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The work described in this thesis has focused on total synthesis directed towards two different 

classes of secondary metabolites isolated from the Agelas sponge, ageloxime D and analogs, 

and agelasine F. Ageloximes were reported to be 7,9-dialkylpurinium salts carrying a 

diterpenoid side chain in the 7-position and a hydroxylamine substituent in the 6-position. The 

enantiomer of the reported structure of ageloxime D was the target compound, along with two 

different analogs carrying either a geranyl or geranylgeranyl side chain. The enantiomer of the 

naturally occurring ageloxime D was chosen as the target compound because the enantiomer of 

the side chain of ageloxime D can be bought. Starting from (+)-manool, the sidechain was 

converted into (+)-copalol in four steps. There are no reported syntheses of ageloximes, and 

therefore a synthetic strategy was established. Starting from 9-methylated 6-chloropurine, a 

method for introducing a hydroxylamine in high yields had to be developed. As the selectivity 

of the alkylation of the sidechain at N7 was rather poor, it was necessary to introduce a 

removable directing group on the hydroxylamine. Tert-butyldimethylsilyl was the preferred 

choice, as it is sterically demanding and possible to remove under mild conditions. The 

selectivity of the alkylation at N7 was improved dramatically with the directing group. The 

removal of the directing group was eventually performed with ammonium fluoride, yielding 

ent-ageloxime D and analogs. The compounds were tested for biological activity and ent-

ageloxime D and geranylgeranyl-ageloxime displayed high activity against the protozoa 

causing leishmaniasis and Chagas disease in addition to Mycobacterium tuberculosis. 

Agelasines are also 7,9-dialkylpurinium salts carrying a diterpenoid side chain in the adenine 

7-position. Agelasine F was synthesized starting from (S)-carvone, and the synthesis of the side 

chain focused on avoiding and improving some key steps was the main goal. The key steps 

were the introduction of the chloromethyl phenyl sulfide with the right stereochemistry, 

including the formation of the silyl enol ether and the avoidance of the expensive alternative 

starting material, (S)-pulegone. This compound has shown interesting activity against some 

drug resistant strains of M. tuberculosis in vitro and also inhibition of Na,K-ATPase. 
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The world today faces an enormous threat from multidrug-resistant bacteria and 

microorganisms, and the World Health Organization (WHO) has deemed resistance to 

antibacterial medicines to be one of the biggest threats towards global health, food security, and 

development. The extensive use of antibiotics as growth mediating compounds in agriculture, 

and its overuse in humans are two of the main causes for the current accelerated development 

of antibiotic resistance. Because many people around the world travel more, the spread of 

resistant superbugs is accelerating and is now becoming a global problem. Worldwide, it has 

been forecasted that by 2050 multirestistant bacteria could cause 10 million deaths each year 

and that the economy could suffer equal damage as during the 2008-2009 global financial 

crisis.1  

The term antimicrobial resistance, AMR, is defined as resistance against drugs that treat and 

prevent infections caused by bacteria, viruses, fungi and parasites. AMR will increase the cost 

of health care for patients, owing to prolonged duration of illness, disability, and need for 

additional tests and more expensive drugs. Owing to widespread AMR, treatment and 

prevention of infections will become difficult, and it will make medical procedures such as 

major surgery, organ transplantation, and cancer chemotherapy high-risk procedures. To avoid 

a situation similar to the one in the pre-antibiotic era, when small injuries could become lethal, 

development of new antimicrobial drugs is of paramount importance.  

After the discovery of Penicillin G (Figure 1) in 1928 by Sir Alexander Fleming,2 a dozen 

different classes of antibiotic were released the following two decades.  

 

Figure 1. The structure of Penicillin G. 
 

Then, there was a halt in the development of new antibiotics, and no new classes were 

discovered and released between 1968 and 2000. Since then, a few new classes have been 
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launched and a total of 22 new drugs. There are currently 42 compounds in development for 

clinical use (as per March 2019), but very few of these belong to a novel drug class.3, 4 

Historically, only one of five drugs that enter clinical phase testing will be approved for use on 

humans. The WHO has published a list of twelve priority pathogens that pose the greatest threat 

towards the health of humans, including Pseudomonas aeruginosa, Staphylococcus aureus, and 

Escherichia coli.5 Looking into the pipeline of new antibiotics, it should be noted that most of 

the new antibiotics have a narrow antimicrobial spectrum, and many target acute bacterial skin 

and skin structure infections, pneumonia, and urinary tract infections. There is a critical lack of 

antibiotics treating severe bloodstream infections caused by bacteria such as gram-negative E. 

coli. Unfortunately, development of new drugs is a time consuming and costly affair. Given 

that the new drugs will only be used in cases where the old drugs do not work, development of 

new drugs is not profitable for pharmaceutical companies. Ninety percent of the companies 

developing new antibiotics are small companies, and 60% do not have any drugs on sale in the 

market. 

The main goal of this project has been to synthesize agelasine F, ent-ageloxime D and 

ageloxime analogs. The structures of ageloximes and agelasines will be presented in detail in 

section 1.6.3 and 1.6.2, respectively. These target compounds will be tested for biological 

activity towards the microorganisms causing leishmaniasis, Chagas disease, African sleeping 

sickness and biofilm formation. The microorganisms causing these diseases that have 

developed AMR are listed in Table 1, and these were used as a testing panel in our work. S. 

epidermidis, P. aeruginosa and E. coli were subject to biofilm testing, and the results will be 

presented in section 2.7. A few examples of diseases caused by these microorganisms are given 

in the last column. These particular microorganisms were of interest as they have been used as 

a test panel for previously synthesized agelsines, and it was desirable to compare the biological 

activities of the agelasines against the ageloximes synthesized.  
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Table 1. Examples of microorganisms causing disease in humans that have developed resistance, and also 
being the test panel for testing for biological activity. 

Microorganism 
Type of 

microorganism 
Diseases 

Mycobacterium tuberculosis Mycobacterium Tuberculosis 

Escherichia coli Gram-negative bacteria Food poisoning, urinary tract infections 

Pseudomonas aeruginosa Gram-negative bacteria Inflammation and sepsis 

Staphylococcus aureus Gram-positive bacteria Pneumonia and meningitis, MRSA 

Staphylococcus epidermidis Gram-positive bacteria Biofilm formation on surgical implants 

Leishmania infantum Protozoa Leishmania disease 

Trypanosoma cruzi Protozoa Chagas disease 

Trypanosoma brucei Protozoa West African sleeping sickness 

Trypanosoma rhodesiense Protozoa East African sleeping sickness 

Candida albicans Fungi Skin and mucous membrane infections 

 

As it will need a profound effort to deal with AMR, some of the diseases caused by the different 

microorganisms and the challenges these diseases pose will be presented in further detail below.  

 

1.2.1 Tuberculosis – M. tuberculosis 
Mycobacterium tuberculosis is the cause of tuberculosis (TB), one of the ten major causes of 

death worldwide, and the top cause of death amongst people with HIV. The disease is found all 

over the world, up to one-third of the world’s population has latent TB, and there is a 5-15% 

chance that it develops into TB over their lifetime.6 According to WHO, important risk factors 

for acquiring the disease are malnutrition, HIV, diabetes, and the use of tobacco. After 

developing the disease, there is a 45% chance of dying if left untreated. If combined with HIV, 

chances of survival are very low. However, the disease is curable with proper treatment, and 

also preventable, as the bacteria spreads through air, typically after an infected person coughs 

or sneezes without covering their mouth and nose.7 Ninety-five percent of the cases and deaths 

occur in developing countries, and two thirds of all TB cases are found in eight high-burden 

countries: India, China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh and South 

Africa.7 

Rifampicin (Figure 2) is the most effective first-line drug used in treatment regimens. 

According to the WHO Global Tuberculosis Report 2019, approximately 484 000 cases of a 
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total of 10 million had developed rifampicin-resistant tuberculosis (RR-TB).7 Of these, 78% 

were multidrug-resistant TB (MDR-TB), and among these, 6.2% of the cases worldwide were 

estimated to have extensively drug-resistant TB (XDR-TB). According to WHO, resistance is 

due to improper use of the antibiotics in treatment regimens.  

 

Figure 2. The structure of rifampicin. 
 

1.2.2 Biofilm – when an infection goes from bad to worse 
Biofilm is a polysaccharide-containing slime that some microorganisms produce in order to 

irreversibly attach to and grow on surfaces. P. aeruginosa, E. coli, S. epidermidis and 

C.  albicans are common sources of biofilm formation, and are often found on medical devices 

such as urinary catheters, central venous catheters and artificial hip prostheses.8 The National 

Institutes of Health (US) have estimated that 60% of all microbial infections, and 80% of all 

chronic infections, are associated with biofilm formation.9 This poses a serious threat to medical 

health care, because once the biofilm has formed, the microorganisms are much less susceptible 

to antibiotics, and thus very hard to get rid of. Administering high doses of antibiotics will in 

most cases not dissolve the biofilm, but it may keep the chronic infection under control. In order 

to eliminate the biofilm, the infected medical device or implant must be removed, and this 

solution is troublesome for the patient and expensive for the society.10 This underlines the need 

for better treatment options for infections caused by biofilm-producing microorganisms. 

1.2.3 Biofilm – problems in underwater establishments 
Biofilm is not only a problem in health care. On underwater appliances, biofilm formed by 

bacteria is an important contribution to the accumulation of microorganisms, algae, animals and 

plants on wetted surfaces.11 Vessels at sea may suffer a 40% increase in fuel consumption and 

up to 10% reduction in speed because of biofilm on their hulls. The US Army has reported extra 
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costs of approximately 1 billon US dollars annually for the extra fuel costs and maintenance to 

keep their vessels free of barnacles, oysters and algae.12 Previously employed antifouling paint 

has caused irreversible damage to aquatic life, and today 70% of all vessels are using copper-

based paints to keep their hulls free of biofouling. This type of paint causes copper to build up 

in high concentration in harbors, waterways and the ocean. This is a danger to aquatic life, but 

also humans who work there or eat the fish caught in the contaminated waters. New antifouling 

agents with low toxicity are therefore needed.  

 

1.3.1 Leishmaniasis – L. infantum 
Leishmaniasis is the second largest tropical disease after malaria and is caused by a protozoan 

parasite. WHO estimate that 12 million people are infected with the Leishmaniasis disease. The 

disease may affect the skin or internal organs, the latter being potentially deadly, killing 

approximately 70 000 people per year.13 In cases where only the skin is affected, the patient 

may suffer from extensive scarring.  

Resistance towards the most used drugs against leishmaniasis, pentavalent antimonial (the 

structure shown in Figure 3, antimony shown in blue) has been reported.14 Again, WHO reports 

that global misuse of the medicines is the reason for this development, and effective monitoring 

of drug use and response is important to limit further spread and development of resistance.  

         

Sb+

HO
N
H

OH

HO

OH

OH

HO

H
N

O O

OO

Glucantime  

Figure 3. The two most used pentavalent antimonial drugs in the treatment of leishmaniasis. Antimony 
shown in blue to highlight the position of the metal. 

 

1.3.2 Chagas disease/American trypanosomiasis – T. cruzi 
According to the WHO, 6-7 million people are infected with the parasite causing Chagas 

disease, and 100 million people live in the endemic areas.15 Most cases are found in the rural 
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areas of Latin America, where the bug (known as the kissing bug or vampire bug) that carries 

the parasite exists. In the acute phase of the disease, often only mild and unspecific symptoms 

occur, which can make it hard to realize that one has been infected. In the second and chronic 

phase, the parasites hide in the heart and digestive muscles. Thirty percent of the infected people 

develop cardiac disorders, and ten percent suffers from digestive or neurological disease or a 

combination of the two. If left untreated, the infection can cause sudden death due to destruction 

of the heart muscle and its surrounding nervous system.  

The commonly employed drugs are benznidazole and nifurtimox (Figure 4), which are almost 

100% effective on certain strains of the parasite if administered early after infection. Some 

strains have a naturally occurring resistance, and this causes a big challenge in the treatment of 

such infections. 

           

Figure 4. The structure of the two most used drugs against Chagas disease. 
 

1.3.3 African sleeping sickness – T. brucei and T. rhodesiense 
There have been several human epidemics of the African sleeping sickness in Africa, but luckily 

the combined efforts of WHO, national control programs, and nongovernmental organizations 

(NGOs) have managed to turn the tide in a positive direction during the 1990’s and later. The 

disease threatens 65 million people in 36 countries in sub-Saharan Africa, but with the latest 

effort the estimated number of undiagnosed and untreated cases has been reduced from 300 000 

in 1998 to under 10 000 cases today. The disease is caused by two different parasites, T. 

gambiense and T. rhodesiense. T. gambiense is responsible for 98% of the cases, and causes a 

chronic infection that does not have major symptoms before the disease is in an advanced 

stage.16 The other parasite, T. rhodesiense is responsible for the remaining 2% of the infections, 

and causes a more acute disease by invading the central nervous system. Both parasites are 

carried by the tsetse fly, which infects humans with the parasites with a bite. In the later stages 

of the disease, the patient shows a marked change of behavior, sensory disturbances, confusion 

and poor coordination. Another important feature is the disturbance of the sleep cycle, which 



7 
 

gives the disease its name. Early treatment increases the chance of being cured, and relatively 

safe medications can be used in the early onset of the disease.  

 

Figure 5. The six most used drugs towards battling the African sleeping sickness. Arsenic shown in blue. 
 

There are two main classes of drugs against the sickness; the arsenicals and diamidines (Figure 

5).17 However, antiparasitic resistance to several of the six drugs used against both parasites has 

increased. If the infection is left untreated for longer periods, medicines that are complicated to 

administer and have serious side effects are necessary to combat the disease, as it is fatal if left 

untreated.  

 
This world-spanning problem requires global action.18 The WHO has outlined a five-point 

strategy to combat the increasing drug-resistance in microorganisms: (1) improve awareness 

and understanding of antimicrobial resistance, (2) strengthen surveillance and research, (3) 

reduce the incidence of infection, (4) optimize the use of antimicrobial medicines, (5) and 

ensure sustainable investment in efforts to counter antimicrobial resistance.  This degree is part 

of the research targeting new potential antimicrobial medicines, even though at a very early 

stage. 

 
Nature itself has a wide variety of antimicrobial substances. A large number of commercial 

drugs today have been isolated either from plants and terrestrial organisms or from derivatives 
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of these isolated compounds.19, 20 Secondary metabolites are an excellent starting place to look 

for new bioactive compounds, as the metabolites reveal an enormous chemical and biological 

diversity in both terrestrial and marine species, including fungi and bacteria. The very famous 

Penicillin G was isolated from a fungi.2 These secondary metabolites are organic compounds 

not involved with normal growth, development, or reproduction of the species and thus often 

harbor interesting bioactive properties. For instance, artemisinin and its derivatives are 

powerful drugs for treating malaria in combination with other drugs,21 and it was isolated from 

the plant Artemisia annua.22 Another example of a secondary metabolite with interesting 

medicinal properties, is quinine, an alkaloid used to treat malaria (Figure 6). This natural 

product was isolated from the bark of the Cinchona tree. Given its bitter taste, British colonials 

in India mixed it with gin, creating the popular cocktail gin and tonic. Quinine is on the WHO 

list of core medicines that are considered vital for a basic health care system (2019). Of these 

medicines, 11% originate from flowering plants.23 

 
 

Artemisinin Quinine 
 

Figure 6. The structure of artemisinin and quinine. 
 

Natural products harvested from marine environments have become increasingly popular as a 

source of lead compounds for new drugs the last fifty years, because marine species reveal an 

enormous chemical and biological diversity of metabolites.24, 25 Marine organisms also produce 

interesting secondary metabolites, but the marine environment has not been explored to the 

same extent as plants and terrestrial organisms. Over the last fifty years the isolation of natural 

products from the marine environment has increased.26,27 Sponges are promising targets when 

looking for bioactive compounds, owing to the fact that they lack an immune system. This 

makes it necessary for them, and microorganisms living together in symbiosis, to produce a 

chemical defense of toxic substances. In addition, sponges often stay free of biofouling 

organisms, and it is therefore interesting to look for antifouling agents among these species.28 



9 
 

 

This thesis presents work to synthesize compounds found in a sponge, and these compounds 

are believed to be secondary metabolite built on a purine scaffold. The purine scaffold is a very 

common structure in nature, and can be found in many natural products.29 Caffeine is one 

example of a purine-containing natural product, and this compound is a very popular (and 

addictive) stimulant found in coffee beans and tea leaves (Figure 7).30 Even though one may 

believe that caffeine is the most important purine to humankind, most people would agree that 

the DNA bases adenine and guanine are even more important.31 The purine moiety is also 

present in many marine natural products. A purine-containing marine natural product that is 

definitely not beneficial for human health, is saxitoxin (Figure 7).32 This compound has been 

classified as a Schedule I Chemical Warfare Agent per the Chemical Weapons Convention of 

1993, being 1000-fold more toxic than the chemical weapon Sarin.33 The lethal dose for an 

average human is 0.2 mg.33 Its toxicity arises from its ability to bind to voltage-gated sodium 

channels, resulting in blockage of the passage of nerve impulses.34 This leads to death via 

respiratory paralysis. The normal ingestion pathway is through contaminated shellfish.35 In sea 

water, it is produced by dinoflagellates, a type of algae, and in fresh by cyanobacteria.36 Other 

purine-containing marine natural products have more positive biological effects, such as the 

1,3-dimethylisoguanine (Figure 7). This compound was isolated from the sponge Amphimedon 

viridis, and shows high cytotoxity on an ovarian cancer cell line.37 
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Figure 7. The chemical structure of purine containing natural products. 
 

Agelas sponges, found in shallow tropical and subtropical waters,38 are rich sources for the 

discovery and isolation of novel marine natural products.39 Alkaloids are nitrogen-containing 

secondary metabolites that constitute of a major class of compounds that has been isolated from 

these sponges. Amongst these alkaloids there are reported several different classes of complex 

purine-terpene hybrids, for example agelasines and ageloximes.39 One example of a compound 

that belongs to each of these different classes can be seen in Figure 8. The agelasines and 

ageloximes will be discussed further as they are relevant for this thesis. 

HN

N N

N

N
HO

Cl

H

 

Agelasine F Ageloxime B 
Figure 8. Examples of compounds from two different classes of purine containing marine natural 

products isolated from the Agelas sponge. 
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1.6.1 The structure of purine – a privileged scaffold 
Purine itself is an imidazole ring fused to a pyrimidine ring, and can be seen in Figure 9, along 

with its numbering system. It can exist as a 1H, 3H, 7H or 9H tautomer, the difference being 

the position of the hydrogen. This structure is a privileged scaffold, meaning that it can bind to 

different receptors depending on its sidechains.40 

  

Figure 9. The chemical structure of purine. The hydrogen can be located at four different nitrogens, 

causing the existence of four different tautomers. 

1.6.2 Agelasines – can the Agelas sponge defense system aid ours? 
One major class of compounds isolated from the Agelas sponge is the agelasines.41, 42 The 

agelasines A to V (Figure 10) have been isolated to date.43-56 These compounds are 7,9-

dialkylpurinium salts, that are endowed with several biological activities such as antimicrobial 

activity,45, 49, 50, 57 cytotoxic activity,58 antifouling activity,49 anti-tuberculosis activity,52 

antifungal activity,49, 57 antileukemic activity,48 and they can induce contraction of smooth 

muscles48 and inhibit Na/K-ATPase.44, 47, 59 The difference between the agelasines are found in 

the sidechains, which are the diterpene part of the molecule. These diterpene sidechains are 

divided into four different types: Clerodane, halimane, labdane and monocyclic diterpenoid. 

Their key features are marked in red in Figure 10. For instance, the distinguishing features of 

the clerodane type agelasines are its stereochemistry and that they have different groups 

substituted on the diterpene ring. 
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Agelasine A 

 

Clerodane type: 

Agelasine A, B, G, 

H, I, K, L, M, N, P, 

Q, R, U, V 

Agelasine C 

N

N

N

N

NH2

Cl

R

 
 

Halimane type 

Agelasine C, J, O, S 

Agelasine T 

 

Labdane type 

Agelasine T, D 

Agelasine F 

 

Monocyclic type 

Agelasine F, E 

Figure 10. An overview of the different types of agelasines divided in to four types: clerodane, halimane, 
labdane and monocyclic. The bonds and atoms marked in red are the key features for the different types, 
and variations within the types between the different agelasines occur at these places. In addition, other 

substituents can be substituted on the bicyclic rings. 
 

The agelasines have shown interesting antimicrobial activityand, several of them have been 

synthesized (Figure 11). Previous work in our group has involved the total synthesis of (+)-

agelasine D58, 60, ent-agelasine F61 and (-)-agelasine E62, 63. In addition, (-)-agelasine A64, (-)-

agelasine B65, (+)-agelasine C66 and racemic (±)-agelasine F67 (also called ageline A) has been 

synthesized by other groups.  
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Figure 11. An overview of the structures of the agelasines that have been synthesized by our group and 
others. 

 

The synthesis of the agelasines is divided in two parts, the synthesis of the purine moiety, and 

the more complex synthesis of the diterpene side chain. As an example synthesis of an agelasine, 

the total synthesis of (ent)-Agelasine D by Vik et al.58 and Utenova et al.60 is shown in Scheme 

1. The replacement of the chlorine in compound 1 was performed with an alkylated 

hydroxylamine salt (Scheme 1). Until 2009, a methyl substituent on the hydroxyl group was 

utilized, and the synthesis involved reacting a N6-methoxy-purine (2a or 2b) with the alkyl 

bromide (3) of the desired side chain. Utilizing N6-methoxy-purin, lead to substantial alkylation 

on N6 in addition to N7. Vik et al. tested other alkoxy derivatives on the N6 and discovered that 

the sterically demanding tert-BuO-group resulted in less formation of the N6-alkylated isomer.58 

To ensure a good stereoselectivity of the attachment of the sidechain to the N7 in the purine 
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moiety, the bulky tert-butylhydroxy-group was used as a directing group as can be seen in 

Scheme 1.  

 

Scheme 1. Total synthesis of ent-agelasine D from anticopalol bromide and 9-methylated 6-chloropurine, 
with both methoxy and tert-butoxy substituted on N6, yielding different selectivity in the alkylation step. 

The tert-butoxy substituent being superior in directing the bromide 3 to N7. 
 

Synthetically prepared analogs have also displayed equally high antimicrobial activity as the 

naturally occurring compounds. Analogs of agelasine D carrying a MeO-group on N6 and a 

geranylgeranyl sidechain at N7 were potent inhibitors against a wide variety of microbials 

(Figure 12).58, 68, 69 The substituent on N6 (or the lack of) is important for the specific biological 

activity. Compounds having similar side chain on N7, but a different N6 substituent, vary in 

biological activity for some organisms.68 The features believed to be important for biological 

activity are marked with orange in Figure 12. For instance, compound 6a and 6b in Figure 12 
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have the same side chain on N7, but the MeO-geranylgeranyl-agelasine 6a had one third of the 

IC50 value towards L. infantum as tert-BuO-geranylgeranyl-agelasine 6b.68 Studying the effect 

on MRC-5 (human fibroblast cells) the effect of the MeO-group seemed to lower the toxicity: 

IC50 for MeO-geranylgeranyl-agelasine 6a was lower than for tert-BuO-geranylgeranyl-

agelasine 6b. Comparing the activity against M. tuberculosis of four different compounds 

showed that all except MeO-agelasine 4a had equal effect against the bacteria. Compound 4a 

and 4b was isolated as betaines, which mean they are deprotoned from the use of a basic eluent 

system in the purification method. Betaines are a type of zwitterion, but without the presence 

of a hydrogen at the charged locations. 

 

Figure 12. Compounds displaying high antimicrobial activity. The two structures on the right are 
betaines, which in this case are deprotoned agelasine with both a positive and negative charge. 
 

Table 2. Overview of the biological activities compounds 6a, 6b, 4a and 4b exhibits on M. tuberculosis and 
L. infantum. 

 6a 6b 4a 4b 
 MIC (μg/mL) 

M. tuberculosis 3.13 3.13 >6.25 3.13 
 IC50 (μg/mL) 

L. infantum 0.097 0.27 0.63 4.0 

MRC-5 2.0 0.26 4.5 0.45 

 

 
If the length of the side chain was shortened compared to the side chain in the structure shown 

in Figure 12
 

, the antimicrobial activity was significantly reduced (Figure 13). Thus, it seemed that the length 

of the sidechain was more important than its exact structure for the biological activity. 
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Figure 13. Agelasine analogs displaying poor antimicrobial activity. 
 

The second part of the thesis will present attempts to improve the synthesis of agelasine F 

previously published by our group. As this synthesis resulted in the ent-agelasine F, the focus 

in this project was to make the stereochemically correct (-)-agelasine F.  

1.6.3 Ageloximes – no more biofilm? 
The proposed structure of the ageloximes are oxime derivates of the agelasines, hence the name 

ageloxime. Their structure is similar to the agelasines, the only difference in the proposed 

structure being the hydroxyl group in the N6-position. The assigned letter comes from the 

agelasine that carries an identical sidechain. They are reported to be 7,9-dialkylpurinium salts 

carrying a diterpenoid side chain in the 7-position and an oxime substituent in the 6-position.59, 

70 Two ageloximes, ageloxime B (compound 7 in Figure 14) and ageloxime D (compound ent-

8d in Figure 14), have been isolated from an Agelas sponge by Hertiani et al.70  

 

Figure 14. The purine moiety of the proposed structure of ageloximes contains a methyl group in position 
9, a hydroxylamine group in position 6 and a copalool alkyl chain in position 7 resulting in a purinium salt. 
 

These two ageloximes have shown interesting biological activity against several species.59, 70 

Both display activity towards the opportunistic pathogen C. neoformans which is an 

exceptionally dangerous fungus that can cause encephalitis or menigitis, often in humans with 

an already weakened immune system.71 Antileishmanial activity against the parasite L. 
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donovani has also been reported.59 In addition, Ageloxime B exhibited antibacterial activity 

against S. aureus and methicillin-resistant S. aureus. Ageloxime D is reported to inhibit biofilm 

formation of Staphylococcus epidermidis, which is very interesting considering the problems 

biofilm cause in both healthcare and underwater establishments.59 The aim of the work 

described in this thesis was to synthesize ent-ageloxime D, in order to perform more biological 

activity tests, and also to verify the structure of this natural product, as it has never been 

synthesized before. It has on many occasions proved important to verify structure elucidations 

of natural products by synthesizing them, but it is still underused.72 Seeing as biofilm formation 

is an increasing problem in health care and on underwater establishments, it is of high interest 

to synthesize compounds that can help defeat this problem. As the structure of the side chain in 

ageloxime D is rather complex (the enantiomer can be seen in Scheme 2, compound 8d), a 

synthetic route involving the synthesis of this part of the molecule from scratch would be too 

comprehensive. Instead the enantiomer (which is readily available) served as the starting point 

for the total synthesis. As mentioned in section 1.6.2, analogs of agelasines with simpler side 

chains (as the geranylgeranyl) bearing a MeO-group in the N6 position have proven to have a 

high biological activity towards M. tuberculosis. Therefore, it was of interest to explore if the 

unsubstituted hydroxylamine at C6 would influence the activity towards this bacteria. 

 
Scheme 2. Target compounds (8a, 8b, 8c and 8d) starting from 9-methylated 6-chloropurine. 
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 ent

 
The following chapter describes the synthesis of the proposed structure of ent-ageloxime D and 

analogs. As mentioned in the introduction, prior work in our group has identified the 

geranylgeraniol side chain at N7 as an important feature of the structure in order for the structure 

to be a potent inhibitor against bacterial growth of the TB bacteria. Synthesizing the ageloxime 

carrying this side chain was therefore of interest. The agelasine analog carrying a geranyl side 

chain has previously shown poor antimicrobial activity, but it was decided to synthesize the 

geranyl-ageloxime to see if the same trend of reduced biological activity existed for the 

ageloximes as well. The synthesis of the target compounds involves methylation at N9, before 

introducing the hydroxylamine group at C6, an alkylation reaction between the altered purine 

and an alkyl bromide, see Figure 15. As the methylation of 6-chloropurine is a known reaction, 

it was therefore decided to be the first reaction in the sequence.73 The selectivity in this 

methylation reaction favors methylation at N9. The hydroxylamination has been done on similar 

compounds, and was the second step.74-76 As the starting material (manool, Scheme 3) for the 

side chain of the ageloxime D is very expensive, it was desirable to introduce this sidechain as 

late as possible in the synthesis. The alkylation step was therefore the last in the sequence.  

 

Figure 15. Key reactions for the synthesis for the target compounds (8a, 8b, 8c and 8d) from 6-
chloropurine. 

 

As described in section 1.6.2 (Scheme 1), the alkylation on N7 requires an alkyl bromide as 

alkylating agent. Benzyl bromide is easily available and was used as a model alkylating agent 

to give an idea of the reactivity of the purine moiety when alkylating the N7. An overview of 

the four target compounds is found in Figure 16. 
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Figure 16. Target compounds benzyl-ageloxime 8a, geranyl-ageloxime 8b, geranylgeranyl-ageloxime 8c 
and ageloxime D 8d. 

 

The reason for synthesizing ent-ageloxime D 8d was that it is not possible to buy or easily 

synthesize the complex sidechain with the right stereochemistry. Therefore, the side chain was 

synthesized in four steps from (+)-manool58 (Scheme 3) to anticopalol bromide, and after 

alkylation of the purine moiety it resulted in ent-ageloxime D.58, 60  
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Scheme 3. The synthesis of anticopalol bromide (3) from (+)-manool (9) following a published synthesis by 
Vik et al.58 
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The first step in the synthesis of the benzyl-ageloxime (8a) was to synthesize 9-methylated 6-

chloropurine 1. This was a known procedure, and was followed without modifications (step one 

in Scheme 4).77 The two isomers formed, 14a and 14b, with a ratio of 4:1, could be partly 

separated with flash chromatography, hence the low yield. The second step in the synthesis of 

the enantiomer of the proposed structure of ageloxime D 8d and analogs (8a, 8b, 8c) was the 

introduction of a hydroxylamino group at C6, leading to the formation of the substituted purines 

15a and 15b. Giner-Sorolla et al. described a hydroxylamination of 6-chloropurine (13),74 but 

the literature procedure was not reproducible on our substrate, as we observed substantial 

formation of the hypoxanthine 16. The formation of hypoxanthine 16 was believed to arise from 

the excess base used in this reaction. Exchanging the chloride with an OH-group utilizing a 

hydroxyl base such as KOH has been performed on nitrogen-containing heterocycles in 

literature,78-80 though no example could be found for this particular substrate. To avoid the 

formation of the unwanted byproduct hypoxanthine 16 several conditions were tested. 

Decreasing the amount of base to equal quantities as the hydroxylamine salt increased the yield 

of the tautomers 15a and 15b from 30% to 84%. The 1H NMR spectrum showed a ratio of 2:3 

(15b:15a) amongst the two tautomers at room temperature in DMSO-d6. Broadening of the 

peaks in the 1H NMR spectrum obtained at 35 °C indicated rapid conversion between the two 

tautomers. 

 

Scheme 4. Synthesis of hydroxylamine 15a/b via methylation of 6-chloropurine 13. 

 

Alkylation of compound 15a/15b with alkyl bromides at N7 has to the best of my knowledge 

not been performed previously. However, N6-methoxy-agelasines on the have been synthesized 
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by alkylation of the purine moiety in DMA at 50 ºC (Scheme 1), which served as a natural 

starting point regarding conditions for the alkylation step (Scheme 5).58 

Scheme 5. Benzylation of the hydroxylamine purine 15a/15b with benzyl bromide as alkylating agent. 
 

The 1H NMR spectrum of the crude product of the benzylation of the hydroxylamine purine 

15a/b showed signals from at least three different compounds, and two compounds eluted from 

the column after purification with flash chromatography. Compound 17 was isolated in approx. 

11% and contained 1-2 mol% DMA, although the 1H NMR signals from this compound was 

not observed in the 1H NMR of the crude product. This will be discussed below. Compound 18 

was isolated in approx. 16%, which contained approx. 17 mol% DMA. Compound 8a was not 

isolated, though it was suspected from the 1H NMR spectrum of the crude product that this was 

the major product, as the NMR shifts matched the compound that was later isolated as pure 

benzyl-ageloxime 8a in another synthetic route (Scheme 8). Other purification methods than 

flash chromatography were attempted, such as extraction and washing with a range of solvents, 

but were unsuccessful. 

Due to the low selectivity in the alkylation reaction with benzyl bromide (Scheme 5), it became 

clear that a sterically demanding protecting group on the hydroxyl group was necessary. 

Previous synthesis of agelasines in our group have used different alkoxy groups as a directing 

group to enhance regioselectivity at N7 in the alkylation step.58 Specifically, the tert-butoxy 

(tert-BuO) alkoxy group has proven to be a very good directing group for an increased 

selectivity in the alkylation reaction on N7 in the total synthesis of agelasine D (Scheme 1).58 

In the case of synthesizing agelasines, the tert-BuO is removed, but for the synthesis of 

ageloximes, only the tert-butyl was to be removed, and the oxygen needed to be retained. As 
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there are no known methods for retaining the oxygen in the reduction of alkoxy-agelasines to 

agelasines, a better suited option was to use a silyl protection group designed for alcohols. The 

choice fell on the tert-butyldimethylsilyl-group as protecting/directing group. Anders Vik tried 

to introduce O-(tert-butyldimethylsilyl)hydroxylamine at C6 in 6-chloro-9-methylpurine 13 

without success.28 Instead of introducing a protected hydroxylamine, protection of the hydroxyl 

group as a separate step was performed in this work, and this has not been reported in literature. 

The introduction of the TBDMS-group resulted in products 19a and 19b which was isolated by 

extraction in 93% yield without the need of further purification (Scheme 6). The ratio between 

the two tautomers was 95:5 in 1H NMR in DMSO-d6 solution. The main tautomer formed was 

most likely the imino tautomer 19a, as a coupling between the H2 and 1-NH protons was 

observed in the 1H NMR spectrum. This coupling could also arise between H2 and 3-NH. Two 

articles published by prevoius members of our group, Bakkestuen et al.62 and Roggen et al.81 

suggest that similar purine compounds exist as compound 19a as the major tautomer.  

 

Scheme 6. Introducing a TBDMS-protecting group on the hydroxylamine 15a/15b with TBDMS-Cl. 
 

Originally, the alkylation reaction on similar alkoxy compounds (2a and 2b) to 19a and 19b 

(hereby referred to as 19) has, as previously stated, been carried out in DMA at 50 °C overnight 

with 1.5 equivalents of alkyl bromide (Scheme 1).58 These reaction conditions provided only 

mediocre yields (54%) of the TBDMS-protected compound 20. 

 

Scheme 7. Performing an alkylation reaction on TBDMS-protected hydroxylamine purine 19 utilizing 
benzyl bromide. 
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Both the dibenzylated product 18 and the N6-isomer 17 was isolated in the initial reactions 

performed (Scheme 5). In an attempt to improve the yield of the desired TBDMS-protected 

benzyl-ageloxime 20, and reduce the amount of byproducts, the equivalents of benzyl bromide 

used was decreased to 1.2. The formation of the dibenzylated product 18 was found to depend 

on the amount of benzyl bromide added in the reaction and decreased with decreasing amount 

of benzyl bromide. Conditions that led to limiting the formation of the N6-alkylated isomer 17 

and figuring out how it was formed was more of a mystery. The N6-isomer 17 did not appear in 

the 1H NMR spectrum of the off-white coloured crude product. After purification utilizing flash 

chromatography on silica gel, a purple compound eluted from the column. This purple 

compound turned out to be the N6-isomer 17. The TBDMS-protecting group is labile in acidic 

environments, and could become deprotected when it comes in contact with acidic silica, 

possibly explaining why N6-isomer 17 was not observed in the 1H NMR of the crude product. 

As the N6-isomer exist after column chromatography of both the alkylation of hydroxylamine 

purine 15a/15b and TBDMS-protected purine 19, it is likely that the N6 has acted as a 

nucleophile, and attacked the electrophilic site on the benzyl group attached at N7.  

Reducing the reaction time from 21 h to 6 h, gave the most significant improvement of the yield 

of 20 from 54% to 82% (Scheme 7). 

The deprotection step in this synthetic sequence proved to be challenging, and many reagents 

and methods were investigated (Scheme 8, Table 3). A TBDMS-group can in theory be 

removed with the use of acids82, 83 or fluoride anions82, 84-86, and this served as the starting point 

of the development of this deprotection step. In the following section some of the main attempts 

to deprotect compound 20 are discussed. The most important attempts are presented in Table 3 

below. 
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Scheme 8. Removal of the TBDMS-group from compound 20 utilizing a variety of conditions, resulting in 
benzyl-ageloxime 8a. 

 

 

Table 3. Reagents and conditions for the removal of TBDMS-group on TBDMS-protected benzyl-
ageloxime 20. 

Entry Reagent Time Temperature Solvent 
Conversion  

(1H NMR) 

1 MeOH 2 h reflux MeOH 100% conversion 

2 TBAF1 18 h RT THF 100% conversion2 

3 TBAF3 48 h RT THF 50% conversion 

4 TBAF 1 h RT MeCN/H2O 100% conversion 

5 CsF 2 h 45 
min RT MeCN/H2O 100% conversion 

6 NH4F 1 h RT MeCN/H2O 100% conversion4 

1Dry TBAF. 2No starting material or product was observed on 1H NMR of the crude product. 3Undried TBAF. 
4Isolated yield 86%. 

Recrystallization of compound 20 in methanol was explored as a purification method (entry 1). 

This conveniently turned out to deprotect the compound, and the recrystallization became a 

deprotection reaction with 100% conversion to benzyl-ageloxime 8a. Pure methanol did not 

work as a deprotecting method for the TBDMS-protected ent-ageloxime D 29, as it had for the 

TBDMS-protected benzyl-ageloxime (20). Catalytic amounts of HCl was added in an attempt 

to achieve 100% conversion to compound 8d, but without success. As addition of HCl did not 

yield satisfactory results, other methods were explored. Silyl groups can be deprotected by 

fluoride ions, and there are a variety of reagents to choose from when in need of a fluoride 

source. Attempts to deprotect compound 20 utilizing a fluoride source is described in the 

following section. 
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Deprotection of compound 20 with tetra-n-butylammonium fluoride (TBAF) performed under 

dry conditions was explored (entry 2) but gave a complex mixture of unknown byproducts. 

TBAF is extremely hygroscopic.87 Running the reaction with undried TBAF (entry 3) showed 

approx. 50% deprotection after 2 h according to 1H NMR of the crude product. Running 

different reactions simultaneously, it was discovered that MeCN/H2O was a suitable solvent 

regarding the solubility of both compounds 20 and 29. A reaction was run with MeCN/H2O as 

solvent in a 9:1 ratio (entry 4). The reaction went to completion in just 1 h. It was unfortunately 

difficult to separate the excess TBAF used in the reaction from compound 8a. A new 

deprotecting reagent was therefore necessary.  

CsF was tested as a deprotecting agent, being a rather “exotic” reagent for deprotecting a 

TBDMS-group (entry 5).88 The idea of using this reagent was to be able to separate the 

inorganic salts from the benzyl-ageloxime 20. Unfortunately, the 1H NMR of the reaction 

mixture revealed unwanted byproducts, and the weight of the “purified” product was above 

100%. As flash chromatography was not an option due to the fact that the compound would not 

elute, the purification attempts consisted of different washing/extraction methods. After many 

attempts in using different solvent and filtering techniques to purify the benzyl-ageloxime 8a, 

it was concluded that the purification was not successful. 

To summarize, TBAF (Scheme 8, Table 3, entry 4) and CsF (Scheme 8, Table 3, entry 5) 

deprotected the TBDMS-protected benzyl-ageloxime 20 under wet conditions, but purification 

was troublesome. Benzyl-ageloxime 8a is too polar to elute from flash chromatography with 

silica gel, but as the other target compounds 8b, 8c and 8d (Figure 16) are more lipofilic, this 

was not considered a major problem. Working simultaneously with the synthesis of 

geranylgeranyl-ageloxime 8c (Scheme 11) and ageloxime D 8d (Scheme 12), it became clear 

that flash chromatography was not a desirable purification method even for these lipofilic 

compounds, as new signals appeared on the 1H NMR spectrum after column chromatography 

utilizing silica gel. It was therefore desirable to find a deprotection method that did not require 

flash chromatography as purification, and where no salts were formed as a byproduct from the 

deprotecting agent. In search of a reagent that would fulfil these requirements, ammonium 

fluoride, NH4F, was selected as a fluoride source (see Table 3, entry 6).89-91 Both byproducts 

formed in the deprotection reaction (TBDMS-F and NH3) are volatile, and a pure product (8a) 

was achieved in 83% yield after work-up and evaporation. 
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The model system utilizing benzyl bromide as alkylation reagent was useful for establishing a 

synthetic pathway for the key alkylation and deprotection reactions required for the total 

synthesis of ent-ageloxime D and analogs. 

 
Geranyl-ageloxime (8b) was chosen as a target compund in addition to compounds with longer 

terpenoid N-7 substituents to see if the length of the chain was important for the biological 

activity towards M. tuberculosis. Geraniol was purchased and converted to geranyl bromide 

(21) in one step.62 Alkylation of the TBDMS-protected purine 19 was performed at 50 ºC for 

18 h, and yielded 70% of compound 22. Deprotection was accomplished using both CsF (27%) 

and NH4F (99%). Geranyl-ageloxime 8b was as expected less water soluble than benzyl-

ageloxime 8a. This assumption led to the idea that the salt formed (CsBr) in the reaction 

performed with CsF could be removed with water. However, the yield was only 27%. Utilizing 

NH4F the reaction time increased from 1 h for the TBDMS-protected benzyl-ageloxime (20), 

to 21.5 h for the geranyl-ageloxime (8b) indicating that the TBDMS-protected geranyl-

ageloxime (22) was less reactive than the TBDMS-protected benzyl-ageloxime (20). After 

extensive drying of the compound in vacuo, the reaction had an essentially quantitative yield 

(Scheme 9). 

 

Scheme 9. Alkylation of TBDMS-protected purine 19 with geranyl bromide, followed by removal of the 
TBDMS-group, which resulted in target geranyl-ageloxime 8b. 

 

 
The geranylgeranyl-sidechain substituted on N7 on N6-methoxy-agelasine (section 1.6.2, Figure 

12) has proven to give biological activity against M. tuberculosis, and it was therefore of interest 

to synthesize this geranylgeranyl-ageloxime. Geranylgeraniol (26) was synthesized in three 
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steps from the inexpensive and readily available geranyllinalool 23 (Scheme 10).62 The alcohol 

26 was converted to the bromide 27 utilizing PBr3. 

 

Scheme 10. Preparation of the geranylgeraniol 26 from geranyllinalool 23 in three steps.  
 

The alkylation on N7 of the TBDMS-protected purine 19 with bromide 27 was performed under 

milder alkylating conditions compared to the TBDMS-protected benzyl-ageloxime (20) and 

TBDMS-protected geranyl-ageloxime (22) in order to avoid deprotection.  Both the reaction 

time and temperature were reduced from 18 h and 50 ºC to 1 h and room temperature to yield 

91% of the geranylgeranyl-ageloxime 8c. The deprotection was performed similarly to the 

TBDMS-protected benzyl-ageloxime 20, and gave a quantitative yield of the target compound 

18 (Scheme 11).  

 

Scheme 11. Alkylation of TBDMS-protected purine 19 with geranylgeranyl bromide 27, followed by 
removal of the TBDMS-group with ammonium fluoride, which resulted in compound 8c. 

 

 ent
The first step in the synthesis of the proposed structure of ent-ageloxime D was alkylation on 

N7 on TBDMS-protected purine 19 with anticopalyl bromide 3. Utilizing the same conditions 

as for the alkylation of the TBDMS-protected purine 19 with benzyl bromide, 1H NMR of the 

crude product (29) indicated that the TBDMS-group had partially fallen of. To counteract the 
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unwanted partial deprotection of TBDMS-protected ent-ageloxime D (29), more gentle reaction 

conditions were necessary; the reaction time and temperature was adjusted from 21 h to 20 min, 

and 50 °C to room temperature in comparison with the alkylation performed with benzyl 

bromide. This lowered the amount of unwanted byproducts such as the desilylated N6-

substituted purine 30 (34% to 13%) and also the deprotected product 8d, see Scheme 12. The 

adjusted alkylation conditions increased the yield from 23% in 70% of the desired TBDMS-

protected ent-ageloxime D 29. The reaction condition was similar to the one used for the 

geranylgeranyl-ageloxime (18), and both these more structurally complex substrates needed 

more gentle reaction conditions for the alkylation. The 1H NMR of the off-white crude product 

showed no presence of the N6-isomer (30), but it appeared after column chromatography as a 

purple solid. The formation of the N6-isomer 30 is suspected to be because of a “rearrangement” 

of the location of the sidechain, where the lone pair on N6 attacks the slightly electrophilic 

carbon in the sidechain, and the purine ends up as the leaving group. Since this seem to happen 

within seconds after loading the crude product on the silica gel (sudden color change from white 

to purple) it appears to be catalyzed by acidic conditions.   

 

Scheme 12. Alkylation of TBDMS-protected purine 19 with anticopalol bromide 3. The formation of the 
N6-isomer 30 is suspected to be because of a “rearrangement” of the location of the sidechain, where the 
lone pair on N6 attacks the slightly electrophilic carbon in the sidechain, and the purine ends up as the 

leaving group 
 

The TBDMS-protected benzyl-ageloxime (20) was, as discussed in section 3.2, desilylated by 

refluxing it in methanol and catalytic amounts of HCl for a two hours. The deprotection did not 

work as easily for TBDMS-protected ent-ageloxime D 29 as for the TBDMS-protected benzyl-

ageloxime 20. After refluxing TBDMS-protected ent-ageloxime D in MeOH and HCl for 70 h, 
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the ratio between starting material and desired product was only 3:7 and small amounts of 

byproducts were observed. Attempts to purify compound 8d on silica (and reversed phase C18 

with MeCN/H2O) with flash chromatography employing sat. NH3 in MeOH in CH2Cl2 as eluent 

resulted in new signals in the 1H NMR spectrum, indicating that the reaction mixture of 

compound 8d could not be purified with this method after deprotection. It is not clear why the 

deprotection of TBDMS-protected ent-ageloxime D 29 in HCl and MeOH was slower than for 

the TBDMS-protected benzyl-ageloxime (20). The time consumed when employing NH4F 

(Scheme 13) as deprotecting reagent is not very different (1 h for TBDMS-protected benzyl-

ageloxime 20 versus 40 min for TBDMS-protected ent-ageloxime D 8d). Utilizing NH4F as 

deprotecting agent gave quantitative yield of ent-ageloxime D (Scheme 13). 

 

Scheme 13. Removal of the TBDMS-group from compound 29 with NH4F resulting in the proposed 
structure of ent-ageloxime D 8d in quantitative yields. 

 

 
After successfully synthesizing the proposed structure of ent-ageloxime D (8d), we compared 

our spectra with those published by Hertiani et al70, and found that our NMR data did not match 

the NMR spectra published for (-)-ageloxime D, see Figure 17. From the 1H NMR spectrum, it 

seemed like the most significant difference in shift values could be found in the signals 

originating from the purine moiety. The next step was to figure out if the synthetically prepared 

ent-ageloxime D had the structure it was believed to have, or if the anomaly was located in the 

article published by Hertiani et al.70 
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Figure 17. Comparison spectra recorded in CD3OD. The top spectrum is from the article published by 
Hertiani et al,70 and the bottom spectrum is of the synthetically prepared ent-ageloxime D. 

 

A thorough structure elucidation was performed; 1H-13C HMBC and 1H-15N HMBC was used 

to determine both the position of the side chains, and the heterocyclic part of the synthesized 

molecule. As the most significant differences in shift values seemed to originate from the purine 

moiety, this will be the main focus in the structure elucidation discussion (Figure 18, Table 4). 

Key correlations found for the heterocyclic part from 1H-13C HMBC was between NCH3 and 

C8’, H8’ to C15, H15 to C5’. Viewing the correlations found in the 1H-15N HMBC spectrum, 

some key correlations was between H8’ to N7’ and N9’, H15 to N7’, and NH1’ to N6.  
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Figure 18. Key correlations found in the 1H-13C HMBC spectrum (left) and 1H-15N HMBC spectrum 

(right) of compound 8d. 
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Table 4. Overview of the correlations found in the 1H-13C HMBC spectra and assignments of signals in 1D 
spectra. 

  1H NMRa 13C NMRa 15N NMRa  Correlations 
No. δb Integration, multiplicity, J [Hz] δc, DEPT δd HMBC (H → C)e 

1A, eqf 1.65-1.70 1H, m (u/o)g 38.4, CH2  2,3,5,10,20 
1B, axf 0.88  1H, dt, 3.8, 13.0   2,3,9,10,20 
2A, ax 1.48-1.54 1H, m (u/o) 18.8, CH2  1,3,4,10 
2B, eq 1.41-1.44 1H, m (u/o)   1,3,4,10 
3A, eq 1.34  1H, br d, 13.4 41.6, CH2  1,2,4,5,(6),19 
3B, ax 1.11 1H, dt, 4.0, 13.4   1,2,4,5,18,19 
4   33.2, C    
5 0.99 1H, dd, 2.6, 12.7 54.7, CH  1,4,6,7,9,10,18,19,20 
6A, eq 1.65-1.70 1H, m (u/o) 23.9, CH2  (5),(7),(10) 
6B, ax 1.22 1H, dq, 4.2, 12.7   1,5,7,(4),10 
7A, eq 2.32 1H, ddd, 3.4, 4.0, 12.7 37.6, CH2  5,6,8,17 
7B, ax 1.83-1.88 1H, m (u/o)   5,6,8,17 
8   148.0, C    
9 1.48-1.54 1H, m (u/o) 55.1, CH  1,8,10,11,12,17,20 
10   39.2, C    
11A 1.54-1.59 1H, m (u/o) 20.9, CH2  8,9,10,13,14 
11B 1.41-1.44 1H, m (u/o)   8,9,10,13,14 
12A 2.11 1H, ddd, 4.0, 9.4, 14.0 37.7, CH2  9,11,13,14,16 
12B 1.83-1.88 1H, m (u/o)   9,11,13,14,16 
13   144.1, C    
14 5.37 1H, qt, 1.0, 7.2 116.5, CH  12,15,16 
15A 4.98 1H, dd, 7.2, 14.8 47.1, CH2  (11),(12),13,14,(16),5´,8´ 
15B 4.94 1H, dd, 7.2, 14.8   (11),(12),13,14,(16),5´,8´ 
16 1.76 3H, d, 1.0 16.7, CH3  12,13,14,(15) 
17A 4.81 1H, td, 1.1, 1.5 106.4, CH2  (6),7,(8),9 
17B 4.48 1H, br s   7,(8),9 
18 0.83 3H, s 33.3, CH3  (2),3,4,5,19 
19 0.75 3H, s 21.5, CH3  3,4,5,18 
20  0.61 3H, s 14.3, CH3  1,5,9,10 

1´-NH 11.00 1H, vbr (ca.800 Hz) s  -240.0   
2´ 7.79 1H, s 148.9, CH  4´,5´,6´ 
3´-N    -179.5   
4´   140.7, C    
5´   110.6, C    

6´-NOH 10.58 1H, br (6.5 Hz) s 136.9, C -105.5 6´ 
7´-N+    -208.5   
8´ 9.26 1H, s 136.7, CH  4´,5´,N-CH3,15 
9´-NCH3 3.78 3H, s 31.6, CH3 -218.5 4´, (5´),15 
a 1H NMR, 13C NMR and 15N NMR data were obtained at 600 MHz, 150 MHz and 60 MHz respectively, b 1H 
chemical shift values are calibrated relative to internal CD2HSOCD3 at 2.49 ppm, c  13C chemical shift values are 
calibrated relative to internal CD3SOCD3 at  39.50 ppm, d 15N chemical shift values are calibrated relative to 
external CH3NO2 / DMSO-d6 (9:1) at 0.00 ppm, e (x )= weak, f equatorial/axial positions in a (double) chair 
conformation, obtained by 2D NOESY/1D SELNOE, g unresolved/overlapping 
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The relative stereochemistry of the side chain was determined by extensive 2D NOESY and 1D 

SELNOE, and where found to match the expected structure. These spectra was also used for 

the determination of the position of the hydrogen in the purine moiety. As can be seen in Figure 

19, correlations were found for the H2’ to NH1’, and NH1’ to the OH (purple arrows). This 

gave strong evidence for a syn imine and that the heterocyclic NH is located on N1. The 13C 

NMR of compound 8d gave a triplet for the C8’ in CD3OD, indicating an acidic H8’. The 

orange arrows in Figure 19 highlights the correlations found from the NCH3 to H8’, and H8’ to 

C15. 

 

Figure 19. Key correlations found in the 2D NOESY/1D SELNOE spectra of compound 8d. Correlations 

between H2’ to NH1’, and NH1’ to the OH are marked with purple arrows. The orange arrows highlights 

the correlations found from the NCH3 to H8’, and from H8’ to C15. 

The 1H-13C HMBC, 1H-15N HMBC and 2D NOESY/1D SELNOE spectra recorded were all in 

agreement with the proposed structure of (-)-ageloxime D.   

The data provided in Hertiani’s article70 was significantly different on several points. They had 

obtained some of their NMR data from dissolving the compound in CDCl3, but in our hands, 

compound 8d was sparingly soluble in CDCl3, and it was impossible to record a spectrum.  

Significant shift changes were observed for particularly the C8’ and the C6’, see Table 5. The 

literature 13C NMR data showed that the C8’ gave rise to two signals at 165.9/166.5 ppm, and 

ours were a triplet at 137.3 ppm due exchange of proton with deuterium. Furthermore, the signal 
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for C6’ also gave a double signal located at 97.2/99.2 ppm, whereas ours appeared at 137.9 

ppm. 

Table 5. An overview of two significant different shift values for the C8’ and the C6’. 
 Hertiani et al.70 Paulsen et al.92 

C8’ 13C NMR 165.9/166.5 ppm 137.3  ppm (t) 

C6’ 13C NMR 97.2/99.2 ppm  137.9 ppm 

 

 

Figure 20. Tautomers of the proposed structure of ageloxime D with the affected area shown in red. The 
arrows indicate from which carbons the double signals have arisen from in the NMR spectra. 

 

Hertiani et al.70 reported seeing tautomers (amino and imino, marked in red in Figure 20) in 

spectra recorded in CD3OD, giving double set of signals for H15, H14, H16 and H8’ (see arrows 

in Figure 20). Seeing that the imino and amino tautomers were located at N1 and N6 (marked 

in red in Figure 20), this seemed surprising as the imino/amino moiety are located far apart 

from the carbons giving rise to double signals in the molecule. Moreover, the extremely 

concentrated sample in CDCl3 used when running NMR, resulted in no duplication of the 

signals for H15, H14, H16 and H8’ in the spectra. The N9 was suggested to be protonated due 

to the solvent’s acidity, explaining the doublet observed for the NCH3 signal. As CDCl3 is not 

particularly acidic,93 it is not likely that protonation at N9 was due to protonation from the 

solvent. According to the ESI MS recorded by Hertiani et al.70, a pseudo-molecular peak at m/z 

440 [M+H]+ was observed, which is unexpected for a molecule that is already carrying a 

positive charge, or two positive charges as they suggest, as the actual weight is 438 [M] +. 

The spectra recorded by Hertiani et al. lacked correlations in 1H-13C HMBC between NCH3 

and C8’ in their spectra recorded in CD3OD, but not in their oversaturated CDCl3 spectra.70 The 



35 
 

lack of HMBC correlation between NCH3 and C8 in the spectra recorded in CD3OD suggested 

a ring-opened structure. Searching the literature for clues gave an idea of what could have 

happened: Capon et al. isolated formamides after performing flash chromatography with silica 

gel and a basic eluent consisting of a 6:3:1 ratio of CH2Cl2/MeOH/NH3 of the crude sponge 

extracts from the Agelas sponge.45 These compounds could not be seen on the NMR of the 

crude sponge extracts, so they concluded that the formamides were artifacts formed during flash 

chromatography (Figure 21). Agelasines are known to hydrolyze to formamides under basic 

conditions.42, 44 It should be noted that the eluent system used for purification of agelsines in 

our group has been saturated NH3 in MeOH in CH2Cl2, and utilizing this has not lead to isolation 

of formamides.58, 60, 62 However, Hertiani et al. did not use a basic eluent system.70 One other 

group have isolated axistatins from the Agelas sponge, not claiming they were artifacts from 

column chromatography, including the formamide shown in Figure 21.57 

 

Figure 21. A formamide isolated after flash chromatography with silica gel and a basic eluent published 
by Capon et al.45 

  

It is not clear if these formamides are artifacts from column chromatography, or if they exist in 

the Agelas sponge. Regardless of origin, it became clear that the formamides was a potential 

explanation. In order to verify the hypothesis, it was desirable to treat agelasine D to basic 

conditions. Luckily, another project had led to the synthesis of (+)-agelasine D (31),58 which 

could be used for testing the hypothesis.  



36 
 

 

Scheme 14. Synthesis of formamide 25 from ent-agelasine D. 
 

Performing the reaction led to the isolation of 57% yield of the ring-opened compound 32 

(Scheme 14). After comparing NMR spectra of formamide 32 and Hertiani’s spectra, they were 

found to be identical. The occurrence of these formamides explained why Hertiani recorded a 

m/z value of 440 which is the actual molecular weight of the formamide. Also, the two 

tautomers they report seeing in CD3OD are most likely two rotamers, which can be explained 

by the restricted bond rotation of the amide bond.94 Their observation of a protonated N9 is 

correct, but without a positive charge. The structure elucidation performed on the synthetic ent-

ageloxime D matched the proposed structure of the compound, and after synthesizing the 

formamide 32 from (+)-agelasine D (31) it could be established that the compound published 

by Hertiani et al. was actually identical with the formamide 32. 

 
Even though the synthesized target compounds probably do not exist in nature, it was still 

desirable to test these compounds for biological activities. The compounds were screened for 

antimicrobial activities, along with biofilm inhibition and cytotoxicity against the 

microorganisms shown in Table 6. 

The detailed results are presented in the article published by Paulsen et al., but a short summary 

will be presented below.92 

The geranyl-ageloxime 8b was virtually inactive against all microorganisms, in line with 

previous findings for the similar agelasine analog. Geranylgeranyl-ageloxime 8c and ent-

ageloxime D 8d showed more interesting results, especially towards the protozoa causing 

Chagas disease (T. cruzi) and variants of leishmaniasis (L. infantum). The antibacterial effect 



37 

on the bacteria responsible for tuberculosis was also significant. It was interesting to investigate 

if the presence of a hydroxyl group on N6 influenced the biological activity towards M. 

tuberculosis, when comparing ent-ageloxime D 8d with previously published results for similar 

compounds (4a and 4b). As mentioned in section 1.6.2, the minimum inhibitory concentration 

(MIC) value towards M. tuberculosis for tert-BuO-agelasine D 4b was reported to be 3.13 

μg/mL. For ent-ageloxime D 8d, the MIC value was 3.00 μg/mL. This is essentially the same 

activity, and for this reason it does not seem like the hydroxyl-group resulted in an enhanced 

biological activity for towards M. tuberculosis (Figure 22). Unfortunately, geranylgeranyl-

ageloxime 8c and ent-ageloxime D 8d also displayed very high toxicity towards mammalian 

fibroblast cell. 

Figure 22. MIC of compound 4a, 4b and 8d towards M. tuberculosis. 
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(-)-Agelasine F was isolated from the Agelas sponge in 1984.43 This compound has shown 

interesting activity against some drug resistant strains of M. tuberculosis in vitro, in addition to 

inhibition of Na,K-ATPase.43, 52 Both the racemic mixture and the enantiomer of the naturally 

occurring agelasine F, have been synthesized previously.61, 67 The enantiomer has been 

synthesized by Proszenyàk et al; a previous member of our group.61 This 12 step total synthesis 

was the starting point of the last part of the PhD (Scheme 15). The goal was to synthesize the 

naturally occurring enantiomer of agelasine F, to improve the yield in some of the key steps in 

this synthesis, and to find an inexpensive starting material. In the published synthesis by 

Proszenyàk et al,61 the starting material was (R)-pulegone (577 NOK for 5 g)95, being a low-

cost alternative to the (S)-enantiomer of pulegone required for the synthesis of (+)-agelasine F. 
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Scheme 15. The total synthesis of ent-agelasine F published by Proszenyàk et al .61 starting from (R)-
pulegone. 

 

Proszenyàk et al.61, introduced a methyl group to the alpha carbon in the first step, and followed 

by removal of the propenyl moiety, giving rise to a diastereomeric mixture of the (2R,3R)- and 

(2S,3R)-2,3-dimethylcyclohexanone (35).61 This mixture was converted into the 

thermodynamic product of the silyl enol ether 36, before it was alkylated with chloromethyl 
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phenyl sulfide in the presence of TiCl4. This gave a diastereomeric mixture of sulfide 37 and 38. 

These sulfides can be separated using flash chromatography, and further oxidized to sulfones 

39 and 40 with oxone as reagent. 

The stereochemistry of sulfone 39 has previously been verified by X-ray crystallography.61 

After introducing the last methyl group with methylmagnesium bromide on the sulfone 40, 

formic acid-mediated regioselective water elimination gave the methylated sulfone 41. 

Compound 41 was treated with n-BuLi and reacted with a modified THP-protected geranyl 

iodide 42, before reducing the compound (43) with sodium to remove the SO2Ph-group. After 

removal of THP using PPTS, compound 45 was reacted with PBr3 to yield the bromide 46. The 

alkylation of the purine with the bromide 46, could take place on both N6 and N7. To ensure a 

good stereoselectivity for the attachment of the sidechain to the N7 in the purine moiety, the 

bulky tert-butylhydroxy-group was used as a directing group. This was later reduced to the 

target compound, ent-agelasine F (47). 

As can be seen in Scheme 15, there are some steps in the synthesis that could be improved. 

Overall, it was desirable to find a way to make the (S)-enantiomer of the monocyclic sidechain 

of agelasine F in an inexpensive way without starting from the expensive (S)-pulegone (2180 

NOK pr 1 ml)95. An alternative way of synthesizing the substituted cyclohexene building block 

could be to start from (S)-carvone 48 or 2-methylcyclohex-2-en-1-one 51 (Scheme 16). 

 

Scheme 16. Potential starting materials (48 and 51) and routes to the total synthesis of agelasine F. 

Using one of these as starting material, it was assumed to be possible to omit the moderately 

yielding initial two-step conversion (Scheme 15) of (R)-pulegone 33 to ketone 35. 
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Scheme 17. An overview of different possible synthetic routes starting from 2-methylcyclohex-2-en-1-one 
51. 

 

If the simpler 2-methylcyclohex-2-en-1-one (51) of the two starting materials was used, it was 

assumed that methylation using a chiral ligand in order to obtain the sterically correct methyl 

at C3 was possible. Vuagnoux-d’ Augustin et al. reported a cupper-catalyzed asymmetric 

conjugate addition (A.C.A) of R3Al to 2-methylcyclohex-2-en-1-one (Scheme 17).96 This 

resulted in a ratio of 77:23 between 52:53, with the lowest amount of the desired compound 53. 

Direct synthesis of the enantiomers of compounds similar to sulfones 39 and 40 from 2-

methylcyclohex-2-en-1-one 51 has been reported by Boeckman et al.97 and Lu et al.98, though 

with the use of toxic HMPA and an allylic halide. Coelho et al. performed the methylation and 

alkylation using in situ prepared cuprate reagent and alkyl halide without HMPA, but with the 

possibility of explosion of the RCu salts formed in the reaction.99 Even though this starting 

material is a simple structure, it is quite expensive, costing 1530 NOK per gram100. Therefore, 

(S)-carvone 48 was chosen as the preferred starting material, being relatively inexpensive (624 
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NOK for 24 g)95 and not requiring HMPA in the methylation and alkylation at C3. In addition, 

the isopropenyl-group acts as a directing group, helping to achieve the correct stereochemistry 

when introducing the methyl group in the first step. 

The non-selective alkylation of the silyl enol ether (36) gave rise to a mixture of the two sulfides 

37 and 38. The total yield was good, but the stereoselectivity between the two isomers was less 

than desired. This challenge will also be addressed in the following sections. Two different 

synthetic routes from (S)-carvone (48) will be presented, and their pros and cons will be 

discussed (Scheme 18). The main differences for these two pathways, is that in pathway 1, the 

first step is a methylation, and the introduction of the phenyl sulfide is performed later in the 

process, taking advantage of the formation of a silyl enol ether. In pathway 2, the introduction 

of the phenyl sulfide happens directly after the methylation, as an enolate is formed in the 

methylation reaction.  

 

Scheme 18. Overview of the two synthetic pathways described in this thesis for the total synthesis of 
 (-)-agelasine F. 
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Following the procedure published by Ebert et al, (S)-carvone 48 was methylated using an in 

situ prepared cuprate reagent giving a stereoselective introduction of the methyl group at C3, 

resulting in a high yield and excellent diastereomeric ratio of compound 60 (Scheme 19).101 As 

mentioned in section 3.1, the isopropenyl-group acts as a directing group by helping to achieve 

the correct stereochemistry when introducing the methyl group at C3. The isopropenyl-group 

is effectively blocking one side of the molecule, forcing the rather voluminous cuprate reagent 

to attack from above. A sterically demanding proton source was utilized to give a cis 

relationship between the two methyl groups. The isopropenyl moiety was removed by 

ozonolysis followed by an iron/copper promoted fragmentation of the hydroperoxide formed 

(hereby referred to as modified ozonolysis).102-104 This mild oxidation method gave two 

products (63 and 64) which both seemed to be volatile, and care had to be taken when 

evaporating the solvent. In the article published by Ebert et al., the hydrogenation was 

performed in petroleum ether with rhodium on charcoal (5%) at ambient pressure for three 

hours.101 The authors report substantial epimerization at C2 when the reaction was performed 

in diethylether. In our hands, using the same catalyst, it did not yield the desired product, and 

thus the reaction was altered. Two different solvents were tested, as well as different catalysts. 

Diethyl ether as solvent contributed to unwanted epimerization at C2, in line with findings 

published by Ebert et al.101 The reason for the epimerization was probably due to higher polarity 

of the solvent than pentane. In reactions where enolization can occur, a polar solvent can 

influence the equilibrium and push it towards the enol form, thus causing epimerization at C2.105 

This resulted in pentane being the preferred solvent, yielding a ratio of 94:6 between the cis-

trans diastereomers 49 and 65. The successful reaction was performed with Pd/C as catalyst.  
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Scheme 19. Summary of the first six steps in the total synthesis of agelasine F. 
 

The next step in the synthesis towards agelasine F was the formation of the silyl enol ether 50, 

which had variable reproducibility according to Proszenyàk.106 There are two main products 

that form in this reaction, as the double bond of the silyl enol ether has two possible positions. 

The thermodynamic (50) and kinetic (66) product ratio varied from 7:3 to 20:1, yields ranging 

from 50% to 92%, the desired product being the thermodynamic 50. The lifetime of this 

compound was very limited and had to be used directly in the next step. The alkylation was 

performed in the presence of a Lewis acid, and TiCl4 was used in the original synthesis.61 In 

order to affect the ratio of the two sulfides 61 and 67, attempts to vary the time and temperature 

from – 78 ºC to room temperature and 20 min to 1 h, resulted in no change in the ratio between 

the two diastereomeric sulfides. An overall summary of the work is presented in Table 7. 

Changing the Lewis acid to Et2AlCl did not give a substantial change in the ratio either. 

However, when changing the Lewis acid to the softer ZnBr2,107 and changing the solvent to 

THF for solubility reasons, the ratio shifted in favor to the wanted isomer: from 1:0.54 to 1:0.26. 

Performing this reaction over longer time and starting at – 78 ºC did not impact the ratio of the 
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isomers. Varying the halogen did not impact the ratio either, and running the reaction with ZnI2, 

ZnCl2 and ZnBr2 under identical conditions gave no change in the ratio observed for the two 

diastereomers. Even though these Zn-containing Lewis acids gave better selectivity with 

respect to the ratio of the two isomers, the total yield was sabotaged by what is believed to be 

alkylation of the kinetic product of the silyl enol ether (68), hydrolysation of the silyl enol ether 

(49), and epimerization of the hydrolyzed silyl enol ether (65) (Scheme 20). 

 

Scheme 20. Suspected products from the alkylation with chloromethyl phenyl sulfide of the silyl enol ether 
50/66: the alkylation of the kinetic product of the silyl enol ether (68), hydrolysation of the silyl enol ether 

(49), and epimerization of the hydrolyzed silyl enol ether (65). 
 

Table 7. Alkylation of silyl enol ether 
Lewis acid Solvent Temp. Time Ratio 61:67a 

TiCl4 CH2Cl2 RT 30 min 1:0.55 

TiCl4 CH2Cl2 0 °C 1 h 1:0.56 

TiCl4 CH2Cl2 -23 °C 1 h 1:0.55 

TiCl4 CH2Cl2 -78 °C 1h 20 min 1:0.51 

Et2AlCl CH2Cl2/toluene 0 °C 20 min 1:0.51 

ZnBr2 THF RT 4 h 1:0.26 

ZnBr2 THF -78 °C  RT 21 h 1:0.26 

ZnI2 THF RT 3 h 1:0.28 

ZnCl2 THF RT 3 h 1:0.30 

(a) Determined by 1H NMR of the crude reaction mixture. 

Since the alkylation reaction with the silyl enol ether gave such intricate results, it was desirable 

to avoid this step completely.  
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In search of finding new methods to synthesize the key sulfone 62, an article published by 

Liffert et al. suggested a conjugate addition of methyl cuprate to γ-hydroxy-protected carvone, 

and trapping the enolate with a TMS-group (Scheme 21).108 Although the starting materials 

were different, the idea was alluring. Initial attempts in performing this reaction with (S)-

carvone 48 as starting material resulted in methylated product, but no TMS-group trapping the 

enolate. This lead to the decision to not trap the enolate at all, but to add the electrophile directly 

in the reaction mixture after methylation had occurred. 

 

Scheme 21. Methylation of compound 69 with an in situ prepared cuprate followed by a trapping of the 
enolate with TMSCl resulting in compound 70 published by Liffert et al.108 

 

The intermediate enolate 71 was utilized directly by adding the alkylating agent to this mixture 

(Scheme 22). Two different electrophiles were tested. Using chloromethyl phenyl sulfone as 

alkylating agent gave no preferred sulfone product (72), agreeing with unpublished results by 

Proszenyàk.106 Utilizing chloromethyl phenyl sulfide yielded sulfide (73) in 54%. The ratio was 

approximately 3:1 in the crude mixture between the two diastereomers 73 and (what is 

presumed to be) 74 (Scheme 22). 

 

Scheme 22. Reaction conditions for the two different alkylating agents used for alkylating the enolate 71. 
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Now there were to possible ways to proceed: either oxidize the sulfide to the sulfone before 

removing the isopropenyl group with the modified ozonolysis, or the other way around 

(Scheme 23). 
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Scheme 23. Oxidation of the sulfide 73 to the sulfone 72 before removing the isopropenyl group with a 
modified ozonolysis (route A), or the other way around (route B). 

 

In the original reaction sequence from the article published by Proszenyàk et al61, the reaction 

time in the oxidation-reaction of the sulfide 37 (Scheme 15) was 19 h, which was also used for 

the oxidation of the sulfide in Pathway 1. In the case of oxidation of compound 37, it was no 

other functional group that could easily be oxidized. As the reaction sequence changed, the 

oxidation had to be performed in the presence of a double bond. Ferraz et al. reported oxidation 

on similar substrates which indicated that both the endocyclic and the exocyclic double bonds 

was prone to epoxidation (Scheme 24), but with the ketone or alcohol moiety determining 

which bond is most prone to attack by oxone.109 
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Scheme 24. Examples of oxidation of endocyclic and exocyclic double bonds on similar substrates as 58/59 
and 60 published by Ferraz et al.109 

 

In an attempt to avoid oxidation of the exocyclic double bond in compound 73, possibly 

yielding epoxides in route A in Scheme 23, the reaction time was 2.5 h, and the temperature 

was 0 °C. Even with these changes, the reaction gave poor yields of 21 %, with no trace of 

starting material on 1H NMR of the crude product, indicating formation of unwanted byproducts. 

This was not satisfactory, and it was desirable to explore the possibility that the endocyclic 

double bonds in compounds 76 and 77 in route B would be less prone to oxidation.109 The 

isopropenyl group on compound 73 was removed with modified ozonolysis which resulted in 

both the R and S-conjugated and R and S-unconjugated (R and S are with respect to the sulfur) 

sulfoxides 76 and 77. This complex mixture was directly oxidized to the corresponding sulfones, 

with an overall yield of 64%. The hydrogenation of sulfone 75 and 78 gave a high yield of 62 

(85%). The last step in the synthesis of the monocyclic part of the terpenoid side chain, was the 

introduction of the last methyl group and elimination of water to obtain compound 79. This was 

achieved with the same reaction conditions published by Proszenyàk et al.61 

With this new route, several problems were avoided. Both the handling of the volatile 

compounds 63, 64 and 65, and the formation of the unstable silyl enol ether 50/66 were avoided. 

To sum up, Proszenyàk’s route was 5 steps and gave a total yield of 24% from (R)-pulegone 33 

to sulfone 40 (equivalent to sulfone 62). Pathway 1 had 5 steps and gave an increased yield to 

29% from (S)-carvone to sulfone 62. Pathway 2 route B had 4 steps from (S)-carvone 48 to 

sulfone 62, and had also a yield of 29% (see Scheme 18 for pathways and Scheme 23 for routes).  

The final part of the total synthesis of agelasine F contained five steps (see Scheme 25 from 

compound 79). The iodide 42 was synthesized in three steps by protecting geraniol with 

DHP,110 before introducing a hydroxyl group trans to the terminal allylic double bond with 
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SeO2 and tert-butylhydroperoxide111, 112 which was then reacted with I2 to give the desired 

compound.61 The purification of the iodide 42 was reported to be by column chromatography 

to remove of the triphenylphosphine oxide, but this gave a doubling of signals on 13C NMR. 

One can only speculate why the doubling of signals is observed, but the working hypothesis 

was that the iodide had rearranged, but the exact structure is not known. This was avoided if 

the purification was altered: instead of purifying the compound by column chromatography, the 

compound could be sufficiently purified by dissolving the crude product in a small amount of 

Et2O which made the POPh3 precipitate. The precipitate was removed by filtration. Lithiation 

of the sulfone 79 and reaction with iodide 42 resulted in compound 84. The sulfonyl group was 

reductively removed with sodium, and removal of THP using PPTS yielded compound 86. 

Reacting the alcohol 86 with PBr3 resulted in bromide 87, which was reacted with the adenine 

derivative 88. The tert-butoxy group was reductively removed to yield agelasine F (53) 

(Scheme 25). 
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Scheme 25. The final part of the total synthesis of agelasine F. 
 

 
The recorded NMR spectra for the synthesized proposed structure of ent-ageloxime D did not 

match the published NMR-spectra for the compound. The proposed structure was incorrect, and 

was in fact a ring opened formamide, and not an ageloxime. This underlines the importance of 

verifying structurally elucidated compounds found in nature with synthesis of the compound in 

question. 

The N6-hydroxyagelasine D and analogs were tested for biological activities, and compound 8c 

and 8d were found to have several interesting activities. The most prominent being activities 

towards the protozoa causing Chagas disease and variants of Leishmaniasis. The antibacterial 

effect on the bacteria responsible for tuberculosis was also significant. Unfortunately, the said 

compounds also displayed very high toxicity towards mammalian fibroblast cells. 
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Figure 23. Target structure 8c and 8d displaying high antimicrobial activities. 
 

 (-)-Agelasine F (53) was successfully synthesized from the relatively low-cost and 

commercially available S-carvone 48 with three different routes. The first route (Pathway 1, 

Scheme 19) followed the literature synthesis performed by Ebert et al,101 in the three first steps, 

then altering the literature synthesis performed by Proszenyàk et al61 by varying the Lewis acid, 

time and temperature in the alkylation of the silyl enol ether. As this did not yield satisfactory 

yields, the reaction sequence was altered, and two different routes was employed (Scheme 23). 

The alkylation alpha to the carbonyl with chloromethyl phenyl sulfide was performed in a one-

pot procedure with the methylation (73), utilizing the formation of the enol (71). As the 

modified ozonolysis followed by oxidation had the best yield, this was the preferred route to 

achieve sulfone 62.  

 
As the proposed structure of ageloxime D did not match the actual structure Hertiani et al. had 

isolated from the Agelas sponge, it would be of interest to find a way to synthesize the 

formamide. Seeing as this is a ring-opened agelasine, and these can be synthesized by treating 

the agelsine with basic conditions, it is tempting to suggest that the formamide can be 

synthesized in this manner.  

 

The modified ozonolysis of the sulfide 55 was performed at – 78 ºC resulting in sulfoxides 58 

and 59. According to Maggiolo et al.,113 performing the reaction at higher temperatures can 
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lead to formation of sulfones. This is very interesting, as finding a temperature that could give 

sulfones while still being a safe reaction would be desirable.  

The enantiomers of both sulfones (32 and 33) are interesting building blocks for a variety of 

natural products, see Figure 24. 

 

Figure 24. Examples of natural products that can be synthesized from sulfones 32 and 33. 
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A B S T R A C T

(+)-N6-Hydroxyagelasine D, the enantiomer of the proposed structure of (−)-ageloxime D, as well as N6-hy-

droxyagelasine analogs were synthesized by selective N-7 alkylation of N6-[tert-butyl(dimethyl)silyloxy]-9-me-

thyl-9H-purin-6-amine in order to install the terpenoid side chain, followed by fluoride mediated removal of the

TBDMS-protecting group. N6-Hydroxyagelasine D and the analog carrying a geranylgeranyl side chain displayed

profound antimicrobial activities against several pathogenic bacteria and protozoa and inhibited bacterial

biofilm formation. However these compounds were also toxic towards mammalian fibroblast cells (MRC-5). The

spectral data of N6-hydroxyagelasine D did not match those reported for ageloxime D before. Hence, a revised

structure of ageloxime D was proposed. Basic hydrolysis of agelasine D gave (+)-N-[4-amino-6-(methylamino)

pyrimidin-5-yl]-N-copalylformamide, a compound with spectral data in full agreement with those reported for

(−)-ageloxime D.

1. Introduction

Several bioactive secondary metabolites from marine sponges can

be classified as purine-terpene hybrids. Important sub-classes are age-

lasines and ageloximes (Fig. 1). Agelasines are isolated from marine

sponges of the genus Agelas and are associated with bioactivities like

antimicrobial and cytotoxic effects as well as contractive responses of

smooth muscles and inhibition of Na,K-ATPase.1 Ageloximes, also iso-

lated from Agelas sp., are claimed to be N6-hydroxyagelasines. To date

isolation of (−)-ageloxime B2 from A. mauritania and (−)-ageloxime D3

from A. nakamurai has been reported (Fig. 1). The ageloximes are

named after the corresponding agelasines, purinium salts with a pri-

mary amino group in the purine 6-position.

(−)-Ageloxime D was reported to inhibit biofilm formation from

Staphylococcus epidermidis, but did not inhibit the growth of the

planktonic bacteria (MIC > 45 μM). (−)-Agelasine D, on the other

hand, did not inhibit biofilm formation, but displayed potent growth

inhibition against S. epidermidis (MIC < 0.09 μM),3 indicating that the

oxime substituent on C-6 in ageloximes is important for biofilm

inhibition and at the same time reduces toxicity towards the bacteria.

However, it was later reported that both (−)-ageloxime B and

(−)-ageloxime D displayed antimicrobial activity against other micro-

organisms (Cryptococcus neoformans and Staphylococcus aureus; MICs ca.

10 μg/mL (ca. 23 μM, calculated from the Mw's of the revised struc-

tures).2 Bacteria capable of forming biofilms are often less sensitive to

antibiotics compared to planktonic organisms and there is a current

need for efficient and non-toxic biofilm inhibitors.4

We have previously showed that synthetic analogs of agelasines,

carrying a simpler terpenoid side chain (i.e. geranylgeranyl) and/or an

alkoxy substituent at N6 display just as high antimicrobial activities as

the natural products.5 Thus we wanted to develop an efficient synthetic

route to ageloximes and analogs and compare their antimicrobial ac-

tivity as well as ability to inhibit biofilm formation with the corre-

sponding agelasines and N6-alkoxyagelasines. As a continuance of our

synthetic studies towards bioactive purine-terpene hybrids,5,6 we now

report the first synthesis of N6-alkoxyagelasine analogs and their anti-

microbial activities. We also propose a revised structure of ageloxime D.
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2. Results and discussion

2.1. Chemistry

First we looked into methods for selective introduction of a side

chain at N-7 on 6-hydroxylamino-9-methylpurine (2). Benzyl bromide

was used as alkylating agent in these model reactions. Compound 2 was

synthesized from the 6-chloropurine 1 by a modified procedure from

literature (Scheme 1).7 In this procedure, hydroxylamine was generated

in situ by treating HONH2·HCl with an excess of KOH in ethanol.

However, we found that excess base resulted in partial hydrolysis of the

starting material to give 9-methylhypoxanthine8 whereby the desired

product 2 could only be isolated in ca. 30% yield. When hydroxylamine

was generated using exactly equal amounts of HONH2·HCl and KOH,

the oxime 2 was produced in 84% yield. We also attempted the sub-

stitution with commercially available hydroxylamine in water, but

again hydrolysis of the starting material took place. Compound 2 ex-

isted as an almost 1:1 mixture of the imino (oxime; shown in Scheme 1)

and amino (hydroxylamine) tautomer in DMSO‑d6 at ambient tem-

perature. Benzylation of the oxime 2 resulted in at least three com-

pounds; the desired product 3, the N6-benzylated isomer 4 and the

dibenzylated compound 5. Unfortunately we were not able to isolate

the ageloxime analog 3 in pure form from this mixture. We have pre-

viously shown that a bulky alkoxy group at N6 prevents alkylation of

the exocyclic nitrogen,6b and we protected the hydroxyl group in

compound 3 with the sterically demanding tert-butyldimethylsilyl

(TBDMS) group to give the O-silylated derivative 6. An attempt to

synthesize compound 6 from chloropurine 1 by reaction with

ButMe2SiONH2 failed,
9 probably due to decomposition of the hydro-

xylamine derivate under reaction conditions normally used for similar

reactions with alkoxyamines.4 Compound 6 was selectively benzylated

at N-7 and the O-protecting group was easily removed under acidic

conditions to give the desired product 3a in high yield. Unfortunately,

acidic deprotection was more complicated when compounds with other

N-7 side chains where the targets (vide infra), and we searched for other

ways to deprotect the benzylpurinium salt 7. TBAF mediated cleavage

turned out to be sluggish and purification of the salt 3 was more

complicated. CsF led to quantitative conversion into the target 3, but

removal of inorganic salts from the polar purinium salt 3 turned out to

be difficult. NH4F was initially introduced as an economical alternative

to TBAF for cleavage of silyl ethers10 and is often used for selective

cleavage of tert-butyldiphenylsilyl ethers in the presence of TBDMS-

ethers.10,11 To our delight we found that the protecting group in com-

pound 7 could be removed by treatment with one equivalent NH4F in

MeCN and water and pure target compound 3b (bromide) was isolated

in high yield after crystallization from MeCN. The reaction proceeded

readily at ambient temperatures whereas most known examples of

TBDMS ether cleavage using NH4F have been performed at elevated

temperatures (typically 40–75 °C).12

Next we synthesized ageloxime analogs 10 with terpenoid side

chains on N-7 (Scheme 2). Compounds 10a–c were easily formed by

selective N-7 alkylation employing geranyl bromide, geranylgeranyl

bromide or anti-copalyl bromide (the latter easily synthesized from

commercially available (+)-manool via (+)-copalol/anti-copalol).6a,6b

The N-alkylations could be performed at lower reaction temperatures

and shorter reaction times compared to what has been used in related

reactions before,5,6a,6b,6e,6f,13 and in the syntheses of compounds 10b

and 10c these milder reaction conditions were required in order to

avoid unwanted side reactions. When compound 6 was reacted with

anti-copalyl bromide for only 20min at ambient temperature, ca. 13%

of the desilylated N6-substituted purine 9c was formed together with

the desired product 8c. If the reaction mixture was allowed to stir over

night, the yield of compound 8c decreased (23%) and the yield of the

by-product 9c increased (ca. 34%). Also the desilylated product 10c as

well as unidentified compounds were observed. Compounds 9 were

probably formed in minor amounts in the syntheses of compounds 8a

and 8b, but were not isolated.

The N-7 benzylpurinium salt 7 was, as discussed above, quantita-

tively desilylated when treated with HCl in refluxing methanol for a

couple of hours. Unfortunately, acidic deprotection of compounds 8

turned out to be more sluggish. For instance, when the copalyl deri-

vative 8c was reacted with acid in refluxing methanol for 70 h, the ratio

between starting material 8c and desired product 10c was ca. 3:7 and

minor amounts of an unknown product was observed. However, NH4F

mediated deprotections of compounds 8 gave all targets 10 in quanti-

tative yields.

The structure of the target compound 10c was established by NMR

spectroscopy (Figs. 2 and 3, Table 1). The identity of the heterocyclic

Fig. 1. Proposed structures of ageloximes B and D and structures of agelasine B and D.

Scheme 1. Reagents and conditions: (a) HONH2·HCl, KOH, EtOH; (b) PhCH2Br, DMA, 50 °C; (c) Bu
tMe2SiCl, imidazole, DMF; (d) Bu

tMe2SiONH2, Et3N, n-BuOH, Δ;

(e) HCl(aq), MeOH, Δ; (f) NH4F, MeCN, H2O.
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part of the molecule as well as the attachment of the side chains were

determined from HMBC (1H-13C as well as 1H-15N) spectroscopy (Fig. 2)

and the relative stereochemistry of the terpene side chain was estab-

lished by 2D NOESY/1D SELNOE (Fig. 3). The heterocyclic NH was

found to be localized at N-1 and the 13C and 15N NMR shifts of the

atoms in the heterocycle were in good agreement with those reported

before for 1H-imino tautomers of previously synthesized N6-alkoxy

agelasine analogs.5,6b Compounds 6, 8 and 10 are all drawed as syn

imines, since calculations and spectroscopic studies have shown the syn

form of related molecules to be favored over the anti form.14 Further-

more, SELNOE irradiating the NH showed that compound 10c exists as

syn imine in DMSO‑d6 (Fig. 3).

However, we were surprised to see that the NMR spectra of com-

pound 10c did not match those published for (−)-ageloxime D.3 Lit-

erature 13C NMR data (CD3OD) are included in Table 1 for comparison.

It was reported that ageloxime D exists as two tautomers in CD3OD. Our
1H NMR and 13C NMR spectra of compound 10c did only show one

tautomer and looked substantially different from those published be-

fore, especially the signals from the heterocyclic part. One interesting

difference was the signals for the purine H-8′/C-8′. The literature re-

ported the H-8′ to appear at 7.95, but we could not see a signal for H-8′

in the CD3OD
1H NMR spectrum of compound 10c. This indicated a

very acidic proton at this site, being exchanged by deuterium. We also

observed a triplet (13C-2H-coupling) for C-8′ in the 13C NMR spectrum,

not mentioned in the literature, which supported this observation. The

acidity of H-8′ in the proposed imidazolium cation structure was also

believed to be quite high. Furthermore, ageloxime B and D were re-

ported to be protonated at N-9 in CDCl3.
2,3 We found protonation of an

imidazolium cation quite unlikely in a relatively weak acidic solution,

and also that compound 10c was almost insoluble in CDCl3. Last but not

least, the molecular ions reported for ageloxime B and D were m/z

440,2,3 which corresponds to C26H40N5O+2, whereas the molecular ion

found for compound 10c was 438 (M+).

We suspected that the previously isolated ageloximes were in fact

not N6-hydroxyagelasines. Ageloxime D2,3 seemed to have the same

(enantiomeric) terpene side chain as our compound 10c, but it was not

likely that the heterocyclic parts were identical. Capon et al.15 isolated

formamides 12a and 12b (Fig. 4) and stated that they were artifacts

formed during silica gel chromatography of crude sponge extracts

containing the corresponding ageline A (agelasine F; 11a) and ageline B

(11b). Furthermore, they showed that ageline A and B could be con-

verted to the corresponding formamides 12 when treated with aqueous

base. Also other agelasines have been hydrolyzed to formamides using

this protocol.16

Two formamidopyrimidines with terpene side chains, named ax-

istatin 1 and 2 were isolated from the marine sponge Agelas axifera

Hentschel.17 The proposed structure of axistatin 2 (12c) is shown in

Fig. 4. We found the NMR data reported for axistatin 2 and ageloxime

B2 to be essentially identical.* This led us to believe that the previously

isolated ageloxime B has the same structure as axistatin 2 and that

ageloxime D is the ring opened form of agelasine D. This would explain

the molecular ion found for the ageloximes and the coupling between

the CH3N protons and the NH previously explained by N-9 protonation.

Furthermore, presence of double NMR signals in CD3OD could be ex-

plained by restricted rotation around the amide bond rather than the

presence of two tautomers. The affected protons in the CD3OD
1H NMR

spectrum3 were those close to the formamide group earlier mistaken to

be the purine H-8′. Thus we hydrolized our previously synthesized

(+)-agelasine D (11d)6a,6b and obtained the formamide 12d (Scheme

3). The spectral data for compound 12d were identical with those

previously reported for (−)-ageloxime D3 and the optical rotation

confirmed that this compound is the enatiomer of the previously re-

ported (−)-ageloxime D. Thus we have also confirmed the absolute

stereochemistry of the ageloxime reported by Hertiani et al. who just

Scheme 2. Reagents and conditions: (a) R-Br, DMA, r.t. or 50 °C; (b) NH4F, MeCN, H2O.

Fig. 2. Key correlations found in the 1H-13C HMBC spectrum (left) and 1H-15N

HMBC spectrum (right) of compound 10c.

Fig. 3. Key correlations found in the 2D NOESY/1D SELNOE spectra of com-

pound 10c.

* A table with literature NMR data of ageloxime B and axistatin 2 can be

found in the Supplementary material.
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assumed that the compound they named (−)-ageloxime D would have

the same absolute stereochemistry as (−)-agelasine D.3

2.2. Biology

Even though the synthetic products 10 turned out not to be ent-

ageloxime D and analogs, we chose to examine their activities against a

variety of microorganisms (Table 2). The geranyl derivative 10a was

essentially inactive against bacteria (S. aureus, Escherichia coli and

Mycobacterium tuberculosis) and yeast (Candida albicans) and showed

only a modest inhibitory activity against protozoa (Trypanosoma cruzi,

T. brucei, T. rhodesiense and Leishmania infantum). This is in line with

our previous findings; a certain size of the lipophilic substituent on N-7

is required for antimicrobial activities of agelasine analogs.5,18

Table 1

NMR data of compound 10c. 13C NMR data in CD3OD reported for ageloxime D is included for comparison.

No.a DMSO‑d6 CD3OD

1H NMRb 13C NMRc 15N NMRd 1H NMRb 13C NMRc 13C NMR Ageloxime D3

δ Integration, multiplicity, J (Hz) δ, DEPT δ Integration, multiplicity, J (Hz) δ, DEPT δ

1A, eqe 1.65–1.70 1H, mf 38.4, CH2 1.72–1.77 1H, mf 40.3, CH2 40.7

1B, axe 0.88 1H, td, 3.8, 13.0 0.96 1H, td, 3.8, 13.0

2A, axe 1.48–1.54 1H, mf 18.8, CH2 1.57–1.63 1H, mf 20.4, CH2 20.4

2B, eqe 1.41–1.44 1H, mf 1.46–1.54 1H, mf

3A, eqe 1.34 1H, br d, 12.9 41.6, CH2 1.39–1.41 1H, mf 43.3, CH2 43.3

3B, axe 1.10 1H, td, 4.0, 13.4 1.19 1H, td, 4.0, 13.5

4 33.2, C 34.5, C 40.2

5 0.99 1H, dd, 2.6, 12.6 54.7, CH 1.05 1H, dd, 2.7, 12.6 57.0, CH 56.8

6A, eqe 1.65–1.70 1H, mf 23.9, CH2 1.72–1.77 1H, mf 25.6, CH2 25.6

6B, axe 1.22 1H, dq, 4.2, 12.9 1.31 1H, dq, 4.2, 12.9

7A, eqe 2.33 1H, ddd, 3.4, 4.0, 12.7 37.6, CH2 2.36 1H, ddd, 3.4, 4.0, 12.7 39.4, CH2 39.4

7B, axe 1.83–1.88 1H, mf 1.88 1H, ddd, 5.0, 13.0, 13.0

8 148.0, C 149.7, C 149.8

9 1.48–1.54 1H, mf 55.1, CH 1.57–1.64 1H, mf 57.1, CH 58.3

10 39.2, C 40.7, C 34.5

11A 1.54–1.59 1H, mf 20.9, CH2 1.65–1.70 1H, mf 22.5, CH2 41.6

11B 1.41–1.44 1H, mf 1.46–1.54 1H, mf

12A 2.11 1H, ddd, 4.0, 9.4, 14.0 37.7, CH2 2.23 1H, ddd, 4.3, 9.1, 14.0 39.2, CH2 25.6

12B 1.83–1.88 1H, mf 1.96 1H, dt, 8.1, 14.0

13 144.1, C 147.2, C 145.4/144.4 g

14 5.37 1H, qt, 1.0, 7.2 116.5, CH 5.43 1H, qt, 1.0, 7.2 117.4, CH 117.9/118.4

15A 4.98 1H, dd, 7.2, 14.8 47.1, CH2 5.01–5.10 2H, m 49.0, CH2 45.9/41.6

15B 4.94 1H, dd, 7.2, 14.8

16 1.76 3H, d, 1.0 16.7, CH3 1.84 3H, d, 1.0 17.0, CH3 16.0/16.2

17A 4.81 1H, td, 1.1, 1.5 106.4, CH2 4.82 1H, q, 1.5 107.0, CH2 107.0

17B 4.48 1H, br s 4.52 1H, q 1.0

18 0.83 3H, s 33.3, CH3 0.87 3H, s 34.1, CH3 34.1

19 0.75 3H, s 21.5, CH3 0.81 3H, s 22.1, CH3 20.4

20 0.61 3H, s 14.3, CH3 0.69 3H, s 15.0, CH3 15.1

1′ NH 11.00 1H, br s −240.0 –h

2′ 7.79 1H, s 148.9, CH 7.74 1H, s 149.9, CH 157.7/157.3

3′ −179.5

4′ 140.7, C 142.5, C 161.5/160.6

5′ 110.6, C 112.9, C 97.2/99.2

6′ 136.9, C 137.9, C 162.0/160.6

6′-NOH 10.58 1H, br s −105.5 –h

7′ −208.5

8′ 9.26 1H, s 136.7, CH –h 137.3, Ci 165.9/166.5

9′ −218.5

9′-CH3 3.78 3H, s 31.6, CH3 32.1 28.2

a For numbering of the atoms, see Fig. 2.
b 1H NMR data were obtained at 600MHz.
c 13C NMR data were obtained at 150MHz.
d 15N NMR data were obtained at 60MHz.
e Equatorial/axial positions in a (double) chair conformation, obtained by 2D NOESY/1D SELNOE.
f Unresolved or overlapping.
g Double set of signals were observed and explained by tautomery.3

h Exchangeable H not seen in CD3OD.
i The carbon resonance appeared as a triplet.

Fig. 4. Structures of agelasines 11 and ring opened derivatives/axistatins 12.
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Compounds 10b and 10c, containing larger lipophilic side chains,

displayed good to very good activities towards all microorganisms ex-

amined except for E. coli. The IC50 or MIC values are comparable with

those found for other agelasine analogs with a diterpenoid side chain.

As also seen for related compounds, the N6-hydroxyagelasine analogs

10b and 10c were not only toxic to microorganisms but also to mam-

malian MRC-5sv2 (human lung fibroblast) cells.
5,18

The activity of compounds 10a, 10b and 10c were also tested

against biofilm formation and compared to the effect on growth under

the same conditions. Compound 10a did not have any significant effect

on biofilm formation or growth of S. epidermidis, Pseudomonas

aeruginosa or E. coli,19 with the exception of a 50% reduction in biofilm

formation for P. aeruginosa at the highest concentration tested (1mM)

(Fig. 6). These results correlate with the antibacterial activity of the

compounds measured as reduced metabolic activity (Table 2). The N6-

hydroxyagelasine analogs 10b and 10c reduced biofilm formation of

the Gram-positive bacterium S. epidermidis by 90% at 125 μM and

63 μM, respectively. In comparison, growth was reduced by 50% at

125 μM and 15% at 63 μM for 10b and 10c, respectively.

For the Gram-negative bacteria P. aeruginosa and E. coli, the effect

on biofilm formation was less pronounced. For P. aeruginosa (Fig. 6),

compounds 10b and 10c only inhibited biofilm formation by 40–50%

at 250 μM and reached 60% and 70%, respectively at the highest con-

centration tested (1mM). However, growth was only inhibited by

20–30% at this concentration.

Similarly, compounds 10b and 10c inhibited biofilm formation of E.

coli by 70% at 500 μM, but only reduced growth by approximately 20%

at this concentration (Fig. 7). These results indicate a small inhibitory

effect of compounds 10b and 10c on biofilm formation. However, since

the inhibition of biofilm formation is accompanied by a reduction in

growth, it is not possible to conclude from these experiments whether it

is a specific anti-biofilm effect or a more general growth mediated ef-

fect. In addition, the results (Table 2 and Fig. 5) suggest that Gram-

positive bacteria are more susceptible to the antibacterial effects of the

compounds.

3. Conclusions

We have synthesized (+)-N6-hydroxyagelasine D and other N6-hy-

droxyagelasine by selective N-7 alkylation of N6-[tert-butyl(dimethyl)

silyloxy]-9-methyl-9H-purin-6-amine followed by efficient cleavage of

the silyl ether by NH4F. However, the spectral data of synthetically

prepared (+)-N6-hydroxyagelasine D did not match those reported for

the naturally occurring (−)-ageloxime D. Instead we found that when

(+)-agelasine D was treated with aqueous base, ring opening of the

imidazole ring took place to give a 4-amino-6-(methylamino)pyrimidin-

5-ylformamide with spectral data essentially identical to those reported

for (−)-ageloxime D before. This led us to propose a revised structure

for (−)-ageloxime D. This pyrimidinylformamide may be found in

Agelas sp. or alternatively the compound is an artifact from isolation of

(−)-agelasine D. The work presented herein demonstrates the value of

total synthesis in order to prove, or disprove, the structure of natural

products.20 N6-Hydroxyagelasine analogs carrying a diterpenoid side

chain at N-7, displayed toxicity towards both microorganisms as well as

mammalian cells. These compounds also inhibited bacterial biofilm

formation, but the data indicate that this effect is likely a result of the

antibacterial properties of the compounds causing reduced bacterial

growth rather than a specific anti-biofilm property.

Fig. 5. Effect of compounds 10a, 10b and 10c on biofilm (left) and growth (right) of S. epidermidis. Shown are averages and 95% confidence intervals of at least two

independent experiments carried out in at least two technical replicates per experiment. * indicates statistical significant difference compared to the control (two-

tailed students t-test, p < 0.05).

Scheme 3. Reagents and conditions: (a) NaHCO3, H2O.

Table 2

Antimicrobial activities of compounds 10.

Compound 10a Compound 10b Compound 10c

S. aureus, IC50 (μM)
a > 64.0 1.89 1.84

E. coli, IC50 (μM)
b > 64.0 > 64.0 > 64.0

C. albicans, IC50 (μM)
c > 64.0 2.00 8.00

T. cruzi, IC50 (μM)
d 11.5 0.54 0.53

T. brucei, IC50 (μM)
e 28.0 2.01 2.01

T. rhodesiense, IC50 (μM)
f 8.06 0.50 0.50

L. infantum IC50 (μM)
g 20.3 2.16 2.38

M. tuberculosis MIC (μg/

mL) MABA assayh
> 50.0 11.3 3.00

M. tuberculosis MIC (μg/

mL) LORA assayi
> 50.0 15.3 5.50

MRC-5 IC50 (μM)
j > 64.0 1.90 1.59

a IC50 doxycycline 0.03 μM.
b IC50 doxycycline 0.58 μM.
c IC50 flucytosine 0.41 μM.
d IC50 benznidazol 2.69 μM.
e IC50 suramin 0.02 μM.
f IC50 suramine 0.03 μM.
g IC50 miltefosine 11.8 μM.
h MIC isoniazid 0.48 μg/mL.
i MIC isoniazid>128 μg/mL.
j IC50 tamoxifen 11.23 μM.
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4. Experimental section

4.1. Chemistry

1H NMR spectra were recorded at 600MHz on a Bruker AV 600MHz

or a Bruker AVII 600MHz, at 400MHz on a Bruker AVII 400 instru-

ment. The decoupled 13C NMR spectra were recorded at 150 or

100MHz using the instruments mentioned above or at 125MHz on a

Bruker AVII 500MHz. 15N NMR spectra were recorded at 60 or 50MHz

using instruments mentioned above. 1H chemical shift values are cali-

brated relative to internal CD2HSOCD3 at 2.49 ppm, CD2HOD at

3.30 ppm or CHCl3 at 7.24 ppm.
13C chemical shift values are calibrated

relative to internal (CD3)2SO at 39.50 ppm, CD3OD at 49.00 ppm or

CDCl3 at 77.00 ppm.
15N chemical shift values are calibrated relative to

external CH3NO2/DMSO‑d6 (9:1) at 0.00 ppm. Assignments of
1H, 13C

and 15N resonances are inferred from 1D 1H NMR, 1D 13C NMR, DEPT

or APT, and 2D NMR (COSY, HMQC, HMBC and/or NOESY) spectro-

scopic data. ESI MS spectra were obtained on a Waters Micromass

QTOF 2W instrument. Melting points were determined on a Büchi

Melting Point B-545 apparatus. Dry DMF were obtained from a solvent

purification system, MB SPS-800 from MBraun, Garching, Germany.

DMA was distilled over BaO prior to use, and n-BuOH was distilled over

BaO and stored over 3 Å molecular sieves. Triethylamine was distilled

from CaH2 and stored over molecular sieves (3 Å). Flash chromato-

graphy was performed on silica gel Merck, Darmstadt, Germany (Merck

No. 09385). Compounds available by literature methods: Geranyl bro-

mide,5a geranylgeranyl bromide,5a 6-chloro-9-methyl-9H-purine (1),21

anti-copalyl bromide,6a,6b (+)-agelasine D (11d).6a,6b

4.1.1. 6-Hydroxylamino-9-methyl-9H-purine (2)

A warm solution of KOH (3.270 g, 58.28mmol) in EtOH (abs.,

80 mL) was added to a boiling solution of HONH2·HCl (4.035 g,

58.07mmol) in EtOH (abs., 80mL). Immediately upon mixing of the

two solutions, precipitation of KCl was observed. The resulting mixture

was stirred and maintained near the boiling point for an additional

10min. The hot reaction mixture was filtered and 6-chloro-9-methyl-

9H-purine (1) (1.241 g, 8.027mmol) in EtOH (abs., 70mL) was added

to the hydroxylamine solution. The resulting solution was kept at reflux

for 4 h. The reaction mixture was cooled to ambient temperature and

the precipitated product was collected by filtration. The crystals were

washed with EtOH (abs., 15 mL) and dried in vacuo; yield 992mg

(84%), colorless crystals, mp 233–234 °C. (lit.8 244 °C). 1H NMR

(400MHz, DMSO‑d6) δ 10.96, 10.24 (s, 1H, OH taut. A and B), 9.49,

9.00 (s, H, NH taut. A and B), 8.25, 8.11, 7.71, 7.52 (s, 1H, H-2 and H-8,

taut A and B), 3.73, 3.62 (br s, 3H, CH3 taut. A and B); HRMS (ESI)

found 166.0732, calcd for C6H8N5O
+ 166.0723.

4.1.2. N6-Benzyl-N6-hydroxy-9-methyl-9H-purin-6-amine (4) and N6-

benzyl-N6-benzyloxy-9-methyl-9H-purin-6-amine (5)

Compound 2 (81mg, 0.49mmol) was dissolved in dry DMA (8mL)

at ambient temperature under Ar atm before benzyl bromide (0.09mL,

0.7 mmol) was added. The mixture was stirred at 50 °C for 18 h and

evaporated in vacuo. The products were separated by flash chromato-

graphy eluting with 5–10% MeOH saturated with NH3 in CH2Cl2; yield

13mg (ca. 11%, contained 1–2mol% DMA) of compound 4, purple

waxy material, and 29mg (ca. 16%, contained ca. 17mol% DMA) of

compound 5, pale greenish oil. 4; 1H NMR (400MHz, CDCl3) δ 8.22 (s,

1H, H-2), 7.39 (s, 1H, H-8), 7.49–7.32 (s, 5H, Ph), 6.24 (s, 1H, OH),

5.32 (s, 2H, CH2), 3.57 (s, 3H, CH3); MS ESI found 240.2, calcd for

C13H14N5
+-OH 240.1. 5; 1H NMR (400MHz, CDCl3) δ 8.54 (s, 1H, H-8),

7.85 (s, 1H, H-2), 7.47–7.25 (m, 10H, Ph), 5.23 (s, 2H, NCH2), 5.01 (s,

2H, OCH2), 3.85 (s, 3H, NCH3); HRMS (ESI) found 346.1683, calcd for

C20H20N5O
+ 346.1662. Spectral data were in good agreement with

those reported before.6b

Fig. 6. Effect of compounds 10a, 10b and 10c on biofilm (left) and growth (right) of P. aeruginosa. Shown are averages and 95% confidence intervals of at least two

independent experiments carried out in at least two technical replicates per experiment. * indicates statistical significant difference compared to the control (two-

tailed students t-test, p < 0.05).

Fig. 7. Effect of compounds 10a, 10b and 10c on biofilm (left) and growth (right) of E. coli. Shown are averages and 95% confidence intervals of at least two

independent experiments carried out in at least two technical replicates per experiment. * indicates statistical significant difference compared to the control (two-

tailed students t-test, p < 0.05).
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4.1.3. N6-[tert-Butyl(dimethyl)silyloxy]-9-methyl-9H-purin-6-amine (6)

A mixture of 6-hydroxylamino-9-methyl-9H-purine (2) (302mg,

1.94mmol), imidazole (329mg, 4.84mmol) and dry DMF (2.7mL) was

stirred under Ar atm before tert-butyldimethylsilyl chloride (307mg,

2.03mmol) was added. The reaction mixture was stirred at ambient

temperature for 22 h, diluted with EtOAc (150mL) and washed with

water (3×30mL) and brine (40mL). The organic phase was dried

(Na2SO4) and evaporated in vacuo; yield 317mg (93%); colorless solid,

mp 216–217 °C. 1H NMR (400MHz, DMSO‑d6) δ 10.91 (br s, 1H, NH),

7.78 (s, 1H, H-8), 7.65 (s, 1H, H-2), 3.64 (s, 3H, NCH3), 0.95 (s, 9H,

But), 0.15 [s, 6H, Si(CH3)2];
13C NMR (100MHz, DMSO‑d6) δ 144.3 (C-

6), 144.1 (C-2), 141.6 (C-4), 138.8 (C-8), 118.1 (C-5), 29.5 (NCH3),

26.2 (CH3 in Bu
t), 18.0 (C in But), −5.0 [Si(CH3)2]; HRMS (ESI) found

280.1597, calcd for C12H22N5OSi
+ 280.1588.

4.1.4. 7-Benzyl-6-tert-butyl(dimethyl)silyloxyamino-9-methyl-7H-

purinium bromide (7)

Benzyl bromide (0.037mL, 0.31mmol) was added to a stirring so-

lution of compound 6 (100mg, 0.283mmol) in dry DMA (5mL) under

Ar atm. The resulting mixture was stirred at ambient temperature for

1 h, and at 50 °C for 6 h and evaporated in vacuo. The crude product was

purified by flash chromatography eluting with 5–10% MeOH in CH2Cl2;

yield 104mg (82%), colorless solid, mp 249–251 °C. 1H NMR

(400MHz, DMSO‑d6) δ 11.87 (br s, 1H, NH), 9.33 (s, 1H, H-8), 7.86 (s,

1H, H-2), 7.39–7.34 (m, 5H, Ph), 5.65 (s, 2H, CH2), 3.79 (s, 3H, NCH3),

0.89 (s, 9H, But), 0.08 [s, 6H, Si(CH3)2];
13C NMR (100MHz, DMSO‑d6)

δ 148.9 (C-2), 141.4 (C-4), 139.9 (C-6), 138.5 (C-8), 134.5 (C in Ph),

128.7 (CH in Ph), 128.4 (CH in Ph), 127.4 (CH in Ph), 110.6 (C-5), 52.1

(CH2), 31.9 (NCH3), 25.9 (CH3 in Bu
t), 17.9 (C in But), −5.3 [Si(CH3)2];

HRMS (ESI) found 370.2057, calcd for C19H28N5OSi
+ 370.2058.

4.1.5. 7-Benzyl-6-hydroxylamine-9-methyl-9H-purin-7-ium chloride (3a)

Compound 7 (127mg, 0.283mmol) was dissolved in methanol

(2mL) and 1M HCl (aq) (1 drop) was added. The solution was stirred at

reflux for 2.5 h, cooled to ambient temperature, washed with hexane

(3× 3mL) and evaporated in vacuo; yield 92mg (97%); colorless solid,

mp 219–222 °C. 1H NMR (400MHz, DMSO‑d6) δ 11.96 (br s, 1H, NH),

10.65 (s, 1H, OH), 9.39 (s, 1H, H-8), 7.82 (s, 1H, H-2), 7.41–7.37 (m,

5H, Ph), 5.63 (s, 2H, CH2), 3.81 (s, 3H, NCH3);
13C NMR (100MHz,

DMSO‑d6) δ 148.9 (C-2), 140.8 (C-4), 137.5 (C-8), 136.6 (C-6), 134.5 (C

in Ph), 128.88 (CH in Ph), 128.58 (CH in Ph), 127.92 (CH in Ph), 110.8

(C-5), 51.9 (CH2), 31.79 (NCH3); HRMS (ESI) found 256.1193, calcd for

C13H14N5O
+ 256.1193.

4.1.6. 7-Benzyl-6-hydroxylamine-9-methyl-9H-purin-7-ium bromide (3b)

Compound 7 (20.5mg, 0.0453mmol) was dissolved in MeCN-H2O

(9:1, 0.5mL) and transferred to a vial containing NH4F (1.3mg,

0.035mmol). Additional MeCN-H2O (9:1, 0.5mL) was used to transfer

the starting material to the reaction vial. The clear and colorless solu-

tion stirred for 60min at ambient temperature and was evaporated in

vacuo. Dry MeCN (2mL) was added and the resulting heterogeneous

mixture was agitated by a spatula for 2min while gently heating the

solution with a heating gun. The crystals were allowed to settle by

gravity (2min) before the MeCN-phase was removed by a glass pipette.

This process was repeated once more with MeCN (1mL). The crystals

were dried in vacuo; yield 12.7mg (83% based on the amount of comp.

7), colorless solid, mp 244–245 °C. Spectral data as reported for the

chloride 3a above.

4.1.7. 6-(tert-Butyldimethylsilyloxyimino)-7-[(E)-3,7-dimethylocta-2,6-

dienyl]-9-methyl-6,9-dihydro-1H-purin-7-ium bromide (8a)

Geranyl bromide (265mg, 1.12mmol) was added dropwise over

1min to a stirring solution of compound 6 (283mg, 1.02mmol) in dry

DMA (10mL) under Ar atm. The resulting mixture was stirred at am-

bient temperature for 10min and at 50 °C for 18 h and evaporated in

vacuo. The crude product was purified by flash chromatography eluting

with 5–10% MeOH in CH2Cl2; yield 348mg (70%), colorless solid, mp

196–197 °C. 1H NMR (400MHz, DMSO‑d6) δ 11.90 (br s, 1H, NH), 9.37

(s, 1H, H-8 in purine), 7.92 (s, 1H, H-2 in purine), 5.49–5.46 (m, 1H, H-

2), 5.07–5.03 (m, 1H, H-6), 4.97 (d, J=7.0 Hz, 2H, H-1), 3.81 (s, 3H,

NCH3), 2.10–2.05 (m, 2H, H-5), 2.05–2.01 (m, 2H, H-4), 1.77 (s, 3H,

CH3 at C-3), 1.62 (s, 3H, H-8), 1.54 (s, 3H, CH3 at C-7), 0.96 (s, 9H,

But), 0.20 [s, 6H, Si(CH3)2];
13C NMR (100MHz, DMSO‑d6) δ 148.8 (C-

2 in purine), 143.0 (C-3), 141.2 (C-4 in purine), 140.0 (C-6 in purine),

137.6 (C-8 in purine), 131.2 (C-7), 123.5 (C-6), 116.8 (C-2), 110.1 (C-5

in purine), 47.3 (C-1), 38.9 (C-4), 31.7 (NCH3), 26.0 (CH3 in Bu
t), 25.7

(C-5), 25.4 (C-8), 18.0 (C in But), 17.5 (CH3 at C-7), 16.5 (CH3 at C-3),

−5.2 [(Si(CH3)2]; HRMS (ESI) found 416.2840, calcd for

C22H38N5OSi
+ 416.2840.

4.1.8. 6-(tert-Butyldimethylsilyloxyimino)-9-methyl-7-[(2E,6E,10E)-

3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraenyl]-6,9-dihydro-1H-

purin-7-ium bromide (8b)

Geranylgeranyl bromide (95mg, 0.27mmol) was dissolved in dry

DMA (3mL) under Ar atm and compound 6 (68mg, 0.24mmol) was

added. The resulting mixture was stirred at ambient temperature for 1 h

and evaporated in vacuo. The crude product was purified by flash

chromatography eluting with 5–10% MeOH in CH2Cl2; yield 140mg

(91%), colorless solid, mp 170–171 °C. 1H NMR (600MHz, DMSO‑d6) δ

11.88 (br s, 1H, NH), 9.34 (s, 1H, H-8 in purine), 7.91 (s, 1H, H-2 in

purine), 5.46 (qt, J=7.0 and 1.1, Hz, 1H, H-2), 5.05–5.02 (m, 3H, H-6,

H-10, H-14), 4.96 (d, J=7.0 Hz, 1H, H-1), 3.79 (s, 3H, NCH3),

2.08–1.96 (m, 8H, H-4, H-5, H-9, H-13), 1.92–1.88 (m, 4H, H-8, H-12),

1.76 (s, 3H, CH3 at C-3), 1.61 (s, 3H, H-16), 1.53 (s, 6H, CH3 at C-7 and

C-15), 1.52 (s, 3H, CH3 at C-11) 0.95 (s, 9H, But), 0.18 [s, 6H, Si

(CH3)2];
13C NMR (150MHz, DMSO‑d6) δ 148.7 (C-2 in purine), 143.0

(C-3), 141.2 (C-4 in purine), 139.9 (C-6 in purine), 137.6 (C-8 in

purine), 134.8 (C-7), 134.3 (C-11), 130.6 (C-15), 124.0 (C-14), 123.8

(C-10), 123.3 (C-6), 116.7 (C-2), 110.1 (C-5 in purine), 47.2 (C-1), 39.2

(2×C, C-8 and C-12), 38.9 (C-4), 31.7 (NCH3), 26.2 (2×C, C-9 and C-

13), 26.0 (CH3 in Bu
t), 25.6 (C-5), 25.5 (C-16), 18.0 (C in But), 17.5

(CH3 at C-15), 16.5 (CH3 at C-3), 15.8 (2×C, CH3 at C-7 and C-11),

−5.3 [(Si(CH3)2]; HRMS (ESI) 552.4090, calcd for C32H54N5O
+

552.4092.

4.1.9. (+)-6-(tert-Butyldimethylsilyloxyimino)-9-methyl-7-{(E)-3-methyl-

6-[(1S,4aS,8aS)-5,5,8a-trimethyl-2-methylenedecahydronaphthalen-1-yl]

hex-2-enyl}-6,7-dihydro-1H-purin-9-ium bromide (8c) and (E)-N-{3-

methyl-5-[(1S,4aS,8aS)-1,5,5,8a-tetramethyl-2-

methylenedecahydronaphthalen-1-yl]pent-2-enyl}-N-(9-methyl-9H-purin-6-

yl)hydroxylamine (9c)

anti-Copalyl bromide (93mg, 0.26mmol) was dissolved in dry DMA

(3.3mL) under Ar atm and compound 6 (67mg, 0.24mmol) was added.

The resulting mixture was stirred at ambient temperature for 20min

and evaporated in vacuo. The crude product was purified by flash

chromatography eluting with 5–10% MeOH in CH2Cl2; yield 108mg

(70%) 8c, colorless solid, and 15mg (ca. 13%, contained ca. 30mol%

DMA) 9c, waxy purple solid. 8c; mp 194–196 °C. 1H NMR (400MHz,

DMSO‑d6) δ 11.89 (s, 1H, NH), 9.36 (s, 1H, H-8 in purine), 7.92 (s, 1H,

H-2 in purine), 5.43 (qt, J=7.2, 1.0 Hz, 1H, H-14), 5.01–4.91 (m, 2H,

H-15), 4.79 (s, 1H, H-17A), 4.47 (s, 1H, H-17B), 3.80 (s, 3H, NCH3), 2.32

(ddd, J=12.7, 4.0, 3.4 Hz, 1H, H-7A), 2.10 (ddd, J=14.0, 9.4, 4.0 Hz,

1H, H-12A), 1.88–1.78 (m, 2H, H-7B, H-12B), 1.75 (d, J=1.0 Hz, 3H, H-

16), 1.69–1.63 (m, 2H, H-1A, H-6A), 1.56–1.47 (m, 3H, H-11A, H-2A, H-

9), 1.43–1.39 (m, 2H, H-2B, H-11B), 1.35 (br d, 1H, J=12.9 Hz, H-3A),

1.22 (dq, J=12.9, 4.2 Hz, 1H, H-6B), 1.09 (dt, J=13.4, 4.0 Hz, 1H, H-

3B), 0.90–1.00 (m, 1H, H-5), 0.95 (s, 9H, Bu
t), 0.82–0.87 (m, 1H, H-1B),

0.83 (s, 3H, H-18), 0.75 (s, 3H, H-19), 0.61 (s, 3H, H-20), 0.18 [s, 6H, Si

(CH3)2];
13C NMR (100MHz, DMSO‑d6) δ 148.8 (C-2 in purine), 147.9

(C-8), 143.7 (C-13), 141.3 (C-4 in purine), 140.0 (C-6 in purine), 137.6

(C-8 in purine), 116.7 (C-14), 110.0 (C-5 in purine), 106.4 (C-17), 55.2

(C-9), 54.8 (C-5), 47.2 (C-15), 41.7 (C-3), 39.1 (C-10), 38.5 (C-1) 37.7
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(C-12), 37.6 (C-7), 33.3 (C-18), 33.2 (C-4), 31.7 (NCH3), 26.0 (CH3 in

But), 23.9 (C-6), 21.5 (C-19), 20.9 (C-11), 18.8 (C-2), 18.0 (C in But),

16.7 (C-16), 14.3 (C-20), −5.2 [Si(CH3)2];
15N NMR (50MHz,

DMSO‑d6) δ −239.5 (N-1), −218.5 (N-9), −208.5 (N-7), −176.0 (N-

3), N6 was hidden; HRMS (ESI) found 552.4092, calcd for

C32H54N5OSi
+ 552.4092, = +[ ] 4.2D

25 (c 0.26 MeOH). 9c; 1H NMR

(600MHz, DMSO‑d6) δ 9.81 (br s, 1H, OH), 8.27 (s, 1H, H-2 in purine),

8.15 (s, 1H, H-8 in purine), 5.27–5.29 (m, 1H, H-14), 4.77–4.81 (m, 1H,

H-15A), 4.76 (br s, 1H, H-17A), 4.61–4.65 (m, 1H, H-15B), 4.44 (br s,

1H, H-17B), 3.72 (s, 3H, NCH3), 2.25 (br d, J=11.7 Hz, 1H, H-7A),

2.01–2.04 (m, 1H, H-12A), 1.71–1.79 (m, 2H, H-12B, H-7B), 1.69 (s, 3H,

H-16), 1.58–1.64 (m, 2H, H-1A, H-6A), 1.46–1.52 (m, 2H, H-11A, H-9),

1.29–1.37 (m, 3H, H-2B, H-3A, H-11B), 1.17 (q, J=12.6 Hz, 1H, H-6B),

1.05 (t, J=12.5 Hz, 1H, H-3B), 0.90 (d, J=12.4 Hz, 1H, H-5), 0.81 (s,

3H, H-18), 0.73 (s, 3H, H-19), 0.58 (s, 3H, H-20); 13C NMR (125MHz,

DMSO‑d6) δ 155.1 (C-6 in purine), 151.5 (C-2 in purine), 150.7 (C-4 in

purine), 148.0 (C-8), 141.3 (C-8 in purine), 138.8 (C-13), 119.2 (C-14),

117.8 (C-5 in purine), 106.2 (C-17), 54.7 (C-9), 54.5 (C-5), 49.7 (C-15),

41.5 (C-3), 39.0 (C-10), 38.3 (C-1), 37.6 (C-12), 37.5 (C-7), 33.2 (C-18),

33.1 (C-4), 29.4 (NCH3), 23.9 (C-6), 21.5 (C-19), 20.9 (C-11), 18.8 (C-

2), 16.4 (C-16), 14.3 (C-20); 15N NMR (50MHz, DMSO‑d6) δ −229.6

(N-9), −152.2 (N-3), −148.6 (N-1), −136.8 (N-7), N6 was hidden;

HRMS (ESI) found 438.3227, calcd for C26H40N5O
+ 438.3227.

4.1.10. 7-[(E)-3,7-Dimethylocta-2,6-dienyl]-6-(hydroxyimino)-9-methyl-

6,9-dihydro-1H-purin-7-ium bromide (10a)

Compound 8a (54mg, 0.11mmol) was dissolved in MeCN-H2O (9:1,

1mL) and transferred to a vial containing NH4F (4mg, 0.1mmol) in

MeCN-H2O (9:1, 1mL). Additional MeCN-H2O (9:1, 0.5mL) was used

to transfer the starting material to the reaction vial. The resulting so-

lution was stirred for 22 h at ambient temperature and evaporated in

vacuo; yield 41mg (99%), colorless solid, mp 187–188 °C (dec.). 1H

NMR (400MHz, DMSO‑d6) δ 11.92 (br s, 1H, NH), 10.62 (s, 1H, OH),

9.22 (s, 1H, H-8 in purine), 7.80 (s, 1H, H-2 in purine), 5.44–5.41 (m,

1H, H-2), 5.08–5.05 (m, 1H, H-6), 4.97 (d, J=7.1 Hz, 2H, H-1), 3.79

(s, 3H, NCH3), 2.10–2.06 (m, 2H, H-5), 2.04–2.02 (m, 2H, H-4), 1.77 (s,

3H, CH3 at C-3), 1.62 (s, 3H, H-8), 1.56 (s, 3H, CH3 at C-7);
13C NMR

(100MHz, DMSO‑d6) δ 148.8 (C-2 in purine), 143.5 (C-3), 140.6 (C-4 in

purine), 136.7 (C-6 in purine), 131.2 (C-7), 123.5 (C-6), 116.5 (C-2),

110.7 (C-5 in purine), 47.1 (C-1), 38.9 (C-4) 31.6 (NCH3), 25.7 (C-5),

25.4 (C-8), 17.6 (CH3 at C-7), 16.5 (CH3 at C-3);
15N NMR (50MHz,

DMSO‑d6) δ −240.0 (N-1), −218.4 (N-9), −209.2 (N-7), −179.4 (N-

3), −105.5 (N6); HRMS (ESI) found 302.1975, calcd for C16H24N5O
+

302.1975.

4.1.11. 6-(Hydroxyimino)-9-methyl-7-[(2E,6E,10E)-3,7,11,15-

tetramethylhexadeca-2,6,10,14-tetraenyl]-6,9-dihydro-1H-purin-7-ium

bromide (10b)

Compound 8b (118mg, 0.19mmol) was dissolved in MeCN-H2O

(9:1, 4mL) and NH4F (6.9mg, 0.19mmol) was added as a powder. The

vial previously containing NH4F was rinsed with MeCN-H2O (9:1,

2mL). The resulting solution was stirred for 40min and evaporated in

vacuo; yield 99mg (>99%), colorless solid, mp 188–189 °C. 1H NMR

(600MHz, DMSO‑d6) δ 11.70 (br s, 1H, NH), 9.25 (s, 1H, H-8 in

purine), 7.78 (s, 1H, H-2 in purine), 5.41 (qt, J=7.1, 1.1 Hz, 1H, H-2),

5.03–5.08 (m, 3H, H-6, H-10, H-14), 4.97 (d, J=7.1 Hz, 1H, H-1), 3.78

(s, 3H, NCH3), 2.10–2.07 (m, 2H, H-5), 2.05–2.02 (m, 2H, H-4),

2.00–1.96 (m, 4H, H-9, H-13), 1.91–1.89 (m, 4H, H-8, H-12), 1.77 (s,

3H, CH3 at C-3), 1.62 (s, 3H, H-16), 1.54 (s, 3H, CH3 at C-7), 1.53 (s,

3H, CH3 at C-15), 1.52 (s, 3H, H-18);
13C NMR (125MHz, DMSO‑d6) δ

148.9 (C-2 in purine), 143.5 (C-3), 140.7 (C-4 in purine), 136.8 (C-6 in

purine), 136.7 (C-8 in purine), 134.8 (C-7), 134.3 (C-11), 130.6 (C-15),

124.1 (C-14), 123.8 (C-10), 123.4 (C-6), 116.5 (C-2), 110.7 (C-5 in

purine), 47.1 (C-1), 39.2 (C-12), 39.1 (C-8), 38.9 (C-4), 31.6 (NCH3),

26.2 (C-13), 26.0 (C-9), 25.6 (C-5), 25.5 (C-16), 17.5 (CH3 at C-15),

16.6 (CH3 at C-3), 15.8 (CH3 at C-7), 15.7 (CH3 at C-11);
15N NMR

(50MHz, DMSO‑d6) δ −239.9 (N-1), −218.4 (N-9), −208.7 (N-7),

−178.5 (N-3), −105.5 (N6); HRMS (ESI) 438.3226, calcd for

C26H40N5O
+ 438.3227.

4.1.12. (+)-6-(Hydroxyimino)-9-methyl-7-{(E)-3-methyl-6-

[(1S,4aS,8aS)-5,5,8a-trimethyl-2-methylenedecahydronaphthalen-1-yl]hex-

2-enyl}-6,7-dihydro-1H-purin-9-ium bromide [(+)-N6-Hydroxyagelasine D

bromide, 10c]

Compound 8c (108mg, 0.171mmol) was dissolved in MeCN-H2O

(9:1, 3mL) and NH4F (6.3 mg, 0.17mmol) was added as a powder. The

vial previously containing NH4F was rinsed with MeCN-H2O (9:1,

2mL). The resulting solution was stirred for 1 h 30min and evaporated

in vacuo; yield 88.5mg (> 99%), colorless solid, mp 188–189 °C. 1H

NMR, 13C NMR and 15N NMR data are presented in Table 1. HRMS (ESI)

found 438.3228, calcd for C26H40N5O
+ 438.3227; = +[ ] 6.2D

20 (c 0.26

MeOH).

4.1.13. N-[4-Amino-6-(methylamino)pyrimidin-5-yl]-N-{(E)-3-methyl-5-

[(1S,4aS,8aS)-5,5,8a-trimethyl-2-methylenedecahydronaphthalen-1-yl]

pent-2-enyl}formamide (12d)

(+)-Agelasine D (11d) (25mg, 0.050mmol) was treated with 2M

NaHCO3 solution (12.5mL) for 20min at ambient temperature, before

the mixture was extracted with CH2Cl2 (3× 50mL), and evaporated in

vacuo. The crude product was purified by flash chromatography eluting

with 2–10% MeOH in CH2Cl2. Due to a low yield, the extraction was

performed a second time on the basic water solution with CH2Cl2
(2×4mL) yielding more product; total yield 13mg (57%), pale yellow

waxy solid. 1H NMR (600MHz, CDCl3) δ 8.14 (s, 1H, H-2 in pyr-

imidine), 7.95 (s, 1H, NCHO), 5.30 (t, J=7.7 Hz, 1H, H-14), 4.95 (br s,

2H, NH2), 4.87 (br s, 1H, NH), 4.79 (s, 1H, H-17A), 4.40 (s, 1H, H-17B),

4.14–4.12 (m, 2H, H-15), 2.98–2.96 (m, 3H, NCH3), 2.37–2.34 (m, 1H,

H-7A), 2.12–2.07 (m, 1H, H-12A), 1.92 (ddd, J=14.0, 13.4, 4.8 Hz, 1H,

H-7A), 1.76–1.67 (m, 3H, H-6A, H-1A, H-12B), 1.60 (d, J=5.0 Hz, 3H,

H-16), 1.55–1.44 (m, 4H, H-9, H-11A, H-2A, H-2B), 1.38–1.36 (m, 1H,

H-3A), 1.34–1.25 (m, 2H, H-11B, 1H, H-6B), 1.15 (ddd, J=13.5, 13.4,

4.1 Hz, 13.4, 1H, H-3B), 1.04 (dd, J=12.7, 2.6 Hz, 1H, H-5), 0.93–0.96

(m, 1H, H-1B), 0.85 (s, 3H, H-18), 0.77 (s, 3H, H-19), 0.64 (s, 3H, H-20);
13C NMR (125MHz, CDCl3) δ 164.3 (NCHO), 160.5 (C-4 in pyrimidine),

158.9 (C-6 in pyrimidine), 156.4 (C-2 in pyrimidine), 148.5 (C-8),

144.2 (C-13), 117.0 (C-14), 106.2 (C-17), 99.3 (C-5 in pyrimidine), 56.4

(C-9), 55.5 (C-5), 42.1 (C-3), 41.4 (C-15), 39.7 (C-10), 39.1 (C-1), 38.6

(C-12), 38.3 (C-7), 33.6 (2×C, C-4, C-18), 28.1 (NCH3), 24.4 (C-6),

21.9 (C-11), 21.7 (C-19), 19.4 (C-2), 16.4 (C-16), 14.5 (C-20); HRMS

(ESI) found 440.3385, calcd for C26H42N5O
+ 440.3384; = +[ ] 5.6D

25 (c

0.50 MeOH). The spectral data and absolute value for optical rotation

were in good agreement with those reported for (−)-ageloxime D be-

fore.3

4.2. Biology

4.2.1. Activity against M. tuberculosis

MICs against replicating and non-replicating M. tuberculosis H37Rv

were determined using the Microplate Alamar Blue Assay and Low

Oxygen Recovery Assay, respectively.22

4.2.2. Activity against S. aureus, E. coli, C. albicans, L. infantum, T. cruzi,

T. brucei, T. rhodesiense and MRC-5 cells

4.2.2.1. Compounds and reagents. Compounds stock solutions were

prepared in 100% DMSO at 20mM. The compounds were serially

pre-diluted (2-fold or 4-fold) in DMSO followed by a further dilution in

demineralized water to assure a final in-test DMSO concentration

of< 1%.

4.2.2.2. Bacteria, fungi, parasite and cell cultures. S. aureus ATCC6538

and E. coli ATCC8739 were cultured in MHT (Mueller Hinton Broth)

and maintained on TSA (Tryptone Soy Agar). C. albicans (azole
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resistant) was cultured in RPMI-1640 medium supplemented with Mops

buffer and glucose and maintained on PDA (Potato Dextrose Agar). L.

infantum MHOM/MA(BE)/67 was maintained in the golden hamster.

Amastigotes were collected from the spleen of an infected donor

hamster using three centrifugation purification steps and spleen

parasite burdens are assessed using the Stauber technique.23 Primary

peritoneal mouse macrophages were used as host cell and were

collected 2 days after peritoneal stimulation with 2% potato starch

suspension. T. cruzi, Tulahuen CL2 galactosidase strain (nifurtimox-

sensitive),24 was maintained on MRC-5sv2 (human lung fibroblast) cells

in MEM medium, supplemented with 200mM L-glutamine, 16.5mM

NaHCO3, and 5% inactivated fetal calf serum. T. b. brusei Squib 427

strain (suramine-sensitive) and T. b. rhodesiense STIB-900 strain were

maintained in Hirumi (HMI-9) medium, supplemented with 10%

inactivated fetal calf serum. MRC-5sv2 cells were cultured in

MEM+Earl's salts-medium, supplemented with L-glutamine,

NaHCO3, and 5% inactivated fetal calf serum. All cultures were

conducted at 37 °C under an atmosphere of 5% CO2.

4.2.2.3. Activity against S. aureus, E. coli, C. albicans and MRC-5

cells. The assays were performed at 37 °C in sterile 96-well microtiter

plates, each well containing the aqueous compound (10 μL) dilution

together with bacterial/fungal/MRC-5 inoculum (190 μL; 5×103 CFU/

mL). The MRC-5 assay was performed under an atmosphere of 5% CO2.

The compounds were tested at 64, 16, 4, 1 and 0.25 μM. Bacterial/

fungal/MRC-5 growth was compared to untreated-control wells (100%

growth) and medium-control wells (0% cell growth). After 17 h (S.

aureus and E. coli), 24 h (C. albicans) or 3 days (MRC-5) incubation,

viability was assessed fluorimetrically after addition of resazurin. After

0.5 h (S. aureus, E. coli and C. albicans) or 4 h (MRC-5) at 37 °C,

fluorescence was measured (λex 550 nm, λem 590 nm). The results are

expressed as % reduction in growth/viability compared to control wells

and an IC50 (50% inhibitory concentration) was calculated. Doxycycline

was used as positive control for S. aureus and E. coli, flucytosine for C.

albicans and tamoxifen for MRC-5 cells.

4.2.2.4. Activity against L. infantum. The assay was performed at 37 °C

under an atmosphere of 5% CO2 in sterile 96-well microtiter plates,

each well containing the aqueous compound (10 μL) dilution together

with macrophage/parasite inoculum (190 μL; 3·104 cells+ 4.5·105

parasites/well). The inoculum was prepared in RPMI-1640 medium,

supplemented with 200mM L-glutamine, 16.5 mM NaHCO3, and 5%

inactivated fetal calf serum. The macrophages were infected after 48 h

and the compounds were added after 2 h of infection. The compounds

were tested at 64, 16, 4, 1 and 0.25 μM. Parasite multiplication was

compared to untreated-infected controls and uninfected controls. After

5 days, parasite burdens (number of amastigotes/macrophage) were

microscopically assessed after staining with a 10% Giemsa solution. The

results were expressed as % reduction in parasite burden compared to

control wells and an IC50 was calculated. Miltefosine was used as

positive control.

4.2.2.5. Activity against T. cruzi. The assay was performed at 37 °C

under an atmosphere of 5% CO2 in sterile 96-well microtiter plates,

each well containing the aqueous compound (10 μL) dilution together

with MRC-5 cell/parasite inoculum (190 μL; 4·103 cells/

well+ 4·104 parasites/well). The compounds were tested at 64, 16, 4,

1 and 0.25 μM. Parasite growth was compared to untreated-infected

controls and uninfected controls. After 7 days incubation, parasite

burdens were assessed after adding the substrate CPRG

[chlorophenolred β-D-galactopyranoside; 50 μL/well of a solution of

CPRG (15.2 mg) and Nonidet (250 μL) in PBS (100mL)]. The color

change was measured spectrophotometrically at 540 nm after 4 h. The

results were expressed as % reduction in parasite burden compared to

control wells and an IC50 was calculated. Benznidazole was used as

positive control.

4.2.2.6. Activity against T. brucei, and T. rhodesiense. The assay was

performed at 37 °C under an atmosphere of 5% CO2 in sterile 96-well

microtiter plates, each well containing the aqueous compound (10 μL)

dilution together with the parasite suspension [190 μL;

1.5× 103 parasites/well (T. brucei) or 4×103 parasites/well (T.

rhodesiense)]. The compounds were tested at 64, 16, 4, 1 and

0.25 μM. Parasite growth was compared to untreated-infected controls

and uninfected controls. After 3 days incubation, parasite growth was

assessed fluorimetrically after addition of resazurin [50 μL; 50 μg/mL in

phosphate buffer] to each well. After 6 h (T. rhodesiense) or 24 h (T.

brucei) at 37 °C, fluorescence was measured (λex 550 nm, λem 590 nm).

The results were expressed as % reduction in parasite growth/viability

compared to control wells and an IC50 was calculated. Suramin was

used as positive control.

4.2.3. Activity against biofilm formation of S. epidermidis, E. coli and P.

aeruginosa.

Biofilm assays were optimized for each of the strains: E. coli (2006-

22-1153-55-2),19 P. aeruginosa (CCUG 56489) and S. epidermidis (ATCC

35984). The biofilm assays were performed in 96-well microtiter plates

under ambient atmosphere in Brain Heart Infusion (BHI) medium (BD

Biosciences) at 37 °C for 17 h (S. epidermidis and P. aeruginosa) or in LB

broth without salt [LB−; Yeast extract (10 g/L), Tryptone (5 g/L)] at

28 °C for 24 h (E. coli). Bacteria were grown overnight in shaken pre-

culture (200 rpm) in BHI broth (S. epidermidis, P. aeruginosa) or LB broth

(E. coli). For the biofilm assays, bacteria were diluted 1:100 in the in-

dicated medium to give an approximate starting OD600 of 0.025. Two-

fold serially diluted test compounds were added to the wells and bio-

films were grown for the indicated optimized times before the medium

was removed, the wells were washed 2 times with 0.9% NaCl solution

and the biofilms were stained with safranin (0.1%) for 20min. Fol-

lowing staining, the wells were washed 3 times with 0.9% NaCl solution

and the biofilms were dissolved in 30% acetic acid for 10min. Absor-

bance was measured at 530 nm using a Citation 3 Multi Cell Imaging

Multi-Mode Reader (BioTek Instruments). Growth was recorded by

measuring the OD600 of 50 μL of the growth medium. All experiments

were performed at least three times and each condition was tested in

duplicates in each experiment. In each experiment, the absorbance

values were normalized against the untreated control sample and the

effect of the different test compounds were reported as average percent

biofilm formation compared to the untreated control with 95% con-

fidence intervals.
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Abstract: (–)-Agelasine F (also known as ageline A) is a diterpene-
adenine hybrid natural product isolated from marine sponges 
(Agelas species) and this compound is known to display cytotoxic 
activity against a variety of cancer cell lines as well as 
microorganisms. We herein report the first total synthesis of (–)-
agelasine F. The commercially available and inexpensive 
monoterpenoid (S)-carvone was found to be a highly suitable 
starting material for the construction of the terpenoid part of the 
desired agelasine and controlling the stereochemistry of the target 
compound. Two alternative strategies from (S)-carvone were 
evaluated. Key-intermediates in the (–)-agelasine F synthesis are 
believed also to be valuable starting materials for total syntheses of 
other bioactive marine sponge metabolites. The synthetic route to (–
)-agelasine F described herein is more efficient than previously 
published syntheses of racemic or ent-agelasine F.  

Introduction 

Agelasines are bioactive purine-terpene hybrides isolated from 
marine sponges (Agelas sp.).1 Agelasine F (also called ageline 
A) was reported isolated independently by two different research 
groups in 19842 and has been re-isolated on several 
occations.1e,3 Agelasine F is found to display cytotoxicity against 
a variety of cancer cell lines1e,3d and microorganisms1e,2a,3 
including profound activity against Mycobacterium 
tuberculosis.3b A reverse docking study has revealed 
mycobacterial enoyl recuctase and 7,8-diaminopelargonic acid 
synthase as a possible enzyme target,4 but generally the 
mechanism(s) of action for agelasines are poorly understood. 
Racemic agelasine F (6) was synthesized ca. 30 years ago5 with 
the cyclization of aldehyde 2 to give the cyclohexanol 36 as a 
key-step (Scheme 1). 

 

Scheme 1. Literature synthesis of (±)-agelasine F.5,6 

It was clear to us that the synthetic strategy for racemic 
agelasine F could not readily be modified for synthesis of the (–
)- or (+)-isomers. Previously we searched for readily available 
enatiopure monoterpenes as a starting point and we have 
synthesized ent-agelasine F [(+)-agelasine F] from commercially 
available (R)-pulegone (7).7 Some steps in the synthesis of the 
desired enantiomer of the key-intermediate 5 are shown in 
Scheme 2. As a continuance of our work directed to synthesis of 
agelasines and analogs7,8 and evaluation of their biological 
activities,7-9 we herein present the first total synthesis of the 
naturally occurring (–)-agelasine F. 

 

Scheme 2. Literature synthesis of the key compound 5 for the preparation of 
ent-agelasine F.7. 

Results and Discussion 

Since (S)-pulegone is substantially more expensive compared to 
the R-enantiomer, we searched for a more convenient starting 
point for the preparation of (–)-agelasine F, and we herein report 
the first total synthesis of this natural product from (S)-(+)-
carvone. Conjugate addition of Me2CuLi to the enone 12 gave 
the ketone 13 with excellent diastereoselectivity, the minor 
isomer most probably epi at C-2,10 and compound 13 was 
converted to the dimethylketone 8 by ozonolysis followed by 
catalytic hydrogenation (Scheme 3).10 When the reduction was 
performed in Et2O substantial epimerization at C-2 in ketone 8 
was observed, but when the solvent was changed to pentane, 
the epimerization was minimized. In our hands, Pd/C was a 
superior catalyst compared to Rh/C. Ketone 8 was converted to 
the silyl enol ether 9 which was alkylated with ClCH2SPh as 
described for the enatiomer of 9 before.7 At its best the silyl enol 
ether 9 was isolated in 92% yield containing 6% of the unwanted 
regioisomer 16, but these results turned out to be not completely 
reproducible with respect to total yield and regioselectivity. 
Compound 11 was available in two steps from ketone 10 
following the published procedures for synthesis of ent-11.7 
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Scheme 3. (a) 1. MeLi, CuI, CH2(OEt)2, Et2O, -78 oC  -30 oC, 2. Phenyl 
salicylate, -78 oC  r.t.; (b) 1. O3, MeOH, -40  -10 oC, 2. Cu(OAc)2. -20 oC, 3. 
FeSO4 7H2O, -20 oC  r.t.; (c) H2, Pd/C, pentane; (d) Et3N, TMSCl, DMF, 130 
oC; (e) TiCl4, PhSCH2Cl, CH2Cl2, -23 C; (f) oxone, MeOH, H2O, 0 oC  r.t.; (g) 
1. MeMgBr, Et2O, 0 oC  r.t, 2. HCO2H, 80 oC. 

As reported before,7 TiCl4 mediated alkylation of the silyl enol 
ether 9 gave only a modest selectivity for the desired isomer 10. 
Rac- or (R)-enol ether 9 has previously been reacted with other 
electrophiles (activated alkenes, acetals) in the presence of a 
Lewis acid to give 2-substituted 2,3-dimethylcyclohexanones 
with high diastereoselectivity,11 and this has been rationalized by 
attack of the electrophile on the least hindered side of the most 
stable conformer B of the silyl enol ether (Fig. 1).11a Thus, we 
were somewhat surprised and disappointed to find that 
alkylation of compound 9 with ClCH2SPh under standard 
conditions for reactions between silyl enol ethers and alkyl 
halides (TiCl4, CH2Cl2)12 took place with only a moderate 
selectivity (dr ca. 1.8:1). The isomeric ratio was virtually 
unaffected by temperature and changing the Lewis acid to zinc 
halides gave only a fair improvement (Table 1). 

 

Figure 1. Attack of an electrophile on the least hindered side of the most 
stable conformer B of the silyl enol ether 9 (adapted from ref. 11a). 

Due to difficulties in reproducing the synthesis of silyl enol ether 
9 in high yields and the relatively poor stereoselectivity in the 
alkylation of this compound with ClCH2SPh, we also evaluated 
an alternative synthesis of ketone 18 from (S)-carvone (12) 
(Scheme 4). The enolate generated from 1,4-addition of methyl 
cuprate to carvone was trapped directly with ClCH2SPh. The 
ratio between the isomers 19 and (what is believed to be) 20 
was ca. 3:1 which was an improvement compared the alkylation 
of silyl enol ether 9, but the desired isomer 19 was, due to 
tedious chromatographic separation, only isolated in 54% which 
was comparable to the yield of sulfide 10 (Scheme 3). When 
sulfide 19 was oxidized to the corresponding sulfone 21 the yield 
was low, probably due to side reactions on the propenyl 
substituent, but compound 21 could be converted to the 
dimethylketone 18 by ozonolysis followed by catalytic 

hydrogenation. When the removal of the propenyl group was 
carried out before the S-oxidation, conversion of the sulfide to 
the corresponding sulfoxides 24 and 25 took place. As reported 
for other sulfides before,13 the ozone mediated oxidation 
stopped at the sulfoxide level at the low temperature required for 
the removal of the propenyl group. The crude product was 
oxidized further to sulfones 22 and 23 by treatment with oxone. 

Table 1. Table Caption. Alkylation of silyl enol ether 9 

Lewis acid Solvent Temp.] Time Ratio 10:17[a] 

TiCl4 CH2Cl2 RT 30 min 1:0.55 

TiCl4 CH2Cl2 0 °C 1 h 1:0.56 

TiCl4 CH2Cl2 -23 °C 1 h 1:0.55 

TiCl4 CH2Cl2 -78 °C 1h 20 min 1:0.51 

Et2AlCl CH2Cl2/toluene 0 °C 20 min 1:0.51 

ZnBr2 THF RT 4 h 1:0.26 

ZnBr2 THF -78 °C  RT 21 h 1:0.26 

ZnI2 THF RT 3 h 1:0.28 

ZnCl2 THF RT 3 h 1:0.30 

[a] Determined by crude product 1H NMR. 

 

Scheme 4. (a) 1. MeMgI, CuI, LiCl, THF, -40 oC, 2. ClCH2SPh, ; (b) oxone, 
MeOH, H2O, 0 oC  r.t.; (c) 1. O3, MeOH, -78 oC, 2. Cu(OAc)2. -78 oC, 3. 
FeSO4 7H2O -78 oC  r.t.; (d) H2, Pd/C, Et2O. 

Having obtained an efficient synthesis of the sulfone (1R,6S) 11 
(Schemes 3 and 4), we completed the synthesis of (–)-agelasine 
F (6) (Scheme 5). Sulfone (1R,6S) 11 was lithiated and reacted 
with the iodide 26 before the sulfone group in compound 27 was 
reductively removed. The iodide 26 was synthesized from the 
corresponding alcohol14 by a modified literature7 procedure. 
THP-ether 28 was converted to the corresponding bromide 
(5S,6R) 5 over two steps. Finally, N6-tert-butoxy-9-methyl-9H-
purin-6-amine8c was alkylated quite selectively on N-7 by 
treatment with the allyl bromide 5 under neutral conditions and 
the tert-butoxy directing group was removed under reductive 
conditions to give the target (–)-agelasine F (6). 
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Scheme 5. (a) 1. n-BuLi, 2. comp. 11, THF, 50 oC; (b) Na, Na2HPO4, EtOH, 
THF; (c) PPTS, EtOH, 55 oC; (d) PBr3, Et2O, 0 oC; (e) N6-tert-butoxy-9-methyl-
9H-purin-6-amine, DMA, 50 oC; (f) Zn, AcOH, MeOH, H2O, 75 oC. 

Conclusion 

We have performed the first synthesis of the bioactive marine 
natural product (–)-agelasine F. Commercially available and 
inexpensive (S)-carvone was found to be a highly suitable 
starting material for the construction of the terpenoid part of the 
target molecule. Two different routes from (S)-carvone to the 
key-intermediate 11 were evaluated. All though the total yields in 
both reactions sequences were almost identical, we consider the 
route depicted in Scheme 4 more robust since the method 
developed for generation of the desired silyl enol ether 9 
(Scheme 3) was not completely reliable and ketones 8, 14 and 
15 were somewhat difficult to handle due to volatility. We depict 
that the chemistry described herein may also be applied in 
syntheses of other natural products, i.e. (–)-agelasidine C and 
D,15 (–)-isoagelasidine B,1g (–)-axistatin 33d and 10-hydro-9-
hydroxyagelasine F1e (Fig. 2). These are all bioactive 
compounds isolated from marine sponges (Agelas sp.), but none 
of them have been prepared by chemical synthesis. 

 

Figure 2. Natural products with structural resemblance to (–)-agelasine F. 

Experimental Section 

General remarks: 1H NMR spectra were recorded at 800 MHz with a 
Bruker AVIII HD 800, at 600 MHz with a Bruker AVI 600 or Bruker AVII 
600, or at 400 MHz with a Bruker AVIII HD 400 or Bruker AVII 400 
instrument. The 13C NMR spectra were recorded at 200, 150 or 100 MHz 
using the above-mentioned spectrometers. Mass spectrometry was 

performed using electrospray (ESI) with either a Bruker Maxis II ETD or a 
Micromass Q-TOF-2 instrument. Melting points were determined on a 
Büchi Melting Point B-545 apparatus. Optical rotations were determined 
on a Perkin Elmer Model 341 Polarimeter. Ozone was generated with a 
BOC MK II ozonizer. GC analyses were carried out with a GC 8000 Top 
gas chromatograph with H2 as carrier gas. All reactions were performed 
in thoroughly dried glassware. CH2Cl2, Et2O, MeCN and THF were 
collected from an MB-SPS 800 solvent purifying system. DMA was 
distilled over BaO and stored over 3 Å molecular sieves. MeOH and 
toluene were dried over 3 Å molecular sieves. TMSCl and Et3N were 
distilled over CaH2 before use. LiCl, ZnCl2, ZnBr2 and ZnI2 were dried by 
heating with a heat gun under vacuum. All other reagents were 
commercially available and used as received. Compounds available by 
literature methods: (2E,6E)-2,6-Dimethyl-8-(tetrahydro-2H-pyran-2-
yloxy)octa-2,6-dien-1-ol,14 N6-tert-butoxy-9-methyl-9H-purin-6-amine.8c 

(S,S,S)-2,3-Dimethyl-5-(2-propen-2-yl)-cyclohexanone (13): MeLi (5.5 
mL, 15 mmol, 3.0 M solution in diethoxymethane) was added dropwise at 
-20 ˚C to a stirring suspension of CuI (1.437 g, 7.545 mmol) in Et2O (30 
mL) under Ar. The resulting clear solution was stirred at -20 ˚C for 5 min 
and cooled to -78 ˚C before (S)-carvone (12) (0.78 mL, 5.0 mmol) in Et2O 
(10 mL) was added dropwise. The mixture was warmed to -30 ˚C for 1 h, 
cooled to -78 ˚C and transferred via a cannula to a stirring solution of 
phenyl salicylate (4.285 g, 20.00 mmol) in Et2O (30 mL) at -78 ˚C. The 
mixture was warmed to ambient temperature, and acetic acid (1.15 mL, 
20.0 mmol) was added. The resulting mixture was filtered, washed with 
sat. aq. NaHCO3 (30 mL), dried (MgSO4) and evaporated in vacuo. The 
product was isolated by flash chromatography on silica gel eluting with 
CH2Cl2-pentane (1:1) to give 13 (803 mg, 97%) as a colorless liquid. The 
diastereomeric ratio was determined by GC to be 99%.  (c 
0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ 0.83 (d, J = 7.2 Hz, 3 H, Me at 
C-3), 0.99 (d, J = 6.6 Hz, 3 H, Me at C-2), 1.74 (s, 3 H, Me in propenyl), 
1.78-1.93 (m, 2 H, 4-H), 2.21-2.42 (m, 3 H, 6-H, 3-H), 2.55-2.65 (m, 2 H, 
5-H, 2-H), 4.74 (s, 1 H, Ha in =CH2), 4.77 (s, 1 H, Hb in =CH2) ppm. 13C 
NMR (100 MHz, CDCl3): δ 12.1 (Me at C-2), 14.1 (Me at C-3), 20.7 (Me 
in propenyl), 36.4 (C-3), 37.9 (C-4), 41.2 (C-5), 46.8 (C-6), 48.6 (C-2), 
109.9 (=CH2), 147.8 (C=), 213.0 (CO) ppm. HRMS (ESI) found 189.1249, 
calcd. for C11H18NaO+ 189.1250. 

(S,S)-5,6-Dimethyl-2-cyclohexenone (14) and (S,S)-5,6-dimethyl-3-
cyclohexenone (15): Ozone was passed through a solution of 
compound 13 (593 mg, 3.57 mmol) in dry MeOH (10 mL) for 1.5 h 
starting at -40 ˚C and gradually letting the temperature increase to -10 ˚C. 
The solution was then purged with O2 for 10 min followed by N2 for 15 
min before Cu(OAc)2 (1.600 g, 8.014 mmol) was added whilst stirring at -
20 ˚C. After 15 min, FeSO4 7H2O (1.333 g, 4.795 mmol) was added, and 
the mixture was warmed slowly to ambient temperature. After stirring for 
18 h, water (5 mL) was added and the mixture was extracted with Et2O (5 
 7 mL). The combined organic phases were washed with sat. NaHCO3 

(5 mL) brine (5 mL) and water (5 mL), dried (MgSO4) and evaporated in 
vacuo (on ice bath). The crude product was purified by flash 
chromatography on silica gel eluting with Et2O-pentane (1:10) to give 14 
and 15 in a ratio of 1:0.7 (320 mg, 72%) as a colorless liquid. HRMS 
(ESI) found 147.0780, calcd. for C8H12ONa+ 147.0780. The isomers 
could be isolated in pure form, albeit in low yields, by further purification 
by flash chromatography on silica gel eluting with Et2O-pentane (1:10). 

(S,S)-5,6-Dimethyl-2-cyclohexenone (14): 1H NMR (400 MHz, CDCl3): 
δ 0.96 (d, J = 7.0 Hz, 3 H, Me at C-5), 1.05 (d, J = 7.0 Hz, 3 H, Me at C-
6), 2.08-2.56 (m, 4 H, 4-H, 5-H, 6-H), 5.95 (dt, J = 10.0, 2.0 Hz, 1 H, 2-H), 
6.84 (dt, J = 10.0, 4.3 Hz, 1 H, 3-H) ppm. 13C NMR (100 MHz, CDCl3): δ 
10.9 (Me at C-6), 15.9 (Me at C-5), 32.0 (C-4), 33.6 (C-5), 46.5 (C-6), 
128.8 (C-2), 148.3 (C-3), 203.5 (CO) ppm. 

(S,S)-5,6-Dimethyl-3-cyclohexenone (15): 1H NMR (400 MHz, CDCl3): 
δ 0.87 (d, J = 6.9 Hz, 3 H, Me at C-5), 1.05 (d, J = 6.9 Hz, 3 H, Me at C-
6), 2.64-2.94 (m, 4 H, 2-H, 5-H, 6-H), 5.67 (dt, J = 9.6, 3.5 Hz, 1 H, 3-H), 
5.89-5.99 (m, 1 H, 4-H) ppm. 13C NMR (100 MHz, CDCl3): δ 11.2 (Me at 
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C-6), 15.7 (Me at C-5), 37.8 (C-5), 40.3 (C-2), 47.4 (C-6), 123.0 (C-3), 
133.8 (C-4), 211.9 (CO) ppm. 

(S,S)-2,3-Dimethylcyclohexanone (8): A stirring solution of compounds 
14 and 15 (647 mg, 5.21 mmol) in pentane (30 mL) was treated with 
palladium on charcoal (100 mg, 10%) and H2-gas at ambient pressure for 
20 h. The catalyst was filtered off and the solvent was removed in vacuo 
(on ice bath) to give 8 (612 mg, 93%) as a colorless liquid. 1H NMR 
indicated that ca. 6% of an isomer, probably epi at C-2, was present. 

 (c 1.2, CHCl3). 1H NMR (400 MHz, CDCl3): δ 0.84 (d, J = 
7.1 Hz, 3 H, Me at C-3), 0.99 (d, J = 7.0 Hz, 3 H, Me at C-2), 1.62-1.68 
(m, 1 H, 4-Ha), 1.80-1.94 (m, 3 H, 5-H, 4-Hb), 2.19-2.29 (m, 2 H, 3-H, 6-
Ha), 2.31-2.39 (m, 1 H, 6-Hb), 2.55-2.61 (m, 1 H, 2-H) ppm. 13C NMR 
(100 MHz, CDCl3): δ 12.0 (Me at C-2), 14.7 (Me at C-3), 23.5 (C-5), 31.3 
(C-4), 37.5 (C-3), 40.8 (C-6), 49.5 (C-2), 214.5 (CO) ppm. HRMS (ESI) 
found 149.0936, calcd. for C8H14ONa+ 149.0937. 

(S)-(2,3-Dimethylcyclohex-1-enyloxy)trimethylsilane (9): TMSCl (1.10 
mL, 8.66 mmol) was added dropwise to a stirring solution of compound 8 
(545 mg, 4.33 mmol) in dry Et3N (1.21 mL, 8.66 mmol) and dry DMF (5 
mL) under Ar. The mixture was heated to 130 °C and stirred for 16 h. 
After cooling, Et2O (7 mL) was added and the mixture washed with cold 
sat. aq. NaHCO3 (7 mL). The aqueous phase was extracted with cold 
Et2O (3  7 mL) and the combined organic extracts were washed rapidly 
with cold 0.5 M aq. HCl (9 mL), cold sat. aq. NaHCO3 (2  7 mL), and 
cold brine (7 mL). The organic layer was dried (MgSO4) and evaporated 
in vacuo. The residue was purified by flash chromatography on silica gel 
eluting with EtOAc-hexane (1:100) to give 9 (785 mg, 92%) as a 
colorless oil containing ca. 6% of the isomer 16. 1H NMR (300 MHz, 
CDCl3): δ 0.16 (s, 9 H, SiMe3), 0.99 (d, J = 6.9 Hz, 3 H, Me at C-3), 1.25-
1.30 (m, 1 H, 4-Ha), 1.52-1.58 (m, 4 H, Me at C-2, 5-Ha), 1.64-1.74 (m, 2 
H, 4-Hb, 5-Hb) 1.98-2.01 (m, 2 H, H-6), 2.09-2.12 (m, 1 H, 3-H) ppm. 13C 
NMR (150 MHz, CDCl3): δ 0.8 (SiMe3), 14.4 (Me at C-2), 20.1 (Me at C-
3), 20.6 (C-5), 30.7 (C-6), 31.5 (C-4), 33.7 (C-3), 116.6 (C-2), 143.4 (C-1) 
ppm. HRMS (ESI) found 221.1332, calcd. for C11H22OSiNa+ 221.1334. 

(2R,3S)-2,3-Dimethyl-2-[(phenylthio)methyl]cyclohexan-1-one (10) 
and (2S,3S)-2,3-dimethyl-2-[(phenylthio)methyl]cyclohexan-1-one 
(17): A solution of TiCl4 (4.0 mL, 1.0 M in CH2Cl2, 4.0 mmol) was added 
to a stirring solution of compound 9 (704 mg, 3.55 mmol) and 
chloromethyl phenyl sulfide (0.66 mL, 5.0 mmol) in CH2Cl2 (3.5 mL) at -
23 C under Ar. After 1 h, the resulting deep red solution was poured into 
sat. aq. NaHCO3 (20 mL) and extracted with Et2O (2  30 mL). The 
combined organic extracts were dried (MgSO4) and evaporated in vacuo. 
The products were separated by flash chromatography on silica gel 
eluting with EtOAc-hexane (1:15) to give 10 (455 mg, 52%) and 17 (329 
mg, 37%). 

(2R,3S)-2,3-Dimethyl-2-[(phenylthio)methyl]cyclohexan-1-one (10): 
Colorless oil,  (c 1.5, CHCl3). 1H NMR (600 MHz, CDCl3): δ 
0.86 (d, J = 6.8 Hz, 3 H, Me at C-3), 1.11 (s, 3 H, Me at C-2), 1.51-1.61 
(m, 1 H, 4-Ha), 1.63-1.80 (m, 2 H, 4-Hb, 5-Ha), 1.90-2.00 (m, 1 H, 5-Hb), 
2.21-2.31 (m, 1 H, 3-H), 2.32-2.48 (m, 2 H, 6-H), 2.98 (d, J = 12.5 Hz, 1 
H, Ha in CH2S), 3.39 (d, J = 12.5 Hz, 1 H, Hb in CH2S), 7.14-7.19 (m, 1 H, 
Ph), 7.23-7.29 (m, 2 H, Ph), 7.38-7.42 (m, 2 H, Ph) ppm. 13C NMR (150 
MHz, CDCl3): δ 15.7 (Me at C-3) 18.7 (Me at C-2), 24.4 (C-5), 29.3 (C-4), 
37.8 (C-3), 38.2 (C-6), 41.2 (CH2S), 53.9 (C-2), 126.2 (CH in Ph), 128.9 
(2  CH in Ph), 130.3 (2  CH in Ph), 138.2 (C in Ph), 213.8 (CO) ppm. 
HRMS (EI) found 248.1235, calcd. for C15H20OS+ 248.1235. 

(2S,3S)-2,3-Dimethyl-2-[(phenylthio)methyl]cyclohexan-1-one (17): 
Colorless oil,  (c 1.5, CHCl3). 1H NMR (600 MHz, CDCl3): δ 
0.97 (d, J = 6.9 Hz, 3 H, Me at C-3), 1.27 (s, 3 H, Me at C-2), 1.55-1.66 
(m, 1 H, 4-Ha), 1.66-1.77 (m, 1 H, 5-Ha), 1.78-1.89 (m, 1 H, 4-Hb), 1.90-
2.00 (m, 2 H, 5-Hb and 3-H), 2.30-2.46 (m, 2 H, 6-H), 3.10 (d, J = 12.0 Hz, 
1 H, Ha in CH2S), 3.26 (d, J = 12.0 Hz, 1 H, Hb in CH2S), 7.13-7.19 (m, 1 
H, Ph), 7.23-7.28 (m, 2 H, Ph), 7.32-7.36 (m, 2 H, Ph) ppm. 13C NMR 
(150 MHz, CDCl3): δ 15.8 (Me at C-3), 21.3 (Me at C-2), 24.9 (C-5), 29.1 

(C-4), 38.4 (C-6), 39.0 (CH2S), 42.3 (C-3), 52.9 (C-2), 126.3 (CH in Ph), 
129.0 (2  CH in Ph), 129.8 (2  CH in Ph), 137.2 (C in Ph), 214.2 (CO) 
ppm. HRMS (EI) found 248.1234, calcd. for C15H20OS+ 248.1235. 

(2R,3S)-2,3-Dimethyl-2-(phenylsulfonylmethyl)-cyclohexanone (18). 
Method A: A solution of oxone (2.273 g, 3.700 mmol) in water (7 mL) 
was added to a stirring solution of sulfide 10 (459 mg, 1.85 mmol) in 
MeOH (7 mL) at 0 °C under Ar. The cooling bath was removed and the 
reaction mixture was stirred for 18 h, at ambient temperature before Et2O 
(150 mL) was added and the resulting mixture was washed with water 
(40 mL) and brine (30 mL), dried (MgSO4), and evaporated in vacuo. The 
residue was purified by flash chromatography on silica gel eluting with 
acetone-hexane (1:4) to give 18 (488 mg, 94%) as colorless crystals. 

Method B: A 1:0.16 mixture of sulfones 22 and 23 (295 mg, 1.13 mmol) 
in Et2O (25 mL) was treated with palladium on charcoal (68 mg, 10%) 
and hydrogenated at atmospheric pressure for 20 h. Additional catalyst 
(32 mg) was added after 16 h. The mixture was filtered and the solvent 
was removed in vacuo to give 18 (267 mg, 85%) as colorless crystals, 
m.p. 99-100 ºC.  (c 1.1, CHCl3). 1H NMR (600 MHz, 
CDCl3): δ 1.06 (s, 3 H, Me at C-2), 1.09 (d, J = 6.8 Hz, 3 H, Me at C-3), 
1.55-1.64 (m, 1 H, 4-Ha), 1.76-1.83 (m, 1 H, 4-Hb), 1.85-1.99 (m, 2 H, 5-
H), 2.39-2.58 (m, 2 H, 6-H), 2.69-2.78 (m, 1 H, 3-H), 3.25 (d, J = 14.0 Hz, 
1 H, Ha in CH2S), 3.96 (d, J = 14.0 Hz, 1 H, Hb in CH2S), 7.54-7.58 (m, 2 
H, Ph), 7.61-7.65 (m, 1 H, Ph), 7.96-7.98 (m, 2 H, Ph) ppm. 13C NMR 
(150 MHz, CDCl3): δ 16.3 (Me at C-3), 18.9 (Me at C-2), 23.5 (C-5), 29.4 
(C-4), 36.7 (C-3), 37.8 (C-6), 52.5 (C-2), 61.0 (CH2S), 127.8 (2  CH in 
Ph), 129.3 (2  CH in Ph), 133.5 (CH in Ph), 142.1 (C in Ph), 211.9 (CO) 
ppm. HRMS (ESI) found 303.1025, calcd. for C15H20O3SNa+ 303.1025. 

1-{[(1S,6S)-1,2,6-Trimethylcyclohex-2-enyl]methylsulfonyl}benzene 
(11): To a stirring solution of ketone 18 (205 mg, 0.732 mmol) in dry Et2O 
(13 mL) under Ar was added MeMgBr (0.34 mL, 2.4 M in Et2O, 0.82 
mmol) at 0 °C. The reaction mixture was stirred at 0 °C for 1 h and at 
ambient temperature for 16 h. After cooling to 0 °C, sat. aq. NH4Cl (4 mL) 
was added. The mixture was diluted with Et2O (5 mL) and the phases 
were separated. The aqueous phase was extracted with Et2O (10 mL), 
the combined organic extracts were dried (MgSO4), and concentrated in 
vacuo. The residue was stirred in conc. formic acid (2 mL) at 80 °C for 2 
h before the mixture was concentrated in vacuo. The residue was purified 
by flash chromatography on silica gel eluting with acetone-hexane (1:5) 
to give 11 (190 mg, 94%) as a colorless oil,  (c 1.2, CHCl3). 
1H NMR (600 MHz, CDCl3): δ 0.94 (d, J = 6.8 Hz, 3 H, Me at C-6), 1.07 
(s, 3 H, Me at C-1), 1.38-1.48 (m, 1 H, 5-Ha), 1.57-1.65 (m, 1 H, 5-Hb), 
1.66-1.69 (m, 3 H, Me at C-2), 1.94-2.08 (m, 2 H, 4-H), 2.57-2.65 (m, 1 H, 
6-H), 3.21 (d, J = 14.6 Hz, 1 H, Ha in CH2S), 3.33 (d, J = 14.6 Hz, 1 H, Hb 
in CH2S), 5.42 (m, 1 H, 3-H), 7.52-7.56 (m, 2 H, Ph), 7.61-7.64 (m, 1 H, 
Ph), 7.90-7.93 (m, 2 H, Ph) ppm. 13C NMR (150 MHz, CDCl3): δ 15.9 (Me 
at C-6), 19.7 (Me at C-2), 21.5 (Me at C-1), 24.0 (C-4), 26.4 (C-5), 33.4 
(C-6), 42.4 (C-1), 62.0 (CH2S), 124.8 (C-3), 127.7 (2  CH in Ph), 129.3 
(2  CH in Ph), 133.5 (CH in Ph), 136.4 (C-2), 142.2 (C in Ph) ppm. 
HRMS (ESI) found 303.1234, calcd. for C16H22O2SNa+ 303.1233. 

(2R,3S,5S)-2,3-Dimethyl-2-[(phenylthio)methyl]-5-(prop-1-en-2-
yl)cyclohexan-1-one (19): LiCl (33 mg, 0.79 mmol) and CuI (75 mg, 
0.39 mmol) was dissolved in dry THF (24 mL) under Ar and stirred for 15 
minutes at ambient temperature before cooling to -40 ºC. (S)-Carvone 
(12) (590 mg, 3.93 mmol) in dry THF (5.3 mL) was added and the 
resulting mixture was stirred for 10 min before a solution of MeMgI (1.9 
mL, 2.5 M in Et2O, 4.7 mmol) was added dropwise, and the resulting 
mixture was stirred for 1 h at -40 ºC. The reaction mixture was allowed to 
reach ambient temperature before chloromethyl phenyl sulfide (1.0 mL, 
7.5 mmol) was added and the resulting mixture was heated at reflux for 
18 h. After cooling to ambient temperature sat. aq. NH4Cl (20 mL) was 
added and the mixture was extracted with Et2O (3  25 mL). The 
combined organic layers were dried (MgSO4) and concentrated in vacuo. 
1H NMR showed the isomers 19 and (what is presumed to be) 20 to be 
present in ca. 3:1 ratio. Further purification by flash chromatography on 
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silica gel twice eluting with EtOAc-hexane (1:30) gave 19 (598 mg, 54%) 
as a colorless oil,  (c 1.1, CHCl3). 1H NMR (600 MHz, 
CDCl3): δ 0.89 (d, J = 7.2 Hz, 3 H, Me at C-3), 1.12 (s, 3 H, Me at C-2), 
1.64-1.69 (m, 1 H, 4-Ha), 1.72 (s, 3 H, Me in propenyl), 1.94 (m, 1 H, 4-
Hb), 2.32 (m, 1 H, 3-H), 2.39 (ddd, J = 14.2, 5.2, 1.0 Hz, 1 H, 6-Ha), 2.47 
(dd, J = 14.2, 9.8 Hz, 1 H, 6-Hb), 2.55-2.60 (m, 1 H, 5-H), 3.18 (d, J = 
12.3 Hz, 1 H, Ha in CH2S), 3.32 (d, J = 12.3 Hz, 1 H, Hb in CH2S), 4.70 (s, 
1 H, Ha in =CH2), 4.82 (s, 1 H, Hb in =CH2), 7.19 (m, 1 H, Ph), 7.26-7.28 
(m, 2 H, Ph), 7.37-7.39 (m, 2 H, Ph) ppm. 13C NMR (150 MHz, CDCl3): δ 
16.0 (Me at C-3), 19.2 (Me at C-2), 21.2 (Me in propenyl), 32.8 (C-4), 
36.1 (C-3), 40.5 (C-5), 42.8 (C-6), 42.8 (CH2S), 53.1 (C-2), 110.9 (=CH2), 
126.5 (CH in Ph), 129.1 (2  CH in Ph), 130.5 (2  CH in Ph), 137.3 (C in 
Ph), 147.2 (C=), 213.5 (CO) ppm. HRMS (ESI) found 311.1440, calcd. for 
C18H24OSNa+ 311.1440. 

(2R,3S,5S)-2,3-Dimethyl-2-[(phenylsulfonyl)methyl]-5-(prop-1-en-2-
yl)cyclohexan-1-one (21): A solution of oxone (894 mg, 1.46 mmol) in 
water (4 mL) was added to a stirring solution of sulfide 19 (200 mg, 0.728 
mmol) in MeOH (4 mL) at 0 ºC under Ar. The cooling bath was removed 
and the reaction mixture was stirred for 2.5 h at ambient temperature 
before Et2O (40 mL) was added. The resulting mixture was washed with 
water (10 mL) and brine (5 mL), dried (MgSO4) and evaporated in vacuo. 
The residue was purified by flash chromatography on silica gel eluting 
with acetone-hexane (1:5) to give 21 (48 mg, 21%) as a colorless oil, 

 (c 1.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ 1.04 (d, J = 
6.9 Hz, 3 H, Me at C-3), 1.11 (s, 3 H, Me at C-2), 1.70-1.78 (m, 1 H, 4-Ha), 
1.76 (s, 3 H, Me in propenyl), 1.89 (ddd, J = 13.4, 8.0, 5.3 Hz, 1 H, 4-Hb), 
2.48 (dd, J = 14.5, 4.6 Hz, 1 H, 6-Ha), 2.55-2.63 (m, 1 H, 5-H), 2.71 (ddd, 
J = 9.0, 6.9, 5.3 Hz, 1 H, 3-H), 2.82 (dd, J = 14.5, 10.6 Hz, 1 H, 6-Hb), 
3.36 (d, J = 14.2 Hz, 1 H, Ha in CH2S), 3.73 (d, J = 14.2 Hz, 1 H, Hb in 
CH2S), 4.76 (s, 1 H, Ha in =CH2), 4.83 (s, 1 H, Hb in =CH2), 7.54-7.58 (m, 
2 H, Ph), 7.62-7.66 (m, 1 H, Ph), 7.90-7.93 (m, 2 H, Ph) ppm. 13C NMR 
(100 MHz, CDCl3): δ 15.8 (Me at C-3), 19.0 (Me at C-2), 20.8 (Me in 
propenyl), 32.8 (C-4), 34.0 (C-3), 39.2 (C-5), 42.2 (C-6), 51.1 (C-2), 62.3 
(CH2S), 111.0 (=CH2), 127.8 (2  CH in Ph), 129.4 (2  CH in Ph), 133.7 
(CH in Ph), 141.6 (C in Ph), 146.9 (C=), 212.5 (CO) ppm. HRMS (ESI) 
found 343.1338, calcd. for C18H24O3SNa+ 343.1338. 

(5S,6R)-5,6-Dimethyl-6-[(phenylsulfonyl)methyl]cyclohex-2-en-1-one 
(22) and (5S,6R)-5,6-dimethyl-6-[(phenylsulfonyl)methyl]cyclohex-3-
en-1-one (23): Ozone was passed through a solution of sulfone 21 (40 
mg, 0.13 mmol) in dry MeOH (15 mL) for 1.3 h whilst cooling at -78 ˚C. 
The solution was purged with O2 for 10 min followed by Ar for 10 min 
before Cu(OAc)2  (54 mg, 0.27 mmol) was added to the stirring mixture. 
After 15 min, FeSO4 7H2O (45 mg, 0.16 mmol) was added, and the 
mixture was warmed slowly to ambient temperature. After stirring for 18 h, 
the solution was concentrated to approx. ¼ of its volume, and water (5 
mL) was added. The mixture was extracted with Et2O (5  10 mL). The 
combined organic phases were washed with sat. aq. NaHCO3 (5 mL), 
water (5 mL) and brine (5 mL), dried (MgSO4) and evaporated in vacuo. 
The crude product was purified by flash chromatography on silica gel 
eluting with acetone-hexane (1:5) to give 22 and 23 in a ratio of 1:0.7 (21 
mg, 56%). The isomers could be isolated in pure form, albeit in low yields, 
by further purification by flash chromatography on silica gel eluting with 
acetone-hexane (1:5). 

(5S,6R)-5,6-Dimethyl-6-[(phenylsulfonyl)methyl]cyclohex-2-en-1-one 
(22): Colorless oil,  (c 2.34, CHCl3). 1H NMR (600 MHz, 
CDCl3): δ 0.99 (s, 3 H, Me at C-6), 1.19 (d, J = 6.8 Hz, 3 H, Me at C-5), 
2.18-2.24 (m, 1 H, 4-Ha), 2.42-2.47 (m, 1 H, 4-Hb), 3.09-3.14 (m, 1 H, 5-
H), 3.20 (d, J = 14.0 Hz, 1 H, Ha in CH2S), 4.09 (d, J = 14.0 Hz, 1 H, Hb in 
CH2S), 6.10 (dd, J = 10.0, 2.3 Hz, 1 H, 2-H), 6.95 (ddd, J = 10.0, 5.9, 2.3 
Hz, 1 H, 3-H), 7.53-7.57 (m, 2 H, Ph), 7.62-7.66 (m, 1 H, Ph), 7.95-7.96 
(m, 2 H, Ph) ppm. 13C NMR (150 MHz, CDCl3): δ 15.7 (Me at C-5), 17.7 
(Me at C-6), 31.5 (C-4), 33.3 (C-5), 49.6 (C-6), 60.1 (CH2S), 127.8 (2  
CH in Ph), 128.1 (C-2), 129.3 (2  CH in Ph), 133.6 (CH in Ph), 141.8 (C 
in Ph), 148.8 (C-3), 200.1 (CO) ppm. HRMS (ESI) found 301.0869, calcd. 
for C15H18O3SNa+ 301.0869.  

(5S,6R)-5,6-Dimethyl-6-[(phenylsulfonyl)methyl]cyclohex-3-en-1-one 
(23): Colorless oil,  (c 1.9, CHCl3). 1H NMR (600 MHz, 
CDCl3): δ 1.09 (d, J = 7.2 Hz, 3 H, Me at C-5), 1.15 (s, 3 H, Me at C-6), 
2.97-3.00 (m, 1 H, 2-Ha), 3.09-3.18 (m, 2 H, 2-Hb and 5-H), 3.49 (d, J = 
14.3 Hz, 1 H, Ha in CH2S), 3.72 (d, J = 14.3 Hz, 1 H, Hb in CH2S), 5.66-
5.68 (m, 1 H, 4-H), 5.75-5.78 (m, 1 H, 3-H), 7.55-7.58 (m, 2 H, Ph), 7.63-
7.66 (m, 1 H, Ph), 7.92-7.94 (m, 2 H, Ph) ppm. 13C NMR (150 MHz, 
CDCl3): δ 15.4 (Me at C-5), 18.4 (Me at C-6), 38.5 (C-5), 38.6 (C-2), 50.6 
(C-6), 61.5 (CH2S), 122.9 (C-3), 127.8 (2  CH in Ph), 129.4 (2  CH in 
Ph), 132.3 (C-4), 133.7 (CH in Ph), 141.6 (C in Ph), 209.9 (CO) ppm. 
HRMS (ESI) found 301.0867, calcd. for C15H18O3SNa+ 301.0869. 

(5S,6R)-5,6-Dimethyl-6-[(phenylsulfonyl)methyl]cyclohex-2-en-1-one 
(22): Ozone was passed through a solution of sulfide 19 (564 mg, 1.96 
mmol) in dry MeOH (100 mL) for 1.5 h at -78 ˚C. The solution was then 
purged with O2 for 10 min followed by Ar for 10 min before Cu(OAc)2  
(781 mg, 3.91 mmol) was added whilst stirring. After 15 min, 
FeSO4 7H2O (652 mg, 2.35 mmol) was added, and the mixture was 
warmed slowly to ambient temperature. After stirring for 18 h, water (40 
mL) was added, before the mixture was concentrated to approx. ¼ of its 
volume. The mixture was extracted with Et2O (3  100 mL), the combined 
organic phases were washed with sat. NaHCO3 (30 mL), water (30 mL) 
and brine (30 mL), dried (MgSO4) and evaporated in vacuo. The crude 
product contained a mixture of the sulfoxides 24 and 25 (356 mg). HRMS 
(ESI) found 285.0919, calcd. for C15H18OSNa+ 285.0920. Parts of this 
mixture was used directly in the next step: A solution of oxone (1.404 g, 
2.287 mmol) in water (5.4 mL) was added to a stirring solution of 
sulfoxides 24 and 25 (300 mg, 1.14 mmol) in MeOH (5.4 mL) at 0 ºC 
under Ar. The reaction mixture was stirred at 0 ºC for 3.5 h before 
heating to ambient temperature. Et2O (70 mL) was added and the 
resulting mixture was washed with water (15 mL) and brine (10 mL), 
dried (MgSO4) and evaporated in vacuo. The product was purified by 
flash chromatography eluting with acetone-hexane (1:5) to give 22 (295 
mg, 64% from compound 19) as a colorless oil. Data, see above. 

2-{[(2E,6E)-8-Iodo-3,7-dimethylocta-2,6-dien-1-yl]oxy}tetrahydro-2H-
pyran (26): To a stirring solution of (2E,6E)-2,6-dimethyl-8-(tetrahydro-
2H-pyran-2-yloxy)octa-2,6-dien-1-ol14 (200 mg, 0.786 mmol), Ph3P (310 
mg, 1.18 mmol), and imidazole (72 mg, 1.2 mmol) in a mixture of MeCN 
(1 mL) and Et2O (2 mL) under Ar was added I2 (298 mg, 1.18 mmol) 
portion wise at 0 ºC over 10 min. The reaction mixture was stirred for 
another 20 min, diluted with Et2O (17 mL), washed with sat. aq. Na2S2O3 
(4 mL), water (4 mL), and brine (4 mL), dried (MgSO4), and evaporated in 
vacuo. Et2O (1.5 mL) was added to the residue, the mixture was and 
filtered and the filtrate was evaporated in vacuo to give 26 (228 mg, ca. 
80%, cont. ca. 8% POPh3) as a pale yellow liquid used immediately in the 
next step. 1H NMR (800 MHz, CDCl3): δ 1.49-1.62 (m, 4 H, CH2 in THP), 
1.67 (s, 3 H, Me at C-6), 1.69-1.75 (m, 1 H, CH2 in THP), 1.77 (s, 3 H, Me 
at C-2), 1.80-1.87 (m, 1 H, CH2 in THP), 2.05-2.12 (m, 4 H, H-4 and H-5), 
3.50-3.53 (m, 1 H, CH2 in THP), 3.88-3.91 (m, 1 H, CH2 in THP), 3.93 (s, 
2 H, 1-H), 4.01-4.04 (dd, J = 12.0, 7.0 Hz, 1 H, H-8a), 4.23-4.25 (dd, J = 
12.0, 7.0 Hz, 1 H, H-8b), 4.62 (t, J = 3.7 Hz, 1 H, CH in THP), 5.36 (t, J = 
7.0 Hz, 1 H, H-7), 5.66 (t, J = 7.0 Hz, 1 H, H-3) ppm. 13C NMR (200 MHz, 
CDCl3): δ 15.6 (Me at C-2), 16.5 (Me at C-6), 16.8 (C-1), 19.8 (CH2 in 
THP), 25.7 (CH2 in THP), 27.0 (C-4), 30.9 (CH2 in THP), 38.6 (C-5), 62.5 
(CH2 in THP), 63.8 (C-8), 98.1 (CH in THP), 121.4 (C-7), 129.4 (C-3), 
133.3 (C-2), 139.4 (C-6) ppm. The spectral data were in good agreement 
with those reported before.7 

2-{(2E,6E)-3,7-Dimethyl-9-[(1R,6S)-1,2,6-trimethylcyclohex-2-en-1-
yl]nona-2,6-dien-1-yloxy}tetrahydro-2H-pyran (28): n-BuLi (0.9 mL, 
2.2 M in hexanes, 2 mmol) was added dropwise to a stirring solution of 
sulfone 11 (250 mg, 0.898 mmol) in dry THF (4.2 mL) at 0 ºC under Ar 
and the resulting mixture was stirred at 50 ºC for 40 min before a solution 
of iodide 26 (741 mg, 2.04 mmol) in THF (4.2 mL) was added. The 
mixture was stirred for further 3 h at 50 ºC. Et2O (24 mL) was added and 
the mixture was washed with sat. aq. NH4Cl (10 mL), water (3  10 mL) 
and brine (10 mL), and evaporated in vacuo. The crude product was 
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partially purified by flash chromatography eluting with acetone-hexane 
(1:11) to give 27 (450 mg) as a pale yellow oil. A mixture of compound 27 
(450 mg), Na2HPO4 (3.80 g, 26.8 mmol), Na (860 mg, 37.4 mmol), and 
abs. EtOH (3.2 mL) in THF (66 mL) was stirred at ambient temperature 
for 17 h under Ar, before the mixture was filtered and the filtrate was 
diluted with Et2O (80 mL). The resulting mixture was washed with water 
(60 mL), sat. aq. NH4Cl (45 mL) and brine (45 mL), dried (MgSO4), and 
evaporated in vacuo. The product was purified by flash chromatography 
eluting with EtOAc-hexane (1:23) to give 28 (186 mg, 55% from 
compound 11) as a pale yellow oil. 1H NMR (600 MHz, CDCl3): δ 0.85 (s, 
3 H, Me at C-1'), 0.86 (d, J = 6.7 Hz, 3 H, Me at C-6'), 1.40-1.55 (m, 6 H, 
1 H in THP, 3 H in cyclohexene, 9-H), 1.57-1.64 (m, 8 H, Me at C-7, Me 
at C-2', 8-Ha, 1 H in THP), 1.67 (s, 3 H, Me at C-3), 1.69-1.74 (m, 2 H, 1 H 
in THP, 6'-H), 1.80-2.02 (m, 4 H, 3 H in THP, 8-Hb), 2.02-2.05 (m, 2 H, 4-
H), 2.08-2.12 (m, 2 H, 5-H), 3.49-3.53 (m, 1 H, Ha in OCH2 in THP), 3.87-
3.91 (m, 1 H, Hb in OCH2 in THP), 4.02 (dd, J = 11.8, 7.5 Hz, 1 H, 1-Ha), 
4.22 (dd, J = 11.8, 6.5 Hz, 1 H, 1-Hb), 4.62 (t, J = 3.8 Hz, 1 H, CH in THP), 
5.09 (t, J = 6.8 Hz, 1 H, 6-H), 5.33-5.38 (m, 1 H, 2-H), 5.41 (br s, 1 H, 3'-
H) ppm. 13C NMR (150 MHz, CDCl3): δ 16.0 (Me at C-6'), 16.4 (Me at C-
7), 16.6 (Me at C-3), 19.4 (Me at C-2'), 19.8 (CH2 in THP), 21.2 (Me at C-
1'), 25.7 (C-4'), 25.7 (CH2 in THP), 26.4 (C-5), 27.2 (C-5'), 33.3 (C-6'), 
34.4 (C-8), 35.3 (C-9), 39.8 (C-4), 40.5 (C-1'), 62.2 (OCH2 in THP), 63.8 
(C-1), 97.9 (CH in THP), 120.7 (C-2), 123.4 (C-6), 124.2 (C-3'), 136.4 (C-
7), 139.9 (C-2'), 140.4 (C-3) ppm. HRMS (ESI) found 397.3077, calcd. for 
C25H42O2Na+ 397.3077. 

(2E,6E)-3,7-Dimethyl-9-[(1R,6S)-1,2,6-trimethylcyclohex-2-en-1-
yl]nona-2,6-dien-1-ol (29): Compound 28 (173 mg, 0.462 mmol) was 
dissolved in abs. EtOH (6 mL) before pyridinium p-toluenesulfonate (28 
mg, 0.11 mmol) was added and the resulting mixture was stirred at 55 ºC 
for 17 h under Ar. The mixture was evaporated in vacuo and the residue 
was purified by flash chromatography eluting with acetone-hexane (1:15) 
to give 29 (105 mg, 75%) as a transparent oil,  (c 1.3, 
CHCl3). 1H NMR (800 MHz, CDCl3): δ 0.85 (s, 3 H, Me at C-1'), 0.86 (d, J 
= 6.8 Hz, 3 H, Me at C-6'), 1.41-1.50 (m, 4 H, 9-H, 5'-H), 1.60 (s, 6 H, Me 
at C-7, Me at C-2'), 1.60-1.64 (m, 1 H, 8-Ha), 1.68 (s, 3 H, Me at C-3), 
1.70-1.74 (m, 1 H, 6'-H), 1.88-1.94 (m, 2 H, 8-Hb, 4'-Ha), 1.94-2.01 (m, 1 
H, 4'-Hb), 2.03-2.05 (m, 2 H, 4-H), 2.09-2.12 (m, 2 H, 5-H), 4.14 (d, J = 
6.8 Hz, 2 H, 1-H), 5.09 (t, J = 6.8 Hz, 1 H, 6-H), 5.40-5.41 (m, 2 H, 2-H 
and 3'-H) ppm. 13C NMR (200 MHz, CDCl3): δ 16.0 (Me at C-6'), 16.38 
(Me at C-3), 16.43 (Me at C-7), 19.3 (Me at C-2'), 21.2 (Me at C-1'), 25.7 
(C-4'), 26.5 (C-5), 27.2 (C-5'), 33.4 (C-6'), 34.4 (C-8), 35.4 (C-9), 39.7 (C-
4), 40.6 (C-1'), 59.6 (C-1), 123.3 (C-6), 123.5 (C-2), 124.2 (C-3'), 136.6 
(C-7), 139.9 (C-2'), 140.0 (C-3) ppm. HRMS (ESI) found 313.2501, calcd. 
for C20H34ONa+ 313.2502. 

(5S,6R)-6-[(3E,7E)-9-Bromo-3,7-dimethylnona-3,7-dien-1-yl]-1,5,6-
trimethylcyclohex-1-ene (5): The alcohol 29 (99 mg, 0.34 mmol) was 
dissolved in dry Et2O (1.25 mL) at 0 ºC under Ar. PBr3 (0.027 mL, 0.34 
mmol) was added and the mixture was stirred at 0 ºC for 3 h. The mixture 
was diluted with Et2O (8 mL) and washed with 10% aq. NaHCO3 (2 mL). 
The aqueous phase was extracted with Et2O (3 mL) and the combined 
organic extracts were dried (MgSO4), and evaporated in vacuo to give 5 
(108 mg, 90%) as a pale yellow oil, which was used directly in the next 
step without further purification. 1H NMR (400 MHz, CDCl3): δ 0.85 (s, 3 
H, Me), 0.86 (d, J = 6.8 Hz, 3 H, Me), 1.39-1.52 (m, 4 H), 1.58-1.64 (m, 7 
H), 1.69-1.75 (m, 5 H), 1.86-1.99 (m, 4 H), 2.05-2.12 (m, 4 H), 4.02 (d, J 
= 7.9 Hz, 2 H), 5.05-5.09 (m, 1 H), 5.41 (br s, 1 H), 5.52 (t, J = 8.1 Hz, 1 
H) ppm. 13C NMR (100 MHz, CDCl3): δ 16.0 (Me), 16.1 (Me), 16.5 (Me), 
19.4 (Me), 21.2 (Me), 25.7 (CH2), 26.2 (CH2), 27.2 (CH2), 29.9 (C-1), 33.3 
(CH), 34.3 (CH2), 35.3 (CH2), 39.7 (CH2), 40.5 (C-1'), 120.7 (C-2), 122.8 
(CH=), 124.2 (CH=), 136.8 (C=), 139.9 (C-1'), 143.8 (C-3) ppm. HRMS 
(ESI) found 375.1658, calcd. for C20H3379BrNa+ 375.1658. 

7-{(2’E,6’E)-3,7-Dimethyl-9-[(1R,6S)-1,2,6-trimethylcyclohex-2-
enyl]nona-2,6-dienyl}-6-tert-butoxyamino-9-methyl-7H-purinum (30): 
A mixture of N6-tert-butoxy-9-methyl-9H-purin-6-amine8c (57 mg, 0.26 
mmol) and bromide 5 (108 mg, 0.306 mmol) in dry DMA (2.5 mL) was 

stirred at 50 ºC for 21 h under Ar and evaporated in vacuo. The residue 
was purified by flash chromatography eluting with CH2Cl2-MeOH 
saturated with NH3 (12:1 followed by 9:1) to give 30 (99 mg, 78%) as 
yellow crystals, m.p. 134-136 ºC,  (c 1.0, CHCl3). 1H NMR 
(800 MHz, CDCl3): δ 0.85 (s, 3 H, Me at C-1'), 0.86 (d, J = 6.8 Hz, 3 H, 
Me at C-6'), 1.33 (s, 9 H, t-Bu), 1.41-1.47 (m, 4 H, 8-Ha or 9-H, 5'-H), 1.59 
(s, 6 H, Me at C-7, Me at C-2') 1.60-1.64 (m, 1 H, 8-Ha or 9-H), 1.69-1.72 
(m, 1 H, 6'-H), 1.84 (s, 3 H, Me at C-3), 1.88-1.96 (m, 3 H, 8-Hb, 4'-H), 
2.11-2.14 (m, 4 H, 4-H, 5-H), 3.90 (s, 3 H, NMe) 5.06 (br s, 1 H, 6-H), 
5.10 (d, J = 7.6 Hz, 2 H, 1-H), 5.41 (br s, 1 H, 3'-H), 5.47 (t, J = 7.6 Hz, 1 
H, 2-H), 7.84 (s, 1 H, H-2 in purine), 9.20 (s, 1 H, H-8 in purine) ppm. 13C 
NMR (200 MHz, CDCl3): δ 16.0 (Me at C-6'), 16.4 (Me at C-7), 17.2 (Me 
at C-3), 19.3 (Me at C-2'), 21.2 (Me at C-1'), 25.7 (C-4'), 26.3 (C-5), 27.2 
(C-5'), 27.8 (3  Me in t-Bu) 31.8 (NMe), 33.4 (C-6'), 34.5 (C-8), 35.4 (C-
9), 39.7 (C-4), 40.6 (C-1'), 48.1 (C-1), 78.6 (C in t-Bu), 111.2 (C-5 in 
purine), 116.0 (C-2), 122.8 (C-6), 124.3 (C-3'), 133.0 (C-8 in purine), 
137.1 (C-7), 139.8 (C-2'), 140.8 (C-6 in purine), 143.2 (C-4 in purine), 
145.9 (C-3), 153.0 (C-2 in purine) ppm. HRMS (ESI) found 494.3853, 
calcd. for C30H48O+ 494.3853. 

(–)-Agelasine F (6): A mixture of compound 30 (83 mg, 0.17 mmol), Zn 
(142 mg, 2.10 mmol), and AcOH (0.17 mL) in MeOH (9 mL) and water 
(0.9 mL) was stirred vigorously at 75 ºC for 20 h under Ar. The mixture 
was filtered and the solid washed with MeOH (9 mL). Brine (5 mL) and 
water (5 mL) were added to the MeOH solution, and the mixture was 
stirred for 1 h at ambient temperature and evaporated in vacuo. The 
residue was transferred to a separatory funnel using brine (20 mL) and 
CHCl3 (20 mL). The phases were separated and the aqueous phase was 
extracted with CHCl3 (150 mL). The combined organic layers were dried 
(MgSO4) and evaporated in vacuo. The residue was purified by flash 
chromatography eluting with MeOH-CH2Cl2 (1:9 1:6). The residue was 
dissolved in CHCl3 and filtered, before evaporation in vacuo to give 6 (38 
mg, 46%) as a colorless waxy solid,  (c 1.3, CHCl3) [lit.2a 

 (c 3.0, CHCl3)]. 1H NMR (800 MHz, CDCl3): δ 0.83 (s, 3 H, 
Me at C-1'), 0.84 (d, J = 6.8 Hz, 3 H, Me at C-6'), 1.35-1.45 (m, 4 H, 8-Ha 
or 9-H, 5'-H), 1.55 (s, 3 H, Me at C-7), 1.57 (s, 3 H, Me at C-2'), 1.53-1.58 
(m, 1 H, 8-Ha or 9-H), 1.66-1.70 (m, 1 H, 6'-H), 1.83 (s, 3 H, Me at C-3), 
1.80-1.85 (m, 1 H, 8-Hb), 1.88-1.99 (m, 2 H, 4'-H), 2.03-2.07 (m, 4 H, 4-H, 
5-H), 4.08 (s, 3 H, NMe), 5.01 (br s, 1 H, 6-H), 5.40 (br s, 1 H, 3'-H), 5.47 
(t, J = 6.8 Hz, 1 H, 2-H), 5.62 (d, J = 6.8 Hz, 2 H, 1-H), 6.91 (br s, 2 H, 
NH2), 8.45 (s, 1 H, H-2 in purine), 10.34 (s, 1 H, H-8 in purine) ppm. 13C 
NMR (200 MHz, CDCl3): δ 16.0 (Me at C-6'), 16.4 (Me at C-7), 17.6 (Me 
at C-3), 19.3 (Me at C-2'), 21.2 (Me at C-1'), 25.7 (C-4'), 26.5 (C-5), 27.2 
(C-5'), 32.3 (NMe), 33.4 (C-6'), 34.4 (C-8), 35.4 (C-9), 39.7 (C-4), 40.6 
(C-1'), 48.9 (C-1), 110.0 (C-5 in purine), 116.2 (C-2), 122.6 (C-6), 124.3 
(C-3'), 137.2 (C-7), 139.7 (C-2'), 141.9 (C-8 in purine), 146.7 (C-3), 149.7 
(C-4 in purine), 152.4 (C-6 in purine), 156.1 (C-2 in purine) ppm. HRMS 
(ESI) found 422.3278, calcd. for C26H40N5+ 422.3278. 
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The first total synthesis of the bioactive marine natural product (–)-agelasine F has been performed. The synthetic sequence starts 
with readily available (S)-(+)- carvone which controls the stereochemistry in the target compound. 

 


