these marine natural 

products suppressed superoxide production by human neutrophils with an anti-

inflammatory potency AI50 of 1.55 µM and 0.44 µM respectively.  Superoxide, produced 

by the one electron reduction of molecular oxygen, has been well known to play a 

fundamental role in inflammation.  During acute or chronic inflammation, the rate of 

superoxide production exceeds the rate of removal by superoxide dismutase, leading to an 

imbalance of this reactive radical.  High concentrations of superoxide anions and nitric 

oxides leads to the formation of peroxynitrite, a strong oxidant capable of reacting with a 

wide range of biomolecules.  Furthermore, cardiovascular and gastrointestinal adverse 

effects from NSAIDs have become increasingly prevalent due to high consumptions of 

this class of drugs, hence increasing the need for discovery of alternative anti-

inflammatory drugs. 

Figure 4.1. Chemical structure of the new natural products ascidiathiazone A (4.1) and B (4.2). 

 

Further biological evaluation of 4.1 identified selectivity of this alkaloid towards 

Plasmodium falciparum and Trypanosoma brucei rhodesiense, with an IC50 of 1.14 and 

4.1 4.2 



 

Chapter Four: Structure-Activity Relationship Study on Ascidiathiazone A 

144 

 

1.20 µM respectively.  This result suggests this natural product has the potential to be 

developed as an antiparasitic drug.
83

 

 

The total synthesis of ascidiathiazone A was first reported by Pearce et al. as illustrated in 

Scheme 4.1.
82

  Using commercially available 8-hydroxyquinoline-2-carboxylic acid, the 

acid functionality was protected by esterification with thionyl chloride in methanol at 

reflux to yield 4.3.  The crude product was oxidised to the corresponding quinone with 

Fremy’s salt.  However, due to instability, no attempt was made to purify the quinone.  

Multiple additions of Fremy’s salt were therefore required to ensure the complete 

oxidation to the quinone (4.4), allowing direct addition of hypotaurine to the crude 

quinone.   

Scheme 4.1. Total synthesis of ascidiathiazone A (4.1) and a regioisomer of ascidiathiazone B (4.2).  

Reagents and conditions: i) SOCl2, MeOH, 0°C, 10min, reflux, 2h, 96%; ii) Fremy's salt, KH2PO4, H2O, 

MeOH, r.t., 3h., 90%; iii) Hypotaurine, CeCl3.7H2O, EtOH, MeCN, r.t., 2 days, 55%; iv) HCl, r.t., 5h, 

100°C, 1h, 68%.; v) NaOH (2M), r.t., 2h., 16%; vi) NaOH (2M), r.t., 2h.  

 

Quinoline quinone 4.4 was then reacted with hypotaurine in the presence of cerium 

trichloride to yield the methyl ester analogue of ascidiathiazone A (4.5).  Purification of 

4.5 was accomplished by trituration of the crude sample with methanol, isolating the 

desired methyl ester as insoluble solids.  This material was subsequently hydrolysed by 

4.3 4.4 

4.1 4.5 4.6 
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heating in conc. HCl to yield the desired natural product ascidiathiazone A (4.1).  In an 

extension to this reaction sequence, Pearce reported that saponification of ester 4.5 did not 

yield ascidiathiazone A, but instead afforded the Δ
2
 analogue 4.6, which is a dioxothiazine 

regioisomer of ascidiathiazone B (4.2).
82

 

An SAR study of thiazine-quinonline-quinones was conducted recently by Chia et al., 

investigated the effects of the C-7 substituent, the orientation of the thiazine ring and also 

the saturation state of the thiazine ring on biological activity.
84

  A library of compounds 

were synthesised and tested for anti-inflammatory (AI) activity by suppression of 

superoxide production by human neutrophils, and also for anti-proliferative (AP) activity 

against the HL60 cell line (Table 4.1).   

 

Table 4.1. Selected compounds from the SAR study of ascidiathiazone reported by Chia et al.84
 

 

Compounds 
AI50 

(µM) 

AP IC50 

(µM) Compounds 
AI50 

(µM) 
AP IC50 

(µM) 

 

1.6 73 

 

>167 2.6 

 29 6.8  >333 97 

 1.9 2.6  1.7 4.0 

 15 0.4  0.06 27 

 1.6 91 

4.1 

 

 

4.7 

 

 

4.8 

 

 

4.9 

 

 

4.10 

4.11 

 

 

 
4.12 

 

 

 
4.4 

 

 

 

 
4.6 
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The analogue 4.7, lacking the carboxylic acid group at C-7 exhibited a much lower anti-

inflammatory activity (AI50 29 µM) as well as an increase in anti-proliferative activity 

(IC50 6.8 µM), resulting in loss of selectivity.  It was found that the presence of electron 

withdrawing groups such as the nitrile analogue 4.8 retained anti-inflammatory activity 

(AI50 1.9 µM) compared to 4.1, but exhibited more potent anti-proliferative activity (IC50 

2.6 µM).  Extension of the C-7 substituent, as with the octyl ester 4.9 resulted in a 

decreased potency of anti-inflammatory activity (AI50 15 µM) and a significant increase in 

toxicity (IC50 0.4 µM), suggesting this class of alkaloids may also be investigated as anti-

tumour agents.  As the synthesis of lipophilic analogues resulted in decreased anti-

inflammatory activity, a more polar analogue 4.10 was synthesised.  This analogue was 

found to exhibit anti-inflammatory activity (AI50 1.9 µM, IC50 91 µM), with higher 

selectivity than that of the natural product 4.1.  However, further study into this analogue 

found this compound did not exhibit activity in vivo, hypothesised to be the result of a 

change in uptake and bioavailability of the compound.  The dioxothiazinenaphthoquinone 

analogue 4.11 was found to exhibit no anti-inflammatory activity, indicating the 

importance of the heteroatom at the 6-position.  The significance of the thiazine ring was 

also investigated by synthesis of the ring opened analogue 4.12, which failed to 

demonstrate any anti-inflammatory activity.  The quinoline quinone analogue 4.4 

surprisingly exhibited similar anti-inflammatory activity (AI50 1.7 µM) comparable to 4.1, 

as well as a more potent anti-proliferative activity (IC50 4.0 µM).  It was suggested that the 

thiazine moiety contributed to a less potent anti-proliferative activity.  Lastly, the Δ
2
 

analogue 4.6 was found to have a more potent anti-inflammatory activity as well as better 

selectivity (AI50 0.06 µM, IC50 27 µM), suggesting that unsaturation of this site will yield 

a much wider range of bioactive compounds.  

 

4.1.2 Related natural products 

 

Conicaquinone A (4.13) and B (4.14) isolated from Aplidium conicum by Aiello et al. also 

contain the 1,1-dioxo-1,4-thiazine ring fused to a quinone substructure.
85

  Biological 
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testing of these two natural products found this family of alkaloids exhibited strong in 

vitro cytotoxicity against C6 (rat glioma) cells, with IC50 of <20 µg/mL.   

Figure 4.2. Chemical structures of natural products conicaquinone A (4.13) and B (4.14). 

 

Further investigation into this species of ascidian yielded the geranyl substituted quinones, 

aplidinone A (4.15), B (4.16), C (4.17), and thiaplidiaquinone A (4.18) and B (4.19) which 

all contain a 1,1-dioxo-1,4-thiazine ring fused with a quinone moiety.
86, 87

  A SAR study 

on aplidinone A found this compound to be active towards the Jurkat leukaemia cell line 

with an IC50 of 44.5 µM, while synthetic analogues of 4.15 were found to exhibit 

biological activity specific to the orientation of the dioxothiazine moiety.  This was 

demonstrated by the synthetic analogue 4.20 exhibiting cytotoxic activity of IC50 21 µM, 

more potent than the original natural product 4.15.  The regioisomer, 4.21, however was 

not active in the same assay, suggesting the orientation of the thiazine moiety was crucial 

to the biological activity.  

Figure 4.3. Chemical structure of aplidinone A (4.15), B (4.16) and C (4.17), with two synthetic analogues 

4.20 and 4.21. 

 

Thiaplidiaquinone A (4.18) and B (4.19) were also tested against the Jurkat leukemia cell 

line, and both compounds were found to exhibit IC50's of ~3 µM.  These alkaloids were 

4.13 4.14 
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found to induce a strong production of intracellular reactive oxygen species (ROS) and 

cause cell death by apoptosis.   

Figure 4.4. Chemical structure of thiaplidinone A (4.18) and B (4.19). 

 

A number of compounds which also contain a 1,1-dioxo-1,4-thiazine ring have been 

isolated from a Truk Lagoon specimen of the sponge Adocia sp. by Schmitz et al.
88

  

Adociaquinone A (4.22), adociaquinone B (4.23), and 3-ketoadociaquinone A (4.24) were 

isolated from this sponge species as minor metabolites, and were suggested to have 

derived from the major components of the sponge xestoquinone (4.25) and halenaquinone 

(4.26).   

Figure 4.5. Chemical structure of adociaquinone A (4.22) and B (4.23), 3-ketoadociaquinone A (4.24) and B 

(4.27), xestoquinone (4.25) and halenaquinone (4.26).  

 

4.18 4.19 
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The structures of 4.22, 4.23, and 4.24 were confirmed by semi-synthesis from 4.25 and 

4.26, using conjugate addition of hypotaurine with the naphthoquinones to give the 

desired natural products.  The semi-synthesis of 4.24 also yielded the regioisomer 3-

ketoadociaquinone B 4.27, which was later isolated from sponges of the genus 

Xestospongia by Cao et al. in 2005.
89

  Biological evaluation of adociaquinone A (4.22) 

and B (4.23) by Concepción et al., identified moderate potency towards HCT-116 cells 

with IC50 of 24 and 21 µM respectively.
90

  It was further noted adociaquinone B (4.23) 

specifically inhibited topoisomerase II to produce cleavable complexes, and does not 

intercalate into DNA.   

 

Xestoquinolide A (4.28) and B (4.29) isolated from the sponge Xestospongia cf. 

carbonaria, embody a halenaquinone-like structure, with 4.29 also containing a 1,1-dioxo-

1,4-thiazine ring.
91

  Protein tyrosine kinase inhibitory assay identified both metabolites to 

have IC50's of 80 and >200 µM respectively against pp60
v-src

, suggesting the presence of 

the thiazine moiety affected the pharmacophore and subsequently led to a large decrease 

in potency of the compound. 

 

Figure 4.6. Chemical structure of xestoquinolide A (4.28) and B (4.29). 

 

Another class of xestoquinone-related natural product isolated from a New Caledonian 

deep water sponge have recently demonstrated potency towards Plasmodium falciparum.
92

  

Alisiaquinone A (4.30), alisiaquinone B (4.31) and alisiaquinone C (4.32) (Figure 4.7) 

were evaluated against the F32 (chloroquine-sensitive), FcB1 (chloroquine-resistant), and 

FcM29 (chloroquine-resistant) strain of malaria, which identified differences in bioactivity 

between 4.30, 4.31 and 4.32.  Alisiaquinone C (4.32) which contains a dioxothiazine 

moiety, was identified as the most potent compound with IC50's of 0.15 (F32), 0.21 (FcB1) 
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and 0.08 (FcM29) µM.
92

  Alisiaquinones A and B however were less active than 4.32, 

with IC50's of >2.5 µM, summarised in Table 4.2. 

Figure 4.7. Chemical structure of alisiaquinone A (4.30),B (4.31) and C (4.32). 

 

Table 4.2. In vitro activity of Alisiaquinones A-C (4.30-4.32).92
 

 

Evaluation of cytotoxicity towards the human breast adenocarcinoma, MCF-7, cell line, 

revealed the dioxothiazine analogue demonstrated low cytotoxicity and also exhibited a 

much higher selectivity index against malaria compared to the control drug, chloroquine.  

Unfortunately, in vivo activity of 4.32 identified a high level of toxicity with 80% 

mortality at day 5, at a dose of 20 mg/kg.
92

  The structural similarity of alisiaquinone C 

and ascidiathiazone reinforces the need to investigate the antimalarial properties of novel 

ascidiathiazone analogues. 

 

The final example of marine natural products that contain a 1,1-dioxo-1,4-thiazine ring are 

the euthyroideones A (4.33), B (4.34) and C (4.35), reported from the New Zealand 

marine bryozoan Euthyroides episcopalism.
93

  The structure of 4.33 was established by 

single crystal X-ray diffraction analysis.   

Cell lines Chloroquine 4.30 4.31 4.32 

F32 0.06 9.1 7.1 0.15 

FcB1 0.18 7.4 8.4 0.21 

FcM29 0.60 8.5 2.6 0.08 

MCF-7 12 36 0.8 41 



 

Chapter Four: Structure-Activity Relationship Study on Ascidiathiazone A 

151 

 

Figure .4.8. Chemical structure of euthyroideone A (4.33), B (4.34) and C (4.35). 
 

Biological evaluation of the three alkaloids found no activity towards the P388 murine 

leukemia cell line, while an antiviral assay identified euthyroideone B to be the only 

compound to demonstrate slight toxicity towards the host BSC-1, Green Monkey kidney 

cell line.
93

  The results demonstrated that oxidation of the 1,1-dioxo-1,4-thiazine ring had 

the potential to modify the biological activity of the natural product.   

 

4.1.3 Objectives  

 

As the ascidiathiazone alkaloids have demonstrated a wide range of biological activities, 

the focus turned to expanding the SAR library as well as testing the analogues in a broader 

range of biological assays.  All compounds prepared in this study were evaluated in 

antiparasitic assays for Trypanosoma brucei, T. cruzi, Leishmania donovani, and 

Plasmodium falciparum K1 growth inhibition properties, together with anti-inflammatory 

and anti-proliferative assays for comparison with known analogues.  A library of amide 

analogues of ascidiathiazone A (4.1) will be generated for a SAR study to investigate the 

effects of side chains with varying lipophilicity.  The quinoline moiety will also be 

modified to incorporate other heterocyclic rings.  
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4.2 Synthesis of dioxothiazine amides 

4.2.1 Ascidiathiazone A n-pentyl-2-carboxamide  

 

With ascidiathiazone A (4.1) available, a number of reactions were undertaken to 

investigate the possibility of generating semi-synthetic analogues directly from the natural 

product for SAR studies.  Initial modification was proposed to couple the acid 

functionality on 4.1 with a series of amines to produce a library of amide analogues. 

 

As a model study, 4.1 was reacted with n-pentylamine in the presence of DCC (1.2 eq.) 

and DMAP in dry DMF (Scheme 4.2).  The crude mixture was subjected to reversed-

phase C18 chromatography and yielded a single fraction eluting with 100% MeOH (0.05% 

TFA).  Unfortunately, 
1
H NMR of this fraction identified no product of interest.  The 

reaction was repeated without DMAP to investigate the conditions required.  However, 

this reaction produced a complex mixture of compounds which were difficult to separate 

by chromatography.  It was hypothesised the insolubility of both the starting material and 

the product would cause purification to be difficult.   

 

Scheme 4.2. Model study for amide coupling at the acid functionality of ascidiathiazone A (4.1).  

 

Therefore a new approach was considered by initially modifying the 8-hydroxylquinoline 

starting material with a range of amide side chains, before oxidation to the quinone and 

subsequent addition of hypotaurine to yield new alkaloids.  Again, using n-pentylamine as 

the model analogue, excess amine (2 eq.) was added to 8-hydroxylquinoline in dry DMF 

(3 mL) in the presence of PyBOP (1.2 eq.) and TEA (1.2 eq.) (Scheme 4.3).  Purification 

4.1 
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of this modified precursor was time consuming, as residual PyBOP highlighted in Scheme 

4.3 can be found in both aqueous and organic fractions requiring repetitive CC to purify.   

Scheme 4.3. Mechanism of synthesis for amide coupling with PyBOP. 

 

A quick purification procedure was later developed by using a single reverse-phase C18 

flash CC.  An initial washing with 30% methanol (0.05% TFA) and Milli Q H2O (0.05% 

TFA) removed all un-reacted 8-hydroxyquinoline as well as benzotriazole residue, leaving 

the desired product and tripyrrolidinophosphonium residue which was eluted in a later 

fraction.  The desired product was separated from the tripyrrolidinophosphonium residue 

by CC on silica gel using CH2Cl2/MeOH (99:1) to obtain the clean product 4.36 as a 

colourless oil.   

 

Scheme 4.4. Oxidation of 8-hydroxy-N-pentylquinoline-2-carboxamide (4.36).  

Reagents and conditions: i) Fremy's salt, KH2PO4, H2O, acetone, r.t., 3h. 

Oxidation of hydroxyquinoline (4.36) was accomplished by means of the Teuber reaction, 

using Fremy's salt to oxidise the phenol to the desired quinone (Scheme 4.4).
94,95

  The 

4.36 

4.36 4.37 
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Teuber reaction involves the use of aqueous solvents in the presence of phosphate buffer, 

and the reaction proceeds via a radical mechanism as illustrated in Scheme 4.5.  Oxidation 

of the hydroxyquinoline was achieved with multiple additions of Fremy's salt using a 1:1 

solvent system of water and acetone in the presence of KH2PO4 to allow complete 

oxidation.   

Scheme 4.5. Mechanism for formation of p-quinone with Fremy's salt.95
 

 

Repeated extractions of the crude mixture with CH2Cl2 yielded the desired quinone (4.37) 

as an orange oil.  Interpretation of NMR data revealed the presence of two quinonoid 

doublet resonances δH 7.20 (d, J = 10.3 Hz, H-7), δH 7.12 (d, J = 10.3 Hz, H-6), 

confirming the product of interest.  Occasionally, unreacted hydroxyquinoline was 

detected, hence requiring repetition of the oxidation reaction with Fremy's salt.  Once no 

starting material was detected by 
1
H NMR spectroscopy, the crude quinone was reacted 

without further purification with hypotaurine (0.8 eq.) and CeCl3.7H2O (1 eq.) in a 

MeCN/EtOH (7:7 mL) solvent system (Scheme 4.6).  After two days of stirring open to air 

at room temperature, the crude product was filtered and washed repeatedly with water, 

followed by MeOH until the washing ran clear, retaining an orange/brown solid (4.38). 

Scheme 4.6. Coupling of hypotaurine to quinolinequinone 4.37.  

Reagents and conditions: i) Hypotaurine, CeCl3.7H2O, EtOH, MeCN, r.t., 2 days. 

4.36 

4.37 

4.37 4.38 
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Table 4.3. NMR data for ascidiathiazone A pentyl-2-carboxamide (4.38) in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

1 - - - 

2 3.41 (t, 6.1) 48.1 3 

3 3.90 (t, 6.1) 40.8 4a 

4 9.32 (br s) - 10a 

4a - 147.6 - 

5 - 176.2 - 

5a - 145.3 - 

6 - - - 

7 - 152.5 - 

8 8.40 (d, 8.2) 126.5 7, 9a, 1' 

9 8.53 (d, 8.2) 135.9 5*, 5a, 7, 10 

9a - 131.3 - 

10 - 173.4 - 

10a - 110.6 - 

1' - 162.4 - 

2' 8.70 (t, 5.9) - 1', 3' 

3' 3.36 (m) 38.8 1', 5' 

4' 1.57 (p, 6.8) 28.8 3', 5', 6' 

5' 1.30 (m) 21.8/28.6 4', 6' 

6' 1.30 (m) 21.8/28.6 4', 5' 

7' 0.88 (t, 6.8) 13.8 5', 6' 

*Correlations observed for experiment optimised for 
x
(JCH) 2 Hz. 

 

The product was fully characterised via analysis of a combination of NMR spectroscopy 

experiments.  A single set of aromatic doublet resonances δH 8.53 (J = 8.2 Hz, H-9) and δH 

8.40 (J = 8.2 Hz, H-8) and methylene triplets δH 3.90 (J = 6.1 Hz, H2-3) and δH 3.41 (J = 

6.1 Hz, H2-2) confirmed only one regioisomer was isolated from the hypotaurine addition 

reaction.  Inspection of 
13

C NMR data confirmed the retention of the quinolinequinone 

moiety with the identification of two distinct carbonyl signals at δC 176.2 (C-5) and δC 

173.4 (C-10).  
1
H-

13
C HMBC NMR correlations observed between the aryl resonances H-
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9 (δH 8.53) and NH-4 (δH 9.32) with the resonances C-10 (δC 173.4) and C-5 (δC 176.2) 

respectively proved the presence of a tricyclic molecule, and also established the 

regiochemistry of the dioxothiazine moiety.  An important correlation was also observed 

between H-8 (δH 8.40) and the amide carbonyl C-1' (δC 162.4), providing evidence the 

amide connection was still intact.   

 

To reinforce the assignment of the orientation of the dioxothiazine fragment on the 

quinolinequinone molecule, 
1
H-

13
C HMBC NMR experiment optimised for 2 Hz was used 

to intensify 
2
JCH and 

4
JCH correlations.  This allowed for observation of a correlation 

between the resonance H-9 (δH 8.53) and C-5 (δC 176.2) as illustrated in Figure 4.9 in red.  

This correlation, when combined with the observed 
3
JCH correlation between NH-4 and C-

5, confirmed a connection between the quinoline and the dioxothiazine fragments and also 

identified the regiochemistry of the dioxothiazine fragment on the molecule (Table 4.3).   

Figure 4.9. Ascidiathiazone A pentyl-2-carboxamide analogue (4.38) with 1H-13C HMBC correlations 

allowing full assignment of structure and highlighting crucial 4JCH correlation. 

 

As the addition of hypotaurine was regiospecific, it was proposed the presence of cerium 

and/or the heterocyclic quinoline assisted in directing the nucleophilic attack of 

hypotaurine.  The theoretical explanation was proposed by Pratt et al. where the reactivity 

of 5,8-quinolinequinones were investigated.
96

  The reaction mechanism proposed in 

Scheme 4.7A illustrates the withdrawal of electrons from the quinonoid ring by the 

heterocyclic nitrogen.  Since the 8-carbonyl carbon atom is located at the α-position with 

repect to the pyridine ring, it is more electron-deficient than the 5-carbonyl carbon atom 

which is present in the β-position.  This effectively promotes the withdrawal of electrons 
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from the Δ
6(7)

 double bond, resulting in an electrophilic carbon C-6.
96

  A second 

mechanism was also proposed which involved the additive cerium ion functioning as a 

Lewis acid (Figure 4.7B).
96

  The metal ion chelates to the heterocyclic nitrogen as well as 

the C-8 carbonyl, resulting in enhancement of the electrophilicity of both these species, 

hence promoting nucleophilic attack at the C-6 position as illustrated.  Both reaction 

mechanisms thus combine to induce regioselectivity of hypotaurine addition on the 

quinolinequinone, resulting in the formation of the regiospecific product (Figure 4.7C).   

Scheme 4.7. Reaction mechanisms for the addition of hypotaurine; (A) Electron withdrawing effect of 

heterocyclic nitrogen; (B) Chelating effect of cerium ion; (C) Addition of hypotaurine to electrophilic C-6.   

 

With ascidiathiazone A pentyl-2-carboxamide analogue (4.38) in hand, a final oxidation 

by saponification to the dioxothiazine regioisomer of ascidiathiazone B was performed.  

To achieve this, 4.38 was thus dissolved in DMF (1 mL), followed by addition of NaOH 

(2N, 3 mL), and left to stir at room temperature for 2 hours (Scheme 4.8).  After this time 

4.38 
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the red/orange solution was acidified with 10% HCl until a colour change to bright yellow 

occurred.  The crude sample was purified by reversed-phase C18 CC to yield the desired 

product 4.39.   

 

Scheme 4.8. Oxidation of ascidiathiazone A pentyl-2-carboxamide (4.38).  

Reagents and conditions: i) DMF, NaOH (2 N), r.t., 2h. 

 

Analysis of the product by 
1
H NMR revealed the presence of two new doublet resonances 

at δH 7.17 (d, J = 8.9 Hz, H-3) and δH 6.62 (d, J = 8.9 Hz, H-2), confirming the presence of 

an enamine-type fragment with successful oxidation of the amide analogue.  Mass 

spectrometry of 4.39 also verified the structure with (+)-HRESIMS m/z MH
+
 376.0958 

(calculated for C17H18N3O5S, 376.0962). 

 

4.2.2 Lipophilic carboxamide analogues of ascidiathiazone 

4.2.2.1 Lipophilic hydroxyquinoline amides 
 

With the successful synthesis of the new ascidiathiazone N-pentylamide analogue, a series 

of amides with varying steric bulk and lipophilicity were prepared to yield a library of 

compounds for SAR studies.  Following the same procedure previously described for the 

synthesis of n-pentyl amino analogue, 8-hydroxyquinoline was coupled with different 

amines in high yields (70-100%) (Scheme 4.9).  The target octyl (4.40), benzyl (4.41), 

phenethyl (4.42), phenylpropyl (4.43) and geranyl (4.44) hydroxyquinoline amide 

analogues are shown in Table 4.4.   

 

Scheme 4.9. General procedure for synthesis of hydroxyquinoline amide analogues.  

Reagents and conditions: i) Amine, PyBOP, TEA, DMF, r.t., overnight. 

4.38 4.39 

4.40-4.44 
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Table 4.4. Expanded library of hydroxyquinoline quinone analogues synthesised from 8-hydroxyquinoline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2D NMR spectroscopy was used to fully characterise each of the five products.  The octyl 

amide analogue 4.40 demonstrated 
1
H-

13
C HMBC correlations between the aryl resonance 

δH 8.33 (d, J = 8.6 Hz, H-3) and alkyl resonance δH 3.45 (dt, J = 7.2, 5.7 Hz, H-3') to the 

carbonyl resonance δC 164.6 (C-1'), confirming the attachment of the n-octylamine to the 

acid functionality.  Similarly, the benzyl 4.41, phenylethyl 4.42, phenylpropyl 4.43 and 

geranyl 4.44 analogues all exhibited similar 
3
JCH correlations between the 

1
H resonances 

identified as H-3 and H-3' to the carbonyl resonance recognised as C-1' (Figure 4.10), 

hence confirming the structure of each of the hydroxyquinoline amide analogues.   

 

Figure 4.10. Crucial 1H-13C HMBC NMR correlations observed for the lipophilic hydroxyquinoline amide 

analogues. 

 

 

Amine Product Yield (%) 

n-Octylamine (4.40)  92 

Benzylamine (4.41)  77 

Phenylethylamine (4.42)  84 

Phenylpropylamine (4.43)  79 

Geranylamine (4.44)  100 
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4.2.2.2 Lipophilic quinoline quinone amides 

 

Unfortunately, oxidation of the new series of hydroxyquinolines to the desired quinones 

was more troublesome than anticipated.  Initial attempts at oxidation of the n-octyl 

analogue (4.40), using a solvent mixture of 1:1 water and acetone failed to dissolve the 

lipophilic starting material.  Addition of excess acetone to the mixture assisted in 

dissolution of the amide, but resulted in recrystallization of Fremy’s salt, hence no 

oxidation was observed.  Attempts to optimise the solvent system for both Fremy’s salt 

and the amide starting material was unsuccessful and so other oxidation conditions and 

reagents were investigated.  The alternative routes of oxidation are summarised in Table 

4.5. 

 

Table 4.5. Reaction conditions for oxidation of 8-hydroxy-N-octylquinoline-2-carboxamide (4.40). 

 

A phase transfer catalyst was trialed to assist in dissolution of Fremy’s salt in the same 

solvent as the lipophilic amides (Table 4.5, entry 2).  Using tricaprylmethylammonium 

chloride with excess Fremy’s salt in water, 4.40 was added in equivalent volume of 

CH2Cl2.  Although a reaction was observed, based upon the characteristic colour change 

of purple to orange, analysis of the crude product with 
1
H NMR spectroscopy revealed a 

mixture of products.  Purification of the mixture proved impossible, possibly due to the 

quinone being unstable on flash chromatography, and so a different approach was 

investigated.  The common oxidizing agent ceric ammonium nitrate (CAN) known for 

quinone synthesis was trialed (Table 4.5, entry 3).  8-Hydroxy-N-octylquinoline-2-

carboxamide was dissolved in a solution with excess CAN in 2:1 acetonitrile and water 

and left to stir for 30 minutes.  Workup yielded a brown product in the organic layer, 

Entry Conditions Additive Yield (%) 

1 Fremy's salt - 0 
2 Fremy's salt tricaprylmethylammonium chloride 0 
3 CAN - 0 
4 PIFA - ~70-100 
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which was analysed by NMR spectroscopy.  Unfortunately, analysis revealed this 

approach also failed to yield the desired quinone.   

 

The use of phenyliodine (III) bis(trifluoroacetate) (PIFA) in the total synthesis of 

ascidiathiazone A (4.1) has been previously trialed and resulted in poor yields.
97

  As this 

reagent could be used in a mixed solvent system it was considered suitable for this project.  

PIFA (3 eq.) was dissolved in 2:1 acetonitrile and water and cooled to 0°C.  8-Hydroxy-N-

octylquinoline-2-carboxamide (4.40) was dissolved in dichloromethane (1 mL) and added 

dropwise to the PIFA mixture.  The reaction turned dark brown immediately on mixing 

and was left to stir for 20 min.  Partition of the crude mixture in CH2Cl2/water yielded the 

target quinone 4.45 in the organic layer.  As purification by CC decomposed the product, 

analysis with NMR spectroscopy was undertaken on the crude product.   

Scheme 4.10. Reaction mechanism for oxidation of hydroxyquinolines with PIFA.97
 

 

The mechanism of PIFA oxidation was proposed by Barret et al. to proceed by 

nucleophilic addition of the hydroxyl group to hypervalent iodine, breakdown into the 

hydroquinone, and oxidation to the final quinone product 4.45 (Scheme 4.10).
97

  

Interpretation of 
1
H NMR data revealed the presence of a singlet resonance at δH 8.56 

contributed by overlapping aryls protons H-3 and H-4, as well as two doublet resonances 

at δH 7.18 (J = 10.5 Hz, H-7) and 7.10 (J = 10.5 Hz, H-6).  An exchangeable resonance 

observed at δH 8.23 was also detected (NH-2'), while the detection of resonances in the 
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alkyl region indicated the presence of the desired octyl chain; H2-3' (δH 3.48), H2-4' (δH 

1.65), H2-5' to H2-9' (δH 1.26) and H3-10' (δH 0.86).  The successful oxidation of the octyl 

analogue with PIFA generated a general procedure that was used to synthesise the 

remaining lipophilic analogues.   

 

The remaining lipophilic hydroxyquinoline amide analogues 4.40-4.44 were oxidised with 

PIFA (Scheme 4.11) to yield the quinones 4.45-4.49 listed in Table 4.6.  Successful 

oxidation was easily recognised by analysis of 
1
H NMR spectroscopic data, which 

revealed the presence of the overlapping aryl resonances contributed by aryl protons H-3 

and H-4.  As the product mixtures were impure, no yields were recorded for the quinone 

intermediates.  Mass spectrometry of the quinones confirmed the presence of the desired 

product, listed in Table 4.6.   

Scheme 4.11. General procedure for synthesis of quinolinequinone amide analogues.  

Reagents and conditions: i) PIFA, MeCN, H2O, CH2Cl2, 0°C, 20 min. 

 

Table 4.6. List of quinone intermediates synthesised, with crucial 1H NMR resonance and MS confirmation. 

Quinones 1
H δ [H-3/H-4] HRESIMS 

N-Octyl-quinoline-5,8-dione-2-carboxamide (4.45) 8.56 √ 

N-Benzyl-quinoline-5,8-dione-2-carboxamide (4.46) 8.67 √ 

N-Phenylethyl-quinoline-5,8-dione-2-carboxamide (4.47) 8.57 √ 

N-Phenylpropyl-quinoline-5,8-dione-2-carboxamide (4.48) 8.57 √ 

N-Geranyl-quinoline-5,8-dione-2-carboxamide (4.49) 8.56 √ 

4.40-4.44 4.45-4.49 
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4.2.2.3 Lipophilic dioxothiazine quinoline quinone amides 

 

Additions of hypotaurine to quinones 4.45, 4.46, 4.47, 4.48 and 4.49 were attempted with 

the same procedure as described with the n-pentyl analogue (Scheme 4.12).  Using a 

solvent mixture of acetonitrile (7 mL) and ethanol (7 mL), the quinones were dissolved 

along with CeCl3.7H2O, followed by the addition of hypotaurine pre-dissolved in water (2 

mL).  The reactions were stirred for 2 days, after which the crude mixtures were subjected 

to vacuum filtration to yield the amide analogues (4.50-4.54).  Purification was 

accomplished by washing the insoluble solids with water and methanol.  

Scheme 4.12. General procedure for synthesis of amide analogues of ascidiathiazones.  

Reagents and conditions: i) Hypotaurine, CeCl3.7H2O, EtOH, MeCN, r.t., 2 days. 

 

Inspection of 
1
H NMR data obtained on the washed solids of all five samples clearly 

indicated the presence of two compounds in each sample.  Further analysis with 2D NMR 

experiments identified a minor set of resonances as belonging to the regioisomeric 

product; an example of the 
1
H NMR spectra of the octyl analogue 4.50A/4.50B is 

illustrated in Figure 4.11.  This 
1
H NMR spectrum exhibited two additional exchangeable 

resonances at δH 10.23 (NH-4*) and δH 9.50 (NH-2'*), overlapping doublet resonances at 

δH 8.40-8.50 (H-6* and H-7*) and two extra methylene resonances at δH 4.11 (H2-3*) and 

δH 3.52 (H2-2*), indicative of the regioisomer 4.50B. 

4.45-4.49 4.50-4.54 4.50B-4.54B 
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Figure 4.11. 
1H NMR spectrum of ascidiathiazone A octyl-2-carboxamide DMSO-d6 highlighting the 

presence of the minor isomer (4.50B). 

 

Separation of the regioisomers by chromatography was complicated as the amides were 

extremely insoluble in most organic solvents, often requiring DMF or DMSO to dissolve.  

It was thus decided to attempt oxidation on the amide analogues to increase the 

hydrophilicity of the compounds to allow for easier purification and to also produce 

additional analogues for the SAR study. 

 

This method was investigated with the regioisomeric mixture of ascidiathiazone A octyl-

2-carboxamide (4.50A/4.50B).  The sample was dissolved in DMF (1 mL) before adding 

aqueous NaOH (2N, 3mL) and the reaction mixture was stirred at room temperature 

(Scheme 4.13).  After 2 hours of stirring the solution changed into a clear orange solution.  

This was acidified with HCl (10 %) until the solution is neutralised, identified by a colour 

change from orange to bright yellow.   

 

NH-4* NH-2'* 
H-3* H-2* 

H-6*/H-7* 

4.50B 
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Scheme 4.13. Oxidation of regioisomeric mixture of ascidiathiazone A octyl-2-carboxamide.  

Reagents and conditions: i) DMF, NaOH (2 N), r.t., 2h. 

 

Unfortunately, purification of the crude product was difficult, with a series of Sephadex 

LH-20, reversed-phase C18, C2, C8 and also normal phase silica gel CC failing to separate 

the regioisomers 4.55A and 4.55B (Scheme 4.13).  Semi-preparative HPLC was thus 

utilised to afford small scale separation of the products.  However, purification by this 

method was extremely time-consuming, and so another method was required to produce 

sufficient quantities of each analogue for biological assay testing.  The focus hence turned 

to the optimization of the hypotaurine addition reaction, to probe for a suitable condition 

which would offer the most regioselectivity. 

 

Table 4.7. Reaction conditions for the synthesis of ascidiathiazone A octyl-2-carboxamide (4.50). 

Entry Temperature Rate of Hypotaurine Addition Regioisomers Ratio 

1 r.t. 2 mL in 5 min 3:1 
2 -30°C 2 mL in 5 min 3:1 
3 0°C 2 mL in 5 min 3:1 
4 r.t. 2 mL in 200 min 1:0 
5 r.t. 1 mL in 5 h (repeated in day 2) No product 

 

Various reaction conditions were experimented with for the addition of hypotaurine to N-

octyl-quinoline-5,8-dione-2-carboxamide (4.45), as listed in Table 4.7.  The result 

suggested decreasing the temperature during hypotaurine addition failed to increase 

regioselectivity of the reaction (Table 4.7, entry 2 and 3), while decreasing the rate of 

addition appeared to produce cleaner products (Table 4.7, entry 4).  Investigation into the 

4.50A 

4.50B 

4.55A 

4.55B 
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reaction parameters found a common factor which may contribute to regioselectivity, 

whereby reactions undertaken on larger scale (> 50 mg) tend to produce more of the minor 

isomer.  All subsequent reactions were therefore performed on a small scale (<40 mg) to 

afford the best regioselectivity.  Using the revised methodology for hypotaurine addition, 

slow addition on small scale, pure analogues of 4.50-4.54 were synthesised (Table 4.8). 

 

Table 4.8. Selected experimental data from  ascidiathiazone A carboxamide analogues (4.50-4.54). 

 

 

Inspection of NMR data of the new analogues confirmed the synthesis of the desired 

compounds.  The n-octyl analogue 4.50 demonstrated the presence of an alkyl chain by 

the multiplets δH 3.32 (H2-3'), δH 1.56 (H2-4'), δH 1.29-1.25 (H2-5' to H2-9') and δH 0.85 

(H3-10').  Analysis of the benzyl analogue 4.51 identified a sharp doublet resonance at δH 

4.55 (J = 6.4 Hz, H2-3') characteristic of the methylene group of the benzyl side chain.   

 

Amine Product Yield (%) HRESIMS 

n-Octylamine (4.50) 

 

22 √ 

Benzylamine (4.51)  17 √ 

Phenylethylamine (4.52)  20 √ 

Phenylpropylamine (4.53)  22 √ 

Geranylamine (4.54)  39 √ 



 

Chapter Four: Structure-Activity Relationship Study on Ascidiathiazone A 

167 

 

Investigation of the phenylethyl analogue 4.52 revealed the desired ethyl resonances at δH 

3.61 (dt, J = 7.7, 5.9 Hz, H2-3') and δH 2.90 (t, J = 7.7 Hz, H2-4').  The inspection of NMR 

data of the phenylpropyl analogue 4.53 identified three methylene resonances at δH 3.41 

(m, H2-3'), δH 2.63 (t, J = 7.8 Hz, H2-5') and δH 1.89 (p, J = 7.8 Hz, H2-4'), representative 

of the phenylpropyl moiety.  Lastly, analysis of the geranyl analogue 4.54 revealed two 

olefinic 
1
H resonances at δH 5.27 (t, J = 6.2 Hz, H-4') and δH 5.07 (m, H-8'), characteristic 

of a geranyl chain.   

 

Inspection of HMBC NMR data for all five analogues identified correlations from the aryl 

resonance H-8 (δH 8.39-8.40) and alkyl resonance H2-3' (δH 3.32-4.55) to the carbonyl C-

1' (δH 162.2-162.7), confirming the attachment of the amide side chains.  Unfortunately, 

the dioxothiazine resonances present in all five samples, H2-2, H2-3 and NH-4 

demonstrated limited 
3
JCH correlations, therefore, the spatial orientation of the 

dioxothiazine ring could not be confirmed.   

 

The structures of the five new analogues were hence confirmed by comparison with 

previously synthesised analogues with known region-orientation of the dioxothiazine ring.  

Comparison of 
1
H δ [H2-2], 

1
H δ [H2-3], 13

C δ [C-5] and 
13

C δ [C-10] of ascidiathiazone A 

methyl ester (4.5) and its regioisomer 4.5B
82

 with the synthesised amide analogues (4.50-

4.54) revealed similarities in 
1
H and 

13
C chemical shifts of the listed resonances (Table 

4.9).
82
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Table 4.9. Comparison of 1H δ [H2-2] and 1H δ [H2-3] of dioxothiazine analogues in DMSO-d6.
82

 

Compound 1
H δ [H2-2] 1

H δ [H2-3] 13
C δ [C-5]

 13
C δ [C-10]

 

Ascidiathiazone A methyl ester (4.5) 3.38 3.89 175.7 172.7 

1,1-Dioxothiazine regioisomer 4.5B 3.49 4.09 177.7 168.2 

n-Pentylamine (4.38) 3.41 3.90 176.2 173.4 

n-Octylamine (4.50) 3.41 3.90 176.1 173.4 

Benzylamine (4.51) 3.39 3.87 176.1 173.3 

Phenylethylamine (4.52) 3.40 3.89 176.1 173.3 

Phenylpropylamine (4.53) 3.41 3.90 176.1 173.4 

Geranylamine (4.54) 3.41 3.90 176.1 173.3 

 

Thus the structures and regiochemistry of dioxothiazinyl quinones 4.50-4.54 were 

confidently established to be identical to 4.5 and as shown in Table 4.8.  

 

4.2.2.4 Oxidised lipophilic dioxothiazine quinoline quinone amides 
 

The pure lipophilic analogues 4.50-4.54 were subsequently oxidised in a similar fashion as 

previously described.  Thus 4.50-4.54 were each dissolved in DMF (1 mL), before 

addition of NaOH (2N, 3 mL) and left to stir for two hours at room temperature (Scheme 

4.14).  The crude materials were acidified with 10% HCl and purified with reversed-phase 

C18 CC to yield the desired Δ
2(3)

 amide analogues 4.55-4.59, tabulated in Table 4.10. 

 

Inspection of NMR data of the newly synthesised compounds revealed the presence of two 

doublet resonances in all five samples, characteristic of 
1
H δ [H-2] and 

 1
H δ [H-3], as 

summarised in Table 4.10.  Mass spectrometry data were also obtained on all five 

analogues, confirming the presence of the desired compounds.   

 

Scheme 4.14. General procedure for synthesis of Δ2(3) ascidiathiazone A carboxamide analogues.  

Reagents and conditions: i) DMF, NaOH (2 N), r.t., 2h. 
Table 4.10. Selected experimental data from Δ2(3) ascidiathiazone A carboxamide analogues. 
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4.2.3 Hydrophilic carboxamide analogues of ascidiathiazone 

 

To fully construct a SAR study of ascidiathiazone, analogues with different polarities were 

synthesised to complement the investigation.  The focus hence turned to the preparation of 

a more polar sidechained amides to investigate differences hydrophilic analogues may 

have in terms of their biological activity.   

 

N,N-Dimethylethylenediamide analogue (4.10) was previously synthesised for anti-

inflammatory SAR study by Chia et al.
84

 This was chosen as the polar side chain for this 

study, to explore the possible bioactivity towards antiparasitic assays.  N,N-

Dimethylethylenediamine was subsequently coupled to 8-hydroxyquinoline using PyBOP 

(Scheme 4.15).  Purification of the crude mixture was achieved using reversed-phase C18 

CC with MeOH (0.05% TFA), resulting in protonation of the N,N-

dimethylethylenediamino chain.  Interpretation of 
1
H NMR spectroscopic data of the 

crude product mixture identified the presence of the desired amide as well as unreacted 

starting material.  Therefore, this mixture was again subjected to reversed-phase C18 CC 

but this time in the presence of ammonia (0.05%), hence increasing the lipophilicity of the 

desired product and increasing polarity of any 8-hydroxy quinoline 2-carboxylic acid 

present.  This technique allowed pure 4.60 to be isolated in 93% yield. 

Compound Yield (%) 1
H δ [H-2] 1

H δ [H-3] HRESIMS 

Δ
2(3)

 n-Octylcarboxamide (4.55) 50 6.63 7.17 √ 

Δ
2(3)

 Benzylcarboxamide (4.56) 30 6.62 7.17 √ 

Δ
2(3)

 Phenylethylcarboxamide (4.57) 37 6.62 7.17 √ 

Δ
2(3)

 Phenylpropylcarboxamide (4.58) 30 6.63 7.15 √ 

Δ
2(3)

 Geranylcarboxamide (4.59) 27 6.62 7.17 √ 
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Scheme 4.15. Synthesis of N-(N,N-dimethylethylenediamino)-8-hydroxyquinoline-2-carboxamide (4.60);  

Reagents and conditions: i) N,N-dimethylethylenediamine, PyBOP, TEA, DMF, r.t., overnight. 

 

Although the amide was successfully synthesised in high yields, subsequent oxidation of 

this polar analogue with PIFA proved problematic.  Workup of the crude mixture by 

CH2Cl2/water partition found no desired quinone in the organic layer and isolation of any 

product from the aqueous layer was not attempted, as the quinones were known to 

decompose under chromatography.  Investigation into this analogue was thus 

discontinued.  Attention subsequently turned to the preparation of a tert-butoxycarbonyl-

1,6-diaminohexane derivative of ascidiathiazone in an effort to prepare an analogue with a 

reactive terminal amine.  Synthesis of N-tert-butoxycarbonyl-aminohexyl-8-

hydroxyquinoline-2-carboxamide (4.61) was successful in 96% yield using PyBOP as the 

coupling agent as previously described (Scheme 4.16).   

Scheme 4.16. Synthesis of N-tert-butoxycarbonyl-aminohexyl analogues 4.63 and 4.63B. 

Reagents and conditions: i) tert-butoxycarbonyl-1,6-diaminohexane hydrochloride, PyBOP, TEA, DMF, r.t., 

overnight; ii) PIFA, MeCN, H2O, CH2Cl2, 0°C, 20 min; iii) Hypotaurine, CeCl3.7H2O, EtOH, MeCN, r.t., 2 

days.  

 

With tert-butoxycarbonyl hydroxyquinoline 4.61 prepared, oxidation to quinone 4.62 

using PIFA was attempted.  Although 
1
H NMR analysis of the crude oxidised reaction 

4.60 

4.61 4.62 

4.63A 4.63B 
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product identified the characteristic overlapping singlet resonances at δH 8.58 (H-2 and H-

3), and aryl doublets at δH 7.19 (H-7) and 7.13 (H-6) of a quinolinequinone, indication of a 

second product was also observed.  Interpretation of 
1
H NMR spectroscopic data revealed 

other aryl resonances at δH 7.70 and 7.30, which may have been due to the hydroquinone 

intermediate.  Due to instability of the quinone compound, purification was not attempted 

and the crude mixture was therefore reacted directly with hypotaurine in the presence of 

CeCl3.7H2O. 

 

Surprisingly, workup of the crude mixture by filtration found the crude product to be 

methanol soluble.  Hence purification of this new analogue was achieved with reversed-

phase C18 CC, isolating the desired product.  Interpretation of 
1
H NMR spectroscopic data 

identified the presence of two compounds 4.63A and 4.63B in 2:1 ratio indicative of a 

regioisomeric mixture of products.  The reaction was thus repeated on a smaller scale (30 

mg) with slower hypotaurine addition (2 mL over 4 hours) in an attempt to achieve 

regioselective hypotaurine addition.  Unfortunately, this also failed to yield a single 

regioselective product.  The compound was therefore characterised as a mixture.  

 

Analysis of 
1
H NMR data identified two sets of resonances representative of the 

dioxothiazine quinolinequinone core, with overlapping doublets resonances at δH 8.4-8.5 

(H-8/8* and H-9/9*) and two pairs of methylene resonances at δH 3.89 (H2-3) and 3.40 

(H2-2) for the major isomer 4.63A, and 4.14 (H2-3*) and 3.51 (H2-2*) for the minor 

isomer 4.63B.  An intact tert-butoxycarbonyl-1,6-diaminohexane fragment was also 

deduced in the 
1
H NMR data with multiple resonances detected in the alkyl region, as well 

as a 9H singlet resonance at δH 1.36 due to the tert-butoxylcarbonyl group.   
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Figure 4.12. Ascidiathiazone A N-tert-butoxycarbonyl-hexyl-2-carboxamide (4.63A) with crucial 1H-13C 

HMBC correlations required for structure elucidation, including a 4JCH correlation, highlighted.  

 

Interpretation of 2D NMR spectroscopic data allowed full characterization of 4.63A.  

Analysis of a 
1
H-

13
C HMBC NMR spectrum optimised at 8.33 Hz revealed 

3
JCH 

correlations between the aryl resonance H-8 (δH 8.40) to C-1' (δC 162.4) and C-9a (δC 

131.3), hence confirming connection of the alkyl chain.  The resonance H-9 (δH 8.54) 

demonstrated correlations to the 
13

C resonances C-5a (δC 145.2) and C-10 (δC 173.3).  A 

weak 
4
JCH correlation was also detected to the quinonoid resonance C-5 (δC 176.1), 

highlighted in (Figure 4.12).  The observation of a 
3
JCH correlation from the amine 

resonance NH-4 (δH 9.36) to C-5 (δC 176.1) confirmed the assignment of regiochemistry 

of the dioxothiazine ring of 4.63A.  Mass spectrometry of 4.63A/4.63B confirmed the 

synthesis of the desired compound, with (+)-HRESIMS m/z [M+H]
+
 507.1899 (calcd. for 

C23H31N4O7S, 507.1908) detected.  In theory this newly synthesised analogue could be 

deprotected to yield a reactive primary amine analogue, allowing further modifications on 

the compound to expand the SAR study.  A limitation to this plan however was the finding 

that the target compound was in fact a mixture of regioisomers.  No further modifications 

were attempted.   

 

4.2.4 Ascidiathiazone A proparyl-2-carboxamide 

 

The final amide analogue prepared contained an alkyne functional group.  Successful 

synthesis of an alkyne functionalised alkaloid would allow utilization of Huisgen click 
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chemistry to produce a larger library of analogues without the need for harsh reaction 

conditions. 

Scheme 4.17. Synthesis of ascidiathiazone A propargyl-2-carboxamide.  

Reagents and conditions: i) propargylamine, PyBOP, TEA, DMF, r.t., overnight; ii) PIFA, MeCN, H2O, 

CH2Cl2, 0°C, 20 min; iii) Hypotaurine, CeCl3.7H2O, EtOH, MeCN, r.t., 2 days. 

 

Propargyl amine was coupled with 8-hydroxyquinoline using the established general 

procedure and purified with a series of reversed-phase C18 CC and silica CC to yield the 

desired propargyl functionalised hydroxyquinoline 4.64 (Scheme 4.17).  Oxidation of this 

amide with PIFA in mixed solvents of 2:1:1 MeCN, water and CH2Cl2 yielded the desired 

quinone 4.65.  Analysis of 
1
H NMR data of this crude sample identified an overlapping 

broad singlet resonances at δH 8.57 (NH-2', H-3 and H-4) as well as extensively 

overlapped doublet resonances at δH 7.33-6.90, suggesting the presence of multiple side 

products.  An intense doublet of doublets resonance at δH 4.30 (H-3') and doublet at δH 

2.28 (H-5') indicated the presence of the propargyl chain.  Purification of the crude sample 

was not attempted, and hypotaurine addition was undertaken on the crude quinone.   

 

Addition of hypotaurine was again carried out in the presence of cerium trichloride and 

MeCN/EtOH solvent system.  After addition of hypotaurine (2 mL over 200 min), the 

reaction mixture was left to stir for 2 days (Scheme 4.17).  Work up of the subsequent 

reaction however, found the crude product to be methanol soluble, as in the case of the N-

tert-butoxycarbonyl-hexyl-2-carboxamide analogue (4.63).  The crude product was thus 

purified with reversed-phase C18 CC, yielding the desired product (4.66).   

4.64 4.65 

4.66 
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Interpretation of 
1
H NMR spectroscopic data identified the presence two regioisomers in a 

ratio of 9:1.  Repetition of the reaction also demonstrated good selectivity for the major 

isomer, with regioselectively ranging from 90% to 100%.  Full assignment of the 
1
H NMR 

spectrum was achieved with analysis of 2D NMR data.  Two exchangeable resonances 

were detected at δH 9.38 (NH-4) and δH 9.09 (J = 6.0 Hz, NH-2'), along with two doublet 

resonances in the aryl region δH 8.55 (J = 8.1 Hz, H-9) and δH 8.40 (J = 8.1 Hz, H-8) 

representative of the quinoline ring.  The presence of the dioxothiazine ring was 

confirmed by the observation of two broad multiplet resonances at δH 3.90 (H2-3) and δH 

3.40 (H2-2), while resonances attributable to the propargyl moiety were observed as a 

doublet of doublet resonance at δH 4.13 (J = 6.0, 2.4 Hz, H-3') and a sharp doublet at δH 

2.12 (J = 2.4 Hz, H-5').  
1
H-

13
C HMBC NMR spectroscopic data enabled full 

characterization of 4.66, with correlations from the dioxothiazine resonances H-3 (δH 

3.90) to C-4a (δC 147.6), and NH-4 (δH 9.38) to the quinonoid C-5 (δC 176.1) and C-10a 

(δC 110.7) resonances.  The quinoline resonances H-8 (δH 8.40) verified connection to the 

propargyl amide with correlation to the carbonyl C-1' (δC 162.5), reinforced by an 

observed correlation from H-3' (δH 4.13) to the same carbonyl C-1' (δC 162.5).  

Elucidation of regiochemistry of the dioxothiazine moiety was accomplished by the 

observation of a 
4
JCH correlation between the quinoline H-9 (δH 8.55) to C-5 (δC 176.1) 

highlighted in Figure 4.13. 

 

Figure 4.13. Ascidiathiazone A propargyl carboxamide (4.66) with crucial 1H-13C HMBC correlations 

required for structure elucidation with 4JCH correlation highlighted.  

 

As with the previous pure analogues, oxidation of 4.66 was attempted with NaOH (2N) 

(Scheme 4.18).  The subsequent crude mixture was purified with reversed-phase C18 CC to 
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yield the oxidised analogue 4.67.  Inspection of 
1
H NMR data of the product revealed 

oxidised dioxothiazine resonances at δH 7.18 (dd, J = 8.8, 5.5 Hz, H-3) and δH 6.63 (d, J = 

8.8 Hz, H-2), indicative of successful oxidation.  The disappearance of the broad multiplet 

resonances at δH 3.90 (H2-3) and δH 3.40 (H2-2) from the product 
1
H NMR spectra also 

confirmed the synthesis of the desired product.  Assignments of the 
1
H and 

13
C resonances 

were straightforward, as the chemical shifts were similar to previously synthesised 

oxidised amine analogues.   

 

Scheme 4.18. Oxidation of ascidiathiazone A propargyl carboxamide (4.66).  

Reagents and conditions: i) DMF, NaOH (2 N), r.t., 2h. 

 

Though not undertaken in this thesis, propargyl analogues 4.66 and 4.67 could be used to 

prepare additional analogues.  Modifications could be carried out on this propargyl 

functionalised analogue via reactions with azide functionalised molecules in the presence 

of a copper (I) salt (Scheme 4.19).  This would allow for the formation of a stable triazole 

linkage between the two molecules under mild reaction conditions. 

Scheme 4.19. Proposed future work for propargyl analogues 4.66 and 4.67. 

 

  

4.66 4.67 
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4.3 Synthesis of heterocyclic analogues 

 

The significance of the heterocyclic moiety on the observed biological activity of the 

ascidiathiazones was yet to be investigated.  Therefore, modification of the quinoline ring 

to different heterocycles was expected to provide further insight into the diversity of 

biological activity possible for this class of marine natural product. 

 

A number of heterocyclic analogues were proposed for this study, including thiophene, 

furan and thiazole analogues (Scheme 4.20).  As the installation of the dioxothiazine 

moiety is often troublesome, it was ideal to undergo hypotaurine addition reaction at a 

later stage of the reaction scheme.  This would therefore require the formation of quinone 

intermediates with the desired heterocyclic ring present.   

 

Scheme 4.20. Proposed retrosynthetic route to heterocyclic analogues. 

 

4.3.1 Thiophene analogues 

 

A thiophene analogue with a functionalised side chain was chosen as the initial 

heterocyclic target.  Synthesis of the thiophene quinone core followed the procedure 

reported by Ruiz et al.
98

  Beginning with 2,4-dihydroxybenzaldehyde, freshly prepared 
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silver (I) oxide and MgSO4 was added in excess in dry CH2Cl2 and allowed to stir at room 

temperature (Scheme 4.21).   

 

Scheme 4.21. Synthesis of (3,6-dihydroxy-2-formylphenyl) thioacetate (4.69). 

Reagents and conditions: i) Ag2O, MgSO4, CH2Cl2, r.t., 6h.; ii) methyl thioglycolate, r.t., overnight. 

 

A second portion of silver oxide and MgSO4 was added after 2 hours of stirring, was left 

to stir for a further 4 hours to allow full oxidation to the quinone, after which the mixture 

was filtered to yield 2-formyl-1,4-benzoquinone (4.68).  Without purification, methyl 

thioglycolate (1.1 eq.) was added directly and left to stir overnight.  The mixture was dried 

in vacuo to yield methyl (3,6-dihydroxy-2-formylphenyl) thioacetate (4.69) of good purity 

in 84% yield (Scheme 4.21).  
1
H NMR data observed for 4.69 were consistent with the 

reported values, with two characteristic doublet resonances at δH 7.26 and δH 6.99 

contributed by the aryl ring, and the presence of a methylene resonance at δH 3.50 and 

methyl ester at δH 3.72 accounting for the attached thioglycolate group.
98

  

 

Scheme 4.22. Formation of thiophene moiety from cyclization of (3,6-dihydroxy-2-formalphenyl) 

thioacetate (4.70). 

Reagents and conditions: i) (CH3CO)2O, NaOAc, reflux, 1h. 

 

Subsequent reaction to form the thiophene moiety was achieved via dehydrative 

cyclization with acetic anhydride and excess sodium acetate under reflux for 1 h. (Scheme 

4.22).  The product mixture was cooled and dried in vacuo until buff coloured powder 

formed, which was filtered and washed with cold water to yield 4.70 in moderate yield 

(79%).  Inspection of 
1
H NMR spectroscopic data revealed the formation of an additional 

4.68 4.69 

4.69 4.70 
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aromatic signal at δH 7.96, contributed by H-3 of the bicyclic molecule.  Two sets of acetyl 

groups were also identified from two singlet resonances at δH 2.40 and δH 2.38. 

Scheme .4.23. Synthesis of methyl 4,7-dihydro-4,7-dioxobenzo[b]thiophene-2-carboxylate (4.72). 

Reagents and conditions: i) H2SO4, MeOH, reflux, 2h; ii) FeCl3.6H2O, H2O, MeOH, 30min.  

 

Cleavage of the acetyl groups was achieved under reflux in acidified MeOH for 2 h. 

(Scheme 4.23).  Water (3 mL) was added to the mixture while still hot and the solution 

dried in vacuo.  Although the product turned dark orange upon drying, analysis of 
1
H 

NMR data confirmed the removal of both acetate groups, producing compound 4.71 in 

88% yield.  Oxidation to the quinone proceeded smoothly, being achieved by addition of 

excess FeCl3.6H2O to the quinol 4.71 pre-dissolved in water and methanol (2:1) and 

stirred for 30 min.  The product was diluted in water and extracted repeatedly with CH2Cl2 

to afford 4.72 in high yields (91%). 

 
Scheme 4.24. Synthesis of ascidiathiazone A thiophene analogues 4.73 and 4.73B. 

Reagents and conditions: i) CeCl3.7H2O, EtOH, MeCN, hypotaurine (2 mL over 200 min), r.t., 2 days. 

 

The quinone was reacted accordingly with hypotaurine in the presence of CeCl3.7H2O by 

slow addition of hypotaurine (2 mL in 200 min) in an ice bath (Scheme 4.24).  After 

stirring for 2 days at room temperature, the crude product was filtered and washed 

repeatedly with water and methanol, until the washings were colourless.  The remaining 

bright orange solid was dried in vacuo to yield the desired product as a mixture of 

regioisomers (4.73A/4.73B), which was subsequently analysed by NMR spectroscopy.  

Interpretation of 
1
H NMR data revealed an exchangeable broad singlet resonance at δH 

4.70 4.71 4.72 

4.72 4.73A 4.73B 
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9.37 (H-4) and a sharp aryl singlet at δH 7.93 (H-8) contributed from the thiophene ring.  

An extra aryl singlet was also detected at δH 8.03 with an integral of 0.28 relative to the H-

8 resonance, assumed to be the regioisomer (4.73B) at the dioxothiazine ring.  2D NMR 

spectroscopic data confirmed this assumption as this unknown resonance demonstrated 

similar correlations compared to H-8 (δH 7.93).  Ruiz et al. demonstrated regioselective 

addition of acetate at the 5-position via the Thiele-Winter acetoxylation without the use of 

cerium chloride (Scheme 4.25); it was thus proposed the electron withdrawing carbonyl 

side chain present resulted in a more electron-deficient carbonyl group at the 7-position, 

hence directing nucleophilic addition at the 5- position.
98

  

Scheme 4.25. Regioselective Thiele-Winter acetoxylation demonstrated by Ruiz et al.98  

 

The reaction of quinone 4.72 and hypotaurine was thus repeated without the addition of 

cerium chloride to assess the regioselectivity of the reaction.  Using the same procedure as 

previously described but in the absence of CeCl3.7H2O, the resulting product was still 

found to contain a mixture of two regioisomers with no improvement in regioselectivity.  

The new thiophene analogue was therefore characterised as a mixture of two compounds 

(4.73A/4.73B). 

 

Interpretation of 
1
H-

13
C HMBC NMR spectroscopic data identified linkage between the 

thiophene ring and the ester side chain through observation of a correlation between the 

resonances H-8 (δH 7.93) to C-1' (δC 160.7) and C-7 (δC 141.0), which were further 

reinforced by corresponding correlations from the methoxy resonance H3-3' (δH 3.90) to 

C-1' (δC 160.7) and C-7 (δC 141.0).  The remaining correlations, summarised in Figure 

4.14, failed to reveal correlations to the quinonoid carbons C-5 and C-9a, making it 

difficult to determine the regiochemistry of the dioxothiazine ring.  The 
13

C resonances C-

5a (δC 141.7/142.5) and C-8a (δC 141.7/142.5) were also indistinguishable, as only one 
1
H 
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resonance H-8 (δH 7.93) correlated to both quaternary resonances.  Attempts to enhance 

2
JCH and 

4
JCH correlations with acquisition of an 

1
H-

13
C HMBC experiment optimised for 

2 Hz failed to provide further structure information.  Therefore orientation of the 

dioxothiazine ring was predicted based on previous experience with hypotaurine coupling 

reactions.  Full assignment of NMR data observed for 4.73A is given in Table 4.11. 

 
Figure 4.14. Ascidiathiazone A thiophene methyl ester (4.73A) with identified 1H-13C HMBC correlations; 
4JCH correlation highlighted.  

 
Table 4.11. NMR data for ascidiathiazone A thiophene methyl ester (4.73A) in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

2 3.37 (obscured) 48.0 3 

3 3.86 (m) 39.0 2, 4a 

4 9.37 (br s) - - 

4a - 147.9 - 

5 - 173.0 - 

5a - 141.7/142.5 - 

6 - - - 

7 - 141.0 - 

8 7.93 (s) 130.1 5a, 7, 8a, 9 

8a - 141.7/142.5 - 

9 - 171.4 - 

9a - 109.5 - 

1' - 160.7 - 

2' - - - 

3' 3.90 (s) 53.2 1', 7* 

*Correlations observed for experiment optimised for x(JCH) 2 Hz. 

 

With the thiophene methyl ester analogue in hand, two extra analogues could be 

synthesised.  Firstly, acid catalysed hydrolysis of the methyl ester achieved by stirring 

4.73A/B with concentrated HCl at 100°C for one hour yielded the free acid 4.74A/B 

(Scheme 4.26).  The thiophene acid was purified by reversed-phase C18 CC.  Analysis of 
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1
H NMR of the new analogue 4.74 demonstrated loss of the ester functionality with the 

disappearance of H3-3' (δH 3.90) (Table 4.12).  This was also confirmed by mass 

spectrometry, with (+)-HRESIMS m/z [M+H]
+
 335.9605 (calc. for C11H7NNaO6S2, 

335.9607) detected.  Unfortunately, the minor isomer was still present in the free acid 

product 4.74B, with no improvement in purity of the major isomer.   

Scheme 4.26. Synthesis of thiophene acid analogues of ascidiathiazone A. 

Reagents and conditions: i) conc HCl, r.t., 5h, 100°C, 1h.; ii) DMF, NaOH, r.t., 2h. 

 

Table 4.12. NMR data for ascidiathiazone A thiophene acid (4.74A) in DMSO-d6. 

no.  1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

2 3.36 (br s) 47.0 - 

3 3.86 (br s) 39.9 - 

4 9.31 (br s) - 5 

4a - 147.8 - 

5 - 173.0 - 

5a - 137.0/141.1/142.6 - 

6 - - - 

7 - 137.0/141.1/142.6 - 

8 7.84 (s) 129.5 5a, 7, 8a, 9, 1' 

8a - 137.0/141.1/142.6 - 

9 - 171.6 - 

9a - 109.5 - 

1' - 162.2 - 

2' 3.36 (br s) - - 

 

1
H-

13
C HMBC NMR of 4.74A identified a new correlation between the exchangeable 

resonance NH-4 (δH 9.31) to the quinone C-5 (δC 173.0), previously not observed in the 

methyl ester.  This new correlation, along with the 
3
JCH correlation from the resonance H-

4.73A/B 4.74A/B 4.75A/B 
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8 (δH 7.84) to C-9 (δC 171.6) led to clarification of the regiochemistry of the dioxothiazine 

ring of the major product as that shown in Figure 4.15. 

 

Figure 4.15. Ascidiathiazone A thiophene acid (4.74A) with identified 1H-13C HMBC correlations.  

 

Both the methyl ester (4.73A/B) and the free acid analogue (4.74A/B) were subjected to 

saponification in 2M NaOH for two hours at room temperature, to yield the oxidised 

thiophene acid (Scheme 4.26).  The product obtained from saponification was fractionated 

via semi-preparative HPLC to separate 4.75A from the minor regioisomer 4.75B.  

Although the major regioisomer was obtained, co-elution of the two isomers prevented 

pure samples of 4.75B from being obtained.  As with the acid analogue, analysis of 
1
H 

NMR spectroscopic data of 4.75A showed the loss of the methyl ester resonance H-3' (δH 

3.90).  In addition, the methylene resonances H2-2 (δH 3.37) and H2-3 (δH 3.86) shifted to 

δH 6.57 and δH 7.13 respectively indicating successful oxidation of the dioxothiazine ring. 

 

2D COSY, HSQC, HMBC NMR spectroscopic data on the sample allowed full 

assignment of the molecule.  Complete 
2
JCH and 

3
JCH correlations were observed in the 

HMBC spectrum between the H-8 (δH 7.82) resonance to C-5a (δC 141.4), C-7 (δC 

141.1/147.4), C-8a (δC 141.1/147.4), C-9 (δC 175.1), and C-1' (δC 161.6).  The 

dioxothiazine ring protons H-2 (δH 6.57) and H-3 (δH 7.13) showed linkage into the 

quinone via correlations to C-9a (δC 114.4) and C-4a (δC 141.3) respectively.  An 
1
H-

13
C 

HMBC NMR experiment optimised for 2 Hz was used to identify 
4
JCH correlations from 

the thiophene resonance H-8 and dioxothiazine protons H-2 and H-3 (Figure 4.16).  Both 

H-8 (δH 7.82) and H-3 (δH 7.13) correlated to the same 
13

C resonance C-5 (δC 172.4), 

while H-2 (δH 6.57) correlated to C-9 (δC 175.1).  This result therefore confirms the 
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original regio-assignment of the thiophene analogue.  Complete assignment of NMR data 

of 4.75 is given in Table 4.13. 

 

Figure 4.16. Δ2(3) Ascidiathiazone A thiophene acid (4.75A) with identified 1H-13C HMBC correlations; 

with 4JCH correlation highlighted.  

 

Table 4.13. NMR data for Δ2(3) ascidiathiazone A thiophene acid (4.75) in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

2 6.57 (d, 8.9) 112.0 9, 9a 

3 7.13 (d, 8.9) 130.2 2, 4a, 5* 

4 11.41 (br s) - - 

4a - 141.3 - 

5 - 172.4 - 

5a - 141.4 - 

6 - - - 

7 - 141.1/147.4 - 

8 7.82 (s) 128.0 5*, 5a, 7, 8a, 9*, 1' 

8a - 141.1/147.4 - 

9 - 175.1 - 

9a - 114.4 - 

1' - 161.6 - 

2' - - - 

*Correlations observed for experiment optimised for 
x
(JCH) 2 Hz. 

 

4.3.2 Furan analogues 

 

Modification of the heterocyclic ring was further explored with the synthesis of a furan 

analogue.  Synthesis of 2,7-dioxo-4,7-dihydro-benzofuran derivatives with an ester side 
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chain is uncommon.  Pearce et al. demonstrated the synthesis of 2,7-dioxo-4,7-dihydro-

benzofuran-2-carboxylic acid methyl ester via two routes during a SAR study of the 

cytotoxic marine alkaloid ascididemin (Scheme 4.27).
99

  The first route involved a two 

step sequence with demethylation of methyl 7-methoxybenzofuran-2-caroxylate (4.76) 

with boron tribromide to yield methyl 7-hydroxybenzofuran-2-caroxylate (4.77), followed 

by subsequent oxidation to the quinone 4.78.  Oxidizing agents ceric ammonium nitrate 

(CAN) and PIFA were both evaluated to yield the desired quinone, however, poor yields 

were observed during the oxidation step.  An alternative route was developed that used the 

less common oxidant ceric ammonium sulfate (CAS), based on conditions described by 

Periasamy et al., resulting in direct oxidation of 4.76 to the p-quinone 4.78 in quantitative 

yields.
100

 

Scheme 4.27. Previous synthesis of p-quinone methyl ester in the study on ascididemin.99
 

 

This second procedure was followed to synthesise the required furan quinone moiety from 

commercially available 7-methoxy-benzofuran-2-carboxylic acid ethyl ester (4.79).  

Dissolving the ester in MeCN (10 mL) and 4 N H2SO4 (2.5 mL), followed by addition of 

CAS in 4 N H2SO4 (12 mL), the mixture was heated to 60 °C for 90 min., then cooled and 

decanted into water, and extracted to afford 4.80 in high yields (Scheme 4.28). 

Scheme 4.28. Synthesis of ascidiathiazone A furan ethyl ester analogue (4.81).  

Reagents and conditions: i) MeCN, H2SO4 (4N), CAS, 60°C, 90min.; ii) CeCl3.7H2O, EtOH, MeCN, 

hypotaurine (2 mL over 200 min), r.t., 2 days. 

4.76 

4.77 

4.78 

4.79 4.80 4.81 
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With the quinone in hand, hypotaurine was added as previously described.  The product 

was obtained via vacuum filtration of the crude mixture, followed by repeated washing 

with water to remove impurities yielding the desired compound 4.81 (34%).  
1
H NMR 

spectroscopy of the product found the reaction was regioselective producing only one set 

of resonances as opposed to the thiophene analogue synthesis.  A single aromatic singlet 

was identified at δH 7.58 (H-8), along with the characteristic NH-4 resonance at δH 9.38 

and two broad triplets at δH 3.85 and δH 3.34 indicative of H2-3 and H2-2 respectively.  

Also, the presence of a quartet at δH 4.37 (J = 7.1 Hz, H-3') and triplet at δH 1.33 (J = 7.1 

Hz, H-4') suggested retention of the ethyl ester group. 

 

Table 4.14. NMR data for ascidiathiazone A furan ethyl ester (4.81) in DMSO-d6. 

no. 1
H δ [m, J (Hz)] 13

C δ HMBC (
1
H→

13
C) 

2 3.34 (t, 5.7) 48.0 3, 9, 9a 

3 3.85 (dt, 5.7, 5.7) 39.0 2, 4a 

4 9.38 (br s) - - 

4a - 147.3 - 

5 - 172.1 - 

5a - 149.1 - 

6 - - - 

7 - 148.6 - 

8 7.58 (s) 114.1 5*, 5a, 7, 8a, 9* 

8a - 130.0 - 

9 - 167.7 - 

9a - 108.8 - 

1' - 157.0 - 

2' - - - 

3' 4.37 (q, 7.1) 61.9 7, 4' 

4' 1.33 (t, 7.1) 13.8 3' 
*Correlations observed for experiment optimised for x(JCH) 2 Hz. 
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Figure 4.17.  Ascidiathiazone A furan ethyl ester (4.81) with 1H-13C HMBC correlations; 4JCH correlations 

are also highlighted.  

 

Full characterization was accomplished with the aid of 
1
H-

13
C HMBC NMR experiments 

optimised for 8.33 and 2 Hz, as summarised in Figure 4.17 and Table 4.14.  Correlations 

were observed between H-8 (δH 7.58) and the thiophene quaternary carbon resonances C-

5a (δC 149.1), C-7 (δC 148.6), C-8a (δC 130.0) and carbonyl resonance C-9 (δC 167.7).  

Optimization of an HMBC NMR experiment for 2 Hz identified a 
4
JCH correlation 

between H-8 (δH 7.58) and the second quinone carbonyl resonance C-5 (δC 172.1).  

Elucidation of dioxothiazine regiochemistry was achieved by identifying a 
4
JCH correlation 

from the dioxothiazine resonance H2-2 (δH 3.34) to C-9 (δC 167.7), hence confirming the 

structure of 4.81 as illustrated in Figure 4.17.   

Subsequently, the furan ethyl ester was hydrolyzed with conc. HCl to yield the free acid 

4.82 in 44% yield (Scheme 4.29).  
1
H NMR spectroscopic data of the furan acid 4.82 

identified loss of the ethyl ester group, with retention of the aryl resonance (δH 7.46), as 

well as the methylene resonances H2-2 (δH 3.34) and H2-3 (δH 3.83), which was reinforced 

with mass spectrometry by (+)-HRESIMS m/z [M+H]
+
 298.0009 (calcd. for C11H8NO7S, 

298.0016).  Finally, the free acid 4.83 was oxidised with base to yield the oxidised acid 

analogue 4.83 in 47% yield.   

Scheme 4.29. Synthesis of ascidiathiazone A thiophene acid analogues. 

Reagents and conditions: i) conc. HCl, r.t., 5h, 100°C, 1h.; ii) DMF, NaOH, r.t., 2h. 

4.81 4.82 4.83 
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Analysis of NMR data acquired for the oxidised product 4.83 identified the presence of 

characteristic doublets at δH 6.58 (J = 8.8 Hz, H-2) and δH 7.12 (J = 8.8 Hz, H-3) due to 

the oxidised dioxothiazine ring, confirming successful oxidation.  As the starting furan 

ethyl ester (4.81) contained only a single regioisomer, assignment of the 
1
H and 

13
C NMR 

data of the two subsequent analogues was straightforward (Table 4.15).   

 

Table 4.15. NMR data for ascidiathiazone A furan acid (4.82) and Δ2(3) ascidiathiazone A furan acid (4.84) 

in DMSO-d6.  

     

 

Ascidiathiazone A furan acid (4.82) Δ
2(3)

 Ascidiathiazone A furan acid (4.83) 

no. 1
H δ [m, J (Hz)] 13

C δ 1
H δ [m, J (Hz)] 13

C δ 

2 3.34 (m) 48.0 6.58 (d, 8.8) 112.2 

3 3.83 (m) 39.9 7.12 (d, 8.8) 130.1 

4 9.35 (br s) - - - 

4a - 147.3 - 140.3 

5 - 167.7 - 167.3 

5a - 148.9/150.2 - 149.1 

6 - - - - 

7 - 148.9/150.2 - 129.0/152.0 

8 7.46 (s) 113.4 7.47 (s) 112.2 

8a - 130.2 - 129.0/152.0 

9 - 172.4 - 176.0 

9a - 108.8 - 113.8 

1' - 158.4 - 158.4 

 

4.3.3 Thiazole analogues 

 

The third heterocyclic analogue targeted contained a thiazole moiety in place of the 

quinoline ring present in ascidiathiazone A.  As with the thiophene and furan analogues, 

synthesis of the target compound required preparation of the appropriate quinone, 

followed by addition of hypotaurine to form the desired tricyclic analogue.  Synthesis of 
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the quinone began with commercially available 2-amino-6-methoxybenzothiazole (4.84), 

which required deamination to yield the stable thiazole ring (4.86) (Scheme 4.30).   

 

Scheme 4.30. Deamination of 2-amino-6-methoxybenzothiazole (4.84). 

Reagents and conditions: i) NaNO2, H2SO4, 0 °C, 30 min., H3PO2, CuSO4, 0 °C, 30min. 

 

A general procedure for the deamination of 2-amino-6-methoxybenzothiazole was also 

demonstrated by Pearce et al., in the SAR study of ascididemin.
99

  2-Amino-6-

methoxybenzothiazole (4.84) was dissolved in a solvent mixture of H2SO4 and glacial 

acetic acid along with excess sodium nitrite to form the diazonium ion (4.86), which was 

reduced with hypophosphorous acid and copper sulfate to form the desired compound 

(4.85) (Scheme 4.31).  Workup of the subsequent mixture required repeated extraction 

with CH2Cl2 to obtain a dark red/orange fraction, which was dried with MgSO4.  This was 

diluted in equal volumes of hexane, before slowly drying in vacuo to afford extraction of 

the product into the hexane layer.  The pale yellow hexane was decanted and dried 

separately in vacuo to yield the product 4.85 in 25% yield.   

 

 

Scheme 4.31. Formation of triazene in the deamination of 2-amino-6-methoxybenzothiazole. 

 

4.84     4.85 

4.84 4.85 4.86 

4.87 



 

Chapter Four: Structure-Activity Relationship Study on Ascidiathiazone A 

189 

 

The relatively low yield of target thiazole was explained by the interfering reaction of the 

diazonium intermediate readily reacting with starting material to form triazene compound 

4.87 (Scheme 4.31).
99

  Triazene 4.87 was identified by the presence of the red/orange 

colouration of the crude reaction product, and was also found contaminating the desired 

product, which is a white solid.  Analysis by 
1
H NMR experiment confirmed the presence 

of the desired product, with the identification of a highly deshielded resonance at δH 8.79 

(1H, s, H-2) and the three aryl resonances δH 7.98 (H-4), δH 7.35 (H-7) and δH 7.09 (H-5) 

contributed from the 1,2,4-trisubstituted benzene moiety.  A methoxy resonance was also 

detected at δH 3.84, indicating the successful synthesis of 4.85.   

 

Subsequently, nitration of 4.85 was achieved by reaction with HNO3 in the presence of 

H2SO4 (Scheme 4.32).  This reaction required only 5 min., after which it was poured onto 

ice to yield the desired product (4.88).  As the precipitate was too fine to isolate by 

filtration as demonstrated by Pearce et al., 
99

 the crude mixture was extracted with CH2Cl2 

to yield the desired product 4.88 in 97% yield.  Interpretation of NMR data observed for 

4.88 clearly identified the disappearance of an aryl resonance, which matched the data 

observed by Pearce et al.
99

    

 

Scheme 4.32. Nitration and subsequent reduction of 6-methoxybenzothiazole. 

Reagents and conditions: i) H2SO4, HNO3, r.t., 5 min.; ii) HCl, H2O, Fe, r.t., 30 min. 

 

Reduction of the nitro group present in 4.88 to an amine was accomplished with iron 

powder in conc. HCl (Scheme 4.32).  After 30 min. of stirring at room temperature, the 

reaction was poured into water and neutralised with NaHCO3, before extraction with 

CH2Cl2 to yield the desired product, 7-amino-6-methoxybenzothiazole (4.89).  
1
H NMR 

data revealed the presence of an exchangeable resonance at δH 4.02 (NH2), indicating 

reduction had occurred.   

 

4.85 4.88 4.89 
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Oxidation of 4.89 proceeded with PIFA in trifluoroethanol, as demonstrated by Pearce et 

al.
99

  However, attempts at this reaction yielded a complex mixture of products, and 

repetition of this reaction only yielded small quantities of the desired quinone (14 %).  

Alternatively, cerric ammonium nitrate (CAN) in a solvent system of EtOH/H2O was 

investigated, which also produced a complex mixture containing the desired quinone in 

very low yields (<10%).  Lastly, oxidation of benzothiazole 4.89 was achieved with 

Fremy's salt.  7-Amino-6-methoxybenzothiazole was dissolved in MeOH, followed by 

Fremy's salt (2 eq.) and KH3PO4 (1 eq.) dissolved in water (Scheme 4.33).  The reaction 

was stirred for 1 hour in an ice bath, before addition of a second portion of Fremy's salt (2 

eq.) and KH3PO4 (1 eq.).  This was stirred for a further 3 hours at room temperature before 

extraction with CH2Cl2 to yield the desired product 4.90 in high yield (76%).   

 

Scheme 4.33. Oxidation of 7-amino-6-methoxybenzothiazole (4.89) with Fremy's salt. 

Reagents and conditions: i) Fremy's salt, KH3PO4, MeOH, H`O, 0 °C, 4 h. 

 

Analysis of the product by NMR spectroscopy revealed a simple 
1
H NMR spectrum, with 

only three resonances present.  Two aryl resonances δH 9.11 (H-2) and δH 6.05 (H-5) and a 

single methoxy resonance δH 3.91 (OCH3) clearly indicated the use of Fremy's salt had 

afforded the quinone both in high yields and high purity.   

 

Scheme 4.34. Attempted reaction of quinone 4.90 with hypotaurine to produce thiazole analogue. 

 

Finally, with the quinone available, reaction with hypotaurine was attempted to yield the 

target dioxothiazine-thiazole analogue (Scheme 4.34).  Unfortunately, repeated attempts of 

this reaction failed to produce any product.  
1
H NMR analysis of the crude reaction 

4.89    4.90 

4.90 



 

Chapter Four: Structure-Activity Relationship Study on Ascidiathiazone A 

191 

 

product identified the presence of starting material, indicating high stability of the 

quinone.  Although the presence of a methoxy group on the quinone ring was envisaged to 

provide regioselectivity to the addition of hypotaurine, this group may affect the reactivity 

of the quinone, in a way which hinders the nucleophilic attack of hypotaurine.  Any future 

investigation into the synthesis of a thiazole analogue will thus require an alternative 

route.   

4.4 Biological activity of ascidiathiazone analogues 

 

 

 

 

 

 

 

 

 

Pure analogues synthesised from this study were tested for anti-inflammatory (AI) 

activities and anti-proliferative activities, as well as for activity against a range of 

parasites, Trypanosoma brucei rhodesiense, Trypanosoma cruzi, Leishmania donovani, 

Plasmodium falciparum (K1 strain), and cytotoxicity towards the L6 rat myoblast non-

malignant cell line.  Biological assay data for the saturated dioxothiazine amides 4.38, 

4.50, 4.51, 4.52, 4.53, 4.54, and 4.66 were summarised in Table 4.16, corresponding 

oxidised analogues 4.39, 4.55, 4.56, 4.57, 4.58, 4.59 and 4.67 are listed in Table 4.17, and 

heterocyclic analogues in Table 4.18. 

Antiparasitic results shown were determined at the Swiss Tropical and Public 

Health Institute, Basel, Switzerland.  Results are presented with permission from 

the collaborator, Prof. Marcel Kaiser.  

 

Anti-inflammatory results shown were determined at the Malaghan Institute of 

Medical Research, Wellington, New Zealand.  Results are presented with 

permission from the collaborator, Dr. Jacquie Harper. 
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Table 4.16. In vitro activities of synthetic amide analogues of ascidiathiazone A. 

n.t. - not tested. 

 
AI50 

(µM) 

T.b.rhod. 

IC50 (µM) 

T.cruzi. 

IC50 (µM) 

L.donovani 

IC50 (µM) 

P.falc. K1 

IC50 (µM) 

L6 

IC50 (µM) 

 35.5 1.78 15.3 29.4 0.62 22.8 

 36.7 3.91 14.6 47.5 1.12 11.5 

 54.5 1.86 42.6 21.4 1.07 15.4 

 n.t. 2.40 >100 >100 1.52 109.1 

 32.9 2.40 27.0 47.3 1.38 13.3 

 55.3 3.43 40.8 82.8 1.62 24.1 

 n.t. >100 53.3 >100 2.73 41.1 

 

 

 

 
4.38 

 

 

 
4.50 

 

 
4.51 

 

 

 
4.52 

 

 
4.53 

 

 

 
4.54 

 

 

 
4.66 
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Table 4.17. In vitro activities of oxidised amide analogues of ascidiathiazone A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n.t. - not tested. 

 
AI50 

(µM) 

T.b.rhod. 

IC50 (µM) 

T.cruzi. 

IC50 (µM) 

L.donovani 

IC50 (µM) 

P.falc. K1 

IC50 (µM) 

L6 

IC50 (µM) 

 n.t. 3.60 48.2 >100 1.51 4.77 

 n.t. 2.42 42.2 53.0 0.98 6.44 

 n.t. 4.15 >100 >100 4.73 34.4 

 n.t. 0.67 >100 >100 6.47 51.8 

 n.t. 5.90 58.8 >100 1.22 6.52 

 n.t. 2.51 41.2 >100 1.12 4.85 

 n.t. 9.96 >100 >100 1.89 49.8 

 

 

 

 
4.39 

 

 

 
4.55 

 

 
4.56 

 

 

 
4.57 

 

 
4.58 

 

 

 
4.59 

 

 

 
4.67 
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Table 4.18. In vitro activities of heterocyclic analogues of ascidiathiazone A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 AI50 

(µM) 

T.b.rhod. 

IC50 (µM) 

T.cruzi. 

IC50 (µM) 

L.donovani 

IC50 (µM) 

P.falc. K1 

IC50 (µM) 

L6 

IC50 (µM) 

 1.67 0.38 0.51 6.26 0.027 0.52 

 66.6 5.39 >100 >100 0.086 >100 

 0.16 2.16 >100 >100 0.035 >100 

 0.11 1.07 4.67 39.7 0.108 5.07 

 2.68 7.54 >100 >100 0.118 >100 

 0.09 2.71 >100 >100 0.342 >100 

 

 
4.73 

 

 

 
4.74 

 

 

 

 
4.75 

 

 

 
4.81 

 

 

 
4.82 

 

 

 

 
4.83 
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4.4.1 Dioxothiazine quinoline quinone amides 

 

Interpretation of the biological data revealed a significant decrease in anti-inflammatory 

activity for all amide analogues tested, with an AI50 of >30 µM compared to the 1.55 µM 

exhibit by ascidiathiazone A (4.1).  Compounds 4.38, 4.50, 4.51, 4.52, 4.53, 4.54, and 4.66 

were also found to demonstrate moderate cytotoxicity, with the exception of compound 

4.52, which may be an outlier in the assay results.  Because ascidiathiazone A had been 

reported to exhibit IC50 of 73 µM for the L6 cell line, it was suggested addition of 

lipophilic amides to the C-7 position of ascidiathiazone A hindered anti-inflammatory 

activity and increased anti-proliferative activity.   

 

Biological assay results obtained from the Swiss Tropical Institute suggests the new 

analogues were moderately active against T. brucei rhodesiense (IC50 0.67-9.96 µM) and 

P. falciparum (IC50 0.62-6.47 µM), with no significant difference between the saturated 

and oxidised analogues.  SAR evaluation with ascidiathiazone A (4.1), which exhibited 

IC50's of 1.14 and 1.20 µM against P. falciparum and T. b. rhodesiense respectively, 

suggested that the addition of an amide functionality on C-7 did not significantly improve 

the antiparasitic activity.  Furthermore, no significant activity was observed for the new 

amide analogues towards T. cruzi or L. donovani. 

 

4.4.2 Heterocyclic analogues 

 

The series of thiophene and furan analogues were also tested for anti-inflammatory, anti-

proliferative and antiparasitic activities, the results of which are summarised in Table 4.18.  

Most of the analogues synthesised were found to have anti-inflammatory activity except 

for the thiophene acid derivative (4.74).  Compounds 4.75, 4.81 and 4.83 were found to 

have increased potency of anti-inflammatory activity in comparison to ascidiathiazone A.  

However, the anti-proliferative assay of these compounds found the ester derivatives (4.73 

and 4.81) to be too toxic as candidates for an anti-inflammatory drug.  The anti-parasite 

assay identified the new alkaloids to have potent activity towards P. falciparum K1 strain.  

Although they all possess high activity, only compounds 4.74, 4.75 and 4.82 were found 

to have good selectivity towards malaria with minimal cytotoxicity.  This SAR study 
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suggests replacement of the quinoline moiety of ascidiathiazone A with a pentacyclic ring, 

such as thiophene or furan, results in a significant increase in antimalarial activity, and 

should be further studied as a potential antimalarial agent.   

 

4.5 Summary and future work 

 

SAR study of ascidiathiazone A has identified the dioxothiazine quinoline quinone amides 

failed to exhibit any significant potency against the parasites Trypanosoma brucei 

rhodesiense, T. cruzi, Leishmania donovani, and Plasmodium falciparum (K1 strain).  

Furthermore, these analogues were found to have increased cytotoxicity against the L6 

cell line, and therefore will be ineffective both as anti-inflammatory and antiparasitic drug 

candidates.   

 

The heterocyclic analogues however have demonstrated very promising results, with 

thiophene and furan analogues 4.74, 4.75, 4.82 and 4.83 exhibiting potent anti-

inflammtory and antimalarial activities in the micromolar to nano-molar range.  They have 

been selected for in vivo testing against a rodent model of malaria.  Such studies will have 

to await bulk synthesis of these analogues.  The heterocyclic ester analogues demonstrated 

potent cytotoxic activity, a trend also observed with the addition of sidechains onto the 

acid functionality of ascidiathiazone A.  Thus these esters may have some potential as 

antitumour agents. 

 

Future studies into the biological activity of this class of compounds should involve the 

expansion of the furan and thiophene analogues with synthesis of polar substituents at the 

C-7 position.  Other 5-membered heterocyclic moieties such as thiazole or oxazole should 

also be investigated to expand the SAR study of this class of bioactive marine natural 

products.   
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5.1 General experimental procedures 

 

Infrared spectra were recorded using a Perkin-Elmer spectrum One Fourier-Transform IR 

spectrometer as a dry film.  Absorption maxima are expressed as wavenumbers (cm
-1

). 

Ultraviolet-visible spectra were run as MeOH solutions on a UV-2102 PC Shimadzu UV-

Vis scanning spectrophotometer.  ECD spectra were recorded on an Applied 

Photophysics Pi star 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 (DMSO-d6: δH 2.50, δC 39.43; CD3OD: δH 3.30, δC 49.05; acetone-d6 δH 2.05, 

δC 206.18; 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 Bruker micrOTOF-QII mass spectrometer.  

 

Analytical reversed-phase HPLC was run on a Waters 600 HPLC photodiode array 

system using an Alltech C8 column (3μ Econosphere Rocket, 7 x 33 mm) 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, CN and Cphenyl 

LiChroprep stationary support with a pore size 40-63 μm and C18 LiChroprep stationary 

support with a pore size 25-40 μm.  Normal-phase flash chromatography was carried out 

on silica gel Kiesel 60 0.063-0.200 mesh (Merck).  Gel filtration flash chromatography 

was carried out using Sephadex LH-20 (Pharmacia).  Thin layer chromatography was 

carried out on 0.2 mm thick plates of Kiesegel F254 (Merck). Retention factor (Rf) values 

were calculated by dividing the distance run by compound with the distance run by 

specified solvent system. 
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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 or better. 

Chemical reagents used were purchased from standard chemical suppliers. 

 

P388 cytotoxicity results were reported as concentration of a compound required to 

reduce in vitro P388 D1 murine leukemia cell population by 50%.  Cytotoxicity against 

the NCI 60-cell line human tumour panel was reported as a mean GI50 (50% growth 

inhibition) value in μM.  Trypanosoma brucei rhodesiense, Trypanosoma cruzi, 

Leishmania donovani, Plasmodium falciparum and L6 in vitro assay results were 

reported as concentration of a compound required to reduce the cell population by 50%.  

The control drugs Melarsaprol (IC50 0.002), Benznidazole (IC50 0.476), Miltefosine (IC50 

0.217), Chloroquine (IC50 0.089) and Podophyllotoxin (IC50 0.008) were used for the 

T.brucei, T.cruzi, L.donovani, P.falciparum and L6 cell lines respectively. 

 

5.2 Chapter two experimental procedures 

 

5.2.1 General extraction and isolation procedures 

 

Latrunculia (Latrunculia) trivetricillata 

 

Freeze dried Latrunculia (Latrunculia) trivetricillata sponge material (MNP 6116, 

13.794 g) was extracted with MeOH.  The solvent was filtered and then removed in 

vacuo to give a purple-brown crude extract. A portion of the crude extract was subjected 

to Sephadex LH-20 (MeOH (0.05% TFA)) and the red/purple fraction was subjected to a 

reversed-phase C18 (MeOH, H2O-TFA (0.05%)) CC, yielding three metabolites 

discorhabdin C (152 mg, 1.1% dry weight), (-)-(2S,6R,8S)-discorhabdin D (22 mg, 0.16% 

dry weight), and 3-dihydo discorhabdin C (123 mg, 0.89% dry weight) as trifluoroacetate 

salt.  Spectroscopy agreed with literature data.
57
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Latrunculia (Biannulata) wellingtonesis 

 

A single specimen of freeze dried Latrunculia (Biannulata) wellingtonesis (5.933 g, 

SEAS-LAT-MB-10-1) was extracted with MeOH. The solvent was filtered and then 

removed in vacuo to give a dark brown crude extract.  A portion of the crude extract was 

subjected to Sephadex LH-20 (MeOH) to yield a red/orange fraction, which was 

subjected to a second Sephadex LH-20 (50% MeOH, 50% CH2Cl2) yielding discorhabdin 

B as a free base (13.6 mg, 0.23% dry weight).  Spectroscopy agreed with literature data.
53

 

 

5.2.2 Semi-synthetic (+)-(6S)-discorhabdin U (2.8)
54

 

 

 

Wellington-sourced (+)-(6S,8S)-Discorhabdin B (8) TFA salt (10 mg, 18.9 µmol) was 

dissolved in trimethylphosphate (2 mL) to which an excess of K2CO3 (20 mg) was added. 

The reaction mixture was kept at reflux at 90 ºC for 3 hr. under N2. The crude reaction 

mixture was loaded on a C18 flash CC eluting with a gradient solvent mixture from 0-

50% MeOH (0.05% TFA) to isolate the desired compound 2.8 (5.0 mg, 47%) as a green 

non-crystalline trifluoroacetate salt.  RT 5.82 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 

10.69 (1H, br s, NH-9), 8.83 (1H, br s, NH-18), 7.77 (1H, s, H-1), 7.41 (1H, s, H-14), 

6.54 (1H, m, H-8), 6.08 (1H, s, H-4), 4.71 (1H, m, H-7), 3.93 (3H, s, H-22), 3.76 (2H, t, J 

= 7.8 Hz, H2-17), 2.85 (2H, m, H2-16), 2.42 (3H, s, H3-23); (+)-ESIMS m/z 442 

[M+H]
+
;(+)-HRESIMS m/z [M+H]

+
 442.0206 (calcd for C20H17

79
BrN3O2S 442.0219), 

444.0187 (calcd for C20H17
81

BrN3O2S, 444.0199).  

  

(+)-(6S)-2.8 
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5.2.3 Discorhabdin P (2.14)
57

 

 

Discorhabdin C trifluoroacetate salt (10.2 mg, 17.7 µmol) was dissolved in dry acetone (1 

mL) along with excess K2CO3 (30 mg) and CH3I (30 µL), turning the solution from 

red/purple to orange.  The mixture was heated to reflux and left to stir for 1 h.  The crude 

mixture was loaded directly onto a reversed-phase C18 CC and washed with six column 

volumes of water (0.05% TFA).  Elution with a gradient solvent mixture of 0-30% 

MeOH (0.05% TFA) yielded a single red/purple band.  The solution was dried in vacuo 

to yield compound 2.14 (10 mg, 96%) as a red/purple non-crystalline trifluoroacetate salt.  

RT 6.41 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 10.10 (1H, br s, NH-9), 8.17 (1H, br s, 

NH-18), 7.70 (2H, s, H-1/H-5), 7.40 (1H, s, H-14), 3.92 (3H, s, H3-22), 3.66 (2H, td, J = 

7.4, 2.5 Hz, H2-17), 3.60 (2H, br s, H2-8), 2.79 (2H, t, J = 7.4 Hz, H2-16), 2.01 (2H, t, J = 

5.2 Hz, H2-7); (+)-ESIMS m/z 476 [M]
+
; (+)-HRESIMS m/z [M]

+
 475.9589 (calcd. for 

C19H16
79

Br2N3O2, 475.9604), 477.9579 (calcd. for C19H16
79

Br
81

BrN3O2, 477.9584), 

479.9556 (calcd. for C19H16
81

Br2N3O2, 479.9564).  

 

5.2.4 (3s,6s)- and (3r,6r)- 3-Dihydrodiscorhabdin C (2.19A/2.19B) 

 

Discorhabdin C trifluoroacetate salt (8.0 mg, 13.9 µmol) was dissolved in dry MeOH (1 

mL) and excess NaBH4 was added, before purging the mixture with N2.  The red/purple 

solution turned red with addition of NaBH4 and became yellow within 10 seconds, at 

2.14 

2.19A R1 = H, R2 = OH 

2.19B R1 = OH, R2 = H 
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which the mixture was left to stir for 5 min.  The reaction was then opened to air turning 

the solution back to red.  The crude reaction mixture was loaded directly onto a reversed-

phase C18 CC and washed with six column volumes of water (0.05% TFA).  Elution with 

a gradient solvent mixture  from 0-30% MeOH (0.05% TFA) was used to fractionate the 

crude mixture into two dark purple fractions.  The solutions were dried in vacuo to yield 

compounds 2.19A (3.7 mg, 46%) and 2.19B (2.9 mg, 36%) as dark purple non-crystalline 

trifluoroacetate salts.   

(3s,6s)-3-Dihydrodiscorhabdin C:  RT 4.89 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 13.13 

(1H, br s, NH-13), 9.98 (1H, br s, NH-9), 7.82 (1H, br s, NH-18), 7.37 (1H, s, H-14), 6.38 

(2H, s, H-1/H-5), 4.67 (1H, s, H-3), 3.72 (2H, td, J = 7.4, 2.9 Hz, H2-17), 3.51 (2H, br m, 

H2-8), 2.82 (2H, t, J = 7.4 Hz, H2-16), 1.88 (2H, t, J = 5.5 Hz, H2-7);  
13

C NMR (DMSO-

d6, 100 MHz) δ 165.7 (C-11), 153.1 (C-19), 151.4 (C-10), 134.1 (C-1/C-5), 127.4 (C-14), 

124.4 (C-2/C-4), 123.5 (C-21), 123.1 (C-12), 119.7 (C-15), 96.1 (C-20), 70.8 (C-3), 43.9 

(C-17), 41.9 (C-6), 38.1 (C-8), 34.8 (C-7), 18.1 (C-16);  (+)-ESIMS m/z 464 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 463.9589 (calcd. for C18H16

79
Br2N3O2, 463.9604), 465.9575 

(calcd. for C18H16
79

Br
81

BrN3O2, 465.9584), 467.9572 (calcd. for C18H16
81

Br2N3O2, 

467.9564).   

 

(3r,6r)-3-Dihydrodiscorhabdin C:  RT 5.68 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 13.15 

(1H, br s, NH-13), 10.16 (1H, br s, NH-9), 7.79 (1H, br s, NH-18), 7.52 (1H, br s, OH-3), 

7.37 (1H, s, H-14), 6.48 (2H, s, H-1/H-5), 4.60 (1H, s, H-3), 3.72 (2H, td, J = 7.5, 2.7 Hz, 

H2-17), 3.60 (2H, obscured by water, H2-8), 2.83 (2H, t, J = 7.5 Hz, H2-16), 1.86 (2H, t, J 

= 5.7 Hz, H2-7); (+)-ESIMS m/z 464 [M]
+
; (+)-HRESIMS m/z [M]

+
 463.9591 (calcd. for 

C18H16
79

Br2N3O2, 463.9604), 465.9573 (calcd. for C18H16
79

Br
81

BrN3O2, 465.9584), 

467.9563 (calcd. for C18H16
81

Br2N3O2, 467.9564).  
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5.2.5 (3s,6s)- and (3r,6r)-3-Dihydrodiscorhabdin P (2.25A/2.25B) 

 

 

Discorhabdin P (5.2 mg, 8.8 µmol) was dissolved in dry MeOH (1 mL) and excess 

NaBH4 was added, before purging the mixture with N2.  The red/purple solution turned 

red with addition of NaBH4 and became yellow within 10 seconds, at which the mixture 

was left to stir for 5 min.  The reaction was then opened to air turning the solution back to 

red.  The crude reaction product was loaded directly onto a reversed-phase C18 CC and 

washed with six column volumes of water (0.05% TFA).  Elution with a gradient solvent 

mixture  from 0-30% MeOH (0.05% TFA) was used to fractionate the crude mixture into 

two dark purple fractions.  The solutions were dried in vacuo to yield compounds 2.25A 

(3.1 mg, 59%) and 2.25B (1.7 mg, 32%) as dark purple non-crystalline trifluoroacetate 

salts.   

(3s,6s)-3-Dihydrodiscorhabdin P: RT 5.98 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.94 

(1H, br s, NH-9), 7.79 (1H, br s, NH-18), 7.37 (1H, s, H-14), 6.36 (2H, s, H-1/H-5), 4.67 

(1H, s, H-3), 3.90 (3H, s, H3-22), 3.74 (2H, td, J = 7.5, 0.7 Hz, H2-17), 3.51 (2H, br s, H2-

8), 2.80 (2H, t, J = 7.5 Hz, H2-16), 1.87 (2H, t, J = 5.7 Hz, H2-7); 
13

C NMR (DMSO-d6, 

100 MHz) δ 166.0 (C-11), 152.6 (C-19), 151.3 (C-10), 134.1 (C-1/C-5), 132.0 (C-14), 

124.4 (C-2/C-4), 123.3 (C-21), 122.4 (C-12), 119.1 (C-15), 96.2 (C-20), 70.1 (C-3), 43.7 

(C-17), 42.0 (C-6), 38.1 (C-8), 35.9 (C-22), 34.8 (C-7), 18.0 (C-16);  (+)-FABMS m/z 

478 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 477.97500 (calcd. for C19H18

79
Br2N3O2, 

477.97657), 479.97492 (calcd. for C19H18
79

Br
81

BrN3O2, 479.97453), 481.97408 (calcd. 

for C19H18
81

Br2N3O2, 481.97248).  

(3r,6r)-3-Dihydrodiscorhabdin P: RT 6.25 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 10.14 

(1H, br s, NH-9), 7.79 (1H, br s, NH-18), 7.41 (1H, s, H-14), 6.50 (2H, s, H-1/H-5), 4.63 

(1H, s, H-3), 3.92 (3H,s, H3-22), 3.72 (2H, obscured by water, H2-17), 3.61 (2H, 

obscured by water, H2-8), 2.84 (2H, t, J = 7.2 Hz, H2-16), 1.88 (2H, m, H2-7); 
13

C NMR 

2.25A R1 = H, R2 = OH 

2.25B R1 = OH, R2 = H 
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(DMSO-d6, 100 MHz) δ 165.7 (C-11), 152.5 (C-19), 152.2 (C-10), 134.1 (C-1/C-5), 

132.0 (C-14), 123.1 (C-21), 122.5 (C-2/C-4/C-12), 118.9 (C-15), 92.9 (C-20), 69.5 (C-3), 

42.7 (C-17), 42.1 (C-6), 37.5 (C-8), 36.0 (C-22), 33.7 (C-7), 17.9 (C-16);  (+)-FABMS 

m/z 478 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 477.97637 (calcd. for C19H18

79
Br2N3O2, 

477.97657), 479.97300 (calcd. for C19H18
79

Br
81

BrN3O2, 479.97453), 481.97351 (calcd. 

for C19H18
81

Br2N3O2, 481.97248). 

 

5.2.6 (3s,6s)-C-3-Acetate discorhabdin P analogue (2.26A)  

 

(3s,6s)-3-Dihydrodiscorhabdin P (3.7 mg, 6.2 µmol) was dissolved in anhydrous acetic 

anhydride (0.5 mL) and dry pyridine (0.5 mL), the mixture was purged with N2 and left 

to stir for 24 h.  The crude solution was loaded directly onto a reversed-phase C18 CC and 

washed with six column volumes of water (0.05% TFA).  Elution with a gradient solvent 

mixture  from 0-30% MeOH (0.05% TFA) was used to yield a dark purple band, which 

was dried in vacuo to yield compound 2.26A (3.1 mg, 79%) as a dark purple non-

crystalline trifluoroacetate salt. RT 6.67 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.99 (1H, 

br s, NH-9), 7.86 (1H, br s, NH-18), 7.39 (1H, s, H-14), 6.63 (2H, s, H-1/H-5), 6.46 (1H, 

s, H-3), 3.96 (3H, obscured by water, H3-22), 3.72 (2H, obscured by water, H2-17), 3.53 

(2H, m, H2-8), 2.81 (2H, t, J = 7.6 Hz, H2-16), 2.16 (3H, s, H3-25), 1.83 (2H, t, J = 5.5 

Hz, H2-7); 
13

C NMR (DMSO-d6, 100 MHz) δ 169.6 (C-24), 165.8 (C-11), 152.6 (C-19), 

151.4 (C-10), 137.5 (C-1/C-5), 131.8 (C-14), 123.2 (C-21), 122.3 (C-12), 119.2 (C-15), 

117.9 (C-2/C-4), 95.3 (C-20), 71.0 (C-3), 43.7 (C-17), 42.1 (C-6), 38.1 (C-8), 36.0 (C-

22), 35.1 (C-7), 20.3 (C-25), 18.0 (C-16);  (+)-ESIMS m/z 520 [M+H]
+
; (+)-HRESIMS 

m/z [M+H]
+
 519.9865 (calcd. for C21H20

79
Br2N3O3, 519.9866), 521.9847 (calcd. for 

C21H20
79

Br
81

BrN3O3, 521.9847), 523.9831 (calcd. for C21H20
81

Br2N3O3, 523.9826).  

2.26A 
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5.2.7 (3r,6r)-C-3-Acetate discorhabdin P (2.26B)  

 

(3r,6r)-3-Dihydrodiscorhabdin P (3.5 mg, 5.9 µmol) was dissolved in anhydrous acetic 

anhydride (0.5 mL) and dry pyridine (0.5 mL), the mixture was purged with N2 and left 

to stir for 24 h.  The crude solution was loaded directly onto a reversed-phase C18 CC and 

washed with six column volumes of water (0.05% TFA).  Elution with a gradient solvent 

mixture from 0-30% MeOH (0.05% TFA) yielded a single dark purple band, which was 

subsequently dried in vacuo to yield compound 2.26B (3.5 mg, 93%) as a dark purple 

non-crystalline trifluoroacetate salt.  RT 6.80 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 

10.09 (1H, br s, NH-9), 7.77 (1H, br s, NH-18), 7.39 (1H, s, H-14), 6.62 (2H, s, H-1/H-5), 

5.72 (1H, s, H-3), 3.91 (3H, obscured by water, H3-22), 3.79 (2H, td, J = 7.4, 2.8 Hz, H2-

17), 3.57 (2H, br m, H2-8), 2.84 (2H, t, J = 7.4 Hz, H2-16), 2.24 (3H, s, H3-25), 1.90 (2H, 

t, J = 5.6 Hz, H2-7); 
13

C NMR (DMSO-d6, 100 MHz) δ 170.7 (C-24), 165.9 (C-11), 152.7 

(C-19), 151.7 (C-10), 134.9 (C-1/C-5), 132.0 (C-14), 122.9 (C-21), 122.4 (C-12), 118.9 

(C-15), 117.2 (C-2/C-4), 95.3 (C-20), 71.8 (C-3), 42.8 (C-17), 42.1 (C-6), 37.5 (C-8), 

36.0 (C-22), 34.0 (C-7), 20.7 (C-25), 18.0 (C-16);  (+)-ESIMS m/z 520 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 519.9857 (calcd. for C21H20

79
Br2N3O3, 519.9866), 521.9844 

(calcd. for C21H20
79

Br
81

BrN3O3, 521.9847), 523.9811 (calcd. for C21H20
81

Br2N3O3, 

523.9826). 

  

2.26B 
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5.2.8 tert-Butoxy-6-aminohexanoic acid (2.28)
101

 

 

6-Aminocaproic acid (79 mg, 0.6023 mmol) was dissolved in dioxane (10 mL) and milli 

Q water (5 mL), followed by addition of NaOH (1 M, 5mL).  The mixture was cooled to 

0°C before di-tert-butyl dicarbonate (0.20 g, 0.872 mmol) was added.  The reaction 

mixture was stirred overnight at r.t. before acidifying with HCl (10%) to a pH of 2.  The 

crude mixture was extracted repeatedly with EtOAc, and the organic fractions were 

combined, dried with anhydrous MgSO4 and concentrated to yield 2.28 as a white solid 

(135 mg, 97%). Rf (100% EtOAc) 0.70; 
1
H NMR (CDCl3, 300 MHz) δ 10.98 (1H, br, 

OH), 4.64 (1H, br s, NH), 3.07 (2H, m, CH2), 2.30 (2H, t, J = 8.7 Hz, CH2), 1.60 (2H, p, J 

= 8.7 Hz, CH2), 1.45 (2H, m, CH2), 1.39 (9H, s, 3CH3), 1.33 (2H, m, CH2); (+)-ESIMS 

m/z 232 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 232.1536 (calcd. for C11H22NO4, 

232.1543). 

 

5.2.9 6-(tert-Butoxy)aminohexanoic acid N-succinimidyl ester(2.29)
102

  

 

tert-Butoxy-6-aminohexamoic acid (112 mg, 0.49 mmol) was dissolved in dry DMF (5 

mL), followed by addition of N-hydroxysuccinimide (67 mg, 0.58 mmol) and EDC (112 

mg, 0.58 mmol).  The mixture was stirred overnight at r.t. before drying in vacuo.  The 

crude mixture was purified by flash CC on silica gel eluting with MeOH (0-1%) in 

CH2Cl2 to give 2.29 as a white solid (113 mg, 75%).  Rf (5% MeOH/CH2Cl2) 0.64; 
1
H 

NMR (CDCl3, 300 MHz) δ 4.66 (1H, br s, NH), 3.04 (2H, dt, J = 7.4, 6.1 Hz, CH2), 2.76 

(4H, s, CH2), 2.54 (2H, t, J = 7.4 Hz, CH2), 1.69 (2H, p, J = 7.4 Hz, CH2), 1.43 (4H, m, 

CH2), 1.37 (9H, s, 3CH3); (+)-ESIMS m/z 329 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 

329.1705 (calcd. for C15H25N2O6, 329.1707). 

 

2.28 

2.29 
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5.2.10 (3s,6s)-C-3-tert-Butoxycarbonylamino hexanoate discorhabdin P analogue 

(2.30A)  

 

(3s,6s)-3-Dihydrodiscorhabdin P (21 mg, 35.7 µmol) was dissolved in dry DMF (2 mL) 

along with DCC (11 mg, 53.3 µmol) and catalytic amount of DMAP.  6-(tert-

Butoxycarbonylamino) hexanoic acid (17 mg, 74.1 µmol) was added and the mixture was 

stirred at r.t. for 18 h under N2.  The crude solution was purified with a combination of 

reversed-phase C18 and CN CC eluting with MeOH in H2O (0.05% TFA) to yield 

compound 2.30A (22 mg, 76%) as a dark purple non-crystalline trifluoroacetate salt.  RT 

7.16 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.99 (1H, br s, NH-9), 7.87 (1H, br s, NH-

18), 7.39 (1H, s, H-14), 6.76 (1H, t, J = 5.4 Hz, NH-30), 6.63 (2H, s, H-1/H-5), 6.47 (1H, 

s, H-3), 3.91 (3H, s, H3-22), 3.73 (2H, td, J = 7.4, 2.9 Hz, H2-17), 3.53 (2H, br m, H2-8), 

2.88 (2H, dt, J = 6.5, 5.4 Hz, H2-29), 2.81 (2H, t, J = 7.4 Hz, H2-16), 2.40 (2H, t, J = 7.3 

Hz, H2-25), 1.83 (2H, t, J = 5.5 Hz, H2-7), 1.59 (2H, p, J = 7.3 Hz, H2-26), 1.37 (13H, m, 

H2-27/H2-28/3H3-34); 
13

C NMR (DMSO-d6, 100 MHz) δ 172.1 (C-24), 165.8 (C-11), 

155.5 (C-31), 152.6 (C-19), 151.4 (C-10), 137.4 (C-1/C-5), 131.8 (C-14), 123.2 (C-21), 

122.3 (C-12), 119.2 (C-15), 117.9 (C-2/C-4), 95.4 (C-20), 77.2 (C-33), 70.9 (C-3), 43.7 

(C-17), 42.1 (C-6), 39.4 (C-29), 38.1 (C-8), 36.0 (C-22), 35.1 (C-7), 33.2 (C-25), 29.0 (C-

28), 28.2 (C-34), 25.6 (C-27), 24.2 (C-26), 18.0 (C-16);  (+)-FABMS m/z 691 [M+H]
+
; 

(+)-HRFABMS m/z [M+H]
+
 691.11346 (calcd. for C30H37

79
Br2N4O5, 691.11307), 

693.11144 (calcd. for C30H37
79

Br
81

BrN4O5, 693.11102), 695.10851 (calcd. for 

C30H37
81

Br2N4O5, 695.10898). 
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5.2.11 (3r,6r)-C-3-tert-Butoxycarbonylamino hexanoate discorhabdin P analogue 

(2.30B)  

 

(3r,6r)-3-Dihydrodiscorhabdin P (6.2 mg, 10.8 µmol) was dissolved in dry DMF (4 mL) 

along with DCC (2.8 mg, 13.5 µmol) and catalytic amount of DMAP.  6-(tert-

butoxycarbonylamino) hexanoic acid (5.3 mg, 23.1 µmol) was added and the mixture was 

stirred at r.t. for 18 h under N2.  The crude solution was purified with a combination of 

reversed-phase C18 and CN CC eluting with MeOH in H2O (0.05% TFA) to yield 

compound 2.30B (5.9 mg, 68%) as a dark purple non-crystalline trifluoroacetate salt.  RT 

7.87 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 10.08 (1H, br s, NH-9), 7.86 (1H, br s, NH-

18), 7.39 (1H, s, H-14), 6.77 (1H, t, J = 5.6 Hz, NH-30), 6.63 (2H, s, H-1/H-5), 5.71 (1H, 

s, H-3), 3.91 (3H, s, H3-22), 3.79 (2H, td, J = 7.4, 2.8 Hz, H2-17), 3.57 (2H, m, H2-8), 

2.90 (2H, dt, J = 6.4, 5.6 Hz, H2-29), 2.85 (2H, t, J = 7.4 Hz, H2-16), 2.50 (2H, obscured 

by water, H2-25), 1.90 (2H, t, J = 5.2 Hz, H2-7), 1.63 (2H, p, J = 7.6 Hz, H2-26), 1.36 

(13H, m, H2-27/H2-28/3H3-34); 
13

C NMR (DMSO-d6, 100 MHz) δ 173.1 (C-24), 165.9 

(C-11), 156.5 (C-31), 152.7 (C-19), 151.6 (C-10), 134.9 (C-1/C-5), 132.0 (C-14), 122.9 

(C-21), 122.4 (C-12), 118.8 (C-15), 117.3 (C-2/C-4), 94.6 (C-20), 77.2 (C-33), 71.7 (C-

3), 42.8 (C-17), 42.1 (C-6), 39.4 (C-29), 37.4 (C-8), 35.9 (C-22), 34.0 (C-25), 33.2 (C-7), 

29.0 (C-28), 28.2 (C-34), 25.6 (C-27), 23.7 (C-26), 18.0 (C-16);  (+)-FABMS m/z 691 

[M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 691.11174 (calcd. for C30H37

79
Br2N4O5, 

691.11307), 693.11289 (calcd. for C30H37
79

Br
81

BrN4O5, 693.11102), 695.11034 (calcd. 

for C30H37
81

Br2N4O5, 695.10898). 
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5.2.12 (3s,6s)-C-3-Amino hexanoate discorhabdin P analogue (2.31A)  

 

(3s,6s)-C-3-tert-butoxycarbonylamino hexanoate discorhabdin P analogue (10.8 mg, 13.4 

µmol) was dissolved in acidified water (2 mL, 0.5% TFA) and minimal MeOH to allow 

complete dissolution.  The mixture was heated to 70 °C and left to stir for 1 h.  The crude 

solution was loaded directly onto a reversed-phase C18 CC and washed with three column 

volumes of water (0.05% TFA).  Elution with a gradient solvent mixture  from 0-30% 

MeOH (0.05% TFA) isolated the desired compound 2.31A (9.9 mg, 90%) as a dark 

purple non-crystalline trifluoroacetate salt.  RT 5.60 min; 
1
H NMR (DMSO-d6, 400 MHz) 

δ 10.00 (1H, br s, NH-9), 7.88 (1H, br s, NH-18), 7.73 (3H, br s, NH3-30), 7.39 (1H, s, H-

14), 6.64 (2H, s, H-1/H-5), 6.48 (1H, s, H-3), 3.91 (3H, s, H3-22), 3.73 (2H, td, J = 7.2, 

2.7 Hz, H2-17), 3.54 (2H, m, H2-8), 2.77 (4H, m, H2-16/H2-29), 2.43 (2H, t, J = 7.2 Hz, 

H2-25), 1.83 (2H, m, H2-7), 1.62 (4H, m, H2-26/H2-28), 1.37 (2H, p, J = 7.2 Hz, H2-27); 

13
C NMR (DMSO-d6, 100 MHz) δ 171.9 (C-24), 165.8 (C-11), 152.6 (C-19), 151.3 (C-

10), 137.4 (C-1/C-5), 131.8 (C-14), 123.2 (C-21), 122.3 (C-12), 119.1 (C-15), 117.8 (C-

2/C-4), 95.3 (C-20), 70.9 (C-3), 43.6 (C-17), 42.0 (C-6), 38.9 (C-29), 38.0 (C-8), 35.9 (C-

22), 35.1 (C-7), 32.9 (C-25), 26.5 (C-28), 25.0 (C-27), 23.9 (C-26), 17.9 (C-16);  (+)-

FABMS m/z 591 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 591.06010 (calcd. for 

C25H29
79

Br2N4O3, 591.06064), 593.05999 (calcd. for C25H29
79

Br
81

BrN4O3, 593.05859), 

595.05863 (calcd. for C25H29
81

Br2N4O3, 595.05655). 
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5.2.13 (3r,6r)-C-3-Amino hexanoate discorhabdin P analogue (2.31B)  

 

(3r,6r)-C-3-tert-Butoxycarbonylamino hexanoate discorhabdin P analogue (5.9 mg, 7.3 

µmol) was dissolved in acidified water (2 mL, 0.5% TFA) and minimal MeOH to allow 

complete dissolution.  The mixture was heated to 70 °C and left to stir for 1 h.  The crude 

solution was loaded directly onto a reversed-phase C18 CC and washed with three column 

volumes of water (0.05% TFA).  Elution with a gradient solvent mixture  from 0-30% 

MeOH (0.05% TFA) isolated the desired compound 2.31B (4.9 mg, 82%) as a dark 

purple non-crystalline trifluoroacetate salt.  RT 6.18 min; 
1
H NMR (DMSO-d6, 400 MHz) 

δ 10.10 (1H, br s, NH-9), 7.74 (4H, m, NH-18/NH3-30), 7.40 (1H, s, H-14), 6.62 (2H, s, 

H-1/H-5), 5.72 (1H, s, H-3), 3.91 (3H, s, H3-22), 3.79 (2H, td, J = 7.5, 2.7 Hz, H2-17), 

3.58 (2H, m, H2-8), 2.80 (4H, m, H2-16/H2-29), 2.50 (2H, obscured by water, H2-25), 

1.91 (2H, t, J = 5.4 Hz, H2-7), 1.65 (2H, p, J = 8.2 Hz, H2-26 or H2-28), 1.60 (2H, p, J = 

8.2 Hz, H2-28 or H2-26), 1.40 (2H, p, J = 8.2 Hz, H2-27); 
13

C NMR (DMSO-d6, 100 

MHz) δ 173.0 (C-24), 165.9 (C-11), 152.6 (C-19), 151.6 (C-10), 134.9 (C-1/C-5), 132.0 

(C-14), 122.8 (C-21), 122.4 (C-12), 118.8 (C-15), 117.2 (C-2/C-4), 95.3 (C-20), 71.8 (C-

3), 42.8 (C-17), 42.1 (C-6), 38.5 (C-29), 37.4 (C-8), 35.9 (C-22), 34.0 (C-7), 33.1 (C-25), 

26.5 (C-28), 25.0 (C-27), 23.7 (C-26), 17.9 (C-16);  (+)-FABMS m/z 591 [M+H]
+
; (+)-

HRFABMS m/z [M+H]
+
 591.05834 (calcd. for C25H29

79
Br2N4O3, 591.06064), 593.06029 

(calcd. for C25H29
79

Br
81

BrN4O3, 593.05859), 595.05689 (calcd. for C25H29
81

Br2N4O3, 

595.05655). 
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5.2.14 (3s,6s)-C-3-Dansyl amino hexanoate discorhabdin P analogue (2.32)  

 

(3s,6s)-C-3-Amino hexanoate discorhabdin P analogue (6 mg, 7.3 µmol) was dissolved in 

dry acetone along with excess K2CO3 and dansyl sulfonyl chloride (10 mg, 37.1 µmol) 

and left to stir at r.t. for 3.5 h.  The crude solution was loaded directly onto a reversed-

phase C18 CC and washed with three column volumes of water (0.05% TFA).  Elution 

with a gradient solvent mixture  from 0-30% MeOH (0.05% TFA) isolated the desired 

compound 2.32 (2.7 mg, 40%) as a purple/brown non-crystalline trifluoroacetate salt.  RT 

7.82 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.99 (1H, br s, NH-9), 8.45 (1H, d, J = 7.8 

Hz, H-35), 8.29 (1H, d, J = 8.1 Hz, H-40), 8.09 (1H, d, J = 7.8 Hz, H-33), 7.88 (2H, m, 

NH-18/NH-30), 7.62 (1H, t, J = 7.8 Hz, H-34), 7.59 (1H, t, J = 8.1 Hz, H-39), 7.39 (1H, 

s, H-14), 7.26 (1H, d, J = 8.1 Hz, H-38), 6.61 (2H, s, H-1/H-5), 6.43 (1H, s, H-3), 3.91 

(3H, s, H3-22), 3.72 (2H, td, J = 7.6, 2.5 Hz, H2-17), 3.54 (2H, m, H2-8), 2.83 (6H, s, 

2H3-43), 2.78 (4H, m, H2-16/H2-29), 2.22 (2H, t, J = 7.2 Hz, H2-25), 1.82 (2H, m, H2-7), 

1.40 (2H, p, J = 7.2 Hz, H2-26), 1.30 (2H, p, J = 7.2 Hz, H2-28), 1.17 (2H, p, J = 7.2 Hz, 

H2-27); 
13

C NMR (DMSO-d6, 100 MHz) δ 171.9 (C-24), 165.8 (C-11), 152.6 (C-19), 

151.4 (C-10), 151.2 (C-37), 137.4 (C-1/C-5), 136.1 (C-32), 131.8 (C-14), 129.2 (C-35/C-

41), 129.0 (C-36), 128.1 (C-33), 127.7 (C-39), 123.5 (C-34), 123.2 (C-21), 122.3 (C-12), 

119.2 (C-15/C-40), 117.9 (C-2/C-4), 115.1 (C-38), 95.3 (C-20), 70.8 (C-3), 45.0 (C-43), 

43.7 (C-17), 42.1 (C-6/C-29), 38.1 (C-8), 36.0 (C-22), 35.1 (C-7), 33.0 (C-25), 28.6 (C-

28), 25.2 (C-27), 23.9 (C-26), 18.0 (C-16);  (+)-ESIMS m/z 824 [M+H]
+
; (+)-HRESIMS 

m/z [M+H]
+
 824.1117 (calcd. for C37H40

79
Br2N5O5S, 824.1111), 826.1093 (calcd. for 

C37H40
79

Br
81

BrN5O5S, 826.1094), 828.1090 (calcd. for C37H40
81

Br2N5O5S, 828.1073). 
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5.2.15 (7-Dimethylamino-2-oxo-2H-chromen-4-yl)acetic acid (2.34)
103, 104

  

 

Ethyl 7-dimethylaminocoumarin-4-acetate (45 mg, 0.164 mmol) was dissolved in warm 

ethanol (10 mL), followed by addition of NaOH (0.6M, 5 mL).  The mixture was stirred 

at r.t. for 1 h. before acidifying with HCl (10%) to a pH of 2.  The crude mixture was 

extracted repeatedly with EtOAc, and the organic fractions were combined, dried with 

anhydrous MgSO4 and concentrated in vacuo to yield 2.34 as a yellow solid (40 mg, 

98%).  Rf (10% MeOH/CH2Cl2) 0.47; 
1
H NMR (CDCl3, 400 MHz) δ 7.46 (1H, d, J = 9.0 

Hz, CH), 6.73 (1H, dd, J = 9.0, 2.4 Hz, CH), 6.55 (1H, d, J = 2.4 Hz, CH), 6.04 (1H, s, 

CH), 3.78 (2H, s, CH2), 3.43 (1H, br s, COOH); (+)-ESIMS m/z 248 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 248.0923 (calcd. for C13H14NO4, 248.0917). 

 

5.2.16 Succinimidyl 7-Dimethylaminocoumarin-4-acetate (2.35)
104

  

 

7-Dimethylaminocoumarin-4-acetic acid (21 mg, 0.0849 mmol) was dissolved in dry 

DMF (5 mL), followed by addition of N-hydroxysuccinimide (10 mg, 0.08689 mmol) 

and N,N'-dicyclohexylcarbodiimide (17 mg, 0.08239 mmol).  The mixture was stirred 

under N2 at r.t. overnight, before the solvent was removed in vacuo.  The crude mixture 

was purified by flash CC on silica gel eluting with MeOH (0-4%) in CH2Cl2 to give 2.35 

as a yellow solid (22 mg, 76%).  Rf (5% MeOH/CH2Cl2) 0.53; 
1
H NMR (CDCl3, 400 

MHz) δ 7.36 (1H, d, J = 9.0 Hz, CH), 6.63 (1H, dd, J = 9.0, 2.4 Hz, CH), 6.49 (1H, d, J = 

2.4 Hz, CH), 6.14 (1H, s, CH), 3.95 (2H, s, CH2), 2.79 (4H, s, CH2). 

2.34 
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5.2.17 (3s,6s)-C-3-Coumarin amino hexanoate discorhabdin P analogue (2.36)  

 

(3s,6s)-C-3-Amino hexanoate discorhabdin P analogue (8.3 mg, 10.1 µmol) was 

dissolved in dry acetone along with excess K2CO3 and NHS-activated coumarin (13.9 

mg, 40.4 µmol).  The reaction mixture was left to stir at r.t. for 3.5 h.  The crude solution 

was loaded directly onto a reversed-phase C18 CC and washed with three column 

volumes of water (0.05% TFA).  Elution with a gradient solvent mixture  from 0-50% 

MeOH (0.05% TFA) isolated the desired compound 2.36 (3.5 mg, 37%) as a purple non-

crystalline trifluoroacetate salt.  RT 7.21 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.99 (1H, 

br s, NH-9), 8.17 (1H, t, J = 5.5 Hz, NH-30), 7.86 (1H, br s, NH-18), 7.54 (1H, d, J = 9.0 

Hz, H-41), 7.38 (1H, s, H-14), 6.72 (1H, dd, J = 9.0, 2.4 Hz, H-40), 6.62 (2H, s, H-1/H-

5), 6.55 (1H, d, J = 2.4 Hz, H-38), 6.47 (1H, s, H-3), 5.99 (1H, s, H-34), 3.90 (3H, s, H3-

22), 3.73 (2H, td, J = 7.4, 2.6 Hz, H2-17), 3.58 (2H, s, H2-32), 3.53 (2H, m, H2-8), 3.05 

(2H, dt, J = 7.2, 5.5 Hz,  H2-29), 3.01 (6H, s, 2H3-44), 2.81(2H, t, J = 7.4 Hz, H2-16), 

2.39 (2H, t, J = 7.2 Hz, H2-25), 1.81 (2H, m, H2-7), 1.59 (2H, p, J = 7.2 Hz, H2-26), 1.42 

(2H, p, J = 7.2 Hz, H2-28), 1.31 (2H, m, H2-27); 
13

C NMR (DMSO-d6, 100 MHz) δ 172.1 

(C-24), 167.5 (C-31), 165.8 (C-11), 160.6 (C-35), 155.3 (C-37), 152.7 (C-39), 152.6 (C-

19), 151.4 (C-33), 151.3 (C-10), 137.4 (C-1/C-5), 131.8 (C-14), 125.9 (C-41), 123.2 (C-

21), 122.3 (C-12), 119.2 (C-15), 117.9 (C-2/C-4), 109.3 (C-34), 108.9 (C-40), 108.1 (C-

42), 97.4 (C-38), 95.4 (C-20), 70.9 (C-3), 43.7 (C-17), 42.1 (C-6), 39.4 (C-44), 38.5 (C-

29/C-32), 38.1 (C-8), 36.0 (C-22), 35.1 (C-7), 33.2 (C-25), 28.5 (C-28), 25.6 (C-27), 24.2 

(C-26), 18.0 (C-16);  (+)-ESIMS m/z 820 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 820.1345 

(calcd. for C38H40
79

Br2N5O6, 820.1340), 822.1329 (calcd. for C38H40
79

Br
81

BrN5O6, 

822.1323), 824.1322 (calcd. for C38H40
81

Br2N5O6, 824.1302). 
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5.2.18 (3s,6s)-C-3-Fluorescein amino hexanoate discorhabdin P analogue (2.37)  

 

(3s,6s)-C-3-Amino hexanoate discorhabdin P analogue (9.9 mg, 12.0 µmol) was 

dissolved in dry acetone along with excess K2CO3 and fluorescein isothiocyanate (19 mg, 

(10 mg, 48.8 µmol) and left to stir at r.t. for 3.5 h.  The crude solution was loaded directly 

onto a reversed-phase C18 CC and washed with three column volumes of water (0.05% 

TFA).  A series of C18 (MeOH, 0.05% TFA) and Sephadex LH-20 (MeOH, 0.05% TFA) 

CC's were used to yield the desired compound 2.37 (5.0 mg, 38%) as a brown/yellow 

non-crystalline trifluoroacetate salt.  RT 6.91 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.99 

(1H, br s, NH-9), 7.86 (2H, br s, NH-18/NH-30), 7.38 (1H, s, H-14), 6.63 (2H, s, H-1/H-

5), 6.48 (1H, s, H-3), 3.91 (3H, s, H3-22), 3.72 (2H, obscured by water, H2-17), 3.54 (4H, 

obscured by water, H2-8/H2-29), 2.80 (2H, t, J = 6.0 Hz, H2-16), 2.46 (2H, m, H2-25), 

1.82 (2H, m, H2-7), 1.41-1.68 (6H, m, H2-26/H2-27/H2-28); 
13

C NMR (DMSO-d6, 100 

MHz) δ 172.1 (C-24), 165.8 (C-11), 152.6 (C-19), 151.4 (C-10), 137.4 (C-1/C-5), 131.8 

(C-14), 122.4 (C-12/C-21), 119.2 (C-15), 117.9 (C-2/C-4), 95.4 (C-20), 70.9 (C-3), 43.7 

(C-17/C-29), 42.1 (C-6), 38.1 (C-8), 36.0 (C-22), 35.1 (C-7), 33.2 (C-25), 27.9 (C-28), 

25.7 (C-27), 24.2 (C-26), 18.0 (C-16);  (
1
H and 

13
C NMR only assigned up to NH-30 as 

presence of fluorescein isomers hindered full assignment of fluorescein moiety);  (+)-

ESIMS m/z 980 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 980.0934 (calcd. for 

C46H40
79

Br2N5O8S, 980.0959), 982.0946 (calcd. for C46H40
79

Br
81

BrN5O8S, 982.0944), 

984.0949 (calcd. for C46H40
81

Br2N5O8S, 984.0921). 
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5.2.19  (+)-7,8-Dihydrodiscorhabdin U (2.38)  

 

(+)-(6S)-Discorhabdin U (10 mg, 18.0 µmol) was dissolved in dry MeOH and a spatula 

tip of NaBH3CN was added.  The mixture was purged with N2 and left to stir for 5 min.  

The crude reaction product was loaded directly onto a reversed-phase C18 CC and washed 

with six column volumes of water (0.05% TFA).  Elution with a gradient solvent mixture  

from 0-30% MeOH (0.05% TFA) isolated the desired compound 2.38 (2.6 mg, 26%) as a 

yellow/green non-crystalline trifuoroacetae salt.  RT 5.82 min; 
1
H NMR (DMSO-d6, 400 

MHz) δ 10.11 (1H, br s, NH-9), 7.92 (1H,br s, NH-18), 7.73 (1H, s, H-1), 7.40 (1H, s, H-

14), 6.28 (1H, s, H-4), 3.92 (3H, s, H3-22), 3.73 (4H, obscured by water, H2-8/H2-17), 

2.82 (2H, m, H2-16), 2.41 (3H, s, H3-23), 2.08 (2H, m, H2-7);  
13

C NMR (DMSO-d6, 100 

MHz) δ 173.9 (C-3), 167.3 (C-5), 165.5 (C-11), 152.6 (C-19), 152.0 (C-10), 149.9 (C-1), 

132.0 (C-14), 124.5 (C-2), 122.9 (C-21), 122.5 (C-12), 120.6 (C-4), 119.2 (C-15), 93.2 

(C-20), 45.4 (C-6), 43.5 (C-17), 37.9 (C-7 or C-8), 37.8 (C8 or C-7), 36.0 (C-22), 17.9 

(C-16), 14.3 (C-23);  (+)-ESIMS m/z 444 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 444.0371 

(calcd. for C20H19
79

BrN3O2S, 444.0376), 446.0360 (calcd. for C20H19
81

BrN3O2S, 

446.0356). 
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5.2.20 N-Acetyl-L-cysteinyl discorhabdin C analogue (2.40)  

 

N-Acetyl-L-cysteine (26 mg, 0.16 mmol) was dissolved in DMF (0.5 mL), MeOH (1 mL) 

and water (0.1 mL), followed by addition of TEA (23 µL, 0.16 mmol).  Free base 

discorhabdin C (15 mg, 32.0 µmol) was dissolved in DMF (0.5 mL), followed by 

addition of TEA (9 µL, 64 µmol) and the N-acetyl-L-cysteine mixture.  The reaction 

mixture  was stirred in air for 30 min. before loading the reaction mixture directly onto a 

reversed-phase C18 CC and washed with three column volumes of water (0.05% TFA).  

Elution with 10% MeOH (0.05% TFA) yielded a brown fraction which was further 

purified on C18 (25-40 µm) CC eluting with MeOH in H2O (0.05% TFA) to isolate a 

mixture of diastereomers (1:1) 2.40 (3 mg, 14%) as purple non-crystalline trifluoroacetate 

salts.   

Diastereomer 1: RT 4.48 min;
 1

H NMR (CD3OD, 600 MHz) δ 7.71 (1H, s, H-5), 7.20 

(1H, s, H-14), 6.58* (1H, s, H-2), 4.75 (1H, m, H-3'A), 4.71 (1H, m, H-3'B), 3.88 (1H, m, 

H-8A), 3.80 (2H, m, H2-17), 3.69 (1H, m, H-8B), 3.55 (1H, m, H-2'A), 3.21 (1H, m, H-

2'B), 2.89 (2H, m, H2-16), 2.34 (1H, m, H-7A), 2.13 (1H, m, H-7B), 1.97 (3H, s, H3-6'A), 

1.94 (3H, s, H3-6'B); 
13

C NMR (CD3OD, 100 MHz) δ 176.2 (C-3), 173.5 (C-5'), 168.1 

(C-7'), 167.5 (C-1), 166.4 (C-11), 156.1 (C-19), 154.2 (C-10), 152.2 (C-5), 127.9 (C-14), 

126.0 (C-4), 125.4 (C-12), 124.6 (C-21), 122.4* (C-2), 121.5 (C-15), 94.3 (C-20), 52.0* 

(C-3'), 47.3 (C-6), 45.4* (C-17), 39.4 (C-7 or C-8), 39.2 (C-8 or C-7), 34.2* (C-2'), 22.4 

(C-6'), 19.5 (C-16). 

Diastereomer 2: 
1
H NMR (CD3OD, 600 MHz) δ 7.71 (1H, s, H-5), 7.20 (1H, s, H-14), 

6.56* (1H, s, H-2), 4.75 (1H, m, H-3'A), 4.71 (1H, m, H-3'B), 3.88 (1H, m, H-8A), 3.80 

(2H, m, H2-17), 3.69 (1H, m, H-8B), 3.55 (1H, m, H-2'A), 3.21 (1H, m, H-2'B), 2.89 (2H, 

m, H2-16), 2.34 (1H, m, H-7A), 2.13 (1H, m, H-7B), 1.97 (3H, s, H3-6'A), 1.94 (3H, s, 

H3-6'B); 
13

C NMR (CD3OD, 100 MHz) δ 176.2 (C-3), 173.5 (C-5'), 168.1 (C-7'), 167.5 

(C-1), 166.4 (C-11), 156.1 (C-19), 154.2 (C-10), 152.2 (C-5), 127.9 (C-14), 126.0 (C-4), 
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125.4 (C-12), 124.6 (C-21), 122.2* (C-2), 121.5 (C-15), 94.3 (C-20), 51.5* (C-3'), 47.3 

(C-6), 45.3* (C-17), 39.4 (C-7 or C-8), 39.2 (C-8 or C-7), 33.8* (C-2'), 22.4 (C-6'), 19.5 

(C-16), *resonances interchangeable with diastereomer; (+)-ESIMS m/z 545 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 545.0482 (calcd. for C23H22

79
BrN4O5S, 545.0489), 547.0468 

(calcd. for C23H22
81

Br2N4O5S, 547.0469).  

 

5.2.21 1-N-Acetyl-L-lysinyl discorhabdin C analogue (2.41)  

 

Nα-acetyl-L-lysine (17.9 mg, 95.0 µmol) was dissolved in DMF (1 mL), MeOH (2 mL) 

and water (0.2 mL), followed by addition of TEA (15 µL, 0.11 mmol).  Discorhabdin C 

trifluoroacetate salt (11 mg, 19.0 µmol) was dissolved in DMF (1 mL), followed by 

addition of TEA (6 µL, 43 µmol) and the Nα-acetyl-L-lysine mixture.  The reaction 

mixture  was stirred in air for 90 min. before loading the reaction mixture directly onto a 

reversed-phase C18 CC and washed with three column volumes of water (0.05% TFA).  

Elution with 10% MeOH (0.05% TFA) yielded a mixture of compounds (6.59 mg) as 

purple non-crystalline trifluoroacetate salts.  A single compound (2.41) was characterised 

from the mixture.  RT 4.51 min; 
1
H NMR (CD3OD, 600 MHz) δ 7.80 (1H, s, H-5), 7.13 

or 7.11 (1H, s, H-14), 4.62 (1H, br s, H-2), 4.36 (1H, br s, H-6'), 3.97 (1H, m, H-17A) 

3.90 (1H, m, H-17B), 3.90 (2H, m, H2-8), 3.87 (1H, br s, H-1), 3.02 (2H, m, H2-16), 3.09 

(1H, m, H-2'A), 2.84 (1H, m, H-2'B), 2.32 (1H, m, H-7A), 2.04 (1H, m, H-7B), 1.97 (3H, 

s, H3-9'), 1.88 (2H, m, H2-5'), 1.60 (2H, m, H2-3'), 1.44 (2H, m, H2-4'); 
13

C NMR 

(CD3OD, 100 MHz) δ 183.2 (C-3), 175.2 (C-10'), 173.4 (C-8'), 166.4 (C-11), 155.0 (C-

5), 153.2 (C-10), 150.3 (C-19), 127.8 (C-14), 125.3 (C-12), 124.0 (C-21), 122.9 (C-4), 

120.0 (C-15), 91.1 (C-20), 65.6 (C-2), 57.9 (C-1), 53.4 (C-6'), 51.5 (C-17), 49.0 (C-2'), 

39.3 (C-8), 38.6 (C-6), 32.4 (C-5'), 28.9 (C-3'), 25.3 (C-7), 24.2 (C-4'), 22.4 (C-9'), 19.9 

2.41 



 

Chapter Five: Experimental  

218 

 

(C-16);  (+)-ESIMS m/z 570 [M]
+
; (+)-HRESIMS m/z [M]

+
 570.1353 (calcd. for 

C26H29
79

BrN5O5, 570.1347), 572.1324 (calcd. for C26H29
81

BrN5O5, 572.1328).  

 

5.2.22 n-Pentylamino discorhabdin C hydrate analogue (2.48)  

 

 

n-Pentylamine (12 µL, 0.12 mmol) was added to DMF (2 mL), with TEA (18 µL, 0.13 

mmol), and added to discorhabdin C trifluoroacetate salt (12 mg, 0.021 mmol).  The 

reaction mixture  was stirred in air for 3 h. before loading the reaction mixture directly 

onto a reversed-phase C18 CC and washing with three column volumes of water (0.05% 

TFA).  The first purple fraction eluted at 10% MeOH (0.05% TFA) was collected and 

dried in vacuo, before re-dissolving in H2O.  After 12 h., the sample was dried in vacuo 

to yield compound 2.48 (4 mg, 31%) as a purple non-crystalline trifluoroacetate salt.  RT 

3.10 min; 
1
H NMR (D2O, 300 MHz) δ 7.22 (1H, s, H-14), 4.42 (1H, d, J = 3.4 Hz, H-4), 

4.38 (1H, d, J = 2.3 Hz, H-2), 4.28 (1H, d, J = 2.3 Hz, H-1), 4.22 (1H, m, H-17A), 4.15 

(1H, br s, H-5), 4.06 (1H, m, H-17B), 3.90 (1H, dd, J = 14.0, 4.3 Hz, H-8A), 3.62 (1H, m, 

H-8B), 3.19 (2H, t, J = 8.0 Hz, H2-2'), 3.04 (2H, m, H2-16), 2.53 (1H, d, J = 14.0 Hz, H-

7A), 1.74 (3H, m, H-7B/H2-3'), 1.34 (4H, m, H2-4'/H2-5'), 0.88 (3H, m, H3-6'); 
13

C NMR 

(D2O, 100 MHz) δ 168.2 (C-11), 155.2 (C-10), 154.2 (C-19), 131.0 (C-14), 126.0 (C-12), 

125.7 (C-21), 122.1 (C-15), 98.1 (C-3), 92.0 (C-20), 75.7 (C-5), 66.7 (C-2), 57.5 (C-4), 

55.4 (C-17), 55.3 (C-1), 50.5 (C-2'), 41.7 (C-6), 40.5 (C-8), 30.6 (C-4'), 27.5 (C-3'), 25.0 

(C-7), 24.2 (C-5'), 22.2 (C-16), 15.7 (C-6'); (+)-ESIMS m/z 505 [M]
+
; (+)-HRESIMS m/z 

[M]
+
 505.1438 (calcd. for C23H30

79
BrN4O4, 505.1445), 507.1419 (calcd. for 

C23H30
81

BrN4O4, 507.1426). 
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5.2.23 1-N-Acetyl-L-cysteinyl discorhabdin D analogue (2.53) 

 

N-Acetyl-L-cysteine (40 mg, 0.25 mmol) was dissolved in DMF (0.5 mL), MeOH (1 mL) 

and water (0.1 mL), followed by addition of TEA (40 µL, 0.29 mmol).  Discorhabdin B 

(20 mg, 48.3 µmol) free base was dissolved in DMF (0.5 mL), followed by addition of 

TEA (9 µL, 65 µmol) and the N-acetyl-L-cysteine mixture.  The reaction mixture was 

stirred in air for 30 min. before loading the reaction mixture directly onto a reversed-

phase C18 CC and washing with three column volumes of water (0.05% TFA).  Elution 

with 10% MeOH (0.05% TFA) yielded a green fraction which was further purified with 

C18 (25-40 µm) eluting with a gradient solvent mixture from 0-10% MeOH (0.05% TFA) 

to isolate the desired compound 2.53 (4 mg, 14%) as a green non-crystalline 

trifluoroacetate salt.  RT 4.34 min; UV (MeOH) λmax (log ε) 250 (8809), 274 sh (6814), 

288 sh (5958), 326 (3846), 405 (3538) nm;
 
ECD (MeOH) λ (Δε) 214 (0), 216 (+0.4), 222 

(0), 258 (-9.7), 286 (-0.8), 309 (-3.5), 328 (0), 366 (+6.6) nm;
 1

H NMR (CD3OD, 600 

MHz) δ 7.11 (1H, s, H-14), 6.10 (1H, s, H-4), 5.62 (1H, d, J = 2.8 Hz, H-8), 4.71 (1H, 

obscured, H-3'), 4.46 (1H, d, J = 3.2 Hz, H-2), 4.07 (1H, m, H-17A), 3.89 (1H, m, H-

17B), 3.89 (1H, d, J = 3.2 Hz, H-1), 3.29 (1H, m, H-2'A), 3.24 (2H, m, H-7A/H-16A), 

3.12 (1H, m, 16B), 3.04 (1H, m, H-2'B), 2.69 (1H, d, J = 12.0 Hz, H-7B), 2.14 (3H, s, 

H3-6'); 
13

C NMR (CD3OD, 100 MHz) δ 183.4 (C-3), 173.6 (C-5'), 172.1 (C-5), 167.3 (C-

11), 150.3 (C-19), 148.3 (C-10), 127.4 (C-14), 125.5 (C-12), 122.8 (C-21), 119.3 (C-15), 

114.4 (C-4), 102.0 (C-20), 67.6 (C-2), 64.1 (C-8), 53.5 (C-3'), 52.8 (C-17), 47.6 (C-6), 

47.3 (C-1), 39.3 (C-7), 35.9 (C-2'), 22.5 (C-6'), 20.7 (C-16);  (+)-ESIMS m/z 497 [M]
+
; 

(+)-HRESIMS m/z [M]
+
 497.0951 (calcd. for C23H21N4O5S2, 497.0948).   
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5.2.24 Discorhabdin 1 (2.59) 

 

 

Freeze dried Latrunculia (Latrunculia) trivetricillata sponge material (7.3 g, MNP 6116) 

was extracted with MeOH (10 x 200mL).  The solvent was filtered and then removed in 

vacuo to give a purple/brown crude extract.  Sephadex LH-20 (MeOH (0.05% TFA)) on 

the crude extract yielded a brown fraction, which was subjected to reversed-phase C18 CC 

eluting with gradient solvent system of 0-25% MeOH (0.05% TFA).  The brown/purple 

fraction was separated and further purified with Sephadex LH-20 (MeOH (0.05% TFA)), 

and a second reversed-phase C18 CC (10% MeOH (0.05% TFA)).  A final reversed-phase 

CN CC (100% H2O (0.05% TFA)) yielded discorhabdin 1 as a brown non-crystalline 

trifluoroacetate salt (9.5 mg, 0.13%, dry weight).  RT 5.57 min; UV (MeOH) λmax (log ε) 

250 (30735), 366 (14079), 396 sh (11953), 545 (1678) nm;
 1

H NMR (DMSO-d6, 400 

MHz) δ 7.81 (1H, s, H-1/H-5), 7.24 (1H, s, H-14'), 6.86 (1H, s, H-14), 6.44 (1H, d, J = 

2.0 Hz, H-1'), 4.51 (1H, d, J = 3.9 Hz, H-4'), 4.29 (1H, d, J = 2.0 Hz, H-2'), 4.16 (1H, s, 

H-5'), 4.13 (1H, m, H-17'A), 4.04 (1H, m, H-17'B), 3.76 (2H, m, H2-8), 3.89 (3H, m, H2-

17/H-8'A), 3.56 (1H, m, H-8'B), 3.06 (2H, m, H2-16'), 2.72 (2H, m, H2-16), 2.31 (1H, dd, 

J = 13.5, 2.4 Hz, H-7'A), 2.15 (2H, t, J = 5.5 Hz, H2-7), 1.07 (1H, td, J = 13.5, 5.4 Hz, H-

7'B);  
13

C NMR (DMSO-d6, 100 MHz) δ 177.0 (C-3), 169.6 (C-11), 168.8 (C-11'), 156.5 

(C-19), 156.0 (C-1/C-5), 154.9 (C-10/C-10'), 154.2 (C-19'), 130.8 (C-14'), 130.1 (C-14), 

126.6 (C-12/C-21), 126.2 (C-12' or C-21'), 125.5 (C-12' or C-21'), 124.9 (C-2/C-4), 124.5 

(C-15), 122.3 (C-15'), 98.4 (C-3'), 94.0 (C-20 or C-20'), 93.7 (C-20 or C-21'), 76.0 (C-5'), 

71.2 (C-2'), 58.6 (C-4'), 55.4 (C-17'), 54.1 (C-1'), 47.7 (C-6), 46.6 (C-17), 42.8 (C-6'), 

41.1 (C-8), 40.6 (C-8'), 35.3 (C-7), 24.3 (C-7'), 22.2 (C-16'), 20.7 (C-16); (+)-ESIMS m/z 

879 [M]
+
; (+)-HRESIMS m/z [M]

+
 878.9682 (calcd. for C36H30

79
Br3N6O6, 878.9771), 
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880.9748 (calcd. for C36H30
79

Br2
81

BrN6O6, 880.9753), 882.9741 (calcd. for C36H30
79

Br
 

81
Br2N6O6, 882.9732), 884.9692 (calcd. for C36H30

81
Br3N6O6, 884.9712). 

 

 

5.3 Chapter three experimental procedures 

 

5.3.1 N-13 Tosyl discorhabdin C analogue (3.2)
68

  

 

Discorhabdin C trifluoroacetate salt (7.9 mg, 13.7 µmol) was dissolved in dry acetone 

(1.5 mL).  Excess dry K2CO3 was added, turning the reaction mixture from dark purple to 

orange in colour.  4-Toluenesulfonyl chloride (22 mg, 0.115 mmol) was added, the 

mixture was stirred under N2 at r.t. for 5 h.  The crude product was purified by reversed-

phase C18 flash CC eluting with a gradient solvent mixture of 0-50% MeOH (0.05% 

TFA), yielding the desired product as a purple non-crystalline trifluoroacetate salt (10.1 

mg, 100%).  RT 6.54 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 10.40 (1H, br s, NH-9), 8.36 

(1H, br s, NH-18), 8.09 (1H, s, H-14), 8.05 (1H, d, J = 8.4, H-24), 7.60 (2H, s, H-1/H-5), 

7.53 (1H, d, J = 8.4 Hz, H-25), 3.69 (2H, t, J = 6.6 Hz, H2-17), 3.60 (2H, br s, H2-8), 

2.87 (2H, t, J = 7.2 Hz, H2-16), 2.42 (3H, s, H3-27), 1.98 (2H, t, J = 4.8 Hz, H2-7); (+)-

ESIMS m/z 616 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 615.9531 (calcd. for 

C25H20
79

Br2N3O4S, 615.9536), 617.9512 (calcd. for C25H20
79

Br
81

BrN3O4S, 617.9517), 

619.9493 (calcd. for C25H20
81

Br2N3O4S, 619.9496. 
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5.3.2 Δ
16(17)

 Discorhabdin C (3.7)  

 

N-13 Tosyl discorhabdin C trifluoroacetate salt (2 mg, 2.7 µmol) was dissolved in dry 

DMF (1.5 mL).  Sodium azide (30 mg, 0.46 mmol) was added, the mixture was stirred at 

r.t. for 5 h.  The crude product was subjected to reversed-phase C18 flash CC eluting with 

a gradient solvent mixture of 0-50% MeOH (0.05% TFA), followed by partitioning in 

water/CH2Cl2 with K2CO3 to convert the product to the more stable free base state, 

yielding the desired product as an orange oil (0.77 mg, 49%).  
1
H NMR (DMSO-d6, 400 

MHz) δ 14.20 (1H, br s, H-13), 8.18 (1H, s, H-14), 8.07 (1H, d, J = 5.8 Hz, H-17), 7.90 

(2H, s, H-1/H-5), 7.36 (1H, d, J = 5.8 Hz, H-16), 7.33 (1H, br s, NH-9), 3.60 (2H, br s, 

H2-8), 2.05 (2H, t, J = 5.6 Hz, H2-7); 
13

C NMR (DMSO-d6, 75 MHz) δ 172.7 (C-3), 

165.2 (C-11), 157.1 (C-1/C-5), 145.9 (C-19), 144.6 (C-10), 141.8 (C-17), 128.0 (C-14), 

123.7 (C-15), 118.9 (C-2/C-4/C-12), 117.5 (C-21), 111.4 (C-16), 99.8 (C-20), 46.9 (C-6), 

36.7 (C-8), 32.1 (C-7); (+)-FABMS m/z 460 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 

459.92807 (calcd. for C18H12
79

Br2N3O2, 459.92962), 461.92922 (calcd. for 

C18H12
79

Br
81

BrN3O2, 461.92758), 463.92468 (calcd. for C18H12
81

Br2N3O2, 463.92553). 

 

5.3.3 Bromo-benzylacetamide (3.10)
105

  

 

Benzylamine (142 μL, 1.3 mmol) was dissolved in dry CH2Cl2 (10 mL), purged under N2 

and cooled to -20 °C to -30 °C (dry ice/acetone).  Bromoacetyl bromide (57 μL, 0.65 

mmol) was added dropwise under stirring and left to stir for a further 20 min. at this 

3.7 
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temperature.  The reaction mixture was allowed to warm to r.t., at which time a colour 

change from colourless to light brown was observed.  The crude reaction product was 

washed with HCl (10%, 3x 5 mL), sat. sodium bicarbonate (2x 5 mL), and H2O (5 mL).  

The organic layer was dried with anhydrous MgSO4, filtered and concentrated in vacuo to 

give a pale yellow oil (133.7 mg, 90%).  Rf (5% MeOH/CH2Cl2) 0.74; 
1
H NMR (CDCl3, 

300 MHz) δ 7.37-7.25 (5H, m, ArH: H-6/H-7/H-8), 7.05 (1H, br s, NH-3), 4.43 (2H, d, J 

= 5.7 Hz, H2-4), 3.85 (2H, s, H2-1); 
13

C NMR (CDCl3, 75 MHz) δ 165.6 (C-2), 137.2 (C-

5), 128.6 (C-7 or C-8), 127.6 (C-6 or C-7 and C-8), 44.0 (C-4), 28.9 (C-1); (+)-ESIMS 

m/z 228 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 228.0025 (calcd. for C9H11

79
BrNO, 

228.0019), 230.0005 (calcd. for C9H11
81

BrNO, 228.0019). 

 

5.3.4 Bromo-phenethylacetamide (3.11)
105

  

 

Phenylethylamine (880 μL, 7 mmol) was dissolved in dry CH2Cl2 (10 mL).  The solution 

was purged under N2 and cooled to -20 °C to -30 °C (dry ice/acetone).  Bromoacetyl 

bromide (305 μL, 3.5 mmol) was added dropwise under stirring and left to stir for a 

further 20 min. at this temperature.  The reaction mixture was allowed to warm to r.t., at 

which a colour change from colourless to light brown was observed.  The crude reaction 

product was washed with HCl (10%, 3x 5 mL), sat. sodium bicarbonate (2x 5 mL), and 

H2O (5 mL).  The organic layer was dried with anhydrous MgSO4, filtered and 

concentrated in vacuo to give a pale yellow oil (750 mg, 89%).  Rf (5% MeOH/CH2Cl2) 

0.70; 
1
H NMR (CDCl3, 300 MHz) δ 7.26-7.19 (5H, m, ArH: H-7/H-8/H-9), 6.74 (1H, br 

s, NH-3), 3.80 (2H, s, H2-2), 3.52 (2H, dt, J = 7.1, 7.1 Hz, H2-4), 2.84 (2H, t, J = 7.1 Hz, 

H2-5); (+)-ESIMS m/z 242 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 242.0175 (calcd. for 

C10H13
79

BrNO, 242.0175), 244.0157 (calcd. for C10H13
81

BrNO, 244.0155). 
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5.3.5 Bromo-phenpropylacetamide (3.12)
105

  

 

Phenylpropylamine (179 μL, 1.26 mmol) was dissolved in dry CH2Cl2 (10 mL).  The 

solution was purged under N2 and cooled to -20 °C to -30 °C (dry ice/acetone).  

Bromoacetyl bromide (55 μL, 0.63 mmol) was added dropwise under stirring and left to 

stir for a further 20 min. at this temperature.  The reaction mixture was allowed to warm 

to r.t., at which time a colour change from colourless to light brown was observed.  The 

crude reaction product was washed with HCl (10%, 3x 5 mL), sat. sodium bicarbonate 

(2x 5 mL), and H2O (5 mL).  The organic layer was dried with anhydrous MgSO4, 

filtered and concentrated in vacuo to give a pale yellow oil (145 mg, 90%).  Rf (5% 

MeOH/CH2Cl2) 0.69; 
1
H NMR (CDCl3, 300 MHz) δ 7.30-7.15 (5H, m, ArH: H-8/H-9/H-

10), 6.72 (1H, br s, NH-3), 3.81 (2H, s, H2-1), 3.29 (2H, dt, J = 7.5, 7.5 Hz, H2-4), 2.65 

(2H, t, J = 7.5 Hz, H2-6), 1.86 (2H, p, J = 7.5 Hz, H2-5); (+)-ESIMS m/z 256 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 256.0336 (calcd. for C11H15

79
BrNO, 256.0332), 258.0317 

(calcd. for C11H15
81

BrNO, 258.0311). 

 

5.3.6 N-13-Benzylacetamido discorhabdin C (3.13)  

 

Discorhabdin C trifluoroacetate salt (7 mg, 12 µmol) was dissolved in dry acetone (0.5 

mL), followed by addition of dry K2CO3 (10 mg, 72.4 µmol) and 2-bromo-N-

benzylacetamide (30 mg, 0.132 mmol), and the mixuture was purged under N2.  The 

mixture was heated with stirring at 70 °C for 2 h., after which the crude product was 

subjected to reversed-phase C18 flash CC eluting with a gradient solvent mixture of 0-

50% MeOH (0.05% TFA), and reversed-phase CN flash CC eluting with a gradient 

3.12 
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solvent mixture of 0-10% MeOH (0.05% TFA) to yield a purple non-crystalline 

trifluoroacetate salt (6 mg, 69%).  RT 6.31 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 10.12 

(1H, br s, NH-9), 8.40 (1H, t, J = 5.8 Hz, NH-24), 8.23 (1H, br s, NH-18), 7.74 (2H, s, H-

1/H-5), 7.40 (1H, s, H-14), 7.37-7.24 (5H, m, ArH: H-27/H-28/H-29), 5.06 (2H, s, H2-

22), 4.32 (2H, d, J = 5.8 Hz, H2-25), 3.69 (4H, obscured by water, H2-8/H2-17), 2.83 (2H, 

t, J = 7.2 Hz, H2-16), 2.02 (2H, br t, J = 4.8 Hz, H2-7); 
13

C NMR (DMSO-d6, 75 MHz) δ 

171.3 (C-3), 165.7 (C-11 or C-23), 165.5 (C-23 or C-11), 152.6 (C-19), 151.5 (C-10), 

151.1 (C-1/C-5), 138.7 (C-26), 132.4 (C-14), 128.3 (C-28), 127.2 (C-27), 126.9 (C-29), 

123.5 (C-21), 122.7 (C-12), 122.6 (C-2/C-4), 118.8 (C-15), 91.9 (C-20), 50.8 (C-22), 

44.6 (C-6), 43.5 (C-17), 42.3 (C-25), 38.3 (C-8), 33.5 (C-7), 17.9 (C-16); (+)-ESIMS m/z 

609 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 609.0115 (calcd. for C27H23

79
Br2N4O3, 

609.0131), 611.0106 (calcd. for C27H23
79

Br
81

BrN4O3, 611.0113), 613.0088 (calcd. for 

C27H23
81

Br2N4O3, 613.0092). 

 

5.3.7 N-13-Phenethylacetamido discorhabdin C analogue (3.14)  

 

Discorhabdin C trifluoroacetate salt (10.8 mg, 23.4 µmol) was dissolved in dry acetone (2 

mL), followed by addition of dry K2CO3 (29 mg) and 2-bromo-N-phenethylacetamide 

(138 mg, 0.57 mmol), and the mixture was purged under N2.  The mixture was heated 

with stirring at 70 °C for 2 h., after which the crude reaction mixture was subjected to 

reversed-phase C18 flash CC eluting with a gradient solvent mixture of 0-50% MeOH 

(0.05% TFA), and three successive steps of Sephadex LH-20 CC eluting with MeOH 

(0.05% TFA) to yield a purple non-crystalline trifluoroacetate salt (5.1 mg, 47%).  RT 

7.45 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 10.09 (1H, br s, NH-9), 8.39 (1H, t, J = 5.2 

Hz, NH-24), 8.22 (1H, br s, NH-18), 7.73 (2H, s, H-1/H-5), 7.36(1H, s, H-14), 7.35-7.20 

(6H, m, H-28/H-29/H-30), 4.96 (2H, s, H2-22), 3.67 (2H, td, J = 7.2, 4.7 Hz, H2-17), 3.62 

3.14 



 

Chapter Five: Experimental  

226 

 

(2H, br s, H2-8), 3.31 (2H, dt, J = 7.2, 5.2 Hz, H2-25), 2.83 (2H, t, J = 7.6 Hz, H2-16), 

2.73 (2H, t, J = 7.2 Hz, H2-26), 2.02 (2H, t, J = 5.6 Hz, H2-7); 
13

C NMR (DMSO-d6, 100 

MHz) δ 171.3 (C-3), 165.5 (C-11/C-23), 152.6 (C-19), 151.4 (C-10), 151.1 (C-1/C-5), 

139.1 (C-27), 132.3 (C-14), 128.6 (C-28 or C-29), 128.3 (C-29 or C-28), 126.1 (C-30), 

123.4 (C-21), 122.6 (C-2/C-4/C-12), 118.7 (C-15), 91.9 (C-20), 50.8 (C-22), 44.6 (C-6), 

43.5 (C-17), 40.5 (C-26), 38.2 (C-8), 35.0 (C-25), 33.5 (C-7), 17.9 (C-16); (+)-ESIMS 

m/z 623 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 623.0270 (calcd. for C28H25

79
Br2N4O3, 

623.0288), 625.0255 (calcd. for C28H25
79

Br
81

BrN4O3, 625.0270), 627.0248 (calcd. for 

C28H25
81

Br2N4O3, 627.0249). 

 

5.3.8 N-13-Phenpropylacetamido discorhabdin C analogue (3.15)  

 

Discorhabdin C trifluoroacetate salt (11 mg, 0.019 mmol) was dissolved in dry acetone (2 

mL), followed by addition of dry K2CO3 (20 mg) and 2-bromo-N-phenpropylacetamide 

(40 mg, 0.156 mmol), and the mixture was purged under N2.  The mixture was heated 

with stirring at 70 °C for 2 h., after which the crude product was subjected to reversed-

phase C18 flash CC eluting with a gradient solvent mixture of 0-50% MeOH (0.05% 

TFA), and reversed-phase CN flash CC eluting with a gradient solvent mixture of 0-10% 

MeOH (0.05% TFA) to yield a purple non-crystalline trifluoroacetate salt (6 mg, 42%).  

RT 6.76 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 10.08 (1H, br s, NH-9), 8.34 (1H, t, J = 

5.4 Hz, NH-24), 8.21 (1H, br s, NH-18), 7.73 (2H, s, H-1/H-5), 7.37 (1H, s, H-14), 7.31-

7.15 (5H, m, ArH: H-29- H-31), 4.98 (2H, s, H2-22), 3.71 (4H, obscured by water, H2-

8/H2-17), 3.09 (2H, dt, J = 7.1, 5.4 Hz, H2-25), 2.82 (2H, t, J = 7.5 Hz, H2-16), 2.60 (2H, 

t, J = 7.1 Hz, H2-27), 2.02 (2H, br t, J = 4.4 Hz, H2-7), 1.72 (2H, p, J = 7.1 Hz, H2-26); 

13
C NMR (DMSO-d6, 75 MHz) δ 171.3 (C-3), 165.5 (C-11/C-23), 152.6 (C-19), 151.4 

(C-10), 151.1 (C-1/C-5), 141.5 (C-28), 132.3 (C-14), 128.2 (C-29/C-30), 125.7 (C-31), 
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123.4 (C-21), 122.6 (C-2/C-4/C-12), 118.7 (C-15), 91.9 (C-20), 50.9 (C-22), 44.6 (C-6), 

43.5 (C-17), 38.6 (C-25), 38.3 (C-8), 33.5 (C-7), 32.3 (C-27), 30.8 (C-26), 17.9 (C-16); 

(+)-ESIMS m/z 637 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 637.0426 (calcd. for 

C29H27
79

Br2N4O3, 637.0444), 639.0409 (calcd. for C29H27
79

Br
81

BrN4O3, 639.0426), 

641.0395 (calcd. for C29H27
81

Br2N4O3, 641.0405). 

 

5.3.9 Bromo-octylacetamide (3.16)
73

  

 

Octylamine (380 μL, 2.30 mmol) was dissolved in dry CH2Cl2 (10 mL).  The solution 

was purged under N2 and cooled to -20 °C to -30 °C (dry ice/acetone).  Bromoacetyl 

bromide (100 μL, 1.15 mmol) was added dropwise under stirring and left to stir for a 

further 20 min. at this temperature.  The reaction mixture was allowed to warm to r.t., at 

which time a colour change from colourless to light brown was observed.  The crude 

reaction product was washed with HCl (10%, 3x 5 mL), sat. sodium bicarbonate (2x 5 

mL), and H2O (5 mL).  The organic layer was dried with anhydrous MgSO4, filtered and 

concentrated in vacuo to give a pale yellow oil (239 mg, 83%).  Rf (2% MeOH/CH2Cl2) 

0.72; 
1
H NMR (CDCl3, 300 MHz) δ 6.76 (1H, br s, NH-3), 3.80 (2H, s, H2-1), 3.19 (2H, 

dt, J = 6.9, 6.9 Hz, H2-4), 1.47 (2H, p, J = 6.9 Hz, H2-5), 1.23 (10 H, m, H2-6/H2-7/H2-

8/H2-9/H2-10), 0.81 (3H, t, J = 6.9 Hz, H3-11); (+)-ESIMS m/z 250 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 250.0804 (calcd. for C10H21

79
BrNO, 250.0801), 252.0784 (calcd. 

for C10H21
81

BrNO, 252.0781). 
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5.3.10 N-13-Octylacetamido discorhabdin C analogue (3.17)  

 

Discorhabdin C trifluoroacetate salt (8 mg, 0.0139 mmol) was dissolved in dry acetone (2 

mL), followed by addition of dry K2CO3 (20 mg) and 2-bromo-N-octylacetamide (64 mg, 

0.256 mmol), and the mixture was purged under N2.  The mixture was heated with 

stirring at 70 °C for 2 h., after which the crude product was subjected to reversed-phase 

C18 CC eluting with a gradient solvent mixture of 0-50% MeOH (0.05% TFA), and a 

reversed-phase Cphenyl CC eluting with a gradient solvent of 0-50% MeOH (0.05% TFA) 

to yield a purple non-crystalline trifluoroacetate salt (5.0 mg, 48%).  RT 7.34 min; 
1
H 

NMR (DMSO-d6, 300 MHz) δ 10.08 (1H, br s, NH-9), 8.24 (1H, br s, NH-18/NH-24), 

7.73 (2H, s, H-1/H-5), 7.36 (1H, s, H-14), 4.95 (2H, s, H2-22), 3.68 (2H, td, J = 7.5, 3.0 

Hz, H2-17), 3.61 (2H, br s, H2-8), 3.07 (2H, dt, J = 6.9, 6.9 Hz, H2-25), 2.82 (2H, t, J = 

3.0 Hz, H2-16), 2.01 (2H, t, J = 7.5 Hz, H2-7), 1.41 (2H, br s, H2-26), 1.25 (10H, br s, H2-

27/H2-28/H2-29/H2-30/H2-31), 0.88 (3H, br t, J = 6.9 Hz, H3-32); 
13

C NMR (DMSO-d6, 

100 MHz) δ 171.3 (C-3), 165.4 (C-11/C-23), 152.6 (C-19), 151.4 (C-10), 151.1 (C-1/C-

5), 132.3 (C-14), 123.4 (C-21), 122.6 (C-2/C-4/C-12), 118.7 (C-15), 91.9 (C-20), 50.8 

(C-22), 44.6 (C-6), 43.5 (C-17), 38.7 (C-25), 38.2 (C-8), 33.5 (C-7), 31.2 (C-27), 28.9 (C-

26), 28.6 (C-28/C-29), 26.3 (C-30), 22.0 (C-31), 17.9 (C-16), 13.9 (C-32); (+)-ESIMS 

m/z 631 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 631.0921 (calcd. for C28H33

79
Br2N4O3, 

631.0914), 633.0903 (calcd. for C28H33
79

Br
81

BrN4O3, 633.0896), 635.0883 (calcd. for 

C28H33
81

Br2N4O3, 635.0875). 
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5.3.11 tert-Butyl 2-aminoethylcarbamate (3.18)  

 

 

Di-tert-butyl dicarbonate (2.63 g, 12.1 mmol) in CHCl3 (60 mL) was added dropwise to a 

stirred solution of ethylene diamine (8.4 mL, 125.8 mmol) in CHCl3 (120 mL) over 3 hr. 

at 0 °C.  The mixture was left to stir at room temperature over the weekend and washed 

with brine (3x 30 mL) and water (3x 30 mL).  The organic layer was dried with 

anhydrous MgSO4, filtered and concentrated in vacuo to give a yellow oil (1.46 g, 76%).  

1
H NMR (CDCl3, 400 MHz) δH 5.23 (1H, br s, NH), 3.04 (2H, dt, J = 5.8, 5.6 Hz, CH), 

2.66 (2H, dt, J = 5.8, 5.8 Hz, CH), 1.41 (9H, s, 3CH3), 1.23 (2H, br s, NH). 

 

5.3.12 tert-Butyl 2-(2-bromoacetamido)ethylcarbamate (3.19) 

 

tert-Butyl 2-aminoethylcarbamate (324 mg, 2.0 mmol) was dissolved in dry CH2Cl2 (10 

mL).  The solution was purged under N2 and cooled to -20 °C to -30 °C (dry ice/acetone).  

Bromoacetyl bromide (88 μL, 1.0 mmol) was added dropwise under stirring and left to 

stir for a further 20 min. at this temperature.  The reaction mixture was allowed to warm 

to r.t., at which time a colour change from colourless to light brown was observed.  The 

crude reaction product was washed with HCl (3x 10%, 5 mL), sat. sodium bicarbonate 

(2x 5 mL), and H2O (5 mL).  The organic layer was dried with anhydrous MgSO4, 

filtered and concentrated in vacuo to give a white solid (255 mg, 91%).  Rf (5% 

MeOH/CH2Cl2) 0.49; 
1
H NMR (CDCl3, 300 MHz) δ 7.14 (1H, br s, NH), 4.97 (1H, br s, 

NH), 3.84 (2H, s, CH2), 3.37 (2H, m, CH2), 3.20 (2H, m, CH2), 1.42 (9H, s, 3CH3); (+)-

ESIMS m/z 303 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 303.0308 (calcd. for 

C9H17
79

BrN2NaO3, 303.0315), 305.0291 (calcd. for C9H17
81

BrN2NaO3, 305.0295). 
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5.3.13 N-13- (tert-Butyl 2-acetamido ethylcarbamate) discorhabdin C (3.20) 

 

Discorhabdin C trifluoroacetate salt (10.2 mg, 21.9 µmol) was dissolved in dry acetone (1 

mL).  Dry K2CO3 (41 mg) was added, turning the mixture colour from dark purple to 

orange.  tert-Butyl 2-(2-bromo acetamido) ethylcarbamate (147 mg, 0.52 mmol) was 

added, and heated under N2 at 70 °C for 1 h.  The crude product was subjected to 

reversed-phase C18 flash CC eluting with a gradient solvent from 0-40% MeOH (0.05% 

TFA), Sephadex LH-20 CC eluting with MeOH (0.05% TFA) and another C18 flash CC 

eluting with a gradient solvent from 0-40% MeOH (0.05% TFA), yielding a non-

crystalline red/purple trifluoroacetate salt (12.4 mg, 85%).  RT 6.43 min; 
1
H NMR 

(DMSO-d6, 600 MHz) δ 10.12 (1H, br s, NH-9), 8.35 (1H, br s, NH-24), 8.22 (1H, br s, 

NH-18), 7.73 (2H, s, H-1/H-5), 7.36 (1H, s, H-14), 6.85 (1H, t, J = 5.6 Hz, H-27), 4.95 

(2H, s, H2-22), 3.67 (2H, dt, J = 7.5, 2.7 Hz, H2-17), 3.60 (2H, br s, H2-8), 3.10 (2H, dt, J 

= 6.3, 6.3 Hz, H2-25), 2.99 (2H, dt, J = 6.3, 5.6 Hz, H2-26), 2.82 (2H, t, J = 7.5 Hz, H2-

16), 2.01 (2H, t, J = 5.2 Hz, H2-7), 1.38 (9H, s, 3H3-31); 
13

C NMR (DMSO-d6, 150 

MHz) δ 171.4 (C-3), 165.8 (C-23), 165.5 (C-11), 155.6 (C-28), 152.6 (C-19), 151.5 (C-

10), 151.1 (C-1/C-5), 132.3 (C-14), 123.5 (C-21), 122.7 (C-12/C-2/C-4), 118.8 (C-15), 

91.9 (C-20), 77.8 (C-30), 50.9 (C-22), 44.7 (C-6), 43.5 (C-17), 39.4 (C-26), 38.9 (C-25), 

38.3 (C-8), 33.5 (C-7), 28.2 (C-31), 17.9 (C-16); (+)-FABMS m/z 662 [M+H]
+
; (+)-

HRFABMS m/z [M+H]
+
 662.06254 (calcd. for C27H30

79
Br2N5O5, 662.06137), 664.06041 

(calcd. for C27H30
79

Br
81

BrN5O5, 664.05932), 666.05985 (calcd. for C27H30
81

Br2N5O5, 

666.05727)  
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5.3.14 N-13 (2-Aminoethyl acetamido) discorhabdin C (3.21)  

 

N-13-(tert-Butyl 2-acetamido ethylcarbamate) discorhabdin C trifluoroacetate salt (8.9 

mg, 11.4 µmol) was dissolved in HCl (2 mL, 1 M) and heated at 80 °C for 30 min.  The 

reaction mixture was subjected to reversed-phase C18 flash CC eluting with a gradient 

solvent from 0-20% MeOH (0.05% TFA), yielding a purple non-crystalline 

trifluoroacetate salt (8.1 mg, 49%).  RT 6.00 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 

10.09 (1H, br s, NH-9), 8.56 (1H, t, J = 5.6 Hz, NH-24), 8.24 (1H, s, NH-18), 7.90 (3H, 

br s, NH3-27), 7.72 (2H, s, H-1/H-5), 7.36 (1H, s, H-14), 4.98 (2H, s, H2-22) 3.69 (2H, dt, 

J = 7.6, 2.8 Hz, H2-17), 3.62 (2H, br m, H2-8), 3.34 (2H, dt, J = 6.0, 5.6 Hz, H2-25), 2.89 

(2H, dt, J = 6.0, 6.0 Hz, H2-26), 2.83 (2H, t, J = 7.5 Hz, H2-16), 2.00 (2H, t, J = 5.2 Hz, 

H2-7); 
13

C NMR (DMSO-d6, 100 MHz) δ 171.3 (C-3), 166.5 (C-11/C-23), 152.6 (C-19), 

151.4 (C-10), 151.0 (C-5), 132.3 (C-14), 123.5 (C-21), 122.6 (C-2/C-4/C-12), 118.8 (C-

15), 91.9 (C-20), 50.8 (C-22), 44.6 (C-6), 43.5 (C-17), 38.3 (C-8/C-26), 36.5 (C-25), 33.5 

(C-7), 17.8 (C-16); (+)-FABMS m/z 562 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 

562.00868 (calcd. for C22H22
79

Br2N5O3, 562.00894), 564.00667 (calcd. for 

C22H22
79

Br
81

BrN5O3, 564.00689), 566.00680 (calcd. for C22H22
81

Br2N5O3, 566.00484). 
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5.3.15 N-13 (Dansyl 2-aminoethyl acetamido) discorhabdin C (3.22) 

 

N-13 (2-Aminoethyl acetamido) discorhabdin C analogue trifluoroacetate salt (6.8 mg, 

12.0 µmol) was dissolved in dry DMF (0.5 mL).  Excess dry K2CO3 was added, turning 

the mixture colour from dark purple to orange.  5-(Dimethylamino)-naphthalene-1-

sulfonyl chloride (11.0 mg, 40.6 µmol) was added, and the solution was stirred under N2 

at r.t. for 1.5 h.  Analytical HPLC was used to monitor the reaction, as starting material 

was still observed, additional dansyl chloride was added (2.1 mg) and the mixture was 

stirred for a further 30 min.  The crude product was subjected to reversed-phase C18 flash 

CC eluting with a gradient solvent mixture from 0-50% MeOH (0.05% TFA), yielding a 

purple non-crystalline trifluoroacetate salt (5.7 mg, 60%).  RT 7.37 min; 
1
H NMR 

(DMSO-d6, 400 MHz) δ 10.07 (1H, br s, NH-9), 8.48 (1H, d, J = 8.4 Hz, H-32), 8.31 

(1H, t, J = 5.6 Hz, NH-24), 8.27 (1H, d, J = 8.8 Hz, H-37), 8.21 (1H, br s, NH-18), 8.08 

(2H, m, H-27/H-30), 7.71 (2H, s, H-1/H-5), 7.64 (1H, m, H-31), 7.61 (1H, m, H-36), 7.31 

(1H, s, H-14), 7.26 (1H, d, J = 8.8 Hz, H-35), 4.89 (2H, s, H2-22), 3.66 (2H, td, J = 7.6, 

2.8 Hz, H2-17), 3.59 (2H, br s, H2-8), 3.09 (2H, dt, J = 6.4, 5.6 Hz, H2-25), 2.84 (6H, s, 

2H3-40), 2.80 (4H, m, H2-16/H2-26), 2.00 (2H, t, J = 5.3 Hz, H2-7); 
13

C NMR (DMSO-

d6, 100 MHz) δ 171.3 (C-3), 165.8 (C-23), 165.5 (C-11), 152.6 (C-19), 151.4 (C-10), 

151.0 (C-1/C-5/C-34), 135.7 (C-29), 132.2 (C-14), 129.4 (C-32), 128.9 (C-33/C-38), 

128.2 (C-30), 127.9 (C-36), 123.6 (C-31), 123.5 (C-21), 122.6 (C-2/C-4/C-12), 119.0 (C-

37), 118.8 (C-15), 115.2 (C-35), 91.9 (C-20), 50.8 (C-22), 45.0 (C-40/C-41), 44.6 (C-6), 

43.5 (C-17), 41.5 (C-26), 39.5 (C-25), 38.2 (C-8), 33.5 (C-7), 17.8 (C-16); (+)-FABMS 

m/z 795 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 795.05975 (calcd. for C34H33

79
Br2N6O5S, 
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795.05999), 797.05864 (calcd. for C34H33
79

Br
81

BrN6O5S, 797.05794), 799.05848 (calcd. 

for C34H33
81

Br2N6O5S, 799.05590). 

 

5.3.16 N-13 (Fluorescein 2-aminoethyl acetamido) discorhabdin C (3.23)  

 

N-13 (2-Aminoethyl acetamido) discorhabdin C trifluoroacetate salt (14 mg, 17.7 µmol) 

was dissolved in dry acetone (0.5 mL).  Excess dry K2CO3 was added, turning the 

mixture colour from dark purple to orange.  Fluorescein 5(6)-isothiocyanate (15 mg, 38.5 

µmol) was added, and stirred under N2 at r.t. for 1.5 h.  The crude product was subjected 

to a series of reversed-phase C18 flash CC eluting with a gradient solvent mixture from 0-

80% MeOH (0.05% TFA), yielding the desired product as a brown/purple non-crystalline 

trifluoroacetate salt (3.8 mg, 20%).  RT 6.61 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 

10.16 (1H, br s, H-29), 10.10 (1H, br s, NH-9), 8.49 (1H, t, J = 6.0 Hz, NH-24), 8.22 (1H, 

m, NH-18), 8.17 (2H, m, H-27/H-31), 7.72 (2H, s, H-1/H-5/H-35), 7.36 (1H, s, H-14), 

7.20 (1H, d, J = 8.4 Hz, H-34), 6.68-6.54 (6H, m, H-38/H-39/H-41/H-45/H-47/H-48), 

5.00 (2H, s, H2-22), 3.65 (2H, td, J = 7.6, 2.8 Hz, H2-17), 3.64 (2H, m, H2-26), 3.61 (2H, 

br m, H2-8), 3.36 (2H, dt, J = 6.0, 6.0 Hz, H2-25), 2.80 (2H, t, J = 7.6 Hz, H2-16), 2.00 

(2H, br s, H2-7); 
13

C NMR (DMSO-d6, 100 MHz) δ 171.3 (C-3), 166.1 (C-23), 165.5 (C-

11), 152.6 (C-19), 151.4 (C-10), 151.0 (C-1/C-5), 147.0 (C-33), 141.0 (C-30 or C-32), 

132.3 (C-14), 129.8 (C-35), 128.5 (C-32 or C-30), 124.0 (C-34), 123.5 (C-21), 122.6 (C-

2/C-4/C-12), 118.8 (C-15), 116.8 (C-31), 91.9 (C-20), 50.9 (C-22), 44.6 (C-6), 43.5 (C-

17), 43.3 (C-26), 38.2 (C-8), 37.9 (C-25), 33.5 (C-7), 17.8 (C-16); 
13

C NMR data only 

assigned up to C-35 as presence of fluorescein isomers hindered full assignment of 

fluorescein moiety;  (+)-ESIMS m/z 951 [M+H]
+
; (+)-HRESIMS m/z  [M+H]

+
 951.0425 
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(calcd. for C43H33
79

Br2N6O8S, 951.0442), 953.0402 (calcd. for C43H33
79

Br
81

BrN6O8S, 

953.0426), 955.0393 (calcd. for C43H33
81

Br2N6O8S, 955.0417). 

 

5.3.17 N-13 (Lissamine rhodamine 2-aminoethyl acetamido) discorhabdin C (3.24)  

 

N-13 (2-Aminoethyl acetamido) discorhabdin C trifluoroacetate salt (5.46 mg, 12.0 

µmol) was dissolved in dry DMF (0.5 mL).  Excess dry K2CO3 was added, turning the 

mixture colour from dark purple to orange.  Lissamine rhodamine sulfonyl chloride (5.9 

mg, 10.2 µmol) was added, the mixture was heated to 60°C and stirred under N2 at r.t. for 

1.5 h.  The crude product was subjected to a series of reversed-phase C18 flash CC 

purification steps eluting with 0-80% MeOH (0.05% TFA), yielding the desired product 

as a pink/purple non-crystalline trifluoroacetate salt (2.2 mg, 27%).  RT 7.49 min; 
1
H 

NMR (DMSO-d6, 600 MHz) δ 10.12 (1H, br s, NH-9), 8.43 (1H, d, J = 2.8 Hz, H-30), 

8.41 (1H, t, J = 6.0 Hz, NH-24), 8.22 (1H, br s, NH-18), 8.08 (1H, t, J = 6.0 Hz, H-27), 

7.95 (1H, dd, J = 8.4, 2.8 Hz, H-34), 7.71 (2H, s, H-1/H-5), 7.51 (1H, d, J = 8.4 Hz, H-

33), 7.39 (1H, s, H-14), 7.01 (4H, m, H-41/H-42/H-47/H-48), 6.94 (2H, d, J = 2.4 Hz, H-

44/H-45), 4.98 (2H, s, H2-22), 3.65 (2H, m, H2-17), 3.62 (8H, obscured by water, H2-50), 

3.61 (2H, br s, H2-8), 3.22 (2H, dt, J = 6.0, 6.0 Hz, H2-25), 2.97 (2H, dt, J = 6.0, 6.0 Hz, 

H2-26), 2.78 (2H, t, J = 7.8 Hz, H2-16), 2.00 (2H, br s, H2-7), 1.21 (12H, t, J = 7.2 Hz, 

4H3-51); 
13

C NMR (DMSO-d6, 150 MHz) δ 171.3 (C-3), 166.0 (C-23), 165.4 (C-11), 

157.3 (C-35), 157.0 (C-37/C-39), 154.9 (C-43/C-46), 152.6 (C-19), 151.5 (C-10), 151.1 

(C-1/C-5), 147.9 (C-29 or C-31), 141.3 (C-31 or C-29), 133.1 (C-32), 132.6 (C-41/C-48), 

132.4 (C-14), 130.7 (C-33), 126.5 (C-34), 125.5 (C-30), 123.5 (C-21), 122.6 (C-2/C-4/C-

12), 118.7 (C-15), 113.5 (C-42/C-47), 113.4 (C-36/C-40), 95.3 (C-44/C-45), 91.8 (C-20), 
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50.8 (C-22), 45.2 (C-50), 44.6 (C-6), 43.4 (C-17), 41.8 (C-26), 38.8 (C-25), 38.2 (C-8), 

33.5 (C-7), 17.8 (C-16), 12.4 (C-51); (+)-FABMS m/z 1102 [M+H]
+
; (+)-HRFABMS m/z  

[M+H]
+
 1102.14613 (calcd. for C49H50

79
Br2N7O9S2, 1102.14782), 1104.14656 (calcd. for 

C49H50
79

Br
81

BrN7O9S2, 1104.14577), 1106.14400 (calcd. for C49H50
81

Br2N7O9S2, 

1106.14373). 

 

5.3.18 N-13 (Coumarin 2-aminoethyl acetamido) discorhabdin C (3.25)  

 

N-13 (2-Aminoethyl acetamido) discorhabdin C trifluoroacetate salt (6.1 mg, 7.7 µmol) 

was dissolved in dry acetone (0.5 mL).  Excess dry K2CO3 was added, turning the 

mixture colour from dark purple to orange.  NHS-activated 7-dimethylaminocoumarin-4-

acetic acid (2.35) (5.3 mg, 15 µmol) was added, and the reaction stirred under N2 at r.t. 

for 1.5 h.  The crude product was subjected to reversed-phase C18 flash CC eluting with 

gradient solvent mixture from 0-50% MeOH (0.05% TFA), followed by a Sephadex LH-

20 CC eluting with MeOH (0.05% TFA) to yield the desired product as a purple non-

crystalline trifluoroacetate salt (3.8 mg, 55%).  RT 6.82 min; 
1
H NMR (DMSO-d6, 600 

MHz) δ 10.08 (1H, br s, NH-9), 8.37 (1H, br s, NH-24), 8.25 (1H, br s, NH-27), 8.22 (1H, 

br s, NH-18), 7.72 (2H, s, H-1/H-5), 7.52 (1H, d, J = 9.0 Hz, H-38), 7.35 (1H, s, H-14), 

6.71 (1H, br d, J = 9.0 Hz, H-37), 6.60 (1H, d, J = 1.8 Hz, H-35), 6.00 (1H, s, H-31), 

4.95 (1H, s, H2-22), 3.67 (2H, dt, J = 7.8, 4.2 Hz, H2-17), 3.61 (4H, obscured by water, 

H2-8/H2-29), 3.15 (4H, m, H2-25/H2-26), 3.02 (6H, s, 2H3-41), 2.82 (2H, t, J = 7.8 Hz, 

H2-16), 2.00 (2H, br s, H2-7); 
13

C NMR (DMSO-d6, 150 MHz) δ 171.3 (C-3), 168.0 (C-

28), 165.8 (C-23), 165.5 (C-11), 160.7 (C-32), 155.3 (C-34), 152.7 (C-36), 152.6 (C-19), 

151.4 (C-30), 151.1 (C-1/C-5), 151.0 (C-10), 132.3 (C-14), 126.0 (C-38), 123.5 (C-21), 
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122.7 (C-12), 122.6 (C-2/C-4), 118.8 (C-15), 109.3 (C-31), 108.9 (C-37), 108.1 (C-39), 

97.4 (C-35), 91.9 (C-20), 50.9 (C-22), 44.6 (C-6), 40.0 (C-17), 39.7 (C-41), 38.7 (C-8/C-

29), 38.2 (C-25/C-26), 33.5 (C-7), 17.9 (C-16); (+)-FABMS m/z 791 [M+H]
+
; (+)-

HRFABMS m/z  [M+H]
+
 791.08069 (calcd. for C35H33

79
Br2N6O6, 791.08283), 793.08041 

(calcd. for C35H33
79

Br
81

BrN6O6, 793.08078), 795.08062 (calcd. for C35H33
81

Br2N6O6, 

795.07874). 

 

5.3.19 N-13 (tert-Butyl 6-oxo-6-(2-propionamidoethylamino) hexylcarbamate) 

discorhabdin C (3.26)  

 

N-13 (2-Aminoethyl acetamido) discorhabdin C trifluoroacetate salt (2.5 mg, 3.2 µmol) 

was dissolved in dry acetone (1.5 mL).  Excess dry K2CO3 was added, turning the 

mixture colour from dark purple to orange.  NHS-activated 6-(tert-butoxycarbonylamino) 

hexanoic acid (2.29) (19 mg, 56.6 µmol) was added and stirred under N2 at r.t. for 24h.  

The crude product was subjected to reversed-phase C18 flash CC eluting with a gradient 

solvent mixture from 0-60% MeOH (0.05% TFA) and CN CC eluting with 0-40% MeOH 

in H2O (0.05% TFA) to yield the desired product as a purple non-crystalline 

trifluoroacetate salt (1.9 mg, 66%).  RT 7.06 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 

10.08 (1H, br s, NH-9), 8.32 (1H, br s, NH-24), 8.20 (1H, br s, NH-18), 7.81 (1H, br s, 

NH-27), 7.71 (2H, s, H-1/H-5), 7.34 (1H, s, H-14), 6.73 (1H, br s, NH-34), 4.93 (2H, s, 

H2-22), 3.66 (2H, td, J = 7.2, 2.8 Hz, H2-17), 3.56 (2H, obscured by water, H2-8), 3.09 

(4H, m, H2-25/H2-26), 2.85 (2H, dt, J = 6.8, 4.0 Hz, H2-33), 2.80 (2H, t, J = 7.2 Hz, H2-

16), 2.03 (4H, m, H2-7/H2-29), 1.44 (2H, m, H2-30), 1.34 (11H, m, H2-32/3H3-38), 1.19 

(2H, m, H2-31); 
13

C NMR (DMSO-d6, 100 MHz) δ 172.2 (C-28), 171.3 (C-3), 165.7 (C-

23), 165.5 (C-11), 158.0 (C-35), 152.6 (C-19), 151.4 (C-10), 151.1 (C-1/C-5), 132.3 (C-
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14), 123.5 (C-21), 122.6 (C-2/C-4/C-12), 118.8 (C-15), 91.9 (C-20), 77.2 (C-30), 50.9 

(C-22), 44.6 (C-6), 43.5 (C-17), 39.4 (C-33), 38.6 (C-25 or C-26), 38.2 (C-8), 38.0 (C-25 

or C-26), 35.3 (C-7 or C-29), 33.5 (C-7 or C-29), 29.2 (C-32), 28.2 (C-38), 25.9 (C-31), 

24.8 (C-30), 17.9 (C-16); (+)-FABMS m/z 775 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 

775.14399 (calcd. for C33H41
79

Br2N6O6, 775.14543), 777.14509 (calcd. for 

C33H41
79

Br
81

BrN6O6, 777.14338), 779.14167 (calcd. for C33H41
81

Br2N6O6, 779.14134).   

 

5.3.20 Bromo-propargylacetamide (3.27)
76

   

 

Propargylamine (157 μL, 2.30 mmol) was dissolved in dry CH2Cl2 (10 mL).  The 

solution was purged under N2 and cooled to -20 °C to -30 °C (dry ice/acetone).  

Bromoacetyl bromide (100 μL, 1.15 mmol) was added dropwise under stirring and left to 

stir for a further 20 min. at this temperature.  The reaction mixture was allowed to warm 

to r.t., at which time a colour change from colourless to light brown was observed.  The 

crude reaction product was washed with HCl (10%, 3x 5 mL), sat. sodium bicarbonate 

(2x 5 mL), and H2O (5 mL).  The organic layer was dried with anhydrous MgSO4, 

filtered and concentrated in vacuo to give a pale yellow oil (72 mg, 36%).  Rf (2% 

MeOH/CH2Cl2) 0.59; 
1
H NMR (CDCl3, 300 MHz) δ 6.88 (1H, br s, NH-3), 4.05 (2H, dd, 

J = 5.4, 2.7 Hz, H2-4), 3.86 (2H, s, H2-1), 2.26 (1H, t, J = 2.7 Hz, H-6); (+)-ESIMS m/z 

176 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 175.9708 (calcd. for C5H7

79
BrNO, 175.9706), 

177.9684 (calcd. for C5H7
81

BrNO, 177.9685). 
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5.3.21 N-13-Propargylacetamido discorhabdin C analogue (3.28)  

 

Discorhabdin C trifluoroacetate salt (6 mg, 10 µmol) was dissolved in dry acetone (2 

mL), followed by addition of dry K2CO3 (20 mg) and 2-bromo-N-propargylacetamide (12 

mg, 68 µmol), and the mixture was purged under N2.  The mixture was refluxed with 

stirring at 70 °C for 2 h., after which the crude product was subjected to reversed-phase 

C18 flash CC eluting with a gradient solvent mixture from 0-50% MeOH (0.05% TFA), 

and reversed-phase Cphenyl CC eluting with a gradient solvent mixture from 0-50% MeOH 

(0.05% TFA) to yield a purple non-crystalline trifluoroacetate salt (3.0 mg, 45%).  RT 

5.94 min; 
1
H NMR (DMSO-d6, 400 MHz) δ 10.12 (1H, br s, NH-9), 8.79 (1H, t, J = 5.6 

Hz, NH-24), 8.23 (1H, br s, NH-18), 7.73 (2H, s, H-1/H-5), 7.38 (1H, s, H-14), 5.00 (2H, 

s, H2-22), 3.90 (2H, obscured by water, H2-25), 3.69 (2H, dt, J = 7.6, 2.6 Hz, H2-17), 

3.60 (2H, m, H2-8), 3.17 (1H, d, J = 1.6 Hz, H-27), 2.82 (2H, t, J = 7.6 Hz, H2-16), 2.01 

(2H, t, J = 5.6 Hz, H2-7); 
13

C NMR (DMSO-d6, 100 MHz) δ 171.3 (C-3), 165.5 (C-11/C-

23), 152.6 (C-19), 151.4 (C-10), 151.1 (C-1/C-5), 132.3 (C-14), 123.5 (C-21), 122.6 (C-

2/C-4/C-12), 118.8 (C-15), 91.9 (C-20), 80.5 (C-26), 73.4 (C-27), 50.6 (C-22), 44.6 (C-

6), 43.5 (C-17), 38.2 (C-8), 33.5 (C-7), 28.1 (C-25), 17.8 (C-16); (+)-FABMS m/z 557 

[M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 556.98230 (calcd. for C23H19

79
Br2N4O3, 

556.98239), 558.97930 (calcd. for C23H19
79

Br
81

BrN4O3, 558.98034), 560.97969 (calcd. 

for C23H19
81

Br2N4O3, 560.97830). 
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5.3.22 Bromo-azidopropylacetamide (3.30)
106

  

 

 

3-Bromopropylamine hydrobromide (250 mg, 1.14 mmol) was added to a solution of 

NaN3 (222 mg, 3.41 mmol) in H2O (2 mL) and stirred at 75 °C for 16h.  The reaction 

mixture was then left to cool to r.t., before addition of NaOH (50 mg) and extracted with 

CH2Cl2 (3x 10 mL).  The organic layer was dried with anhydrous MgSO4, before 

concentrating in vacuo to less than 10 mL.  The solution was then purged under N2 and 

cooled to -20 °C to -30 °C (dry ice/acetone), before addition of bromoacetyl bromide (50 

μL, 0.57 mmol) while stirring.  The mixture was then stirred for a further 20min. at this 

temperature and left to warm to r.t.  The crude reaction product was washed with HCl 

(10%, 3x 5 mL), sat. sodium bicarbonate (2x 5 mL), and H2O (5 mL), before drying the 

organic layer with anhydrous MgSO4, filtered and concentrated in vacuo to give a pale 

yellow oil (127 mg, 100%).  
1
H NMR (CDCl3, 300 MHz) δ 6.94 (1H, br s, NH-3), 3.90 

(2H, s, H2-1), 3.39 (4H, m, H2-4/H2-6), 1.82 (2H, p, J = 6.6 Hz, H2-5); (+)-ESIMS m/z 

243 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 242.9855 (calcd. for C5H9

79
BrN4NaO, 

242.9852), 244.9833 (calcd. for C5H9
81

BrN4NaO, 244.9832). 

 

5.3.23 N-13-Azidopropylacetamido discorhabdin C analogue (3.31)  

 

Discorhabdin C trifluoroacetate salt (12 mg, 21 µmol) was dissolved in dry acetone (2 

mL), followed by addition of dry K2CO3 (20 mg) and 2-bromo-N-octylacetamide (25 mg, 

0.110 mmol), and the mixture was purged under N2.  The mixture was heated with 

stirring at 70 °C for 2 h., after which the crude product was subjected to repeated 

3.30 
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reversed-phase C18 flash CC eluting with a gradient solvent mixture from 0-50% MeOH 

(0.05% TFA) to yield a purple non-crystalline trifluoroacetate salt (3.5 mg, 23%).  RT 

5.25 min; 
1
H NMR (DMSO-d6, 300 MHz) δ 10.09 (1H, br s, NH-9), 8.36 (1H, t, J = 5.4 

Hz, NH-24), 8.22 (1H, br s, NH-18), 7.73 (2H, s, H-1/H-5), 7.37 (1H, s, H-14), 4.96 (2H, 

s, H2-22), 3.80 (2H, t, J = 6.9 Hz, H2-27), 3.67 (2H, obscured by water, H2-17), 3.62 (2H, 

br s, H2-8), 3.15 (2H, dt, J = 6.9, 5.4 Hz, H2-25), 2.82 (2H, t, J = 7.8 Hz, H2-16), 2.01 

(2H, br s, H2-7), 1.68 (2H, p, J = 6.9 Hz, H2-26); 
13

C NMR (DMSO-d6, 100 MHz) δ 

171.3 (C-3), 165.6 (C-11), 165.4 (C-23), 152.6 (C-19), 151.4 (C-10), 151.1 (C-1/C-5), 

132.3 (C-14), 123.5 (C-21), 122.6 (C-2/C-4/C-12), 118.7 (C-15), 91.9 (C-20), 50.8 (C-

22), 48.1 (C-27), 44.6 (C-6), 43.5 (C-17), 38.2 (C-8), 36.0 (C-25), 33.5 (C-7), 28.2 (C-

26), 17.8 (C-16); (+)-FABMS m/z 602 [M+H]
+
; (+)-HRFABMS m/z [M+H]

+
 602.01391 

(calcd. for C23H22
79

Br2N7O3, 602.01508), 604.01259 (calcd. for C23H22
79

Br
81

Br N7O3, 

604.01259), 606.01272 (calcd. for C23H22
81

Br2N7O3, 606.01099). 

 

5.3.24 N-(3-Azidopropyl)-5-(dimethylamino)-1-naphthalenesulfonamide (3.32)
78

  

 

5-(Dimethylamino) naphthalene-1-sulfonyl chloride (23 mg, 85.3 µmol) was dissolved in 

dry CH2Cl2 (5 mL) with TEA (12 µL, 86.7 µmol) and DMAP (cat.), before addition of 

excess 3-azidopropylamine (3.30), predissolved in CH2Cl2 (5 mL).  The mixture was 

stirred under N2 at r.t. for 4 h., after which, the crude reaction product was washed with 

HCl (10%, 3x 5 mL), sat. sodium bicarbonate (2x 5 mL), and H2O (5 mL).  The organic 

layer was dried with anhydrous MgSO4, filtered and concentrated in vacuo.  The crude 

product was purified by flash CC on silica gel eluting with MeOH (0-1%) in CH2Cl2 to 

give the product as a pale yellow oil (20 mg, 70%).  Rf (5% MeOH/CH2Cl2) 0.74; 
1
H 

NMR (CDCl3, 300 MHz) δ 8.55 (1H, dt, J = 8.5, 1.0 Hz, CH), 8.26 (1H, d, J = 8.5 Hz, 

CH), 8.25 (1H, dd, J = 7.3, 1.2 Hz, CH), 7.60-7.50 (2H, m, CH), 7.19 (1H, d, J = 8.5 Hz, 

CH), 4.79 (1H, t, J = 6.4 Hz, CH2), 3.26 (2H, t, J = 6.4 Hz, CH2), 3.01 (2H, m, CH2), 2.89 
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(6H, s, 2CH3), 1.65 (2H, p, J = 6.4 Hz, CH2); (+)-ESIMS m/z 334 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 334.1337 (calcd. for C15H20N5O2S, 334.1332).   

 

5.3.25 N-(3-Azidopropyl)-lissamine rhodamine sulfonamide (3.33)
107

  

 

Lissamine rhodamine sulfonyl chloride (40 mg, 69.3 µmol) was dissolved in dry CH2Cl2 

(4 mL) with TEA (9.7 µL, 69.5 µmol) and DMAP (cat.), before addition of excess 3-

azidopropylamine, pre-dissolved in CH2Cl2 (2 mL).  The mixture was stirred under N2 at 

r.t. for 4 h. and dried in vacuo.  The crude product was purified by several steps of flash 

CC on silica gel eluting with MeOH (3%) in CH2Cl2 to give a bright pink oil (12 mg, 

54%).  Rf (5% MeOH/CH2Cl2) 0.34; 
1
H NMR (DMSO-d6, 300 MHz) δ 8.42 (1H, d, J = 

1.4 Hz, CH), 8.00 (1H, t, J = 4.4 Hz, NH), 7.94 (1H, dd, J = 4.4, 1.4 Hz, CH), 7.48 (1H, 

d, J = 4.4 Hz, CH), 7.03 (4H, m, CH), 6.94 (2H, m, CH), 3.64 (2H, m, CH2), 3.41 (2H, t, 

J = 5.0 Hz, CH2), 2.94 (2H, dt, J = 5.0, 4.4 Hz, CH2), 1.70 (2H, p, J = 5.0 Hz, CH2), 1.21 

(12H, br t, J = 9.0 Hz, 4CH3); (+)-ESIMS m/z 641 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 

641.2205 (calcd. for C30H37N6O6S2, 641.2211).   
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5.3.26 Dansyl "click" discorhabdin C analogue (3.34)  

 

N-13-Propargylacetamido discorhabdin C trifluoroacetate salt (4 mg, 6 µmol) was 

dissolved in dry CH2Cl2 (2 mL) with N-(3-azidopropyl)-5-(dimethylamino)-1-

naphthalenesulfonamide (5 mg, 15 µmol), before addition of DIPEA (5 µL, 28.7 µmol) 

and copper iodide (cat.).  The reaction mixture was stirred at r.t. for 30 min, and the 

resulting mixture was filtered to remove copper iodide.  The filtrate was diluted with 

MeOH (10 mL) and concentrated under reduced pressure.  A single Sephadex LH-20 CC 

eluting with MeOH (0.05% TFA) followed by a reversed-phase C18 flash CC eluting with 

a gradient solvent mixture from 0-50% MeOH (0.05% TFA), yielded the desired product 

as a purple non-crystalline trifluoroacetate salt (3.5 mg, 58%).  RT 6.29 min; 
1
H NMR 

(DMSO-d6, 400 MHz) δ 10.08 (1H, br s, NH-9), 8.79 (1H, br t, J = 5.6 Hz, NH-24), 8.47 

(1H, d, J = 8.1 Hz, H-39), 8.29 (1H, d, J = 8.1 Hz, H-44), 8.20 (1H, br s, NH-18), 8.06 

(2H, m, H-34/H-37), 7.79 (1H, s, H-27), 7.69 (2H, s, H-1/H-5), 7.61 (2H, t, J = 8.1 Hz, 

H-38/H-43), 7.37 (1H, s, H-14), 7.27 (1H, d, J = 8.1 Hz, H-42), 5.00 (2H, s, H2-22), 4.30 

(4H, m, H2-25/H2-31), 3.68 (2H, t, J = 7.0 Hz, H2-17), 3.61 (2H, m, H2-8), 2.84 (6H, s, 

2H3-47), 2.80 (4H, m, H2-16/H2-33), 2.00 (2H, br s, H2-7), 1.88 (2H, p, J = 6.0 Hz, H2-

32); 
13

C NMR (DMSO-d6, 100 MHz) δ 171.3 (C-3), 165.6 (C-23 or C- 11), 165.5 (C-11 

or C-23), 152.6 (C-19), 151.4 (C-41 or C-10), 151.3 (C-10 or C-41), 151.0 (C-1/C-5), 

143.9 (C-26), 135.5 (C-36), 132.3 (C-14), 129.4 (C-39), 129.0 (C-40 or C-45), 128.9 (C-

45 or C40), 128.3 (C-37), 127.8 (C-43), 123.5 (C-21/C-38), 122.9 (C-27), 122.6 (C-2/C-

4/C-12), 118.8 (C-15 or C-44), 118.7 (C-44 or C-15), 115.1 (C-42), 91.8 (C-20), 50.8 (C-

22), 46.5 (C-31), 45.0 (C-47), 44.6 (C-6), 43.4 (C-17), 39.4 (C-33), 38.2 (C-8), 34.4 (C-

25), 33.5 (C-7), 30.0 (C-32), 17.8 (C-16); (+)-ESIMS m/z 890 [M+H]
+
; (+)-HRESIMS 
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m/z [M+H]
+
 890.1047 (calcd. for C38H38

79
Br2N9O5S, 890.1079), 892.1060 (calcd. for 

C38H38
79

Br
81

BrN9O5S, 892.1061), 894.1052 (calcd. for C38H38
81

Br2N9O5S, 894.1039). 

 

5.3.27 Lissamine rhodamine "click" discorhabdin C (3.35)  

 

N-13-Propargylacetamido discorhabdin C trifluoroacetate salt (4 mg, 6 µmol) was 

dissolved in MeCN (2 mL) with N-(3-azidopropyl)-lissamine rhodamine sulfonamide (6 

mg, 9.4 µmol), before addition of DIPEA (5 µL, 28.7 µmol) and copper iodide (cat.).  

The reaction mixture was stirred at r.t. for 30 min, and the resulting mixture was filtered 

to remove copper iodide.  The filtrate was further purified by a reversed-phase C18 flash 

CC eluting with a gradient solvent mixture from 0-50% MeOH (0.05% TFA) to yield the 

desired product as a purple non-crystalline trifluoroacetate salt (4 mg, 51%).  RT 7.40 

min; 
1
H NMR (DMSO-d6, 600 MHz) δ 10.08 (1H, br s, NH-9), 8.78 (1H, br s, NH-24), 

8.42 (1H, s, H-37), 8.22 (1H, br s, H-18), 8.10 (1H, br s, NH-34), 7.94 (2H, br s, H-27/H-

41), 7.73 (2H, s, H-1/H-5), 7.50 (1H, d, J = 7.8 Hz, H-40), 7.36 (1H, s, H-14), 7.05 (4H, 

m, H-48/H-49/H-54/H-55), 6.94 (2H, m, H-50/H-52), 5.00 (2H, s, H2-22), 4.38 (2H, br t, 

H2-31), 4.34 (2H, br s, H2-25), 3.64 (12H, m, H2-8/H2-17/H2-57), 2.93 (2H, m, H2-33), 

2.82 (2H, m, H2-16), 2.00 (2H, m, H2-7), 1.97 (2H, m, H2-32), 1.21 (12H, m, 4H3-58); 

13
C NMR (DMSO-d6, 150 MHz) δ 171.3 (C-3), 165.6 (C-23 or C- 11), 165.5 (C-11 or C-

23), 157.2 (C-42), 157.0 (C-44/C-46), 155.0 (C-50/C-53), 152.6 (C-19), 151.4 (C-10), 

151.1 (C-1/C-5), 147.9 (C-36 or C-38), 144.1 (C-26), 141.2 (C-36 or C-38), 133.1 (C-

39), 132.6 (C-35/C-48), 132.3 (C-14), 130.8 (C-40), 126.5 (C-41), 125.6 (C-37), 123.5 

(C-21), 123.0 (C-27), 122.6 (C-2/C-4/C-12), 118.8 (C-15), 113.6 (C-49/C-54), 113.4 (C-
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43/C-47), 95.3 (C-51/C-52), 91.9 (C-20), 50.8 (C-22), 46.7 (C-31), 45.2 (C-57), 44.6 (C-

6), 43.5 (C-17), 39.9 (C-33), 38.3 (C-8), 34.4 (C-25), 33.5 (C-7), 29.9 (C-32), 17.9 (C-

16), 12.4 (C-58); (+)-ESIMS m/z 775 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 1197.2030 

(calcd. for C53H55
79

Br2N10O9S2, 1197.1956), 1199.1946 (calcd. for 

C53H55
79

Br
81

BrN10O9S2, 1199.1942), 1201.1931 (calcd. for C53H55
81

Br2N10O9S2, 

1201.1919).   

 

5.4 Chapter four experimental procedures 

 

5.4.1 8-Hydroxy-N-pentylquinoline-2-carboxamide (4.36) 

 

To a of solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and 

PyBOP (165 mg, 0.32 mmol) in dry DMF (3 mL), n-pentylamine (61 µL, 0.53 mmol) 

and TEA (44 µL, 0.32 mmol) was added.  The resulting mixture was stirred under N2 at 

r.t. for 12 h. The crude product was subjected to reversed-phase C18 flash CC eluting with 

a gradient solvent mixture from 0-80% MeOH (0.05% TFA) and flash CC on silica gel 

eluting with MeOH (0-1%) in CH2Cl2 to afford 4.36 as a colourless oil (65 mg, 95%).  Rf 

(5% MeOH/CH2Cl2) 0.65; IR νmax (smear) 3266, 2929, 1647, 1500 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 8.46 (1H, t, J = 5.8 Hz, NH-2'), 8.33 (1H, d, J = 8.6 Hz, H-3), 8.24 

(1H, d, J = 8.6 Hz, H-4), 7.49 (1H, t, J = 8.2 Hz, H-6), 7.34 (1H, d, J = 8.2 Hz, H-5), 7.20 

(1H, d, J = 8.2 Hz, H-7), 3.46 (2H, dt, J = 7.4, 5.8 Hz, H2-3'), 1.58 (2H, p, J = 7.4 Hz, H2-

4'), 1.24 (4H, m, H2-5'/H2-6'), 0.81 (3H, t, J = 7.4 Hz, H3-7'); 
13

C NMR (CDCl3, 100 

MHz) δ 164.4 (C-1'), 152.4 (C-8), 148.0 (C-2), 137.6 (C-4), 136.6 (C-8a), 129.7 (C-4a), 

129.2 (C-6), 119.7 (C-3), 118.1 (C-5), 111.2 (C-7), 39.8 (C-3'), 29.4 (C-4'), 29.1 (C-5'), 

22.3 (C-6'), 13.8 (C-7'); (+)-ESIMS m/z 259 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 

259.1444 (calcd. for C15H19N2O2, 259.1441).   

 

4.36 



 

Chapter Five: Experimental  

245 

 

5.4.2 N-Pentyl-quinoline-5,8-dione-2-carboxamide (4.37) 

 

A solution of PIFA (127 mg, 0.29 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of 8-Hydroxy-N-pentylquinoline-2-carboxamide (38 mg, 0.15 

mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 0°C.  

The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 mL).  

The organic extract was dried under reduced pressure, affording crude 4.37 as a dark 

brown oil (31 mg).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 300 MHz) δ 8.57 (2H, s, H-3/H-4), 8.30 (1H, m, 

NH-2'), 7.20 (1H, d, J = 10.3 Hz, H-7), 7.12 (1H, d, J = 10.3 Hz, H-6), 3.51 (2H, m, H2-

3'), 1.67 (2H, m, H2-4'), 1.36 (4H, m, H2-5'/H2-6'), 0.90 (3H, m, H3-7'); 
13

C NMR (CDCl3, 

75 MHz) δ 183.7 (C-5), 182.4 (C-8), 162.4 (C-1'), 154.0 (C-2), 145.7 (C-8a), 139.2 (C-7), 

138.2 (C-6), 136.3 (C-3 or C-4), 130.2 (C-4a), 126.1 (C-3 or C-4), 39.7 (C-3'), 29.2 (C-

4'), 29.0 (C-5'), 22.2 (C-6'), 13.9 (C-7'); (+)-ESIMS m/z 273 [M+H]
+
; (+)-HRESIMS m/z 

[M+H]
+
 273.1243 (calcd. for C15H17N2O3, 273.1234).   

 

5.4.3 Ascidiathiazone A pentyl-2-carboxamide analogue (4.38)  

 

A solution of quinone 4.37 from 8-hydroxy-N-pentylquinoline-2-carboxamide (38 mg, 

0.147 mmol) was dissolved with cerium chloride heptahydrate (37 mg, 98 µmol) in 

MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (8.2 mg, 75 µmol) in 

water (2 mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed 

colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  The residue was 

filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an insoluble 

red-brown solid (4.38) (11 mg, 20%).  Mp 200°C (decomp.); Rf (10% MeOH/CH2Cl2) 

4.37 

4.38 



 

Chapter Five: Experimental  

246 

 

0.57; IR νmax (smear) 3234, 2933, 1686, 1508 cm
-1

; 
1
H NMR (DMSO-d6, 400 MHz) δ 

9.32 (1H, br s, NH-4), 8.70 (1H, t, J = 5.9 Hz, NH-2'), 8.53 (1H, d, J = 8.2 Hz, H-9), 8.40 

(1H, d, J = 8.2 Hz, H-8), 3.90 (2H, t, J = 6.1 Hz, H2-3), 3.41 (2H, t, J = 6.1 Hz, H2-2), 

3.36 (2H, m, H2-3'), 1.57 (2H, p, J = 6.8 Hz, H2-4'), 1.30 (4H, m, H2-5'/H2-6'), 0.88 (3H, 

t, J = 6.8 Hz, H3-7'); 
13

C NMR (DMSO-d6, 100 MHz) δ 176.2 (C-5), 173.4 (C-10), 162.4 

(C-1'), 152.5 (C-7), 147.6 (C-4a), 145.3 (C-5a), 135.9 (C-9), 131.3 (C-9a), 126.5 (C-8), 

110.6 (C-10a), 48.1 (C-2), 40.8 (C-3), 38.8 (C-3'), 28.8 (C-4'), 28.6 (C-5' or C-6'), 21.8 

(C-5' or C-6'), 13.8 (C-7'); (+)-ESIMS m/z 378 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 

378.1107 (calcd. for C17H20N3O5S, 378.1091). 

 

5.4.4 Δ
2(3)

 Ascidiathiazone A pentyl-2-carboxamide analogue (4.39) 

 

 

2 N NaOH (3 mL) was added to pentyl carboxamide 4.38 (10 mg, 26 µmol) in DMF (1 

mL), and was left to stir at r.t. for 2 h.  HCl (10% vol) was added dropwise until the 

reaction mixture turned acidic. The crude mixture was subjected to reversed-phase C18 

flash CC eluting with a gradient solvent mixture from 0-10% MeOH (0.05% TFA), 

yielding 4.39 (4 mg, 40%) as a bright yellow solid.  Mp 280°C (decomp.); Rf (10% 

MeOH/CH2Cl2) 0.46; IR νmax (smear) 3319, 3057, 1710, 1635, 1528 cm
-1

; 
1
H NMR 

(DMSO-d6, 300 MHz) δ 11.44 (1H, br s, NH-4), 8.78 (1H, t, J = 6.1 Hz, NH-2'), 8.58 

(1H, d, J = 8.1 Hz, H-9), 8.43 (1H, d, J = 8.1 Hz, H-8), 7.17 (1H, d, J = 8.9 Hz, H-3), 

6.62 (1H, d, J = 8.9 Hz, H-2), 3.37 (2H, m, H2-3'), 1.58 (2H, p, J = 7.5 Hz, H2-4'), 1.30 

(4H, m, H2-5'/H2-6'), 0.88 (3H, t, J = 7.5 Hz, H3-7'); 
13

C NMR (DMSO-d6, 75 MHz) δ 

177.6 (C-10), 175.4 (C-5), 162.3 (C-1'), 153.1 (C-7), 145.5 (C-5a), 141.3 (C-4a), 136.0 

(C-9), 130.49 (C-9a/C-3), 126.3 (C-8), 115.1 (C-10a), 111.9 (C-2), 38.6 (C-3'), 28.7 (C-4' 

or C-5'), 28.6 (C-4' or C-5'), 21.8 (C-6'), 13.9 (C-7'); (+)-ESIMS m/z 376 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 376.0958 (calcd. for C17H18N3O5S, 376.0962). 
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5.4.5 8-Hydroxy-N-octylquinoline-2-carboxamide (4.40) 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and PyBOP 

(165 mg, 0.32 mmol) in dry DMF (3 mL), n-octylamine (87 µL, 0.528 mmol) and TEA 

(44 µL, 0.317 mmol) was added.  The resulting mixture was stirred under N2 at r.t. for 12 

h. The crude product was subjected to reversed-phase C18 flash CC eluting with a 

gradient solvent mixture from 0-80% MeOH (0.05% TFA) and flash CC on silica gel 

eluting with MeOH (0-1%) in CH2Cl2 to afford 4.40 (73 mg, 92%).  Rf (5% 

MeOH/CH2Cl2) 0.80; IR νmax (smear) 3297, 2924, 1648, 1501 cm
-1

; 
1
H NMR (CDCl3, 

400 MHz) δ 8.69 (1H, t, J = 5.7 Hz, NH-2'), 8.33 (1H, d, J = 8.6 Hz, H-3), 8.22 (1H, d, J 

= 8.6 Hz, H-4), 7.48 (1H, t, J = 8.0 Hz, H-6), 7.32 (1H, d, J = 8.0 Hz, H-5), 7.18 (1H, d, J 

= 8.0 Hz, H-7), 3.45 (2H, dt, J = 7.2, 5.7 Hz, H2-3'), 1.55 (2H, p, J = 7.2 Hz, H2-4'), 1.20 

(10H, m, H2-5'/H2-6'/H2-7'/H2-8'/H2-9'), 0.80 (3H, t, J = 7.2 Hz, H3-10'); 
13

C NMR 

(CDCl3, 100 MHz) δ 164.6 (C-1'), 152.5 (C-8), 147.8 (C-2), 137.6 (C-4), 136.6 (C-8a), 

129.6 (C-4a), 129.2 (C-6), 119.6 (C-3), 118.1 (C-5), 111.2 (C-7), 39.9 (C-3'), 31.7 (C-6' 

or C-7' or C-8' or C-9'), 29.6 (C-4'), 29.2 (C-6' or C-7' or C-8' or C-9'), 29.1 (C-6' or C-7' 

or C-8' or C-9'), 27.0 (C-5'), 22.5 (C-6' or C-7' or C-8' or C-9'), 14.0 (C-10'); (+)-ESIMS 

m/z 301 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 301.1917 (calcd. for C18H25N2O2, 

301.1911). 

5.4.6 N-Benzyl-8-hydroxyquinoline-2-carboxamide (4.41) 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and PyBOP 

(165 mg, 0.32 mmol) in dry DMF (3 mL), benzylamine (58 µL, 0.53 mmol) and TEA (44 

µL, 0.32 mmol) was added.  The resulting mixture was stirred under N2 at r.t. for 12 h. 

The crude product was subjected to reversed-phase C18 flash CC eluting with a gradient 

solvent mixture from 0-80% MeOH (0.05% TFA) and flash chromatrography on silica 

4.40 
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gel eluting with MeOH (0-1%) in CH2Cl2 to afford 4.41 as a colourless oil (57 mg, 77%).  

Rf (5% MeOH/CH2Cl2) 0.72; IR νmax (smear) 3251, 3062, 1642, 1501 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 8.90 (1H, br s, NH-2'), 8.29 (1H, d, J = 8.4 Hz, H-3), 8.20 (1H, d, J 

= 8.4 Hz, H-4), 7.48 (1H, t, J = 7.9 Hz, H-6), 7.33 (1H, d, J = 7.9 Hz, H-5), 7.25-7.13 

(6H, m, H-7/H-5'/H-6'/H-7'), 4.61 (2H, br s, H2-3'); 
13

C NMR (CDCl3, 100 MHz) δ 164.6 

(C-1'), 152.4 (C-8), 147.5 (C-2), 137.9 (C-4'), 137.6 (C-4), 136.5 (C-8a), 129.7 (C-4a), 

129.3 (C-6), 128.5 (C-5'), 127.7 (C-6'), 127.3 (C-7'), 119.7 (C-3), 118.1 (C-5), 111.3 (C-

7), 43.6 (C-3'); (+)-ESIMS m/z 279 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 279.1126 

(calcd. for C17H15N2O2, 279.1128).   

 

5.4.7 8-Hydroxy-N-phenethylquinoline-2-carboxamide (4.42) 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and PyBOP 

(165 mg, 0.32 mmol) in dry DMF (3 mL), phenethylamine (66 µL, 0.53 mmol) and TEA 

(44 µL, 0.32 mmol) was added.  The resulting mixture was stirred under N2 at r.t. for 12 

h. The crude product was subjected to reversed-phase C18 flash CC eluting with a 

gradient solvent mixture from 0-80% MeOH (0.05% TFA) and flash CC on silica gel 

eluting with MeOH (0-1%) in CH2Cl2 to afford 4.42 as a colourless oil (65 mg, 84%).  Rf 

(5% MeOH/CH2Cl2) 0.65; IR νmax (smear) 3288, 3073, 1643, 1501 cm
-1

; 
1
H NMR 

(CDCl3, 300 MHz) δ 8.33 (1H, d, J = 8.5 Hz, H-3), 8.28 (1H, d, J = 8.5 Hz, H-4), 7.51 

(1H, t, J = 7.8 Hz, H-6), 7.39-7.19 (7H, m, H-5/H-7/H-6'/H-7'/H-8'), 3.77 (2H, dt, J = 7.0, 

6.8 Hz, H2-3'), 2.95 (2H, t, J = 7.0 Hz, H2-4'); 
13

C NMR (CDCl3, 75 MHz) δ 164.1 (C-1'), 

152.3 (C-8), 147.9 (C-2), 138.8 (C-5'), 137.8 (C-4), 136.5 (C-8a), 129.7 (C-4a), 129.3 (C-

6), 128.8 (C-6'), 128.7 (C-7'), 126.7 (C-8'), 119.7 (C-3), 118.1 (C-5), 111.2 (C-7), 40.7 

(C-3'), 35.8 (C-4'); (+)-ESIMS m/z 293 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 293.1292 

(calcd. for C18H17N2O2, 293.1285).   
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5.4.8 8-Hydroxy-N-phenpropylquinoline-2-carboxamide (4.43) 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and PyBOP 

(165 mg, 0.32 mmol) in dry DMF (3 mL), phenpropylamine (66 µL, 0.53 mmol) and 

TEA (44 µL, 0.32 mmol) was added.  The resulting mixture was stirred under N2 at r.t. 

for 12 h. The crude product was subjected to reversed-phase C18 flash CC eluting with a 

gradient solvent mixture from 0-80% MeOH (0.05% TFA) and flash CC on silica gel 

eluting with MeOH (0-1%) in CH2Cl2 to afford 4.43 as a colourless oil (67 mg, 79%).  Rf 

(5% MeOH/CH2Cl2) 0.65; IR νmax (smear) 3257, 2929, 1647, 1500 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz) δ 8.64 (1H, br s, NH-2'), 8.32 (1H, d, J = 8.5 Hz, H-3), 8.20 (1H, d, J 

= 8.5 Hz, H-4), 7.49 (1H, t, J = 7.9 Hz, H-6), 7.33 (1H, d, J = 7.9 Hz, H-5), 7.25-7.00 

(6H, m, H-7/H-7'/H-8'/H-9'), 3.50 (2H, m, H2-3'), 2.57 (2H, t, J = 7.2 Hz, H2-5'), 1.89 

(2H, p, J = 7.2 Hz, H2-4'); 
13

C NMR (CDCl3, 100 MHz) δ 164.6 (C-1'), 152.5 (C-8), 

147.7 (C-2), 141.2 (C-6'), 137.6 (C-4), 136.5 (C-8a), 129.6 (C-4a), 129.2 (C-6), 128.2 (C-

7'), 128.1 (C-8'), 125.8 (C-9'), 119.5 (C-3), 118.1 (C-5), 111.2 (C-7), 39.4 (C-3'), 33.2 (C-

5'), 31.0 (C-4'); (+)-ESIMS m/z 307 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 307.1449 

(calcd. for C19H19N2O2, 307.1441).   

 

5.4.9 N-Geranyl-8-hydroxyquinoline-2-carboxamide (4.44) 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and PyBOP 

(165 mg, 0.32 mmol) in dry DMF (3 mL), geranylamine (98 µL, 0.53 mmol) and TEA 

(44 µL, 0.32 mmol) was added.  The resulting mixture was stirred under N2 at r.t. for 12 

h. The crude product was subjected to reversed-phase C18 flash CC eluting with a 

gradient solvent mixture from 0-80% MeOH (0.05% TFA) and flash CC on silica gel 

eluting with MeOH (0-1%) in CH2Cl2 to afford 4.44 as a colourless oil (85 mg, 100%).  

4.43 
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Rf (5% MeOH/CH2Cl2) 0.66; IR νmax (smear) 3276, 2914, 1646, 1501 cm
-1

; 
1
H NMR 

(CDCl3, 300 MHz) δ 8.38 (1H, t, J = 5.55 Hz, NH-2'), 8.33 (1H, d, J = 8.5 Hz, H-3), 8.24 

(1H, d, J = 8.5 Hz, H-4), 7.49 (1H, t, J = 6.1 Hz, H-6), 7.34 (1H, dd, J = 6.1, 1.1 Hz, H-

5), 7.19 (1H, dd, J = 6.1, 1.1 Hz, H-7), 5.27 (1H, t, J = 6.9 Hz, H-4'), 4.99 (1H, t, J = 6.9 

Hz, H-8'), 4.12 (2H, dd, J = 6.3, 6.3 Hz, H2-3'), 1.98 (2H, m, H2-7'), 1.90 (2H, m, H2-6'), 

1.62 (6H, s, H3-11'/H3-12'), 1.53 (3H, s, H3-10'); 
13

C NMR (CDCl3, 75 MHz) δ 164.2 (C-

1'), 152.4 (C-8), 148.0 (C-2), 139.7 (C-5'), 137.6 (C-4), 136.5 (C-8a), 131.6 (C-9'), 129.6 

(C-4a), 129.2 (C-6), 123.7 (C-8'), 119.7 (C-4' or C-3), 119.6 (C-4' or C-3), 118.1 (C-5), 

111.2 (C-7), 39.4 (C-6'), 37.7 (C-3'), 26.3 (C-7'), 25.6 (C-12'), 17.6 (C-10'), 16.3 (C-11'); 

(+)-ESIMS m/z 325 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 325.1903 (calcd. for 

C20H25N2O2, 325.1911).  

 

5.4.10 N-Octyl-quinoline-5,8-dione-2-carboxamide (4.45) 

 

A solution of PIFA (127 mg, 0.29 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of 8-hydroxy-N-octylquinoline-2-carboxamide (73 mg, 0.24 

mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 0°C.  

The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 mL).  

The organic extract was dried under reduced pressure, affording crude 4.45 as a dark 

brown oil (79 mg).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 300 MHz) δ 8.56 (2H, s, H-3/H-4), 8.23 (1H, br s, 

NH-2'), 7.18 (1H, d, J = 10.5 Hz, H-7), 7.10 (1H, d, J = 10.5 Hz, H-6), 3.48 (2H, dt, J = 

6.7, 6.0 Hz, H2-3'), 1.65 (2H, p, J = 7.2 Hz, H2-4'), 1.26 (10H, br s, H2-5'/H2-6'/H2-7'/H2-

8'/H2-9'), 0.86 (3H, m, H3-10'); 
13

C NMR (CDCl3, 75 MHz) δ 183.8 (C-5), 182.5 (C-8), 

162.4 (C-1'), 154.1 (C-2), 145.0 (C-8a), 139.3 (C-7), 138.2 (C-6), 136.4 (C-3 or C-4), 

130.3 (C-4a), 126.2 (C-3 or C-4), 39.9 (C-3'), 31.8 (C-6' or C-7' or C-8' or C-9'), 29.6 (C-

4'), 29.2 (C-6' or C-7' or C-8' or C-9'), 29.1 (C-6' or C-7' or C-8' or C-9'), 27.0 (C-5'), 22.6 
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(C-6' or C-7' or C-8' or C-9'), 14.0 (C-10'); (+)-ESIMS m/z 315 [M+H]
+
; (+)-HRESIMS 

m/z [M+H]
+
 315.1711 (calcd. for C18H23N2O3, 315.1703). 

 

5.4.11 N-Benzyl-quinoline-5,8-dione-2-carboxamide (4.46) 

 

A solution of PIFA (127 mg, 0.29 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of N-benzyl-8-hydroxyquinoline-2-carboxamide (51 mg, 0.18 

mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 0°C.  

The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 mL).  

The organic extract was dried under reduced pressure, affording crude 4.46 as a dark 

brown oil (44 mg).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 400 MHz) δ 8.67 (1H, br s, NH-2'), 8.60 (1H, d, J 

= 8.1 Hz, H-3 or H-4), 8.55 (1H, d, J = 8.1 Hz, H-3 or H-4), 7.36-7.26 (5H, m, H-5' and 

6' and 7'), 7.14 (1H, d, J = 10.6 Hz, H-7), 7.09 (1H, d, J = 10.6 Hz, H-6), 4.69 (2H, d, J = 

6.3 Hz, H2-3'); 
13

C NMR (CDCl3, 100 MHz) δ 183.6 (C-5), 182.3 (C-8), 162.4 (C-1'), 

153.7 (C-2), 145.7 (C-8a), 139.2 (C-7), 138.1 (C-6), 137.3 (C-4'), 136.3 (C-3 or C-4), 

130.1 (C-4a), 128.6 (C-5'), 127.8 (C-6'), 127.5 (C-7'), 126.3 (C-3 or C-4), 43.6 (C-3'); 

(+)-ESIMS m/z 293 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 293.0921 (calcd. for 

C17H13N2O3, 293.0921).   
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5.4.12 N-Phenethyl-quinoline-5,8-dione-2-carboxamide (4.47) 

 

A solution of PIFA (127 mg, 0.29 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of 8-hydroxy-N-phenethyl-quinoline-2-carboxamide (58 mg, 

0.20 mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 

0°C.  The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 

mL).  The organic extract was dried under reduced pressure, affording crude 4.47 as a 

dark brown oil (42 mg).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 300 MHz) δ 8.57 (2H, s, H-3/H-4), 8.32 (1H, br s, 

NH-2'), 7.35-7.19 (5H, m, H-6'/H-7'/H-8'), 7.15-7.07 (2H, m, H-6/H-7), 3.75 (2H, dt, J = 

7.7, 6.9 Hz, H2-3'), 2.98 (2H, t, J = 7.7 Hz, H2-4'); 
13

C NMR (CDCl3, 100 MHz) δ 183.7 

(C-5), 182.3 (C-8), 162.4 (C-1'), 153.9 (C-2), 145.8 (C-8a), 139.2 (C-7), 138.2 (C-6), 

137.4 (C-5'), 136.4 (C-3 or C-4), 130.2 (C-4a), 128.7-128.6 (C-6' and C-7'), 126.5 (C-8'), 

126.1 (C-3 or C-4), 41.1 (C-3'), 35.7 (C-4'); (+)-ESIMS m/z 307 [M+H]
+
; (+)-HRESIMS 

m/z [M+H]
+
 307.1086 (calcd. for C18H15N2O3, 307.1077). 

 

5.4.13 N-Phenpropyl-quinoline-5,8-dione-2-carboxamide (4.48) 

 

A solution of PIFA (127 mg, 0.29 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of 8-hydroxy-N-phenpropyl-quinoline-2-carboxamide (65 mg, 

0.21 mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 

0°C.  The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 

mL).  The organic extract was dried under reduced pressure, affording crude 4.48 as a 

dark brown oil (114 mg).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 400 MHz) δ 8.57 (2H, s, H-3/H-4), 8.34 (1H, br s, 
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NH-2'), 7.33-7.07 (7H, m, H-6/H-7/H-7'/H-8'/H-9'), 3.54 (2H, dt, J = 7.5, 6.8 Hz, H2-3'), 

2.72 (2H, t, J = 7.5 Hz, H2-5'), 2.03 (2H, p, J = 7.5 Hz, H2-4'); 
13

C NMR (CDCl3, 100 

MHz) δ 183.7 (C-5), 182.4 (C-8), 162.4 (C-1'), 153.9 (C-2), 145.7 (C-8a), 139.2 (C-7), 

138.2 (C-6), 137.4 (C-6'), 136.4 (C-3 or C-4), 130.2 (C-4a), 128.4 (C-7' and 8'), 126.1 (C-

9'), 125.9 (C-3 or C-4), 39.3 (C-3'), 33.2 (C-5'), 31.0 (C-4'); (+)-ESIMS m/z 321 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 321.1242 (calcd. for C19H17N2O3, 321.1234).  

 

5.4.14 N-Geranyl-quinoline-5,8-dione-2-carboxamide (4.49) 

 

A solution of PIFA (127 mg, 0.294 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of N-geranyl-8-hydroxy-quinoline-2-carboxamide (48 mg, 0.15 

mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 0°C.  

The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 mL).  

The organic extract was dried under reduced pressure, affording crude 4.49 as a dark 

brown oil (35 mg).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 400 MHz) δ 8.56 (2H, s, H-3/H-4), 8.18 (1H, br s, 

NH-2'), 7.17 (1H, d, J = 10.5 Hz, H-7), 7.09 (1H, d, J = 10.5 Hz, H-6), 5.28 (1H, t, J = 

5.6 Hz, H-4'), 5.06 (1H, t, J = 6.8 Hz, H-8'), 4.10 (2H, dd, J = 6.4, 5.6 Hz, H2-3'), 2.09 

(2H, m, H2-7'), 2.02 (2H, m, H2-6'), 1.72 (3H, s, H3-11'), 1.65 (3H, s, H3-12'), 1.58 (3H, s, 

H3-10'); 
13

C NMR (CDCl3, 100 MHz) δ 183.8 (C-5), 182.5 (C-8), 162.2 (C-1'), 154.1 (C-

2), 145.8 (C-8a), 140.0 (C-5'), 139.3 (C-7), 138.2 (C-6), 136.3 (C-3 or C-4), 131.7 (C-9'), 

130.3 (C-4a), 126.2 (C-3 or C-4), 123.8 (C-8'), 119.4 (C-4'), 39.5 (C-6'), 37.7 (C-3'), 26.3 

(C-7'), 25.6 (C-12'), 17.7 (C-10'), 16.4 (C-11'); (+)-ESIMS m/z 361 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 361.1526 (calcd. for C20H22N2NaO3, 361.1523).   
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5.4.15 Ascidiathiazone A octyl-2-carboxamide analogue (4.50A)  

 

A solution of quinone 4.45 from 8-Hydroxy-N-octylquinoline-2-carboxamide (32 mg, 

0.11 mmol) was dissolved with cerium chloride heptahydrate (39 mg, 0.10 mmol) in 

MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (9.7 mg, 89 µmol) in 

water (2 mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed 

colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  The residue was 

filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an insoluble 

red-brown solid (4.50A) (24 mg, 54% over two steps).  Mp 200°C (decomp.); Rf (10% 

MeOH/CH2Cl2) 0.57; IR νmax (smear) 3240, 2925, 1669, 1521 cm
-1

; 
1
H NMR (DMSO-d6, 

400 MHz) δ 9.36 (1H, br s, NH-4), 8.71 (1H, t, J = 6.1 Hz, NH-2'), 8.53 (1H, d, J = 8.0 

Hz, H-9), 8.39 (1H, d, J = 8.0 Hz, H-8), 3.90 (2H, br s, H2-3), 3.41 (2H, br t, J = 6.1 Hz, 

H2-2), 3.32 (2H, m, H2-3'), 1.56 (2H, m, H2-4'), 1.29-1.25 (10H, m, H2-5'/H2-6'/H2-7'/H2-

8'/H2-9'), 0.85 (3H, m, H3-10'); 
13

C NMR (DMSO-d6, 100 MHz) δ 176.1 (C-5), 173.4 (C-

10), 162.4 (C-1'), 152.5 (C-7), 147.6 (C-4a), 145.2 (C-5a), 135.9 (C-9), 131.3 (C-9a), 

126.4 (C-8), 110.6 (C-10a), 48.1 (C-2), 39.5 (C-3/C-3'), 31.1 (C-8' or C-9'), 29.0 (C-4'), 

28.6 (C-6'), 26.4 (C-5'), 22.0 (C-8' or C-9'), 13.9 (C-10'); (+)-ESIMS m/z 420 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 420.1581 (calcd. for C20H26N3O5S, 420.1588). 

 

5.4.16 Ascidiathiazone A benzyl-2-carboxamide analogue (4.51)  

 

 

A solution of quinone 4.46 from N-benzyl-8-hydroxyquinoline-2-carboxamide (51 mg, 

0.18 mmol) was dissolved with cerium chloride heptahydrate (55 mg, 0.15 mmol) in 

MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (13 mg, 0.12 mmol) in 

4.50A 
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water (2 mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed 

colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  The residue was 

filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an insoluble 

red-brown solid (4.51) (10 mg, 14% over two steps).  Mp 200°C (decomp.); Rf (10% 

MeOH/CH2Cl2) 0.57; IR νmax (smear) 3267, 1676, 1595, 1513 cm
-1

; 
1
H NMR (DMSO-d6, 

300 MHz) δ 9.35 (1H, br s, NH-4), 9.27 (1H, t, J = 6.2 Hz, NH-2'), 8.54 (1H, d, J = 8.2 

Hz, H-9), 8.41 (1H, d, J = 8.2 Hz, H-8), 7.35-7.21 (5H, m, H-5'/H-6'/H-7'), 4.55 (2H, d, J 

= 6.4 Hz, H2-3'), 3.87 (2H, br s, H2-3), 3.39 (2H, t, J = 6.2 Hz, H2-2); 
13

C NMR (DMSO-

d6, 75 MHz) δ 176.1 (C-5), 173.3 (C-10), 162.7 (C-1'), 152.4 (C-7), 147.6 (C-4a), 145.4 

(C-5a), 139.2 (C-4'), 135.9 (C-9), 131.4 (C-9a), 128.3 (C-5' or C-6'), 127.4 (C-5' or C-6'), 

126.8 (C-8), 126.7 (C-7'), 110.6 (C-10a), 48.1 (C-2), 42.6 (C-3'), 39.4 (C-3); (+)-ESIMS 

m/z 398 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 398.0801 (calcd. for C19H16N3O5S, 

398.0805). 

 

5.4.17 Ascidiathiazone A phenethyl-2-carboxamide analogue (4.52) 

 

A solution of quinone 4.47 from 8-hydroxy-N-phenethyl-quinoline-2-carboxamide (33 

mg, 0.11 mmol) was dissolved with cerium chloride heptahydrate (51 mg, 0.14 mmol) in 

MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (12 mg, 0.11 mmol) in 

water (2 mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed 

colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  The residue was 

filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an insoluble 

red-brown solid (4.52) (15 mg, 33% over two steps).  Mp 240°C (decomp.); Rf (10% 

MeOH/CH2Cl2) 0.57; IR νmax (smear) 3230, 1678, 1580, 1555 cm
-1

; 
1
H NMR (DMSO-d6, 

300 MHz) δ 9.36 (1H, br s, NH-4), 8.77 (1H, t, J = 5.9 Hz, NH-2'), 8.54 (1H, t, J = 8.1 

Hz, H-9), 8.41 (1H, d, J = 8.1 Hz, H-8), 7.31-7.21 (5H, m, H-6' and H-7' and H-8'), 3.89 

(2H, m, H2-3), 3.61 (2H, dt, J = 7.7, 5.9 Hz, H2-3'), 3.40 (2H, t, J = 5.4 Hz, H2-2), 2.90 

(2H, t, J = 7.7 Hz, H2-4'); 
13

C NMR (DMSO-d6, 75 MHz) δ 176.1 (C-5), 173.3 (C-10), 
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162.4 (C-1'), 152.3 (C-7), 147.6 (C-4a), 145.2 (C-5a), 139.1 (C-5'), 135.9 (C-9), 131.3 

(C-9a), 128.5 (C-6'), 138.3 (C-7'), 126.4 (C-8'), 126.1 (C-8), 110.6 (C-10a), 48.1 (C-2), 

40.58 (C-3), 38.6 (C-3'), 35.0 (C-4'); (+)-ESIMS m/z 412 [M+H]
+
; (+)-HRESIMS m/z 

[M+H]
+
 412.0951 (calcd. for C20H18N3O5S, 412.0962). 

 

5.4.18 Ascidiathiazone A phenpropyl-2-carboxamide analogue (4.53)  

 

A solution of quinone 4.48 from 8-hydroxy-N-phenpropyl-quinoline-2-carboxamide (39 

mg, 0.13 mmol) was dissolved with cerium chloride heptahydrate (51 mg, 0.14 mmol) in 

MeCN (7 mL) and EtOH (7 mL) was cooled to 0 °C.  Hypotaurine (12 mg, 0.11 mmol) in 

water (2 mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed 

colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  The residue was 

filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an insoluble 

red-brown solid (4.53) (29 mg, 54% over two steps).  Mp 204 °C (decomp.); Rf (10% 

MeOH/CH2Cl2) 0.57; IR νmax (smear) 3247, 2922, 1670, 1528 cm
-1

; 
1
H NMR (DMSO-d6, 

300 MHz) δ 9.36 (1H, br s, NH-4), 8.77 (1H, t, J = 6.0 Hz, NH-2'), 8.54 (1H, d, J = 8.1 

Hz, H-9), 8.40 (1H, d, J = 8.1 Hz, H-8), 7.31-7.14 (5H, m, H-7'/H-8'/H-9'), 3.90 (2H, t, J 

= 5.5 Hz, H2-3), 3.41 (4H, m, H2-2/H2-3'), 2.63 (2H, t, J = 7.8 Hz, H2-5'), 1.89 (2H, p, J = 

7.8 Hz, H2-4'); 
13

C NMR (DMSO-d6, 75 MHz) δ 176.1 (C-5), 173.4 (C-10), 162.6 (C-1'), 

152.5 (C-7), 147.6 (C-4a), 145.3 (C-5a), 141.5 (C-6'), 135.9 (C-9), 131.3 (C-9a), 128.2 

(C-7'/C-8'), 126.5 (C-9'), 125.7 (C-8), 110.6 (C-10a), 48.12 (C-2), 40.1 (C-3), 38.8 (C-3'), 

32.6 (C-5'), 30.7 (C-4'); (+)-ESIMS m/z 426 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 

426.1119 (calcd. for C21H19N3O5S, 426.1118). 
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5.4.19 Ascidiathiazone A geranyl-2-carboxamide analogue (4.54)  

 

 

A solution of quinone 4.49 from N-geranyl-8-hydroxy-quinoline-2-carboxamide (38 mg, 

0.12 mmol) was dissolved with cerium chloride heptahydrate (31 mg, 83 µmol) in MeCN 

(7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (7.2 mg, 66 µmol) in water (2 

mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed colour from 

dark brown to dark orange, and was stirred at r.t. for 2 days.  The residue was filtered and 

washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an insoluble red-brown 

solid (4.54) (10 mg, 19% over two steps).  Mp 200°C (decomp.); Rf (10% 

MeOH/CH2Cl2) 0.57; IR νmax (smear) 3230, 3076, 1693, 1561 cm
-1

; 
1
H NMR (DMSO-d6, 

300 MHz) δ 9.35 (1H, br s, NH-4), 8.72 (1H, t, J = 5.7 Hz, NH-2'), 8.54 (1H, d, J = 8.1 

Hz, H-9), 8.40 (1H, d, J = 8.1 Hz, H-8), 5.27 (1H, t, J = 6.2 Hz, H-4'), 5.07 (1H, m, H-8'), 

3.97 (2H, dd, J = 6.2, 5.7 Hz, H2-3'), 3.90 (2H, m, H2-3), 3.41 (2H, t, J = 6.0 Hz, H2-2), 

2.06-1.98 (4H, m, H2-6'/H2-7'), 1.72 (3H, s, H3-11'), 1.62 (3H, s, H3-12'), 1.56 (3H, s, H3-

10'); 
13

C NMR (DMSO-d6, 75 MHz) δ 176.1 (C-5), 173.3 (C-10), 162.2 (C-1'), 152.5 (C-

7), 147.6 (C-4a), 145.2 (C5a), 137.5 (C-5'), 135.9 (C-9), 131.3 (C-9a), 130.8 (C-9'), 126.4 

(C-8), 123.8 (C-8'), 120.9 (C-4'), 110.6 (C-10a), 48.1 (C-2), 40.3 (C-3), 38.6 (C-6'), 37.0 

(C-3'), 25.9 (C-7'), 25.4 (C-12'), 17.4 (C-10'), 16.0 (C-11'); (+)-ESIMS m/z 444 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 444.1577 (calcd. for C22H26N3O5S, 444.1588). 

 

5.4.20 Δ
2(3)

 Ascidiathiazone A octyl-2-carboxamide analogue (4.55A) 

 

Octyl carboxamide 4.50 (12 mg, 26 µmol) was stirred in 2 N NaOH (3 mL) at r.t. for 2 h.  

HCl (10% vol) was added dropwise until the reaction mixture turned acidic. The crude 

mixture was subjected to reversed-phase C18 flash CC eluting with a gradient solvent 

4.54 
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mixture from 0-10% MeOH (0.05% TFA), yielding 4.55A (6 mg, 50%) as a bright 

yellow solid.  Mp 280°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.46; IR νmax (smear) 3289, 

2924, 1635, 1527 cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 11.44 (1H, d, J = 5.3 Hz, NH-

4), 8.79 (1H, t, J = 5.8 Hz, NH-2'), 8.58 (1H, d, J = 8.0 Hz, H-9), 8.43 (1H, d, J = 8.0 Hz, 

H-8), 7.17 (1H, dd, J = 8.8, 5.3 Hz, H-3), 6.63 (1H, d, J = 8.8 Hz, H-2), 3.37 (2H, m, H2-

3'), 1.56 (2H, m, H2-4'), 1.28-1.25 (10H, m, H2-5'/H2-6'/H2-7'/H2-8'/H2-9'), 0.85 (3H, m, 

H3-10'); 
13

C NMR (DMSO-d6, 75 MHz) δ 177.6 (C-10), 175.4 (C-5), 162.3 (C-1'), 153.2 

(C-7), 145.5 (C-5a), 141.3 (C-4a), 136.0 (C-9), 130.5 (C-9a), 130.4 (C-3), 126.3 (C-8), 

115.1 (C-10a), 111.9 (C-2), 38.6 (C-3'), 31.2 (C-8'or C-9'), 29.1 (C-4'), 28.6 (C-6'), 26.4 

(C-5'), 22.0 (C-8' or C-9'), 13.9 (C-10'); (+)-ESIMS m/z 418 [M+H]
+
; (+)-HRESIMS m/z 

[M+H]
+
 418.1419 (calcd. for C20H24N3O5S, 418.1431).   

 

5.4.21 Δ
2(3)

 Ascidiathiazone A benzyl-2-carboxamide analogue (4.56) 

 

Benzyl carboxamide 4.51 (10 mg, 25 µmol) was stirred in 2 N NaOH (3 mL) at r.t. for 2 

h.  HCl (10% vol) was added dropwise until the reaction mixture turned acidic. The crude 

mixture was subjected to reversed-phase C18 flash CC eluting with a gradient solvent 

mixture from 0-10% MeOH (0.05% TFA), yielding 4.56 (3 mg, 30%) as a bright yellow 

solid.  Mp 280°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.46; IR νmax (smear) 3213, 1706, 

1634, 1513 cm
-1

; 
1
H NMR (DMSO-d6, 400 MHz) δ 11.44 (1H, d, J = 5.6 Hz, NH-4), 9.36 

(1H, t, J = 6.3 Hz, NH-2'), 8.59 (1H, d, J = 8.2 Hz, H-9), 8.48 (1H, d, J = 8.2 Hz, H-8), 

7.35-7.25 (5H, m, H-5'/H-6'/H-7'), 7.17 (1H, dd, J = 8.9, 5.6 Hz, H-3), 6.62 (1H, d, J = 

8.9 Hz, H-2), 4.58 (2H, d, J = 6.4 Hz, H2-3'); 
13

C NMR (DMSO-d6, 100 MHz) δ 177.6 

(C-10), 175.4 (C-5), 162.6 (C-1'), 153.0 (C-7), 145.6 (C-5a), 141.3 (C-4a), 139.2 (C-4'), 

136.1 (C-9), 130.6 (C-9a), 130.4 (C-3), 128.3 (C-5' or 6'), 127.4 (C-5' or H-6'), 126.8 (C-

8), 126.5 (C-7'), 115.2 (C-10a), 111.9 (C-2), 42.7 (C-3'); (+)-ESIMS m/z 396 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 396.0652 (calcd. for C19H14N3O5S, 396.0649).   
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5.4.22 Δ
2(3)

 Ascidiathiazone A phenethyl-2-carboxamide analogue (4.57) 

 

 

Phenethyl-2-carboxamide 4.52 (11 mg, 25 µmol) was stirred in 2 N NaOH (3 mL) at r.t. 

for 2 h.  HCl (10% vol) was added dropwise until the reaction mixture turned acidic. The 

crude mixture was subjected to reversed-phase C18 flash CC eluting with a gradient 

solvent mixture from 0-10% MeOH (0.05% TFA), yielding 4.57 (4 mg, 37%) as a bright 

yellow solid.  Mp 290°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.46; IR νmax (smear) 3103, 

3067, 1714, 1678, 1512 cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 11.44 (1H, d, J = 5.6, 

NH-4), 8.85 (1H, t, J = 6.1 Hz, NH-2'), 8.58 (1H, d, J = 8.1 Hz, H-9), 8.45 (1H, d, J = 8.1 

Hz, H-8), 7.34-7.22 (5H, m, H-6'/H-7'/H-8'), 7.17 (1H, dd, J = 8.7, 5.6 Hz, H-3), 6.62 

(1H, d, J = 8.7 Hz, H-2), 3.62 (2H, dt, J = 6.9, 6.1 Hz, H2-3'), 2.90 (2H, t, J = 6.9 Hz, H2-

4'); 
13

C NMR (DMSO-d6, 100 MHz) δ 177.6 (C-10), 175.4 (C-5), 162.3 (C-1'), 152.9 (C-

7), 145.5 (C-5a), 141.3 (C-4a), 139.1 (C-5'), 136.1 (C-9), 130.6 (C-9a), 130.4 (C-3), 

128.6 (C-6'), 128.4 (C-7'), 126.3 (C-7'), 126.1 (C-8), 115.1 (C-10a), 111.9 (C-2), 40.7 (C-

3'), 35.0 (C-4'); (+)-ESIMS m/z 410 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 410.0795 

(calcd. for C20H16N3O5S, 410.0805).  

 

5.4.23 Δ
2(3)

 Ascidiathiazone A phenpropyl-2-carboxamide analogue (4.58) 

 

 

Phenpropyl-2-carboxamide 4.53 (20 mg, 47 µmol) was stirred in 2 N NaOH (3 mL) at r.t. 

for 2 h.  HCl (10% vol) was added dropwise until the reaction mixture turned acidic. The 

crude mixture was subjected to reversed-phase C18 flash CC eluting with a gradient 

solvent mixture from 0-10% MeOH (0.05% TFA), yielding 4.58 (6 mg, 30%) as a bright 

4.57 
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yellow solid.  Mp 230°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.46; IR νmax (smear) 3059, 

2930, 1653, 1511 cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 11.45 (1H, br s, NH-4), 8.86 

(1H, t, J = 6.2 Hz, NH-2'), 8.58 (1H, d, J = 8.1, H-9), 8.44 (1H, d, J = 8.1 Hz, H-8), 7.31-

7.15 (7H, m, H-3/H-7'/H-8'/H-9'), 6.63 (1H, d, J = 9.0 Hz, H-2), 3.40 (2H, dt, J = 7.5, 6.2 

Hz, H2-3'), 2.64 (2H, t, J = 7.5 Hz, H2- 5'), 1.89 (2H, p, J = 7.5 Hz, H2-4'); 
13

C NMR 

(DMSO-d6, 100 MHz) δ 177.6 (C-10), 175.4 (C-5), 162.4 (C-1'), 153.1 (C-7), 145.5 (C-

5a), 141.5 (C-6'), 141.3 (C-4a), 136.0 (C-9), 130.5 (C-9a), 130.4 (C-3), 128.2 (C-7'/C-8'), 

126.3 (C-9'), 125.7 (C-8), 115.1 (C-10a), 111.9 (C-2), 38.6 (C-3'), 32.5 (C-5'), 30.7 (C-

4'); (+)-ESIMS m/z 424 [M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 424.0972 (calcd. for 

C21H18N3O5S, 424.0962). 

 

5.4.24 Δ
2(3)

 Ascidiathiazone A geranyl-2-carboxamide analogue (4.59)  

 

Ascidiathiazone A geranyl-2-carboxamide 4.54 (10 mg, 22 µmol) was stirred in 2 N 

NaOH (3 mL) at r.t. for 2 h.  HCl (10% vol) was added dropwise until the reaction 

mixture turned acidic. The crude mixture was subjected to reversed-phase C18 flash CC 

eluting with a gradient solvent mixture from 0-10% MeOH (0.05% TFA) and Sephadex 

LH-20 (MeOH, 0.05% TFA), yielding 4.59 (5 mg, 50%) as a bright yellow solid.  Mp 

280°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.46; 
1
H NMR (DMSO-d6, 400 MHz) δ 11.44 

(1H, d, J = 5.7 Hz, NH-4), 8.81 (1H, t, J = 5.9 Hz, NH-2'), 8.58 (1H, d, J = 7.9 Hz, H-9), 

8.43 (1H, d, J = 7.9 Hz, H-8), 7.17 (1H, dd, J = 8.6, 5.7 Hz, H-3), 6.62 (1H, d, J = 8.6 Hz, 

H-2), 5.27 (1H, t, J = 5.8 Hz, H-4'), 5.07 (1H, t, J = 6.7 Hz, H-8'), 3.98 (2H, dd, J = 5.9, 

5.8 Hz, H2-3'), 2.08 (4H, m, H2-6'/H2-7'), 1.71 (3H, s, H3-11'), 1.62 (3H, s, H3-12'), 1.56 

(3H, s, H3-10'); 
13

C NMR (DMSO-d6, 100 MHz) δ 177.6 (C-10), 175.4 (C-5), 162.1 (C-

1'), 153.2 (C-7), 145.5 (C-5a), 141.3 (C-4a), 137.5 (C-5'), 136.0 (C-9), 130.9 (C-9a), 

130.5 (C-9'), 130.4 (C-3), 126.3 (C-8), 123.9 (C-8'), 121.0 (C-4'), 115.1 (C-10a), 111.9 

(C-2), 38.8 (C-6'), 37.0 (C-3'), 25.9 (C-7'), 25.4 (C-12'), 17.5 (C-10'), 16.1 (C-11'); (+)-

4.59 
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ESIMS m/z 442 [M+H]
+
;(+)-HRESIMS m/z [M+H]

+
 442.1434 (calcd. for C22H24N3O5S, 

442.1431). 

 

5.4.25 N-tert-Butoxycarbonyl-aminohexyl-8-hydroxyquinoline-2-carboxamide (4.61) 

 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (100 mg, 0.53 mmol) and PyBOP 

(330 mg, 0.63 mmol) in dry DMF (6 mL), N-tert-butoxy-1,6-diaminohexane 

hydrochloride (268 mg, 1.06 mmol) and TEA (88 µL, 0.63 mmol) was added.  The 

resulting mixture was stirred under N2 at r.t. for 12 h. The crude product was subjected to 

reversed-phase C18 flash CC eluting with a gradient solvent mixture from 0-80% MeOH 

(0.05% TFA) and flash CC on silica gel eluting with MeOH (0-1%) in CH2Cl2 to afford 

4.61 as a pale yellow oil (196 mg, 96%).  Rf (10% MeOH/CH2Cl2) 0.56; IR νmax (smear) 

3309, 2933, 1662, 1502 cm
-1

; 
1
H NMR (CDCl3, 300 MHz) δ 9.16 (1H, br s, NH-2'), 8.30 

(1H, t, J = 8.6 Hz, H-3), 8.23 (1H, d, J = 8.6 Hz, H-4), 7.47 (1H, t, J = 8.1 Hz, H-6), 7.33 

(1H, d, J = 8.1 Hz, H-5), 7.17 (1H, d, J = 8.1, Hz, H-7), 4.73 (1H, br s, NH-9'), 3.39 (2H, 

dt, J = 6.6, 6.6 Hz, H2-3'), 3.06 (2H, br s, H2-8'), 1.53 (2H, p, J = 6.6 Hz, H2-4'), 1.40 (9H, 

s, 3H3-13'), 1.32 (2H, m, H2-5'), 1.21 (4H, m, H2-6'/H2-7'); 
13

C NMR (CDCl3, 75 MHz) δ 

164.7 (C-1'), 153.2 (C-8), 147.8 (C-2), 137.4 (C-4), 136.8 (C-8a), 129.7 (C-4a), 129.2 (C-

6), 119.4 (C-3), 117.7 (C-5), 111.3 (C-7), 79.4 (C-12'), 39.5 (C-5'), 38.8 (C-3'), 29.8 (C-

5'), 29.1 (C-4'), 28.3 (C-13'), 25.4 (C-6' or C-7'), 25.0 (C-7' or C-6'); (+)-ESIMS m/z 388 

[M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 388.2223 (calcd. for C21H30N3O4, 388.2231). 
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5.4.26 N- tert-Butoxycarbonyl-aminohexyl-quinoline-5,8-dione-2-carboxamide (4.62) 

 

A solution of PIFA (86 mg, 0.20 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of N-tert-butoxy-aminohexyl-8-hydroxy-quinoline-2-

carboxamide (39 mg, 0.10 mmol) in CH2Cl2 (1 mL).  The dark brown suspension was 

stirred for 20 min. at 0°C.  The reaction mixture was diluted into CH2Cl2 (20 mL) and 

extracted from H2O (30 mL).  The organic extract was dried under reduced pressure, 

affording crude 4.62 as a dark brown oil (39 mg, 96%).  The crude material was used in 

the subsequent reaction without further purification.  
1
H NMR (CDCl3, 300 MHz) δ 8.58 

(2H, br s, H-3/H-4), 8.30 (1H, br s, NH-2'), 7.19 (1H, m, H-7), 7.13 (1H, m, H-6), 4.60 

(1H, br s, NH-9'), 3.50 (2H, dt, J = 6.9, 6.9 Hz, H2-3'), 3.13 (2H, m, H2-8'), 1.68 (2H, m, 

H2-4'), 1.50 (2H, m, H2-5'), 1.44 (9H, s, 3H3-13'), 1.41 (4H, m, H2-6'/H2-7'); 
13

C NMR 

(CDCl3, 75 MHz) δ 183.7 (C-5), 182.4 (C-8), 162.4 (C-1'), 155.9 (C-10')154.0 (C-2), 

145.8 (C-8a), 139.3 (C-6 or C-7), 138.2 (C-7 or C-6), 136.3 (C-3 or C-4), 130.2 (C-4a), 

126.1 (C-3 or C-4), 79.2 (C-12'), 40.4 (C-8'), 39.6 (C-3'), 29.9 (C-5'), 29.4 (C-4'), 28.4 

(C-13'), 26.5 (C-6' or C-7'), 26.4 (C-7' or C-6'); (+)-ESIMS m/z 402 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 402.2018 (calcd. for C21H28N3O5, 402.2023). 

 

5.4.27 Ascidiathiazone A N-tert-butoxy-hexyl-2-carboxamide analogue (4.63)  

 

A solution of quinone 4.62 from N-tert-butoxy-aminohexyl-8-hydroxy-quinoline-2-

carboxamide (39 mg, 0.10 mmol) was dissolved with cerium chloride heptahydrate (36 

mg, 0.097 mmol) in MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine 

(8.5 mg, 78 µmol) in water (2 mL) was added at a rate of 150 µL/15 min.  The reaction 

4.62 

4.63A X = SO2, Y = NH 

4.63B X = NH, Y = SO2 
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mixture changed colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  

The crude mixture was subjected to reversed-phase C18 flash CC (MeOH, 0.05% TFA), 

yielding the bright yellow solid 4.63A/4.63B (12 mg, 24%) as a mixture of regioisomers 

(1.0:0.6).  Mp 170°C; Rf (10% MeOH/CH2Cl2) 0.52; IR νmax (smear) 3322, 2934, 1681, 

1520 cm
-1

; Major regioisomer (4.63A): 
1
H NMR (DMSO-d6, 300 MHz) δ 9.36 (1H, br s, 

NH-4), 8.70 (1H, t, J = 6.0 Hz, NH-2'), 8.54 (1H, J = 8.1 Hz, H-9), 8.40 (1H, d, J = 8.1 

Hz, H-8), 6.74 (1H, br s, H-9'), 3.89 (2H, br s, H2-3), 3.40 (2H, t, J = 6.9 Hz, H2-2), 3.35 

(2H, m, H2-3'), 2.89 (2H, m, H2-8'), 1.56 (2H, m, H2-4'), 1.36 (9H, s, 3H3-13'), 1.29 (6H, 

m, H2-5'/H2-6'/H2-7'); 
13

C NMR (DMSO-d6, 100 MHz) δ 176.1 (C-5), 173.3 (C-10), 

162.4 (C-1'), 155.5 (C-10'), 152.5 (C-7), 147.6 (C-4a), 145.2 (C-5a), 135.8 (C-9), 131.3 

(C-9a), 126.4 (C-8), 110.6 (C-10a), 77.2 (C-12'), 48.1 (C-2), 40.0 (C-3/C-3'/C-8'), 29.3 

(C-5' or C-7'), 29.0 (C-4'), 28.2 (C-13'), 26.1 (C-6'/C-5' or C-7'); (+)-ESIMS m/z 507 

[M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 507.1899 (calcd. for C23H31N4O7S, 507.1908) 

 

5.4.28 N-Propargyl-8-hydroxyquinoline-2-carboxamide (4.64) 

 

To a solution of 8-hydroxy quinoline-2-carboxylic acid (50 mg, 0.26 mmol) and PyBOP 

(165 mg, 0.32 mmol) in dry DMF (6 mL), propargylamine (29 mg, 0.53 mmol) and TEA 

(44 µL, 0.32 mmol) was added.  The resulting mixture was stirred under N2 at r.t. for 12 

h. The crude product was subjected to reversed-phase C18 flash CC eluting with a 

gradient solvent mixture from 0-80% MeOH (0.05% TFA) and flash CC on silica gel 

eluting with MeOH (0-1%) in CH2Cl2 to afford 4.64 as a colourless oil (47 mg, 79%).  Rf 

(10% MeOH/CH2Cl2) 0.56; IR νmax (smear) 3303, 3273, 1646, 1504 cm
-1

; 
1
H NMR 

(DMSO-d6, 400 MHz) δ 10.17(1H, br s, OH-9), 9.99 (1H, t, J = 5.8 Hz, NH-2'), 8.49 (1H, 

d, J = 8.4 Hz, H-4), 8.14 (1H, d, J = 8.4 Hz, H-3), 7.56 (1H, t, J = 7.8 Hz, H-6), 7.46 (1H, 

d, J = 7.8 Hz, H-5), 7.18 (1H, d, J = 7.8, Hz, H-7), 4.23 (2H, dd, J = 5.8, 2.4 Hz, H2-3'), 

3.22 (1H, t, J = 2.4 Hz, H2-5'); 
13

C NMR (DMSO-d6, 100 MHz) δ 163.4 (C-1'), 153.6 (C-

8), 146.9 (C-2), 137.7 (C-4), 136.4 (C-8a), 129.5 (C-4a and C-6), 118.7 (C-3), 117.4 (C-

4.64 
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5), 111.5 (C-7), 81.0 (C-4'), 73.2 (C-5'), 28.0 (C-3'); (+)-ESIMS m/z 227 [M+H]
+
; (+)-

HRESIMS m/z [M+H]
+
 227.0814 (calcd. for C13H11N2O2, 227.0815). 

 

5.4.29 N-Propargyl-quinoline-5,8-dione-2-carboxamide (4.65) 

 

A solution of PIFA (229 mg, 0.53 mmol) in MeCN/H2O (2:1 mL) was cooled to 0°C, 

followed by the addition of N-propargyl-8-hydroxyquinoline-2-carboxamide (45 mg, 0.20 

mmol) in CH2Cl2 (1 mL).  The dark brown suspension was stirred for 20 min. at 0°C.  

The reaction mixture was diluted into CH2Cl2 (20 mL) and extracted from H2O (30 mL).  

The organic extract was dried under reduced pressure, affording crude 4.65 as a dark 

brown oil (40 mg, 84%).  The crude material was used in the subsequent reaction without 

further purification.  
1
H NMR (CDCl3, 400 MHz) δ 8.57 (2H, br s, H-3/H-4), 7.19 (1H, 

m, H-7), 7.12 (1H, m, H-6), 4.30 (2H, dd, J = 5.6, 2.5 Hz, H2-3'), 2.28 (1H, t, J = 2.5 Hz, 

H-5'); 
13

C NMR (CDCl3, 100 MHz) δ 183.6 (C-5), 182.4 (C-8), 162.3 (C-1'), 153.3 (C-2), 

146.0 (C-8a), 139.3 (C-6 or C-7), 138.3 (C-7 or C-6), 136.5 (C-3 or C-4), 130.4 (C-4a), 

126.4 (C-3 or C-4), 78.9 (C-4'), 71.8 (C-5'), 29.3 (C-3'); (+)-ESIMS m/z 402 [M+H]
+
; 

(+)-HRESIMS m/z [M+H]
+
 402.2018 (calcd. for C21H28N3O5, 402.2023). 

 

5.4.30 Ascidiathiazone A propargyl carboxamide analogue (4.66)  

 

A solution of quinone 4.65 from N-propargyl-8-hydroxyquinoline-2-carboxamide (35 

mg, 0.15 mmol) was dissolved with cerium chloride heptahydrate (46.5 mg, 0.12 mmol) 

in MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (9.5 mg, 87 µmol) 

in water (2 mL) was added at a rate of 150 µL/15 min.  The reaction mixture changed 

4.65 
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colour from dark brown to dark orange, and was stirred at r.t. for 2 days.  The crude 

mixture was subjected to reversed-phase C18 flash CC eluting with a gradient solvent 

mixture from 0-10% MeOH (0.05% TFA), yielding 4.66 (15 mg, 28%) as a bright yellow 

solid.  Mp 280 °C (decomp.); Rf (10% MeOH/CH2Cl2) 0.52; IR νmax (smear) 3369, 3255, 

2936, 1667, 1595 cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 9.38 (1H, t, J = 5.4 Hz, NH-4), 

9.09 (1H, t, J = 6.0 Hz, NH-2'), 8.55 (1H, d, J = 8.1 Hz, H-9), 8.40 (1H, d, J = 8.1 Hz, H-

8), 4.13 (2H, dd, J = 6.0, 2.4 Hz, H2-3'), 3.90 (2H, m, H2-3), 3.40 (2H, obscured by water, 

H2-2), 2.12 (1H, t, J = 2.4 Hz, H-5'); 
13

C NMR (DMSO-d6, 75 MHz) δ 176.1 (C-5), 173.3 

(C-10), 162.5 (C-1'), 152.0 (C-7), 147.6 (C-4a), 145.4 (C5a), 135.9 (C-9), 131.5 (C-9a), 

126.6 (C-8), 110.7 (C-10a), 80.9 (C-4'), 72.7 (C-5'), 48.1 (C-2), 40.3 (C-3), 28.6 (C-3'); 

(+)-ESIMS m/z 444 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 444.1577 (calcd. for 

C22H26N3O5S, 444.1588). 

 

5.4.31 Δ
2(3)

 Ascidiathiazone A propargyl-2-carboxamide analogue (4.67) 

 

Ascidiathiazone A propargyl carboxamide 4.66 (8 mg, 23 µmol) was stirred in 2 N 

NaOH (3 mL) at r.t. for 2 h.  HCl (10% vol) was added dropwise until the reaction 

mixture turned acidic. The crude mixture was subjected to reversed-phase C18 flash CC 

eluting with a gradient solvent mixture from 0-10% MeOH (0.05% TFA), yielding 4.67 

(6 mg, 75%) as a bright yellow solid.  Mp 230°C (decomp.); Rf (10% MeOH/CH2Cl2) 

0.46; IR νmax (smear) 3310, 3058, 1636, 1509 cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 

11.45 (1H, d, J = 5.5 Hz, NH-4), 9.16 (1H, t, J = 5.9 Hz, NH-2'), 8.60 (1H, d, J = 8.2 Hz, 

H-9), 8.45 (1H, d, J = 8.2 Hz, H-8), 7.18 (1H, dd, J = 8.8, 5.5 Hz, H-3), 6.63 (1H, d, J = 

8.8 Hz, H-2), 4.15 (2H, dd, J = 5.9, 2.5 Hz, H2-3'), 3.13 (1H, t, J = 2.5 Hz, H-5'); 
13

C 

NMR (CDCl3, 100 MHz) δ 177.5 (C-10), 175.3 (C-5), 162.4 (C-1'), 152.6 (C-7), 145.6 

(C-5a), 141.3 (C-4a), 136.1 (C-9), 130.7 (C-9a), 130.4 (C-3), 126.5 (C-8), 115.2 (C-10a), 

111.9 (C-2), 80.8 (C-4'), 72.8 (C-5'), 28.6 (C-3'); (+)-ESIMS m/z 442 [M+H]
+
;(+)-

HRESIMS m/z [M+H]
+
 442.1434 (calcd. for C22H24N3O5S, 442.1431). 

4.67 



 

Chapter Five: Experimental  

266 

 

 

5.4.32 Methyl (3,6-dihydroxy-2-formylphenyl)thioacetate (4.69)
99

  

 

 

2,5-Dihydroxybenzaldehyde (105 mg, 0.79 mmol) was dissolved in dry CH2Cl2 (10 mL) 

with silver(I) oxide (0.25 g, 1.08 mmol) and anhydrous MgSO4 (200 mg, 1.66 mmol).  

The mixture was stirred at r.t. for 3 h. and then filtered.  To the filtrate was added methyl 

mercaptoaceate (92 mg, 0.87 mmol) and CH2Cl2 (10 mL).  The solution was stirred for 

24 h. at r.t. after which the solvent was removed in vacuo to yield 4.69 (190 mg, 99%) as 

a yellow oil.  Rf (2% MeOH/CH2Cl2) 0.66; 
1
H NMR (CDCl3, 300 MHz) δ 11.71 (1H, s, 

CHO), 10.63 (1H, s, OH), 7.31 (1H, br s, OH), 7.26 (1H, d, J = 9.1 Hz, CH), 6.99 (1H, d, 

J = 9.1 Hz, CH), 3.72 (3H, s, CH3), 3.50 (2H, s, CH2). 

 

5.4.33 Methyl 4,7-bis(acetyloxy)benzo[b]thiophene-2-carboxylate (4.70)
99

  

 

Methyl (3,6-dihydroxy-2-formylphenyl)thioacetate (97 mg, 0.40 mmol) was dissolved in 

anhydrous acetic anhydride (5 mL) with anhydrous sodium acetate (99 mg, 1.21 mmol).  

The mixture was reluxed for 1 h. after which cold water (5 mL) was added.  The reaction 

product was dried in vacuo to yield buff coloured powder, which was washed with water 

to yield 4.70 (97 mg, 79%) as a buff coloured powder.  IR: υmax (dry film) 3570, 2955, 

1752, 1726, 1534, 1475, 1367, 1187, 1160, 1139 cm
-1

; Rf (2% MeOH/CH2Cl2) 0.75; 
1
H 

NMR (CDCl3, 300 MHz) δ 7.96 (1H, s, CH), 7.28 (1H, d, J = 8.4 Hz, CH), 7.17 (1H, d, J 

= 8.4 Hz, CH), 3.93 (3H, s, OCH3), 2.40 (3H, s, OAc), 2.38 (3H,s, OAc); (+)-ESIMS m/z 

308 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 308.03519 (calcd. for C14H12O6S, 308.03546).   

4.69 

4.70 



 

Chapter Five: Experimental  

267 

 

 

5.4.34 Methyl 4,7-dihydroxybenzo[b]thiophene-2-carboxylate (4.71)
99

  

 

A stock solution of acidified MeOH was made by adding one drop of conc. H2SO4 to 

MeOH (25 mL).,  Acidified MeOH (3 mL) solution was added to methyl 4,7-

bis(acetyloxy)benzo[b]thiophene-2-carboxylate (78 mg, 0.25 mmol).  The mixture was 

reluxed for 2 h., after which it was diluted with water (3 mL) while still hot.  The reaction 

product was dried in vacuo to yield 4.71 (85 mg, 88%) as a red brown oil.  Rf (5% 

MeOH/CH2Cl2) 0.33; 
1
H NMR (DMSO-d6, 300 MHz) δ 8.10 (1H, s, CH), 6.75 (1H, d, J 

= 8.2 Hz, CH), 6.62 (1H, d, J = 8.2 Hz, CH), 3.85 (3H, s, OCH3); (+)-ESIMS m/z 225 

[M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 225.0233 (calcd. for C10H9O4S, 225.0216).   

 

5.4.35 Methyl 4,7-dihydro-4,7-dioxobenzo[b]thiophene-2-carboxylate (4.72)
99

  

 

 

FeCl3.6H2O (280 mg), in water (3 mL, 1.04 mmol) was slowly dropped into a stirred 

slurry of methyl 4,7-dihydroxybenzo[b]thiophene-2-carboxylate (4.71) (82 mg, 0.37 

mmol) in MeOH (2 mL).  A blue-green precipitate appeared within 5 min, and the 

mixture was left to stir for 30 min.  The crude mixture was filtered and washed with 

water to yield 4.72 as a blue green solid (74 mg, 91%).  
1
H NMR (CDCl3, 300 MHz) δ 

8.11 (1H, s, CH), 6.87 (2H, m, 2CH), 3.94 (3H, s, OCH3); (+)-ESIMS m/z 223 [M+H]
+
; 

(+)-HRESIMS  m/z [M+H]
+
 223.0051 (calcd. for C10H7O4S, 223.0060).   
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5.4.36 Ascidiathiazone A thiophene methyl ester analogue (4.73)  

 

A solution of quinone 4.72 (74 mg, 0.33 mmol) and cerium chloride heptahydrate (124 

mg, 0.33 mmol) in MeCN (10 mL) and EtOH (10 mL) was cooled to 0°C.  Hypotaurine 

(36 mg, 0.33 mmol) in water (2 mL) was added dropwise to the mixture leading to a 

colour change from yellow to orange.  The reaction was stirred at r.t. for 2 days.  The 

residue was filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording 

a mixture of regioisomers (0.3:1) as an insoluble orange solid (4.73) (20 mg, 18%).  Mp 

280°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.36; IR νmax (smear) 3222, 3003, 1726, 1683, 

1579; 
1
H NMR (DMSO-d6, 400 MHz) δ 9.37 (1H, br s, NH), 7.93 (1H, s, H-8), 3.90 (3H, 

s, H3-3'), 3.86 (2H, m, H2-3), 3.37 (2H, obscured by water, H2-2); 
13

C NMR (DMSO-d6, 

75 MHz) δ 173.0 (C-5), 171.4 (C-9), 160.7 (C-1'), 147.9 (C-4a), 142.5 (C-5a or 8a), 

141.7 (C-8a or 5a), 141.0 (C-7), 130.1 (C-8), 109.5 (C-9a), 53.2 (C-2'), 48.0 (C-2), 39.0 

(C-3), only major regioisomer was fully characterised; (+)-ESIMS m/z 328 [M+H]
+
; (+)-

HRESIMS  m/z [M+H]
+
 327.99496 (calcd. for C12H10NO6S2, 327.99496).   
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5.4.37 Ascidiathiazone A thiophene acid analogue (4.74)  

 

Ascidiathiazone A thiophene methyl ester as a mixture of regioisomers 4.73 (20 mg, 61 

µmol) was dissolved in conc. HCl (3 mL), and stirred at r.t. for 5 h.  After which time, the 

mixture was heated to 100 °C and stirred for a further 2 h.  The crude reaction mixture 

was subjected to reversed-phase C18 CC eluting with a gradient solvent mixture from 0-

10% MeOH (0.05% TFA), yielding crude 4.74 as a mixture of regioisomers (0.3:1, 11 

mg, 57%) as a bright orange solid.  Mp 200°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.25; 

IR νmax (smear) 3357, 3230, 1674, 1577; 
1
H NMR (DMSO-d6, 300 MHz) δ 9.31 (1H, br 

s, NH), 7.84 (1H, s, H-8), 3.86 (2H, br s, H2-3), 3.36 (2H, br s, H2-2); 
13

C NMR (DMSO-

d6, 75 MHz) δ 173.0 (C-5), 171.6 (C-9), 162.2 (C-10), 147.8 (C-4a), 142.6 (C-7 or 8a or 

5a), 141.1 (C-8a or 7 or 5a), 137.0 (C-5a or 7 or 8a), 129.5 (C-8), 109.5 (C-9a), 47.0 (C-

2), 39.9 (C-3), only the major regioisomer was characterised; (+)-ESIMS m/z 314 

[M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 313.9780 (calcd. for C11H8NO6S2, 313.9788).   

 

5.4.38 Δ
2(3)

 Ascidiathiazone A thiophene acid analogue (4.75)  

 

Ascidiathiazone A thiophene methyl ester (4.73) (20.0 mg, 61 µmol) was dissolved in hot 

EtOAc (2 mL), followed by the addition of 1 N NaOH (1 mL).  The biphasic mixture was 

stirred at r.t. for 1.5 h.  HCl (10% vol) was added dropwise until the reaction mixture 

turned acidic. The crude mixture was subjected to reversed-phase C18 flash CC eluting 

with a gradient solvent mixture from 0-10% MeOH (0.05% TFA), yielding 4.75 (15 mg, 

78%) as a bright orange solid.  Mp 290°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.27; IR 

νmax (smear) 3227, 3068, 1689, 1637, 1510; 
1
H NMR (DMSO-d6, 300 MHz) δ 11.41 (1H, 
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br s, NH), 7.82 (1H, s, H-8), 7.13 (1H, d, J = 8.9 Hz, H-3), 6.57 (1H, d, J = 8.9 Hz, H-2); 

13
C NMR (DMSO-d6, 75 MHz) δ 175.1 (C-9), 172.4 (C-5), 161.6 (C-1'), 147.4 (C-7 or C-

8a), 141.4 (C-5a), 141.3 (C-4a), 141.1 (C-8a or 7), 130.2 (C-3), 128.0 (C-8), 114.4 (C-

9a), 112.0 (C-2);  (+)-FABMS m/z 312 [M+H]
+
; (+)-HRFABMS  m/z [M+H]

+
 311.96366 

(calcd. for C11H6NO6S2, 311.96366).   

 

5.4.39 Methyl 4,7-dihydroxybenzo[b]thiophene-2-carboxylate (4.80)  

 

7-Methoxy-benzofuran-2-carboxylic acid ethyl ester (105 mg, 0.477 mmol) in MeCN/ 4N 

H2SO4 (20 mL/5 mL) was stirred at r.t., before addition of ceric ammonium sulfate (1.80 

g, 3.02 mol) in 4 N H2SO4 (25 mL).  The reaction mixture was heated to 60 °C for 90 

min. changing the colour from orange to yellow as well as inducing the formation of a 

white precipitate.  The reaction was cooled, filtered, and the filtrate was extracted 

repeatedly with CH2Cl2, before drying with anhyd. MgSO4.  The reaction product was 

dried in vacuo to yield a yellow solid (89 mg, 85%).  IR: υmax (dry film) 3570, 2955, 

1752, 1726, 1534, 1475, 1367, 1187, 1160, 1139 cm
-1

.  
1
H NMR (DMSO-d6, 75 MHz) δ 

7.46 (1H, s, H-3), 6.80 (2H, s, H-5/H-6), 4.42 (2H, q, J = 7.2 Hz, H2-3'), 1.39 (3H, t, J = 

7.2 Hz, H3-4'); (+)-ESIMS m/z 220 [M+H]
+
; (+)-HRESIMS m/z [M+H]

+
 220.03691 

(calcd. for C11H8O5, 220.03717).   
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5.4.40 Ascidiathiazone A furan methyl ester analogue (4.81)  

 

A solution of quinone 4.80 (46 mg, 0.21 mmol) and cerium chloride heptahydrate (78 

mg, 0.21 mmol) in MeCN (7 mL) and EtOH (7 mL) was cooled to 0°C.  Hypotaurine (23 

mg, 0.21 mmol) in water (2 mL) was added dropwise to the reaction mixture, changing 

the colour from yellow to orange.  The reaction was stirred at r.t. for 2 days.  The residue 

was filtered and washed with water (3x 20 mL) and MeOH (3x 20 mL), affording an 

insoluble red solid (4.81) (23 mg, 34%).  Mp 277°C; Rf (10% MeOH/CH2Cl2) 0.36; IR 

νmax (smear) 3225, 1733, 1695, 1566 cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 9.38 (1H, br 

s, NH), 7.58 (1H, s, H-8), 4.37 (2H, q, J = 7.1 Hz, H2-3'), 3.85 (2H, dt, J = 5.7, 5.7 Hz, 

H2-3), 3.34 (2H, t, J = 5.7 Hz, H2-2), 1.33 (3H, t, J = 7.1 Hz, H-4'); 
13

C NMR (DMSO-d6, 

75 MHz) δ 172.1 (C-5), 167.7 (C-9), 157.0 (C-1'), 149.1 (C-5a), 148.6 (C-7), 147.3 (C-

4a), 130.0 (C-8a), 114.1 (C-8), 108.8 (C-9a), 61.9 (C-3'), 48.0 (C-2), 39.0 (C-3), 13.8 (C-

4'); (+)-ESIMS m/z 326 [M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 326.03410 (calcd. for 

C13H12NO7S, 326.03345).   

 

5.4.41 Ascidiathiazone A furan acid analogue (4.82)  

 

Ascidiathiazone A furan ethyl ester analogue 4.81 (10 mg, 31 µmol) was dissolved in 

conc. HCl (3 mL), and stirred at r.t. for 5 h.  After which time, the mixture was heated to 

100 °C and stirred for a further 2 h.  The crude reaction mixture was subjected to 

reversed-phase C18 CC eluting with a gradient solvent mixture from 0-10% MeOH 

(0.05% TFA), yielding crude 4.82 (4 mg, 44%) as a bright red solid.  Mp 210°C 

(decomp.); Rf (10% MeOH/CH2Cl2) 0.23; IR νmax (smear) 3234, 3093, 1635, 1694, 1561 
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cm
-1

; 
1
H NMR (DMSO-d6, 300 MHz) δ 9.35 (1H, br s, NH-4), 7.46 (1H, s, H-8), 3.83 

(2H, m, H2-3), 3.34 (2H, m, H2-2); 
13

C NMR (DMSO-d6, 75 MHz) δ 172.4 (C-9), 167.7 

(C-5), 158.4 (C-1'), 150.2 (C-5a or 7), 148.9 (C-7 or 5a), 147.3 (C-4a), 130.2 (C-8a), 

113.4 (C-8), 108.8 (C-9a), 48.0 (C-2), 39.9 (C-3); (+)-ESIMS m/z 298 [M+H]
+
; (+)-

HRESIMS  m/z [M+H]
+
 298.0009 (calcd. for C11H8NO7S, 298.0016).   

 

5.4.42 Δ
2(3)

 Ascidiathiazone A furan acid analogue (4.83)  

 

Ascidiathiazone A furan ethyl ester 4.81 (15.0 mg, 46 µmol) was dissolved in hot EtOAc 

(2 mL), followed by the addition of 1 N NaOH (1 mL).  The mixture was stirred at r.t. for 

2 h.  HCl (10% vol) was added dropwise until the reaction mixture turned acidic. The 

crude mixture was subjected to reversed-phase C18 flash CC eluting with a gradient 

solvent mixture from 0-10% MeOH (0.05% TFA), yielding 4.83 (6.4 mg, 47%) as a red 

solid.  Mp 280°C (decomp.); Rf (10% MeOH/CH2Cl2) 0.36; IR νmax (smear) 3223, 3072, 

1677, 1577, 1516 cm
-1

; 
1
H NMR (DMSO-d6, 400 MHz) δ 11.41 (1H, br s, NH-4), 7.47 

(1H, s, H-8), 7.12 (1H, d, J = 8.8 Hz, H-3), 6.58 (1H, d, J = 8.8 Hz, H-2); 
13

C NMR 

(DMSO-d6, 75 MHz) δ 176.0 (C-9), 167.3 (C-5), 158.4 (C-1'), 152.0 (C-7 or C-8a), 149.1 

(C-5a), 140.3 (C-4a), 130.1 (C-3), 129.0 (C-8a or 7), 113.8 (C-9a), 112.2 (C-2 and 8); 

(+)-ESIMS m/z 296 [M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 295.98610 (calcd. for 

C11H6NO7S, 295.98650).   
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5.4.43 6-Methoxy-benzothiazole (4.85)
99

  

 

Sodium nitrite (0.9 g, 27.5 mmol) was dissolved in conc. H2SO4 (5 mL) and cooled to 0 

°C in an ice-bath.  2-Amino-6-methoxybenzothiazole (1.82 g, 10 mmol) dissolved in 

glacial acetic acid (15 mL) was added to the mixture, followed by the addition of ice (5 

g), turning the solution red.  The mixture was stirred for 30 min. while maintaining the 

temperature below 10 °C.  H3PO2 (50%, 5 mL) was cooled to 0 °C and added followed 

immediately by solid copper sulfate (0.1 g), which afforded vigorous gas evolution.  The 

deep red solution was stirred for another 30 min. in the ice-bath before being diluted with 

water (50 mL).  The solution was extracted with CH2Cl2, dried with MgSO4 and diluted 

with hexane (1:1).  The bright red crude mixture was evaporated in vacuo until a light 

yellow/orange solution was present.  The hexane was decanted off and dried in vacuo 

separately to yield the desired product as an orange oil (423 mg, 25%).  Rf (1% 

MeOH/CH2Cl2) 0.66; 
1
H NMR (CDCl3, 400 MHz) δ 8.79 (1H, s, H-2), 7.98 (1H, d, J = 

8.0 Hz, H-4), 7.35 (1H, d, J = 4.0 Hz, H-7), 7.09 (1H, dd, J = 8.0, 4.0 Hz, H-5), 3.84 (3H, 

s, OCH3); (+)-ESIMS m/z 166 [M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 166.0324 (calcd. for 

C8H8NOS, 166.0321).   

 

5.4.44 6-Methoxy-7-nitro-benzothiazole (4.88)
99

  

 

A solution of 6-methoxy-benzothiazole (65 mg, 0.39 mmol) in conc. H2SO4 (1.5 mL) was 

cooled in an ice-bath, followed by dropwise addition of nitric acid (2 mL).  The solution 

was stirred for 5 min., and then poured onto ice to afford buff coloured precipitates.  The 

crude reaction product was extracted repeatedly with CH2Cl2 and dried with anhyd. 
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MgSO4, before the solvent was removed in vacuo to yield the desire product 4.88 as buff 

coloured solids (80 mg, 97%).  Rf (1% MeOH/CH2Cl2) 0.61; 
1
H NMR (CDCl3, 400 MHz) 

δ 9.00 (1H, s, H-2), 8.32 (1H, d, J = 8.0 Hz), 7.36 (1H, d, J = 8.0 Hz), 4.12 (3H, s, 

OCH3); (+)-ESIMS m/z 211 [M+H]
+
; (+)-HRESIMS  m/z [M+H]

+
 211.0175 (calcd. for 

C8H7N2O3S, 211.0172).   

 

5.4.45 7-Amino-6-methoxy-benzothiazole (4.89)
99

  

 

A solution of conc. HCl (2 mL) and water (0.5 mL) was added dropwise to stirred 

mixture of 6-methyoxy-7-nitro-benzothiazole (50 mg, 0.24 mmol) and iron powder (125 

mg).  The reaction mixture  was stirred for 30 min. before the mixture was poured into 

water and neutralised with sodium bicarbonate.  The crude mixture was extracted 

repeatedly with CH2Cl2 and dried (MgSO4), before the solvent was removed in vacuo to 

yield 4.89 as white solid (42 mg, 98%).  Rf (1% MeOH/CH2Cl2) 0.48; 
1
H NMR (CDCl3, 

400 MHz) δ 8.77 (1H, s, H-2), 7.55 (1H, d, J = 8.0 Hz), 7.07 (1H, d, J = 8.0 Hz), 4.02 

(2H, br s, NH2), 3.91 (3H, s, OCH3); (+)-ESIMS m/z 181 [M+H]
+
; (+)-HRESIMS m/z 

[M+H]
+
 181.0434 (calcd. for C8H9N2OS, 181.0430).   

 

5.4.46 6-Methoxy-benzothiazole-4,7-dione (4.90)
99

  

 

Fremy’s salt (200 mg, 0.745 mmol) and KH2PO4 (50 mg, 0.367 mmol) was dissolved in 

water before cooling the mixture to 0 °C.  7-Amino-6-methoxy-benzothiazole (61 mg, 

0.338 mmol) in MeOH (4 mL) was added dropwise to the reaction mixture and was left 

to stir at 0 °C.  After 1h. of stirring, a second portion of fremy's salt (180 mg, 0.671 
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mmol) with KH2PO4 (40 mg, 0.294 mmol) dissolved in water (6 mL) was added to the 

reaction mixture, and was stirred for a further 3 h. at r.t.  The crude reaction mixture was 

extracted repeated with CH2Cl2, before removing the organic solvent in vacuo to yield the 

desired quinone 4.90 as pale yellow solids (50 mg, 76%).  
1
H NMR (CDCl3, 300 MHz) δ 

9.11 (1H, s, H-2), 6.05 (1H, s, H-5), 3.91 (3H, s, H3-9). 
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Appendix I 

 

Electronic copies of 
1
H and 

13
C NMR spectra of semi-synthetic discorhabdin analogues, 

new natural product and synthetic analogues of ascidiathiazone are given as jpeg files on 

a CD ROM attached to the back cover page of the thesis. 

 

 

Figure A1. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of (3s,6s)- 3-dihydrodiscorhabdin 

C TFA salt (2.19A). 

Figure A2. 
1
H NMR spectrum (DMSO-d6, 100 MHz) of (3r,6r)- 3-dihydrodiscorhabdin 

C TFA salt (2.19B). 

Figure A3. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-3-dihydrodiscorhabdin P 

TFA salt (2.25A). 

Figure A4. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-3-dihydrodiscorhabdin 

P TFA salt (2.25A). 

Figure A5. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3r,6r)-3-dihydrodiscorhabdin P 

TFA salt (2.25B). 

Figure A6. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3r,6r)-3-dihydrodiscorhabdin 

P TFA salt (2.25B). 

Figure A7. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-C-3-acetate discorhabdin 

P analogue TFA salt (2.26A). 

Figure A8. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-C-3-acetate 

discorhabdin P analogue TFA salt (2.26A). 

Figure A9. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3r,6r)-C-3-acetate discorhabdin 

P analogue TFA salt (2.26B). 

Figure A10. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3r,6r)-C-3-acetate 

discorhabdin P analogue TFA salt (2.26B). 

Figure A11. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-C-3-tert-

butoxycarbonylamino hexanoate discorhabdin P analogue TFA salt (2.30A). 

Figure A12. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-C-3-tert-

butoxycarbonylamino hexanoate discorhabdin P analogue TFA salt (2.30A). 



 

Appendix 

278 

 

Figure A13. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3r,6r)-C-3-tert-

butoxycarbonylamino hexanoate discorhabdin P analogue TFA salt (2.30B). 

Figure A14. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3r,6r)-C-3-tert-

butoxycarbonylamino hexanoate discorhabdin P analogue TFA salt (2.30B). 

Figure A15. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-C-3-amino hexanoate 

discorhabdin P analogue TFA salt (2.31A). 

Figure A16. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-C-3-amino hexanoate 

discorhabdin P analogue TFA salt (2.31A). 

Figure A17. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3r,6r)-C-3-amino hexanoate 

discorhabdin P analogue TFA salt (2.31B). 

Figure A18. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3r,6r)-C-3-amino hexanoate 

discorhabdin P analogue TFA salt (2.31B). 

Figure A19. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-C-3-dansyl amino 

hexanoate discorhabdin P analogue TFA salt (2.32). 

Figure A20. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-C-3-dansyl amino 

hexanoate discorhabdin P analogue TFA salt (2.32). 

Figure A21. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-C-3-coumarin amino 

hexanoate discorhabdin P analogue TFA salt (2.36). 

Figure A22. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-C-3-coumarin amino 

hexanoate discorhabdin P analogue TFA salt (2.36). 

Figure A23. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (3s,6s)-C-3-fluorescein amino 

hexanoate discorhabdin P analogue TFA salt (2.37). 

Figure A24. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (3s,6s)-C-3-fluorescein amino 

hexanoate discorhabdin P analogue TFA salt (2.37). 

Figure A25. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of (+)-7,8-dihydrodiscorhabdin U 

TFA salt (2.38) 

Figure A26. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of (+)-7,8-dihydrodiscorhabdin 

U TFA salt (2.38) 

Figure A27. 
1
H NMR spectrum (CD3OD, 600 MHz) of N-acetyl-L-cysteinyl 

discorhabdin C analogue TFA salt (2.40). 
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Figure A28. 
13

C NMR spectrum (CD3OD, 100 MHz) of N-acetyl-L-cysteinyl 

discorhabdin C analogue TFA salt (2.40). 

Figure A29. 
1
H-

1
H COSY NMR spectrum (CD3OD, 400 MHz) of N-acetyl-L-cysteinyl 

discorhabdin C analogue TFA salt (2.40). 

Figure A30. 
1
H-

13
C HSQC NMR spectrum (CD3OD, 600 MHz) of N-acetyl-L-cysteinyl 

discorhabdin C analogue TFA salt (2.40). 

Figure A31. 
1
H-

13
C HMBC NMR spectrum (CD3OD, 600 MHz) of N-acetyl-L-cysteinyl 

discorhabdin C analogue TFA salt (2.40). 

Figure A32. 
1
H NMR spectrum (DMSO6, 400 MHz) of 1-N-acetyl-L-lysinyl 

discorhabdin C analogue TFA salt (2.41). 

Figure A33. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of 1-N-acetyl-L-lysinyl 

discorhabdin C analogue TFA salt (2.41). 

Figure A34. 
1
H-

1
H COSY NMR spectrum (DMSO-d6, 600 MHz) of 1-N-acetyl-L-lysinyl 

discorhabdin C analogue TFA salt (2.41). 

Figure A35. 
1
H-

13
C HSQC NMR spectrum (DMSO-d6, 600 MHz) of 1-N-acetyl-L-

lysinyl discorhabdin C analogue TFA salt (2.41). 

Figure A36. 
1
H-

13
C HMBC NMR spectrum (DMSO-d6, 600 MHz) of 1-N-acetyl-L-

lysinyl discorhabdin C analogue TFA salt (2.41). 

Figure A37. 
1
H NMR spectrum (D2O, 300 MHz) of n-pentylamino discorhabdin C 

hydrate analogue TFA salt (2.48). 

Figure A38. 
13

C NMR spectrum (D2O, 100 MHz) of n-pentylamino discorhabdin C 

hydrate analogue TFA salt (2.48). 

Figure A39. 
1
H-

1
H COSY NMR spectrum (D2O, 300 MHz) of n-pentylamino 

discorhabdin C hydrate analogue TFA salt (2.48). 

Figure A40. 
1
H-

13
C HSQC NMR spectrum (D2O, 400 MHz) of n-pentylamino 

discorhabdin C hydrate analogue TFA salt (2.48). 

Figure A41. 
1
H-

13
C HMBC NMR spectrum (D2O, 300 MHz) of 1- n-pentylamino 

discorhabdin C hydrate analogue TFA salt (2.48). 

Figure A42. 
1
H-

1
H NOESY NMR spectrum (D2O, 400 MHz) of n-pentylamino 

discorhabdin C hydrate analogue TFA salt (2.48). 
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Figure A43. 
1
H NMR spectrum (CD3OD, 600 MHz) of 1-N-acetyl-L-cysteinyl 

discorhabdin D analogue TFA salt (2.53). 

Figure A44. 
13

C NMR spectrum (CD3OD, 100 MHz) of 1-N-acetyl-L-cysteinyl 

discorhabdin D analogue TFA salt (2.53). 

Figure A45. 
1
H-

1
H COSY NMR spectrum (CD3OD, 400 MHz) of 1-N-acetyl-L-cysteinyl 

discorhabdin D analogue TFA salt (2.53). 

Figure A46. 
1
H-

13
C HSQC NMR spectrum (CD3OD, 400 MHz) of 1-N-acetyl-L-

cysteinyl discorhabdin D analogue TFA salt (2.53). 

Figure A47. 
1
H-

13
C HMBC NMR spectrum (CD3OD, 600 MHz) of 1-N-acetyl-L-

cysteinyl discorhabdin D analogue TFA salt (2.53). 

Figure A48. 
1
H-

1
H NOESY NMR spectrum (CD3OD, 400 MHz) of 1-N-acetyl-L-

cysteinyl discorhabdin D analogue TFA salt (2.53). 

Figure A49. 
1
H NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt (2.59). 

Figure A50. 
13

C NMR spectrum (D2O, 100 MHz) of discorhabdin 1 TFA salt (2.59). 

Figure A51. 
1
H-

1
H COSY NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt 

(2.59). 

Figure A52. 
1
H-

13
C HSQC NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt 

(2.59). 

Figure A53. 
1
H-

13
C HMBC NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt 

(2.59). 

Figure A54. 
1
H-

1
H NOESY NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt 

(2.59). 

 

 

Figure A55. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of Δ

16(17)
 discorhabdin C (3.7). 

Figure A56. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of Δ
16(17)

 discorhabdin C (3.7). 

Figure A57. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of N-13-benzylacetamido 

discorhabdin TFA salt (3.13). 

Figure A58. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of N-13-benzylacetamido 

discorhabdin TFA salt (3.13). 
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Figure A59. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of N-13-phenethylacetamido 

discorhabdin C analogue TFA salt (3.14). 

Figure A60. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13-phenethylacetamido 

discorhabdin C analogue TFA salt (3.14). 

Figure A61. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of N-13-phenpropylacetamido 

discorhabdin C analogue TFA salt (3.15). 

Figure A62. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of N-13-phenpropylacetamido 

discorhabdin C analogue TFA salt (3.15). 

Figure A63. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of N-13-octylacetamido 

discorhabdin C analogue TFA salt (3.17). 

Figure A64. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13-octylacetamido 

discorhabdin C analogue TFA salt (3.17). 

Figure A65. 
1
H NMR spectrum (DMSO-d6, 600 MHz) of N-13- (tert-butyl 2-acetamido 

ethylcarbamate) discorhabdin C TFA salt (3.20). 

Figure A66. 
13

C NMR spectrum (DMSO-d6, 150 MHz) of N-13- (tert-butyl 2-acetamido 

ethylcarbamate) discorhabdin C TFA salt (3.20). 

Figure A67. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of N-13 (2-aminoethyl 

acetamido) discorhabdin C TFA salt (3.21). 

Figure A68. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13 (2-aminoethyl 

acetamido) discorhabdin C TFA salt (3.21). 

Figure A69. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of N-13 (dansyl 2-aminoethyl 

acetamido) discorhabdin C TFA salt (3.22). 

Figure A70. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13 (dansyl 2-aminoethyl 

acetamido) discorhabdin C TFA salt (3.22). 

Figure A71. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of N-13 (fluorescein 2-

aminoethyl acetamido) discorhabdin C TFA salt (3.23). 

Figure A72. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13 (fluorescein 2-

aminoethyl acetamido) discorhabdin C TFA salt (3.23). 

Figure A73. 
1
H NMR spectrum (DMSO-d6, 600 MHz) of N-13 (lissamine rhodamine 2-

aminoethyl acetamido) discorhabdin C TFA salt (3.24). 
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Figure A74. 
13

C NMR spectrum (DMSO-d6, 150 MHz) of N-13 (lissamine rhodamine 2-

aminoethyl acetamido) discorhabdin C TFA salt (3.24). 

Figure A75. 
1
H NMR spectrum (DMSO-d6, 600 MHz) of N-13 (coumarin 2-aminoethyl 

acetamido) discorhabdin C TFA salt (3.25). 

Figure A76. 
13

C NMR spectrum (DMSO-d6, 150 MHz) of N-13 (coumarin 2-aminoethyl 

acetamido) discorhabdin C TFA salt (3.25). 

Figure A77. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of N-13 (tert-Butyl 6-oxo-6-(2-

propionamidoethylamino) hexylcarbamate) discorhabdin C TFA salt (3.26). 

Figure A78. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13 (tert-Butyl 6-oxo-6-(2-

propionamidoethylamino) hexylcarbamate) discorhabdin C TFA salt (3.26). 

Figure A79. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of N-13-propargylacetamido 

discorhabdin C analogue TFA salt (3.28). 

Figure A80. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13-propargylacetamido 

discorhabdin C analogue TFA salt (3.28). 

Figure A81. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of N-13-azidopropylacetamido 

discorhabdin C analogue TFA salt (3.31). 

Figure A82. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of N-13-azidopropylacetamido 

discorhabdin C analogue TFA salt (3.31). 

Figure A83. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of dansyl "click" discorhabdin C 

analogue TFA salt (3.34). 

Figure A84. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of dansyl "click" discorhabdin C 

analogue TFA salt (3.34). 

Figure A85. 
1
H NMR spectrum (DMSO-d6, 600 MHz) of lissamine rhodamine "click" 

discorhabdin C TFA salt (3.35). 

Figure A86. 
13

C NMR spectrum (DMSO-d6, 150 MHz) of lissamine rhodamine "click" 

discorhabdin C TFA salt (3.35). 

 

 

Figure A87. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of ascidiathiazone A pentyl-2-

carboxamide analogue (4.38). 
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Figure A88. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of ascidiathiazone A pentyl-2-

carboxamide analogue (4.38). 

Figure A89. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of Δ

2(3)
 ascidiathiazone A pentyl-

2-carboxamide analogue (4.39). 

Figure A90. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of Δ
2(3)

 ascidiathiazone A pentyl-

2-carboxamide analogue (4.39). 

Figure A91. 
1
H NMR spectrum (DMSO-d6, 400 MHz) of ascidiathiazone A octyl-2-

carboxamide analogue (4.50). 

Figure A92. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of ascidiathiazone A octyl-2-

carboxamide analogue (4.50). 

Figure A93. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A benzyl-2-

carboxamide analogue (4.51). 

Figure A94. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A benzyl-2-

carboxamide analogue (4.51). 

Figure A95. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A phenethyl-2-

carboxamide analogue (4.52). 

Figure A96. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A phenethyl-2-

carboxamide analogue (4.52). 

Figure A97. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A phenpropyl-

2-carboxamide analogue (4.53). 

Figure A98. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A phenpropyl-

2-carboxamide analogue (4.53). 

Figure A99. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A geranyl-2-

carboxamide analogue (4.54). 

Figure A100. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A geranyl-2-

carboxamide analogue (4.54). 

Figure A101. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A octyl-

2-carboxamide analogue (4.55). 

Figure A102. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of Δ
2(3)

 ascidiathiazone A octyl-

2-carboxamide analogue (4.55). 
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Figure A103. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A 

benzyl-2-carboxamide analogue (4.56). 

Figure A104. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of Δ
2(3)

 ascidiathiazone A 

benzyl-2-carboxamide analogue (4.56). 

Figure A105. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A 

phenethyl-2-carboxamide analogue (4.57). 

Figure A106. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of Δ
2(3)

 ascidiathiazone A 

phenethyl-2-carboxamide analogue (4.57). 

Figure A107. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A 

phenpropyl-2-carboxamide analogue (4.58). 

Figure A108. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of Δ
2(3)

 ascidiathiazone A 

phenpropyl-2-carboxamide analogue (4.58). 

Figure A109. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A 

geranyl-2-carboxamide analogue (4.59). 

Figure A110. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of Δ
2(3)

 ascidiathiazone A 

geranyl-2-carboxamide analogue (4.59). 

Figure A111. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A N-tert-

butoxy-hexyl-2-carboxamide analogue (4.63). 

Figure A112. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of ascidiathiazone A N-tert-

butoxy-hexyl-2-carboxamide analogue (4.63). 

Figure A113. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A propargyl 

carboxamide analogue (4.66). 

Figure A114. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A propargyl 

carboxamide analogue (4.66). 

Figure A115. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A 

propargyl-2-carboxamide analogue (4.67). 

Figure A116. 
13

C NMR spectrum (DMSO-d6, 100 MHz) of Δ
2(3)

 ascidiathiazone A 

propargyl-2-carboxamide analogue (4.67). 

Figure A117. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A thiophene 

methyl ester analogue (4.73). 
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Figure A118. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A thiophene 

methyl ester analogue (4.73). 

Figure A119. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A thiophene 

acid analogue (4.74). 

Figure A120. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A thiophene 

acid analogue (4.74). 

Figure A121. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A 

thiophene acid analogue (4.75). 

Figure A122. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of Δ
2(3)

 ascidiathiazone A 

thiophene acid analogue (4.75). 

Figure A123. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A furan 

methyl ester analogue (4.81). 

Figure A124. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A furan 

methyl ester analogue (4.81). 

Figure A125. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of ascidiathiazone A furan acid 

analogue (4.82). 

Figure A126. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of ascidiathiazone A furan acid 

analogue (4.82). 

Figure A127. 
1
H NMR spectrum (DMSO-d6, 300 MHz) of Δ

2(3)
 ascidiathiazone A furan 

acid analogue (4.83). 

Figure A128. 
13

C NMR spectrum (DMSO-d6, 75 MHz) of Δ
2(3)

 ascidiathiazone A furan 

acid analogue (4.83). 

Appendix II 

 

Full NMR spectra of semi-synthetic discorhabdin analogues, N-acetyl-L-cysteinyl 

discorhabdin C analogue TFA salt (2.40), 1-N-acetyl-L-lysinyl discorhabdin C analogue 

TFA salt (2.41), n-pentylamino discorhabdin C hydrate analogue TFA salt (2.48), 1-N-

acetyl-L-cysteinyl discorhabdin D analogue TFA salt (2.53), and the natural product 

discorhabdin 1 TFA salt (2.58) are presented in this section. 
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Figure A27. 1H NMR spectrum (CD3OD, 600 MHz) of N-acetyl-L-cysteinyl discorhabdin C analogue TFA 

salt (2.40). 
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Figure A28. 13C NMR spectrum (CD3OD, 100 MHz) of N-acetyl-L-cysteinyl discorhabdin C analogue 

TFA salt (2.40). 
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Figure A29. 1H-1H COSY NMR spectrum (CD3OD, 400 MHz) of N-acetyl-L-cysteinyl discorhabdin C 

analogue TFA salt (2.40). 
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Figure A30. 1H-13C HSQC NMR spectrum (CD3OD, 600 MHz) of N-acetyl-L-cysteinyl discorhabdin C 

analogue TFA salt (2.40). 
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Figure A31. 1H-13C HMBC NMR spectrum (CD3OD, 600 MHz) of N-acetyl-L-cysteinyl discorhabdin C 

analogue TFA salt (2.40). 
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Figure A32. 1H NMR spectrum (DMSO-d6, 400 MHz) of 1-N-acetyl-L-lysinyl discorhabdin C analogue 

TFA salt (2.41). 
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Figure A33. 13C NMR spectrum (DMSO-d6, 100 MHz) of 1-N-acetyl-L-lysinyl discorhabdin C analogue 

TFA salt (2.41). 
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Figure A34. 1H-1H COSY NMR spectrum (DMSO-d6, 600 MHz) of 1-N-acetyl-L-lysinyl discorhabdin C 

analogue TFA salt (2.41). 
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Figure A35. 1H-13C HSQC NMR spectrum (DMSO-d6, 600 MHz) of 1-N-acetyl-L-lysinyl discorhabdin C 

analogue TFA salt (2.41). 
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Figure A36. 1H-13C HMBC NMR spectrum (DMSO-d6, 600 MHz) of 1-N-acetyl-L-lysinyl discorhabdin C 

analogue TFA salt (2.41). 
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Figure A37. 1H NMR spectrum (D2O, 300 MHz) of n-pentylamino discorhabdin C hydrate analogue TFA 

salt (2.48). 
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Figure A38. 13C NMR spectrum (D2O, 100 MHz) of n-pentylamino discorhabdin C hydrate analogue TFA 

salt (2.48). 
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Figure A39. 1H-1H COSY NMR spectrum (D2O, 300 MHz) of n-pentylamino discorhabdin C hydrate 

analogue TFA salt (2.48). 
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Figure A40. 1H-13C HSQC NMR spectrum (D2O, 400 MHz) of n-pentylamino discorhabdin C hydrate 

analogue TFA salt (2.48). 
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Figure A41. 1H-13C HMBC NMR spectrum (D2O, 300 MHz) of 1- n-pentylamino discorhabdin C hydrate 

analogue TFA salt (2.48). 
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Figure A42. 1H-1H NOESY NMR spectrum (D2O, 400 MHz) of n-pentylamino discorhabdin C hydrate 

analogue TFA salt (2.48). 
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Figure A43. 1H NMR spectrum (CD3OD, 600 MHz) of 1-N-acetyl-L-cysteinyl discorhabdin D analogue 

TFA salt (2.53). 
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Figure A44. 13C NMR spectrum (CD3OD, 100 MHz) of 1-N-acetyl-L-cysteinyl discorhabdin D analogue 

TFA salt (2.53). 
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Figure A45. 1H-1H COSY NMR spectrum (CD3OD, 400 MHz) of 1-N-acetyl-L-cysteinyl discorhabdin D 

analogue TFA salt (2.53). 
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Figure A46. 1H-13C HSQC NMR spectrum (CD3OD, 400 MHz) of 1-N-acetyl-L-cysteinyl discorhabdin D 

analogue TFA salt (2.53). 
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Figure A47. 1H-13C HMBC NMR spectrum (CD3OD, 600 MHz) of 1-N-acetyl-L-cysteinyl discorhabdin D 

analogue TFA salt (2.53). 
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Figure A48. 1H-1H NOESY NMR spectrum (CD3OD, 400 MHz) of 1-N-acetyl-L-cysteinyl discorhabdin D 

analogue TFA salt (2.53). 
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Figure A49. 1H NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt (2.59). 
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Figure A50. 13C NMR spectrum (D2O, 100 MHz) of discorhabdin 1 TFA salt (2.59). 
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Figure A51. 1H-1H COSY NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt (2.59). 
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Figure A52. 1H-13C HSQC NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt (2.59). 
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Figure A53. 1H-13C HMBC NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt (2.59). 
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Figure A54. 1H-1H NOESY NMR spectrum (D2O, 400 MHz) of discorhabdin 1 TFA salt (2.59). 
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