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water molecules are represented as spheres, and hydrogen bonds are shown with dashed 

lines. 

Scheme 4.19. Attempted synthesis of 2-phenylbenzoxepinone (122) through 

dehydrative ring formation of the butyric acid (149) as reported by Tatsuoka et al. (a) 

PPA, rt, 6 h.  

Scheme 4.20. Literature synthesis of 2-phenylbenzoxepinone (122) via the 

cyclopropane intermediate (151). (a) (CH3)3S(O)I, NaH, DMSO, rt, then 150 in DMSO 

over 3 min, then rt, 2 h, 51%; (b) (nBu)3SnH, AIBN, toluene, 90-100 °C, 1 h, 85%. 

Scheme 4.21. Literature syntheses of the key 4-phenoxy-4-phenylbutanoic acid 

precursor (145) and subsequent reaction to give 5-phenyl-4,5-dihydrobenzo[b]oxepin-

2(3H)-one (152). (a) NaOCH3, CH3OH, 65 °C, 1 h, then γ-phenyl-γ-butyrolactone, 

150 °C, 85%; (b) 75% PPA, rt, 5 h, 30%. (c) 75% PPA, rt, 5 h, 30%.305 

Scheme 4.22. Synthesis of 7,8-dimethoxy-5-phenyl-4,5-dihydrobenzo[b]oxepin-2(3H)-

one (153). (a) PPA, rt, 7 h, 82%. 
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Scheme 4.23. Synthesis of 7-methoxy-2-phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one 

(154). (a) PPA, rt, 7 h, 46%. 

Scheme 4.24. Proposed reaction mechanism for the synthesis of 5-phenyl-4,5-

dihydrobenzo[b]oxepin-2(3H)-one (152) from either 4-phenoxy-4-phenylbutanoic acid 

(145) (shown in blue) or from the reaction of γ-phenyl-γ-butyrolactone with phenol 

(shown in purple).  

Figure 4.25. Corey-Chaykovsky reaction using dimethylsulfoxonium methylide (157) 

or dimethylsulfonium methylide (158). 

Scheme 4.26. Trial reaction to test for dimethylsulfoxonium methylide (157) 

preparation using 2-cyclohexenone (159). (a) (CH3)3S(O)I, NaH, DMSO, rt, 40 min, 

then 159 in DMSO over 3 min, then 50 °C, 2 h, 88%. 

Scheme 4.27. Reaction of 2-phenyl-4H-chromen-4-one (150) to give the desired 

cyclopropane product (151) and by-product 161. (a) (CH3)3S(O)I, NaH, DMSO, rt, 

40 min, then 150 in DMSO over 3 min, then 50 °C, 2 h, 151 (12%), 161 (68%). 

Scheme 4.28. Literature report of the nitro-activated cyclopropane (162) reacting with 

water to form 2-hydroxy-4-nitro-3,4-dihydrobenzo[b]oxepin-5(2H)-one (163).  

Scheme 4.29. Attempted Pereyre’s reductive cleavage of the cyclopropane (151) to give 

2-phenylbenzoxepinone (122). (a) (nBu)3SnH, AIBN, toluene, 90-100 °C, 1 h. 

Scheme 4.30. Friedel-Crafts intramolecular acylation reaction of diphenylvaleric acid 

(165) in the synthesis of 9-phenylbenzosuberone (164). (a) AlCl3, CS2, 46 °C, 12 h, 

59%. 

Scheme 4.31. Friedel-Crafts intramolecular acylation reaction of 5-phenylpentanoic 

acid (167) in the synthesis of benzosuberone (166). (a) PPA, rt, 6 h, 92%.  

Scheme 4.32. It can be envisaged that both 8-phenylbenzosuberone (123) and 4-benzyl-

3,4-dihydronaphthalen-1(2H)-one (169) can be synthesised through an intramolecular 

Friedel-Crafts acylation reaction of 4,5-bis-(4'-methoxyphenyl)pentanoic acid (168).  
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Scheme 4.33. Synthesis of 2,3-dimethoxy-8-phenylbenzosuberone (171) as described 

by Thompson. (a) PPA, 100 °C, 4 h, 48% (171/172 (7:3)). 

Scheme 4.34. Synthesis of 4-benzyl-3,4-dihydronaphthalen-1(2H)-one (169). (a) 

tBuOK, ethyl acrylate, tBuOH, rt, 2 h, 98%; (b) 1,4-dioxane/1 M aq. NaOH (1:1), 

100 °C, 2 h, 95%; (c) (CH3CH2)3SiH, CF3CO2H, N2, rt, 16 h, 85%; (d) PPA, 80 °C, 4 h, 

67%. 

Scheme 4.35. Synthesis of 2,3-dimethoxy-8-phenylbenzosuberone (171) and 4-(3,4-

dimethoxybenzyl)-3,4-dihydronaphthalen-1(2H)-one (172). (a) (COCl)2, CH2Cl2, 60 °C, 

1 h, then 1,2-dimethoxybenzene, AlCl3, rt to 60 °C, 4 h, 85%; (b) tBuOK, ethyl acrylate, 

tBuOH, rt, 2 h, 93%; (c) 1,4-dioxane/1 M aq. NaOH (1:1), 100 °C, 2 h, 96%; (d) 

(CH3CH2)3SiH, CF3CO2H, N2, rt, 1 h; (e) (CH3CH2)3SiH, rt, 15 h, 92%; (f) PPA, 80 °C, 

4 h, 92% (175/176 (4:1)). 

Figure 4.36. Chiral chromatography profile at 254 nm of the reaction mixture of the 

benzosuberone (171) and the tetralone (172) compounds using the Cellulose 1 column. 

Figure 4.37. Chiral chromatography profile at 254 nm of the reaction mixture of the 

benzosuberone (171) and the tetralone (172) compounds using the Cellulose 2 column. 

Figure 4.38. Chiral chromatography profile at 254 nm of the reaction mixture of the 

benzosuberone (171) and the tetralone (172) compounds using the Amylose 2 column. 

Figure 4.39. Collected fractions from the chiral HPLC separation of the benzosuberone 

(171) and the tetralone (172) compounds using the Amylose 2 stationary phase and 

eluting with 20% ethanol in petroleum spirits. Fractions were collected in order A, B, C, 

D. 

Figure 4.40. Chiral chromatography profile at 254 nm (Amylose 2, 20% ethanol in 

petroleum spirits) of purified 2,3-dimethoxy-8-phenylbenzosuberone (171). 

Figure 4.41. The assigned aromatic region of the 1H NMR spectrum of 2,3-dimethoxy-

8-phenylbenzosuberone (171). Chemical shift (δ) in ppm is shown along the x-axis. 
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Chapter 5 

Figure 5.1. The structure of the synthetic chromone, LY294002 (182). 

Table 5.2. LY294002 (182) inhibition of human PDE isoforms. 

Figure 5.3. JN8-6 (183) inhibition of human PDE isoforms. 

Figure 5.4. 8-Phenyl-substituted analogue (184) and the chromanone core scaffold 

(185). 

Scheme 5.5. Envisaged synthetic pathways to 8-phenyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one (188) (pathway one in purple, pathway two in red). 

Scheme 5.6. Synthesis of 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-

one (188). (a) Br2, CH3CO2H, CH3CO2Na, 0 °C to rt, 24 h, then Br2, CH3CO2H, 0 °C to 

rt, 24 h, 96%; (b) Na2B4O7·10H2O, CH3CH2OH, 78 °C, 48 h, 87%; (c) C6H5B(OH)2, 

Cs2CO3, Pd(CH3CO2)2, PCy3, (nBu)4NBr, 1,4-dioxane/H2O (6:1), MW, 150 °C, 30 min, 

94%. 

Scheme 5.7. Alternate synthesis of 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one (188). (a) C6H5B(OH)2, K2CO3, Pd(OH)2, DMF/H2O (9:1), MW, 

130 °C, 2.5 h, 92%; (b) tetrahydro-2H-pyran-4-carbaldehyde, Na2B4O7·10H2O, 

CH3CH2OH/H2O (1:1.6), 78 °C, 72 h, 41%. 

Scheme 5.8. Synthesis of 2-tetrahydropyranchromanone analogues through a Suzuki-

Miyaura coupling of 187 with boronic acids. (a) Cs2CO3, Pd(OCOCH3)2, PCy3, 

(nBu)4NBr, 1,4-dioxane/H2O (6:1), MW, 150 °C, 30 min. 

Table 5.9. The structures of the synthesised 2-tetrahydropyranchromanones (188, 190-

206). 

Scheme 5.10. Oxidation of 2-phenylchroman-4-one (125) to 2-phenyl-4H-chromen-4-

one (207) (a) I2, pyridine, 90 °C, 3 h, 57%. 
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Scheme 5.11. Oxidation of 8-(3,4-dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-

4-yl)chroman-4-one (190) to 8-(3,4-dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)-4H-chromen-4-one (208). (a) I2, pyridine, 90 °C, 16 h, 22%. 

Scheme 5.12. Synthesis of methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (209). 

(a) piperidine, CH3CH2OH, 78 °C, 48 h, 38%. 

Figure 5.13. 6-methoxy-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (210). 

Scheme 5.14. Attempted synthesis of 6-methoxy-8-phenyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one (210). (a) Br2, CH3CO2H, CH3CO2Na, 0 °C to rt, 24 h, then Br2, 

CH3CO2H, 0 °C to rt, 24 h, 88%; (b) tetrahydro-2H-pyran-4-carbaldehyde, 

Na2B4O7·10H2O, CH3CH2OH, 78 °C, 48 h, 7%; (c) C6H5B(OH)2, Cs2CO3, 

Pd(CH3CO2)2, PCy3, (nBu)4NBr, 1,4-dioxane/H2O (6:1), MW, 150 °C, 30 min, 

unisolated. 

Table 5.15. Determined IC50 ranges of the synthesised 2-tetrahydropyranchromanones 

and related compounds for P. falciparum (3D7) growth inhibition. 

Table 5.16. Determined inhibitory activities of chromanone compounds. 

Figure 5.17. The docking pose of the (a) R (pink) and (b) S (blue) enantiomers of 190 in 

the PfPDEα homology model. Hydrogen bonds are shown as dashed lines. Purine-

scanning glutamine (Gln884) and hydrophobic clamp residues (Phe887 and Ile850) are 

shown as purple sticks. Numbering is taken from the PfPDEα sequence. Water 

molecules and ions are shown as spheres. 

Figure 5.18. The docking pose of 208 (green) in the PfPDEα homology model. 

Hydrogen bonds are shown as dashed lines. Purine-scanning glutamine (Gln884) and 

hydrophobic clamp residues (Phe887 and Ile850) are shown as purple sticks. 

Numbering is taken from the PfPDEα sequence. Water molecules and ions are shown as 

spheres. 
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Appendices 

Table A3. Calculated physicochemical properties of synthesised compounds. 

Table A4. Summary of the biological activities of synthesised compounds. 
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Abstract 
 

Malaria is an infectious disease that is responsible for approximately one million deaths 

across the world each year. The emergence and rapid spread of resistance to the 

established antimalarial drugs demands the development of a new generation of 

medicines to treat the many millions of people who are likely to be infected by 

chloroquine- and even artemisinin-resistant Plasmodium parasites.  

 

The primary theme explored within this thesis has been application of the “inverted 

silver bullet” approach to antimalarial drug discovery. This strategy involves 

investigating targets that are well conserved between the parasite and human host, and 

for which good inhibitors of the human homologue are known. The cyclic nucleotide 

phosphodiesterase (PDE) enzymes fit this profile. The human PDEs (hPDE1-11) and 

Plasmodium falciparum PDEs (PfPDEα-δ) are predicted to be structurally homologous. 

They also meet the second criterion in that inhibitors of the human forms are established 

as drugs, such as sildenafil (Viagra®). There is also evidence that inhibiting the PfPDEs 

will dramatically alter the cell biology of the protozoa, perhaps most significantly its 

asexual reproduction.  
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Two variations of this strategy have been examined in this thesis. In Chapters 2 and 3, a 

direct inhibitor repurposing strategy has been followed. Homology models of the 

PfPDEs were developed based upon hPDE9 from which an analogy was identified 

between the binding sites of the four PfPDEs and hPDE1. This led to a series of 1H-

pyrazolo[4,3-d]pyrimidin-7(6H)-one derivatives, known hPDE1 and hPDE9 inhibitors, 

being selected for re-examination as inhibitors of Plasmodium falciparum parasite 

growth. The synthesis of target compounds was achieved in a divergent, nine-step 

synthesis. Gratifyingly, 6 of 22 compounds were identified as submicromolar IC50 

inhibitors of parasite growth, with 5-benzyl-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-

7(6H)-one (IC50 = 0.08-0.72 μM), and 5-(2-chlorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-

d]pyrimidin-7(6H)-one (IC50 = 0.06-0.97 μM) emerging as superior compounds. The 

latter also demonstrated decreased activity against hPDE isoforms (hPDE9 IC50 = 

1.8 μM) compared to the former. This demonstrates the potential to gain selectivity for 

P. falciparum growth inhibition over hPDE inhibition. However, it remains unknown if 

the observed antiplasmodial activity is occurring through PfPDE inhibition, and so 

future work should focus on the validation of this mechanism or the identification of an 

alternative. 

 

In Chapters 4 and 5, an approach geared to generating novel chemotypes was examined. 

The reported antiplasmodial and hPDE inhibitory activity of flavonoid structures 

provided a starting point to scarcely reported classes of bicyclic compounds. The 

synthesis of three series of 6,7-fused ring system-based scaffolds was explored, and 

while progress was made toward each, the synthetic challenges prevented full 

assessment of their potential. Instead, a fourth series, the 2-

tetrahydropyranchromanones, was synthesised and found to contain effective inhibitors 
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of both Plasmodium falciparum growth and hPDE activity. In particular, 8-(3,4-

dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one demonstrated 

antiplasmodial activity (IC50 = 2.6-10 μM) as well as showing inhibitory activity against 

hPDE4 and hPDE1. As above, the mechanism(s) underpinning the antiplasmodial 

activity remain to be established. 

 

All in all, this thesis strongly supports the concept of the “inverted silver bullet” 

approach to drug discovery and presents at least two series of compounds that represent 

good starting points for the ongoing development of novel antimalarial therapies. If 

formal attribution of a PDE inhibition mechanism is elucidated, the work will provide a 

powerful endorsement of the use of protein structure-based design in identifying 

compounds likely to be effective and expediting the drug discovery process, particularly 

in comparison to the mass screening strategies undertaken elsewhere. The work also 

highlights that many chemicals in “druggable” chemical space have still not been 

synthesised, so the search for structural novelty could lead to the ready identification of 

many new bioactive molecules. 
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Chapter 1 
 

Malaria and the phosphodiesterase enzymes 

 

1.1 Malaria 

Malaria is an infectious disease caused by protozoan parasites of the genus 

Plasmodium.1 The disease was first attributed to a parasitic infection when, in 1880, 

Charles Laveran noted living, crescent-shaped bodies in blood samples of malaria 

patients. In 1897, it was definitively determined that the mode of transmission of 

malaria between humans was via mosquitoes.2 It is now known that five Plasmodium 

strains are capable of causing malaria in humans (P. falciparum, P. vivax, P. malariae, 

P. ovale and P. knowlesi) and all are transmitted through the bite of infected female 

Anopheles mosquitoes.3-5 Infection with the Plasmodium falciparum parasite accounts 

for the majority of human malaria infections and is responsible for the most severe 

disease and mortality.6 

 

The earliest malaria infections have been traced back to Mediterranean regions and from 

here it was thought to have spread throughout Europe. European soldiers are believed 
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responsible for exporting the disease to India and Africa in the 17th and 18th centuries. 

Following this, the importation of African slaves into the ‘New World’ meant that, by 

the early 1800s, malaria was worldwide in its geographic distribution.2 Malaria became 

a major scourge of world health and played its part in the success and failure of armies 

as well as the progression of industrialisation. A global eradication program was 

initiated by the World Health Organisation (WHO) in the 1950s that was centred around 

the development of the dichloro-diphenyl-trichloroethane (DDT) insecticide.7 Initially, 

this campaign was successful in countries such as Sri Lanka, India, and the former 

Soviet Union. However, this was not sustained due to the cost of the program and the 

emergence of DDT-resistant Plasmodium strains.8 Further to this, controversy arose 

surrounding the health risks of DDT use which included breast and pancreatic cancer, as 

well as reproductive irregularities.9,10 

 

There were an estimated 216 million cases of malaria in 2010, of which 86% of those 

infected were children under five years of age.11 While the global incidence of malaria 

has decreased over the 2000-2010 period, the proportion of African malaria cases has 

shown an increase from 74% to 81%. This is believed to be directly related to poor 

diagnosis and treatment within poverty-stricken areas, as well as the emergence and 

rapid spread of drug resistance.11 Despite this, prevention strategies have resulted in a 

decrease in child mortality rates of more than 25% since 2000. This can be attributed to 

the distribution of 145 million insecticide-treated nets in 2010 and an increase in the 

number of rapid diagnostic tests delivered to affected regions.11 
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Currently, 3.3 billion people inhabit areas that put them at risk of contracting malaria, 

with tourists returning from malaria endemic areas expanding the area at risk.12 The 

most significant endemic regions include the sub-Saharan Africa countries of Nigeria, 

the Democratic Republic of Congo, Burkina Faso, Mozambique, Cote d’Ivoire and 

Mali. In total, 106 malaria endemic countries were identified by the WHO in 2010.11  

 

The 2011 WHO World Malaria Report attributed more than 90% of reported malaria 

cases to infection with the P. falciparum parasite, which is the only species capable of 

causing severe malaria in humans.11 Infection with P. malariae, P. ovale, and P. vivax is 

rarely fatal and although human infection with P. knowlesi can result in severe malaria, 

its infection incidence is more prevalent in macaques than humans.3,13  

 

In 99% of P. falciparum infections the presenting clinical symptoms are similar to that 

observed in cases of common influenza infection, which frequently include fever, 

headaches and diaphoresis. Other common symptoms include dizziness, nausea, 

malaise, myalgia, abdominal pain and a dry cough. In these instances, the infection is 

treated with standard antimalarial drugs or is eventually overcome by host immune 

responses.14 However, 1% of P. falciparum infections develop into severe malaria. 

Severe malaria is recognised as a disorder that effects several organs simultaneously. 

The major complications associated with severe malaria include cerebral oedema, 

pulmonary oedema, severe anaemia, acute renal failure and internal bleeding. 

Additional complications include metabolic acidosis and hypoglycaemia. These 

complications develop rapidly and death can result within hours of the symptoms first 

presenting.12 In 2010, severe malaria resulted in an estimated 655,000 deaths.14  
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1.2 The Plasmodium falciparum parasite life-cycle 

In developing an antimalarial, it is essential to understand the Plasmodium falciparum 

life-cycle. The life-cycle of the P. falciparum parasite consists of two distinct stages; a 

sexual reproductive stage in the mosquito and an asexual reproductive stage in the 

human host (Figure 1.1).15-17 The duration of one P. falciparum cycle is approximately 

48 hours.12  

 

 
Figure 1.1. The P. falciparum life-cycle, as described by Pasvol.18 
 

Initially, the female Anopheles mosquito transfers the sporozoites from her salivary 

glands to the human host upon feeding. Within an hour of being deposited into the skin, 

the sporozoites enter the bloodstream and invade hepatocytes. It is here that they 

undergo mitotic division to develop into liver schizonts, each containing about 10,000 

merozoites. After five days, the schizonts release the merozoites into the circulatory 

system where they next invade the erythrocytes. Within the next 48 hours, the 

merozoites develop firstly into ring, then trophozoite and finally schizont stages. Many 

rounds of asexual reproduction occur within the erythrocytes, dramatically increasing 
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the number of parasites. In non-immune humans, the infection is amplified about 20-

fold with each cycle.12 Although the mechanism is poorly understood, it has been 

observed that some parasites are converted from asexual to sexual stages. The young, 

sexual stages mature into male or female gametocytes over the next fifteen days. When 

the mosquito next feeds on the human host, the mature gametocytes are transferred 

through the blood meal to the Anopheles mosquito. They are then fertilised within the 

mosquito midgut to form a motile ookinete, which translocates from inside the mosquito 

gut to the outside of the gut wall in the haemocyte. Here, it forms an oocyst and 

produces thousands of haploid sporozoites that then migrate to the salivary glands 

where they are ready to be transferred to the next human host.15  

 

The key differences between the five strains of Plasmodium parasites lie within their 

life-cycle. Unlike in cases of P. falciparum infection, some of the liver parasites become 

dormant in P. vivax and P. ovale infections.19,20 The reactivation of these dormant forms 

can vary from a period of three weeks to several years. Unless these hypnozoites are 

eliminated from the host, the malaria symptoms will continue to relapse periodically.20 

 

A second difference lies in the time for which it takes the parasite to replicate in the 

host. This varies between 24 hours in P. knowlesi, 48 hours in P. falciparum and 

P. vivax, and 72 hours for P. malariae.21 The different variation in replication times 

means that infection with P. knowlesi can become life-threatening if not treated 

expeditiously and that different diagnostic tools are required for early detection.3  
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The third difference lies in the timing at which the gametocytes appear in the 

bloodstream.22 For example, in P. vivax the gametocytes appear concurrently or even 

before the asexual parasites, while in P. falciparum the gametocytes do not appear until 

several days after the initial parasitaemia and fever. Therefore, the additional challenge 

of treating P. vivax infection is that the treatment must be able to kill existing 

gametocytes rather than simply preventing their differentiation.22 

 

1.3 Currently employed antimalarial drugs 

A variety of therapeutic agents have been employed over the years to target malaria, and 

a brief summary follows with reference to the chemical structures illustrated in 

Table 1.2. The current front-line therapies for P. falciparum malaria are the 

artemisinins, and in areas where resistance is yet to develop, chloroquine.  

 

1.3.1 Chloroquine, amino alcohols and 4-aminoquinolines 

Quinine (1), an amino alcohol, was the first compound to be used as an antimalarial 

therapy, with its use dating back to at least the 17th century. It is a natural product 

isolated from the bark of the Cinchona calisaya tree, and was first tested in malaria 

patients in 1891 by Ehrlich.23 It is currently employed in treating severe cases of malaria 

and also as a second line treatment for cases of resistant malaria.5 

 

The structurally related compound, pamaquine (2), was discovered by Farbenindustrie 

during the 1920s.24 Pamaquine had an advantage over quinine in that it could act against 

both gametocytes and liver stage parasites.25,26 The year 1930 saw the development of 
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quinacrine (3), which is based on an acridine scaffold rather than a quinoline scaffold.25 

While this compound has a range of side effects, it proved highly successful in 

combating malaria during World War II.27,28 In the 1950s, the better tolerated 

primaquine (4) was introduced and it remains the only treatment against P. vivax liver 

infections.29 In 1999, bulaquine (5) (the butyrolactone enamine prodrug of primaquine) 

was approved in India for P. vivax malaria.30  

 

Chloroquine (6) is a 4-aminoquinoline and was the mainstay of malaria prophylaxis and 

treatment for the second half of the 20th century,31 as well as being the drug of choice in 

the WHO Global Eradication Program.24 Chloroquine is well-tolerated but has a narrow 

therapeutic ratio – the therapeutic dose is 10 mg/kg, a dose of 20 mg/kg causes serious 

toxic effects, and a dose of 30 mg/kg is potentially lethal.32 Despite its overwhelming 

importance, the mechanism of action of chloroquine and its analogues is still a matter of 

debate.33-35 There is however, common agreement that both quinine and chloroquine 

cause parasite death by disrupting the parasite’s ability to form haemozoin during the 

erythrocytic asexual cycle of the parasite.36-40 This results in cell lysis and parasite cell 

autodigestion.41  

 

Further research afforded many more 4-aminoquinolines and related amino-alcohols, 

including amodiaquine (7), mefloquine (8), halofantrine (9), lumefantrine (10) and 

pyronaridine (11).42 Interestingly, pyronaridine, an azacrine-type Mannich base, is 

structurally related to chloroquine but has proven active against chloroquine resistant 

P. falciparum strains. The 4-aminoquinolines and amino-alcohols all suffer from safety 

issues which include cardiovascular effects, central nervous system effects, reactive 
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metabolite formation, and generally a low clinical therapeutic ratio.43 Overcoming these 

limitations is the challenge for the next generation of antimalarials.44 

 

1.3.2 Artemisinin and other endoperoxides 

Artemisinin (12), a sesquiterpene lactone peroxide, was discovered by Chinese 

scientists in 1972 after it was isolated from the leaves of the sweet wormwood, 

Artemisia annua, as part of the Chinese Government’s ‘Program 523’.45-48 The program 

was developed to search for new antimalarial compounds in the face of chloroquine 

resistance.25 From a medicinal chemistry perspective, artemisinin is an unlikely drug 

candidate due to its structure containing highly reactive acetal, lactone, ketal and 

endoperoxide functional groups that render the compound as metabolically unstable. As 

a consequence, bioavailability is limited and efficacy is reduced. Artemisinin has a very 

short half-life, and is converted to the active metabolite, dihydroartemisinin (DHA) (13) 

following first-pass metabolism.30 

 

The next generations of artemisinin drugs were designed to overcome these 

shortcomings. These synthetic derivatives include artemether (14), arteether (15) and 

artesunate (16). All have been shown as being more active than both artemisinin and 

DHA and the entire family of compounds are active against all existing drug-resistant 

strains of P. falciparum.49 

 

Artemisinin and its derivatives are highly potent and rapid-acting. The artemisinins are 

unique in that they act on all stages of the parasite intra-erythrocytic life-cycle and are 

therefore capable of rapidly killing all of the blood stages of the parasite. They reduce 
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parasite numbers by approximately 10,000 per erythrocytic cycle, the highest ratio 

among all licensed antimalarial drugs.50 In addition, the artemisinins also kill 

gametocyte parasite stages and this results in reduced transmission from humans to 

mosquitoes.43,49 Although the exact molecular targets of the artemisinins are not well 

defined, it is believed that they alkylate multiple targets such as haeme, parasite neutral 

lipid bodies and proteins.51 

 

1.3.3 Other antimalarial drugs  

From the hydroxyquinone chemical family, lapachol (17) was initially reported in the 

19th century and is currently used to treat malaria in South America.52 The close 

synthetic derivative, lapinone (18), is active against P. vivax malaria. However, due to 

poor bioavailability it requires intravenous administration over four days.53 Overcoming 

the poor bioavailability of lapinone lead to atovaquone (19), one of the active 

ingredients in Malarone® (atovaquone/proguanil), which is used as a prophylactic drug 

for travelers.54  

 

Antibacterial antifolates were shown to have antimalarial activity in the early 20th 

century and since then, several parasite-specific medicines have been developed.29 The 

diaminopyrimidine warhead of pyrimethamine (20) mimics the natural co-factors 

dihydrofolate and tetrahydrofolate and subsequently inhibits Plasmodium dihydrofolate 

reductase (DHFR).29 The diaminodihydrotriazine, proguanil (21), is often used in 

synergy with atovaquone and works by affecting the mitochondrial membrane potential 

of the parasite.55 Cycloguanil (22) mimics the natural enzyme substrates in a similar 

way to pyrimethamine, and is an active metabolite of proguanil that is generated 



Chapter 1: Malaria and the phosphodiesterase enzymes 

 

10 

through CYP2C19-mediated metabolism.56 Chlorproguanil (23) behaves in a similar 

manner, cyclising in vivo to a chloro-cycloguanil metabolite. 

 

Tetracycline (24) and the semi-synthetic derivative, doxycycline (25), both consist of a 

four-ring system with considerable complexity and substitution. Tetracycline, a 

secondary metabolite from Streptomyces actinobacteria, is effective in causing parasite 

death by blocking the expression of apicoplast genes which results in nonfunctional 

apicoplasts in the daughter parasites. This is referred to as the ‘delayed death 

phenotype’ because parasite death does not occur until the next replication cycle. As a 

consequence of this, the tetracylines can be used clinically or in prophylaxis.57 

Clindamycin (26) is derived from the lincosamide family. It acts through a translational 

mechanism, inhibiting the early stages of parasite protein synthesis through binding to 

the 50S ribosome.  

 

Sulfadoxine (27), a bisaryl sulfonamide, and dapsone (28), a symmetrical bisaryl 

sulfone, act against the parasite by mimicking para-aminobenzoic acid (PABA). They 

disrupt the folate pathway upstream of dihydrofolate reductase-thymidylate synthase 

(DHFR-TS) by inhibiting Plasmodium dihydropteroate synthetase (DHPS).29 
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Table 1.2. Structures of the antimalarial drugs, compound class and mechanism of action. 
 

Name 
 

Structure and compound class Mechanism of action Reference 

Quinine 
(1) 

OH
N

H
O

N  
Amino alcohol 

Binds to haematin to 
prevent 

polymerisation. 
36 

Pamaquine 
(2) 

O

N
HN

NH  
8-Aminoquinoline 

Effective against the 
hypnozoites of P. 
vivax malaria. No 

longer used clinically. 

59 

Quinacrine 
(3) 

NCl

O
HN

N

 
4-Aminoacridine 

Mechanism of action 
is not fully 
understood. 

59, 63 

Primaquine 
(4) 

O

N
HN

NH2
 

8-Aminoquinoline 

Effective against the 
intrahepatic 

hypnozoite form of P. 
vivax. 

60 

Bulaquine 
(5) 

O

N
HN

N
H O

O

 
8-Aminoquinoline 

Enamine prodrug of 
primaquine for P. 

vivax malaria. 
61 

Chloroquine 
(6) 

NCl

HN
N

 
4-Aminoquinoline 

Inhibits haeme 
polymerisation and 
therefore disrupts 

parasite haemoglobin 
metabolism. 

36, 37, 60 

Amodiaquine 
(7) 

NCl

HN

OH

N

 
4-Aminoquinoline 

Similar mechanism of 
action to chloroquine. 

36, 38, 64 

Mefloquine 
(8) 

N
CF3

CF3

NH
OH

H

 
Amino alcohol 

Similar mechanism of 
action to quinine. 

 

65 
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Table 1.2 continued. Structures of the antimalarial drugs, compound class and mechanism of action. 
 

Name 
 

Structure and compound class Mechanism of action Reference 

Halofantrine 
(9) 

F3C
Cl

Cl

OH

N

 
Amino alcohol 

Similar mechanism of 
action to quinine. 

 
66 

Lumefantrine 
(10) 

Cl

Cl

HO

N

Cl

 
Amino alcohol 

Similar mechanism of 
action to quinine. 

 
65 

Pyronaridine 
(11) 

N

N
HN

OH

N

N

O

Cl  
Azacrine 

Inhibits parasite 
uptake of 

hypoxanthine. 
25, 42 

Artemisinin 
(12) 

O

O O
O

O
H H

H  
Endoperoxide 

Peroxide is believed 
to homolytically 

cleave in the presence 
of Fe2+ to form 
carbon-centered 

radicals. 

54, 67, 68 

Dihydroartemisinin 
(DHA) 

(13) 

O

O O
O

H H

H
HO

 
Endoperoxide 

Mechanism of action 
similar to artemisinin. 

67, 69 

Artemether 
(14) 

O

O O
O

H H

H
O

 
Endoperoxide 

Mechanism of action 
similar to artemisinin. 

67, 70 
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Table 1.2 continued. Structures of the antimalarial drugs, compound class and mechanism of action. 
 

Name 
 

Structure and compound class Mechanism of action Reference 

Arteether 
(15) 

O

O O
O

H H

H
O

 
Endoperoxide 

Mechanism of action 
similar to artemisinin. 

67, 68, 71 

Artesunate 
(16) 

O

O O
O

H H

H
O

O

O

HO

 
Endoperoxide 

Mechanism of action 
similar to artemisinin. 

72 

Lapachol 
(17) 

O

O
OH

 
Hydroxyquinone 

Inhibits the cell 
respiratory 

mechanism and host 
electron transport 

system. 

54 

Lapinone 
(18) 

O

O
OH

C5H11

7 OH

C5H11

 
Hydroxyquinone 

Mechanism of action 
similar to lapachol. 

53, 54 

Atovaquone 
(19) 

O

O
OH

Cl

 
Hydroxyquinone 

Mechanism of action 
similar to lapachol. 

53, 54, 65 

Pyrimethamine 
(20) 

N

NH2N

Cl
NH2

 
Diaminopyrimidine 

Inhibits DHFR. 73 

Proguanil 
(21) Cl

H
N

NH

H
N

NH

H
N

 
Diamino-dihydrotriazine 

Metabolised in vivo to 
give cycloguanil, 
which is a DHFR 

inhibitor. 

55, 69, 74 

Cycloguanil 
(22) 

N

NH2N

Cl
NH2

 
Diamino-dihydrotriazine 

Mechanism of action 
similar to 

pyrimethamine. 
73 

Chlorproguanil 
(23) Cl

H
N

NH

H
N

NH

H
N

Cl  
Diamino-dihydrotriazine 

Mechanism of action 
similar to proguanil. 

71 
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Table 1.2 continued. Structures of the antimalarial drugs, compound class and mechanism of action. 
 

Name 
 

Structure and compound class Mechanism of action Reference 

Tetracycline 
(24) 

OH O OH O O

NH2

OH
HO H H

N

OH
 

Tetracycline 

Blocks the expression 
of apicoplast genes. 

57, 75 

Doxycycline 
(25) 

OH O OH O O

NH2

OH
H H

N

OH

OH

 
Doxycycline 

Mechanism of action 
similar to 

doxycycline. 
57, 76 

Clindamycin 
(26) 

N

HN

O Cl
H

O

H OH

OH

S OH  
Lincosamide 

Mechanism of action 
similar to 

doxycycline. 
57, 76 

Sulfadoxine 
(27) 

S
N
H

H2N

O O
NN

O
O

 
Anilinesulfonamide 

Inhibits DHPS by 
competing with 

PABA. 
77, 78 

Dapsone 
(28) 

S

H2N NH2

O O

 
Anilinesulfone 

Mechanism of action 
similar to sulfadoxine. 

78 

 

 

1.4 Plasmodium falciparum resistance 

In 1955, the ‘Global Malaria Eradication Programme’ was launched by the WHO and 

saw chloroquine chemotherapy implemented to complement vector control measures. 

The program resulted in 27 countries being declared malaria-free.6 However, the 

extensive deployment of antimalarial drugs in the last fifty years, particularly 

chloroquine, has put a tremendous amount of selection pressure on human malaria 

parasites to evolve mechanisms of resistance.79 This emergence of resistance has been  



Chapter 1: Malaria and the phosphodiesterase enzymes 

 

15 

the main contributor to the global resurgence of malaria over the past thirty years.80  

 

Genetically, resistance to antimalarial drugs is thought to be rare and spontaneous and 

also independent of the drug being employed for treatment. However, a longer 

antimalarial half-life (t1/2) allows for longer sub-therapeutic exposure of the parasite to 

the drug, increasing the opportunity for resistance to occur. The exact genetic event is 

either a change or mutation in the copy number of genes encoding or relating to the 

drugs parasite target or influx/efflux pumps that affect intraparasitic concentrations of 

the drug. For the parasite to develop resistance it may require only a single genetic 

event, or instead multiple unlinked events may be necessary. 

 

Currently, chloroquine resistance is observed in more than 80% of wild P. falciparum 

isolates in all malaria-endemic areas.81 Even more alarming has been the much more 

rapid development of resistance to sulfadoxine-pyrimethamine, which is now also 

widespread. It took only six years of use for mefloquine resistance to develop, though 

this is currently confined to its main areas of use (Thailand, Cambodia and Vietnam).82 

In fact, significant resistance has developed to all antimalarial drug classes, with one 

exception – the artemisinins. As such, current antimalarial treatments consist of an 

artemisinin component. 

 

The true extent of the effect of resistance on morbidity and mortality are often 

underestimated.83,84 As a consequence, it is essential to predict the emergence and 

spread of resistance to both currently effective and newly introduced antimalarial 
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compounds in order to increase their lifespan of effectiveness. A summary of the 

parasite resistance mechanisms to common antimalarial drugs is shown in Table 1.3. 

 

Table 1.3. The common antimalarial therapies and the mechanisms by which parasite resistance arises. 
 

Antimalarial 
 

Resistance mechanism 

Chloroquine (6) 
(t1/2 = 8 weeks) 

Mutations in the transporter genes pfcrt and pfmdr1.85,86 This limits the 
accumulation of chloroquine in the parasite’s digestive food vacuole.84,87-90 

Quinine (1) 
(t1/2 = 8-10 hours) 

Mutations in the transporter genes (pfcrt, pfmdr1). This limits the accumulation 
of quinine in the parasite’s digestive food vacuole.91-94 

Mefloquine (8) 
(t1/2 = 14-18 days)95 

Amplification of the pfmdr1 gene, which limits accumulation of mefloquine in 
the parasite’s digestive food vacuole.96 

Lumefantrine (10) 
(t1/2 = 3-5 days) 

Mutations and polymorphisms in pfmdr1.97-99 

Atovaquone (19) 
(t1/2 = 2-3 days)100 

Single nucleotide polymorphisms in the cytochrome b gene.101 

Sulfadoxine-
Pyrimethamine 
(t1/2 = 4-5 days) 

Point mutations in the genes encoding the target enzymes, PfDHPS 
(dihydropteroate synthetase) and PfDHFR (dihydrofolate reductase).86 

Artemisinin (12) 
(t1/2 = 0.5-1.4 hours)102 

Mutations in pfatp6 and polymorphisms in ubp1.103,104 

pfcrt – Plasmodium falciparum chloroquine resistance transporter, pfmdr1 – Plasmodium falciparum 
multidrug resistance protein-1, pfatp6 – the sarco/endoplasmic reticulum Ca2+ ATPase orthologue of 
Plasmodium falciparum, udbp1 – upstream binding protein-1. 

 

1.5 The current antimalarial drug pipeline 

The prospect of developing new antimalarial drugs received a massive boost when the 

Bill and Melinda Gates Foundation confirmed their commitment to the discovery of 

new medicines, with the ultimate goal of malaria eradication.105 This objective was 

supported by the WHO and its Roll Back Malaria (RBM) partnership. The eradication 

agenda presented Target Product Profiles (TPPs) to the malaria research community. 

The agenda recognised the necessity for a steady pipeline of novel antimalarials with 

new mechanisms of action in order to counteract potential drug resistance. The TPPs 

dictated that new medicines must be active against the asexual blood stages of 
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P. falciparum as well as having the ability to block the transmission of the parasite to 

other human hosts via the mosquito vector.30 In addition, the new medicines must be 

able to target dormant liver-stage parasites in the case of P. vivax infections. Broader 

challenges for the new drugs include reducing the total therapeutic dose, decreasing the 

risks of adverse cardiovascular, haematological, gastrointestinal and central nervous 

system effects, and reducing the cost of formulation.30 

 

As part of the Gates Foundation’s commitment to discovering new antimalarials, the 

Medicines for Malaria Venture (MMV) was launched in 1999. This scientific portfolio 

(Table 1.4, classified by therapeutic type) is the most robust and diverse portfolio of 

antimalarial drug projects in history and has the ultimate goal of building a strong 

pipeline of molecules leading to a new generation of medicines that will form a critical 

part of the arsenal required to eradicate malaria. As of 2012, the MMV science portfolio 

comprised numerous projects at various research and development stages. The projects 

are both academic and industrial programs.107  

 

In general, there are five main approaches pursued in discovering new antimalarials; (1) 

optimising a known antimalarial chemotype, (2) performing target-based screening, (3) 

undertaking whole cell phenotypic screening, (4) establishing new formulations of 

existing antimalarials, and (5) repurposing drug chemotypes, each of which are 

discussed below. 
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1.5.1 Optimisation of a known antimalarial chemotype 

Working in the same chemical space as registered antimalarial medicines provides an 

increase in confidence that the compounds will work due to the success of their 

chemical predecessors. This approach has been validated in the case of the 

aminoquinolines and artemisinin compounds. It is however, essential that the next 

generation of compounds address the deficiencies of their progenitors. With the ongoing 

problem of resistance, a main objective is to synthesise molecules active against 

Plasmodium strains that are resistant to the first generation drugs. Several known 

antimalarial chemotypes are being pursued as ‘next generation’ compounds, and are 

discussed below. 

 

The endoperoxide chemotype 

The endoperoxide functionality of the artemisinins (the active moiety) has attracted 

several medicinal chemistry programs. Several research groups have attempted to 

reduce the complexity of the chemotype whilst maintaining biological activity.29,30 This 

resulted in the synthesis of artemisone (29),67,109 arterolane (formerly OZ277) (30),110 

and OZ439 (31).111-113 Several further synthetic peroxides (32-36), including CDRI-97-

78 (37), are being investigated for antimalarial activity (Figure 1.5).114-118  
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Figure 1.5. Structures of several compounds from the endoperoxide chemical class that are being 
optimised for antimalarial activity. 

 

 

The 4-aminoquinoline chemotype 

Given the earlier success of the 4-aminoquinoline chemotype with drugs such as 

chloroquine (6), it should be of no surprise to learn that there are several 4-

aminoquinolines in the antimalarial pipeline. These include ferroquine (38),119-121 

isoquine (39),122 and AQ-13 (40) (Figure 1.6).44,123 It is essential that these next 

generation compounds show activity in relevant clinical isolates resistant to chloroquine 

and amodiaquine, as well as improved cardiovascular and CNS effects. A main strategy 

is to introduce diversity into the side-chain, of which there are currently several lead 

compounds (41-46).124-134 
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Figure 1.6. Structures of several compounds from the 4-aminoquinoline chemical class that are being 
optimised for antimalarial activity. 

 

The 8-aminoquinoline chemotype 

The 8-aminoquinoline chemotype is the focus of several medicinal chemistry 

campaigns. The only approved antimalarial with the ability to eliminate liver stage 

parasites (hypnozoites) is primaquine (4). However, there are significant drawbacks 

associated with the use of primaquine including the long duration of treatment and the 

risk of haemolytic anaemia in some patients.30 Tafenoquine (47) and (-)-NPC-1161-B 

(48) have emerged as potential primaquine replacements, and have been shown to have 

anti-relapse efficacy as well as significantly longer half-lives (Figure 1.7).135,43,136 Other 

modifications to the chemotype include the synthesis of the prodrug 49, as well as 50 

and 51. 
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Figure 1.7. Structures of several compounds from the 8-aminoquinoline chemical class that are being 
optimised for antimalarial activity. 

 

The amino-alcohol chemotype 

The liabilities of the amino alcohols include low absorption (lumefantrine), nausea and 

vomiting (mefloquine), cardiovascular issues (halofantrine) and negative psychological 

side effects (mefloquine).30 To overcome these shortcomings, medicinal chemistry 

projects have focussed on modifying the core scaffolds of these compounds, of which 

WR308396 (52), 53 and 54 are the most promising (Figure 1.8).137,138 
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Figure 1.8. Structures of several compounds from the amino-alcohol chemical class that are being 
optimised for antimalarial activity. 
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Chimeric chemotypes 

Chimeric molecules containing both the 4-aminoquinoline moiety of chloroquine and 

the trioxane moiety of artemisinin have been synthesised based on the assumption that 

both moieties act on haeme.24,139,140 The most active reported compounds of this class 

are trioxaquine (55), as well as the biologically cleavable (56) and the non-cleavable 

(57) chimeras of mefloquine and an artemisinin (Figure 1.9).141 
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Figure 1.9. The structures of several chimeric compounds that are currently being optimised for 
antimalarial activity.  

 

Novel antimalarial chemotypes 

Several novel chemotypes acting at various targets with various mechanisms of action 

are being investigated as antimalarials (Figure 1.10). Amongst many, these include the 

triazolopyrimidines (DSM265, 58),142 pyrimidine-2,4-diamines (P218, 59),43 

aminocresols (MK4815, 60),43,29 imidazolopiperazines (GNF156, 61),43,143,144 

spiroindolones (NITD609, 62),145 and albitazoliums (SAR97276, 63).30 These 
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compounds have been shown to kill both sensitive and drug resistant P. falciparum 

strains and demonstrate excellent oral bioavailability, long half-lives, and low clearance. 
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Figure 1.10. Structures of several compounds from novel chemical classes that are being optimised for 
antimalarial activity. 

 

1.5.2 Target-based screening - the genomic approach 

The sequencing of the whole genomes of P. falciparum and P. vivax has been critical in 

identifying the full range of potential protein targets against which a drug can be 

expected to interact.146,147 Further to this, it has provided the basis for comparisons 

between the gene expression patterns at different stages of the parasite life-cycle and 

between different parasite species. These data sets have revealed new target classes that 

have not yet been pursued in drug discovery.148 
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From this, biochemical screening of an isolated protein target has been adopted 

extensively within the pharmaceutical industry and has proven a valuable approach in a 

large number of drug discovery projects.149 Examples of this approach within the 

malaria field include the targeting of enzymes such as P. falciparum dihydroorotate 

dehydrogenase (DHODH) and the Pf falcipains. The global malaria portfolio consists of 

numerous projects focussed on discrete protein targets.107 Despite significant effort, 

target-based screening has not fulfilled its promise and target validation has proved 

challenging – progressing from in vitro enzyme inhibitors to killing parasites is not 

simple.43,150 

 

1.5.3 Whole cell phenotypic screening 

As the erythrocytic stages of P. falciparum parasites can now be maintained in culture, 

the cost and speed of testing compounds against the whole parasite in human 

erythrocytes has improved by almost two orders of magnitude. Mass screening in 1,536-

well formats has become a viable and extremely attractive option.30 Furthermore, to be 

active, a compound has to cross several biological membranes; erythrocytic cell 

membrane, parasite plasma membrane, parasitophorous vacuolar membrane and 

potentially other parasitic sub-cellular membranes.151 Whole cell phenotypic screening 

eliminates compounds incapable of doing so. 

 

A disadvantage of this approach is that whole cell screening against the parasite gives 

very little, if any, information about the mechanism of action. To identify the potential 

target, affinity methodologies involving immobilised ligands, whole parasite extracts 

and mass spectrometric methods may be needed.152 On the other hand, a potential 
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advantage of this approach is that such compounds identified from phenotypic screens 

do not necessarily have a unique protein target and should therefore, theoretically be 

less susceptible to resistance formation. 

 

In May 2010, the results from screening approximately 4.5 million compounds were 

published in studies supported by GlaxoSmithKline (GSK), St. Jude Children’s 

Research Hospital and Novartis (Table 1.11).153-155 There were 20,000 compounds 

identified with antimalarial activity (IC50 values of 1 µM or less in P. falciparum-

infected 3D7 erythrocytes). This movement represented a dramatic change in the 

availability of chemotypes as starting points for antimalarial drug discovery projects. 

 

Table 1.11. A summary of P. falciparum 3D7 high-throughput screening. 

Organisation Library Size 
3D7 screening 
concentration 

Number of 
confirmed hits 

Hit rate (%) 

GSK 1,986,056 2 µM 13,533 0.68 
Novartis 1,700,000 1.25 µM 5,973 0.34 

Broad Institute 79,294 30 µM/6 µM 134 0.17 
St. Jude 309,474 7 µM 1,134 0.37 

 

 

Investigation of the potential mechanisms of action of these compounds based on the 

human or microbiological target data was also carried out. In the GSK screen it was 

hypothesised that approximately 70% of the compounds were acting through G protein-

coupled receptors (GPCRs) or kinase targets.30,154 In the St. Jude’s screen, three 

previously validated drug targets (Pf DHODH, haemozoin formation and Pf falcipains) 

as well as 15 new inhibitors of novel malaria proteins (including Pf choline kinase, 

dUTPase, GSK3 and thioredoxin) were identified.30,155 
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1.5.4 Combination therapies using existing antimalarials 

Another popular approach to treating malaria is to develop new combinations of 

existing antimalarial therapies. The complex macrocyclic antibiotic, azithromycin, is 

currently undergoing Phase III clinical trials in combination with chloroquine. It is 

slow-acting and is known to disrupt parasite protein synthesis in a manner similar to the 

lincosamides.57,76 In addition, azithromycin appears to work clinically as a chloroquine-

resistance reversal agent.30 Specifically, the fixed-dose combination has been developed 

for the prevention of infection during pregnancy.43 

 

Fosmidomycin (64), naturally produced by Streptomyces lavendulae, was originally 

investigated as an antibacterial agent but was later shown to be effective in killing 

malaria blood schizonts (Figure 1.12).159 It is a phosphonic acid N-hydroxyformamide 

derivative that acts as a potent inhibitor of 1-deoxy-D-xylulose-5-phosphate (DOXP) 

reductoisomerase. Inhibition of this pathway prevents isoprenoid synthesis in the 

parasite, leading to its death. Fosmidomycin in combination with piperaquine is 

currently undergoing Phase II clinical trials.29 

 

The trimethoprim-sulfamethoxazole (65 and 66) combination, Co-trimoxazole 

Bactrim®, was originally used for antibacterial infections but is now being explored 

clinically as an alternative to sulfadoxine-pyrimethamine as well as a preventative 

antimalarial in pregnancy. Sulfamethoxazole acts as a DHPS inhibitor and trimethoprim 

exerts its effects through DHFR inhibition (Figure 1.12).29 
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Figure 1.12. Structures of aforementioned antimalarial drugs employed in combination therapies. 

 

Several fixed-dose artemisinin combination therapies are soon to be launched including 

Pyramax® (and Pyramax Paediatric®), Eurartesim® (and Eurartesim Paediatric®) and 

mefloquine-artesunate. The artemether-lumefantrine combination, Coartem-D®, has also 

shown good antimalarial efficacy.160 Amodiaquine combinations are also heading 

toward the market with artesunate-amodiaquine (ASAQ Winthrop) and sulfadoxine-

pyrimethamine-amodiaquine (SP-AQ) formulations in the pipeline.29,43  

 

1.5.5 Repurposing of drug chemotypes 

Repurposing drugs with known human therapeutic activity as antimalarials has also 

proven successful in treating malaria. The tetracyclines, a group of broad-spectrum 

antibiotics most commonly prescribed in the treatment of severe acne, have been 

repurposed as antimalarials and are now prescribed for both treatment and prophylaxis 

(discussed in section 1.3.3).57 An advantage of employing antibacterials as antimalarials 

is that they have a well understood safety profile (including during pregnancy), which is 

of particular importance in antimalarial therapies as it enables them to be prescribed 

during the first trimester. However, a disadvantage of repurposing this chemotype is 

that the rate at which antibacterial resistance will develop is increased.161 
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This drug repurposing approach has its obvious merits and has attracted more attention 

in recent times. It is possible to prioritise novel targets based on the likelihood of 

finding a small molecule inhibitor through ‘orthologue’ searching.162 This has been 

referred to by Seebeck as the ‘inverted silver bullet’ approach and involves searching 

for drug targets that are well conserved between the parasite and the human host and for 

which good inhibitors of the human homologue exist as drugs.163 This is in direct 

opposition to Ehrlich’s ‘magic bullet,’ which describes targeting pathways that are 

essential for the parasite, though non-essential or entirely absent in the human host. For 

Seebeck and co-workers, this inverted silver bullet approach led to the identification of 

P. falciparum phosphodiesterase (PfPDE) enzymes as potential targets.  

 

The first iteration of this approach was the examination of a range of human PDE 

inhibitors as inhibitors of a PfPDE and of parasite growth.16 This strategy has also been 

further pursued in recent literature. Deprez and co-workers identified a series of human 

PDE5 inhibitors based upon tadalafil that also show activity against the whole 

P. falciparum parasite.164,165 A series of synthesised tadalafil analogues inhibited 

parasite growth and one example, compound 67, retained antiplasmodial activity while 

almost all human PDE5 activity was abolished (Figure 1.13).165 While the further 

progression of that work has been limited by poor understanding of the PfPDE 

biology,166 the principle of taking a human PDE inhibitor and developing an 

antimalarial drug was clearly exemplified. 
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Figure 1.13. A tadalafil analogue, 67, synthesised by Deprez et al. and its activity and selectivity over 
human PDE5.164,165 

 

Drug repurposing using the wealth of human enzyme inhibitors in order to generate 

drugs for neglected diseases has become a popular research topic. Pollastri and co-

workers have investigated the repurposing of human PDE4 inhibitors as Trypanosoma 

brucei PDE (TbrPDE) inhibitors with some success.167-169 The MMV also have projects 

targeting the P. falciparum kinome based upon previously described human kinase 

inhibitors.30 This proposition forms the basis for this thesis and a more detailed 

discussion of phosphodiesterase (PDE) enzyme structure, function and inhibition (both 

in humans and P. falciparum) follows. 

 

1.6 Cyclic nucleotide phosphodiesterase enzymes 

As described above, the phosphodiesterase enzymes (PDEs) appear to be a promising 

target for new antimalarial drugs. The PDEs are a superfamily of metal ion-dependent 

enzymes which hydrolyse the cellular second messengers cyclic adenosine 

monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), thereby 

attenuating the myriad of cell signalling functions that are carried out by these cyclic 

nucleotides. Perhaps most notably, numerous G protein-coupled receptors (GPCRs) act 
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by stimulation of adenylate cyclase and so PDEs may be considered key regulators of 

GPCR function.170-176  

 

The PDEs have been the subject of numerous reviews (with respect to classification, 

function, and physiological and pathological importance),176-179 and as such only a brief 

summary is provided here. Originally, the PDEs were classified according to their 

substrate specificity and their modes of regulation. As the primary amino acid 

sequences and nucleotide sequences became available, it was possible to classify the 

PDEs based on sequence homologies.177 It is now known that there are 21 genes 

encoding for eleven families of human phosphodiesterases (hPDE1-11) and more than 

100 isoforms through alternative mRNA splicing.170,177,179,180 The different PDE 

families are specific for either cAMP or cGMP, or are dual-specific with both cAMP 

and cGMP hydrolysing capabilities (Table 1.14).  

 

The biological roles of PDE isoforms are varied and, in many cases interconnected, as 

many tissues express multiple isoforms. Some of those are highlighted in Table 1.14. 

PDEs 1, 2, 3 and 4 are expressed in multiple tissues while the other PDEs are more 

localised. Despite this, PDEs 5-11 are critical factors in key cyclic nucleotide pathways 

and are usually found in high abundance within localised tissues. 
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Table 1.14. The human PDE isoforms, their substrate preference, classical inhibitors and potential 
clinical application.181,182  

 
PDE family 

 
PDE subtypes Specificity 

Classical 
inhibitors 

Clinical application 

1 A, B, C cAMP/cGMP 
Nimodipine 
Vinpocetine 

Dementia, memory loss 

2 A cAMP/cGMP EHNA 
Sepsis, acute respiratory distress 

syndrome 

3 A, B cAMP/cGMP 
Cilostamide 
Milrinone 

Congestive heart failure, 
thrombosis 

4 A, B, C, D cAMP 
Rolipram 

Roflumilast 
Asthma, COPD, bipolar 

depression 

5 A cGMP 

Zaprinast 
E4021 

Sildenafil 
Vardenafil 
Tadalafil 

Chronic renal failure, pulmonary 
hypertension, erectile 

dysfunction, 

6 A, B, C cGMP 

Dipyridamole 
Zaprinast 

E4021 
Sildenafil 

Adversely affects vision, so no 
known clinical application 

7 A, B cAMP 
Dipyridamole 
Thiadiazole 

Immunological diseases 

8 A, B cAMP Dipyridamole Immunological diseases 
9 A cGMP Zaprinast Diabetes, dementia 

10 A cAMP/cGMP 
Dipyridamole 

Papaverine 
Schizophrenia 

11 A cAMP/cGMP 
Tadalafil 
Zaprinast 

Dipyridamole 

Improvement of human testicular 
functions 

 

 

 

1.7 Architecture of the human phosphodiesterase enzymes 

The first crystal structure of a human PDE isoforms was published in 2000.183 The 

structure of hPDE4B2B provided an insight to the mechanism of PDE catalysis. Since 

this time, many structures of PDE catalytic domains have been solved as either the apo-

enzyme or with bound substrate. Analyses of the crystal structures have shown several 

structural features that are shared among the PDE families that are believed to play a 

pivotal role in the binding of the substrate.184 
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The human PDEs share three structural features; (1) an N-terminal splicing region, (2) a 

regulatory domain, and (3) a C-terminal catalytic domain. Beyond the catalytic domain 

is a C-terminal extension, though its function remains unknown.171,184 The N-terminal 

splicing region shows no sequence homology across or within human PDE families.171 

Instead, it is believed to serve specific regulatory functions such as autoinhibition of the 

catalytic domains and control of the subcellular localisation.170 The regulatory domains 

of the human PDEs consist of several structural motifs (Figure 1.15). Their function is 

believed to involve communicating with other cellular components and the regulation of 

catalytic activity, however, the mechanisms behind these functions are not fully 

understood.171 In PDE1 this is a calmodulin-binding site, a phosphatidic acid binding 

site in PDE4, a PAS domain in PDE8, autoinhibitory sequences in PDE1 and PDE4, a 

membrane association domain in PDE2-4, and allosteric cGMP binding sites in PDE2, 

PDE5, PDE6, PDE10 and PDE11.171,181 

 

 

 

Figure 1.15. The general structures of the different PDE families, adapted from Conti et al.179 
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In all human PDEs, a conserved C-terminal catalytic domain is located at the core of the 

enzyme and consists of approximately 270 residues.176,181 There are 16 invariant amino 

acids across all human PDE catalytic domains, 11 of which are present in the substrate 

binding region.184 The catalytic domains comprise 16 α-helices which are further 

divided into three sub-regions; helices 1-7, 8-11, and 12-16 (Figure 1.16).183 The 

substrate binding region lies at the interface of these three sub-regions and takes the 

form of a deep hydrophobic pocket that can further be divided into four subtypes; a 

metal-binding site, core pocket, hydrophobic pocket and lid region.173,174,184 The active 

site is approximately 15 Å in depth with an opening of approximately 10 Å × 20 Å. 

 

 

Figure 1.16. The secondary structure of the catalytic domain of PDE4B2B, with the helices divided into 
sub-regions as described by Xu et al.183 The N-terminal sub-region (residues 152 to 274) is coloured in 
blue, the middle sub-region (residues 275-347) in red, and the C-terminal sub-region (residues 348 to 
489) in purple. 
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The metal-binding site consists of a zinc ion (Zn2+) and a second metal ion that is most 

probably a magnesium ion (Mg2+). Both ions adopt near-perfect octahedral coordination 

geometry.184,185 The zinc ion is coordinated by two invariant histidine residues, two 

invariant aspartate residues and two water molecules. One of each of the aspartate 

residues and water molecules bridges to the magnesium ion, which is coordinated by a 

further four water molecules. The presence of two metal ions implies a binuclear 

catalytic mechanism for the cleavage of the cyclic phosphate group of the endogenous 

ligands (Figure 1.17).184  

 

Figure 1.17. The binding site of PDE4B2B showing the position of the metal ions, zinc (grey sphere) and 
magnesium (purple sphere). The purine-scanning glutamine (Gln443) as well as the phenylalanine 
(Phe446) and isoleucine (Ile410) residues of the hydrophobic clamp are shown as sticks. Numbering is 
taken from the 1XMY crystal structure.185 
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The substrate binding region also contains an invariant glutamine residue referred to as 

the ‘purine-scanning glutamine’ (Figure 1.17). The orientation of this invariant residue 

has been shown to directly dictate enzyme specificity for cAMP or cGMP.173 The 

residue forms essential hydrogen bonds to the purine ring of the substrate and so 

substrate specificity is determined by the adjacent residues and the manner in which 

they serve to orient the purine-scanning glutamine. A conserved phenylalanine residue 

resides at the top of the binding site and, together with a small hydrophilic residue at the 

base of the binding site, forms the ‘hydrophobic clamp’ (Figure 1.17). This 

phenylalanine residue forms π-stacking arrangements with cAMP and cGMP, which are 

believed to be critical for substrate binding. 

 

1.8 Human phosphodiesterase enzyme inhibitors 

Since the late 1970s, PDE inhibitors have been sought as potential therapeutics and 

some have reached clinical application. In recent years, there has been an increased 

focus on identifying isoform selective inhibitors and there are many extensive reviews 

of PDE inhibitors.177,182,186-188 Here, reference is made to a selection of inhibitors 

relevant to this thesis and their structures are illustrated in Figure 1.18. 

 

A range of diseases have been treated with non-selective PDE inhibitors, including 

papaverine (68) and theophylline (69), which are the mainstay of non-selective hPDE 

inhibitors. Papaverine was first recognised as a mediator of vasorelaxation and was 

found to exert its effect through inhibition of human PDE5.182 This discovery spurred 

further investigation into human PDE5 and its therapeutic potential. 
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Zaprinast (70) was the first PDE5 inhibitor to be characterised, and remains one of the 

very few cGMP-specific PDE inhibitors. In fact, zaprinast was used widely to explore 

the role and function of the PDE5 isozyme.189 It was initially developed as an 

antiallergy compound (through mast cell stabilisation), though demonstrated 

vasodilation in vitro.182,190,191 It is the archetype for PDE5 inhibitors and is capable of 

inhibiting hPDE5 with an IC50 value of 0.81 µM.192 It has also been used extensively as 

a human PDE9 inhibitor (IC50 = 29-46 µM),192 primarily due to a lack of other potent 

and/or selective PDE9 inhibitors. 

 

The most famous of all human PDE inhibitors is sildenafil (71), which is now marketed 

as Viagra® for the treatment of erectile dysfunction, albeit through a somewhat 

serendipitous discovery. Following the observation that zaprinast was shown to induce 

an increase in cGMP associated with a vasorelaxing effect,190 the structurally-related 

compound, sildenafil, was initially developed as an antihypertensive or coronary 

vasodilator. During clinical trials, it was unexpectedly discovered that sildenafil 

sustained male erections.186 Currently, three hPDE5 inhibitors exist on the market; 

sildenafil (Viagra®), tadalafil (Cialis®) (72), and vardenafil (Levitra®) (73), and all are 

prescribed for erectile dysfunction.  

 

Rolipram (74) is a human PDE4 inhibitor that was developed in the early 1970s as a 

potential antidepressant.193-195 Although rolipram was effective as an antidepressant, 

clinical development was terminated due to the unwanted side effects associated with its 

use. The structurally-related hPDE4 inhibitor, roflumilast (75), was subsequently 
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developed. It is now marketed as Daxas® and is used in the treatment of inflammatory 

disorders such as asthma and chronic obstructive pulmonary disease (COPD).182 
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Figure 1.18. Structures of human PDE inhibitors. 

 

As the examples above show, the identification of key inhibitor chemotypes can lead to 

the development of selective and potent therapeutics. Given the high structural 

similarity among the human PDE isoforms, it is not surprising that common structural 

features have been observed (Figure 1.19).  
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Figure 1.19. Structures of several human PDE inhibitors, with the common structural features highlighted 
(the purine-like moiety is highlighted in purple, and the catechol ether moiety is highlighted in blue). 

 

Many hPDE inhibitors incorporate the purine moiety of the cyclic nucleotides (cAMP 

or cGMP) as the basic scaffold to act as substrate mimics (highlighted in purple in 

Figure 1.19), as in theophylline, zaprinast and sildenafil. Additional elements are then 

included to enhance affinity and selectivity for a particular PDE isozyme. Similarly, a 
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common catechol ether moiety emerges (highlighted in blue in Figure 1.19), as 

exemplified by the structures of papaverine and rolipram. In addition, many compounds 

contain an aromatic bicyclic system with an aromatic pendant, as seen in papaverine, 

tofisopam, and trequinsin. From these chemotypes, compounds that inhibit each of the 

11 hPDE sub-types have been synthesised, biologically assessed, and shown to be 

active. 

 

In summary, the history of the development of human PDE inhibitors has shown that 

there are a number of unique chemical scaffolds that have suitable architecture for 

inhibition of the enzyme. In pursuing an inverted silver bullet strategy for PfPDE 

inhibitors, there is an excellent selection of plausible starting points from which to 

choose.  

 

1.9 Plasmodium falciparum phosphodiesterase enzymes 

Protozoal phosphodiesterases differ from their metazoan counterparts in two main 

aspects; (1) in humans, all PDEs belong to the class I superfamily of PDEs and share a 

conserved catalytic domain, and (2) the protozoal PDEs contain less variety within the 

regulatory domains. The kinetoplastids are an order of unicellular eukaryotes which 

includes several parasites that are major human parasites. For example, human sleeping 

sickness is caused by Trypanosoma brucei; Chagas disease is caused by Trypanosoma 

cruzi; and human leishmaniasis is caused by several species of the genus Leishmania, 

and as previously discussed, malaria is caused by Plasmodium species. The PDEs of 

these parasites are being investigated as potential drug targets. All kinetoplastids appear 

to comprise the same set of four families of class I PDEs and no class II PDEs.187  
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The P. falciparum parasite was predicted to contain four phosphodiesterase genes.163 

The amino acid sequence identities between the Plasmodium falciparum 

phosphodiesterase (PfPDE) catalytic domains vary from 30% to 40%, indicating that 

they represent four distinct PDE families.187 The PfPDEs were first reported by Yuasa 

and co-workers in 2005 following the identification of the intracellular cyclic 

nucleotides, cAMP and cGMP.16,196,197 The levels of cAMP and cGMP are believed to 

be regulated within the parasite as they are in humans via production through adenylate 

and guanylate cyclases and inactivation through PDE hydrolysis.16  

 

Given the implication of cyclic nucleotide signalling within P. falciparum and its 

known disruption on parasite cell biology (including hepatocyte infection, 

gametocytogenesis, cell cycle control, exocytosis and regulation of ookinete 

gliding)163,166,198 Wentzinger and co-workers examined the potential of the PfPDEs as 

drug targets, and their summary of the characteristics of these enzymes is provided in 

Table 1.20. 

 

Table 1.20. The structural characteristics of the PfPDEs. 
 

PfPDEα 
 

PfPDEβ PfPDEγ PfPDEδ 

Located on 
chromosome 12 

Located on 
chromosome 13 

Located on 
chromosome 13 

Located on 
chromosome 14 

PfPDEαA – 
 954 amino acids 
PfPDEαB –  
892 amino acids 

1139 amino acids 769 amino acids 815 amino acids 

PfPDEαA – 6 helices 
PfPDEαB – 4 helices 

6 helices 6 helices 6 helices 
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The gene encoding for PfPDEα produces two alternative splice variants, PfPDEαA and 

PfPDEαB. PfPDEαB results from the removal of an additional exon from the mRNA, 

resulting in a loss of transmembrane helices four and five. However, this is not expected 

to alter the topology of the protein.163  

 

The prediction that the PfPDEs contain four to six transmembrane helices has indicated 

that the PfPDEs are integral membrane proteins. This has been supported 

experimentally when it was shown that essentially all PDE activity was associated with 

the membrane fraction. This is unlike the human PDEs, where only hPDE3 and hPDE4 

are known to associate with membranes.163 

 

It has also been predicted that the catalytic domains of PfPDEβ and PfPDEδ are 

exposed outwards of the parasite toward the lumen of the parasitophorous vacuole. 

Conversely, PfPDEαA, PfPDEαB and PfPDEγ are intracellular facing and are exposed 

toward the cytoplasm of the parasite. 

 

The recombinant expression of the PfPDEs has been attempted in several systems with 

limited success. PfPDEα was eventually expressed in E. Coli however, only at low 

levels. This recombinant enzyme was determined as being cGMP-specific.163 

 

PfPDEα was investigated as a drug target by constructing a knock-out strain for this 

gene. Knocking out the gene produced no major phenotype despite PfPDEα being well 

expressed in the erythrocytic stage of P. falciparum infection. Both merozoite 
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production and cell proliferation were unaffected. This suggests that the negative effects 

of deleting PfPDEα are counterbalanced by the up-regulation of the other PfPDEs, or 

that PfPDEα is simply not essential within the parasite. Along with PfPDEα, PfPDEβ is 

predominant in the erythrocyte stage. This indicates that PfPDEβ is the major and 

possibly essential PDE in the erythrocyte cycle of P. falciparum, making it a viable 

antimalarial drug target (Figure 1.21).163 

 

Figure 1.21. Schematic representation of the P. falciparum life-cycle and the expression of the PfPDE 
isoforms throughout. 

 

The effects of several hPDE inhibitors on PfPDEα were examined by Yuasa et al. 

(Table 1.22). This showed compounds that inhibit hPDE5 demonastrated inhibitory 

effects on PfPDEα, with zaprinast determined to be the most effective PfPDEα blocker 
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with an IC50 value of 3.8 ± 0.23 µM. When tested against the whole parasite, zaprinast 

inhibited parasite growth with an ED50 value of 35 ± 4.2 µM.16 Certainly this study, 

together with that referred to earlier relating to tadalafil analogues (Figure 1.13), 

demonstrate the enormous potential for PfPDE inhibitors as possible antimalarial drugs. 

 

Table 1.22. The inhibitory activities of various hPDE inhibitors and chloroquine on PfPDEα.16 
 
Inhibitor 
 

 IC50 for PfPDEα (µM) 

Chloroquine 
IBMX 
Papaverine 
Theophylline 
Pentoxyphylline 
Vinpocetine 
EHNA 
Milrinone 
Rolipram 
Sildenafil 
E4021 
Dipyridamole 
Zaprinast 

>100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 
56 ± 11 
46 ± 1.8 
22 ± 0.58 
3.8 ± 0.23 

Partially purified PfPDEα proteins produced in E. Coli were used for the assay. 0.6 µM concentrations of 
cGMP were used. The bivalent cation used was 1 mM MnCl2. IC50 values were calculated by linear 
regression. Assays were performed in duplicate. Data is expressed as the mean ± SEM of three 
independent determinations.  

 

1.10 Summary and aims of this thesis 

Malaria is a global health crisis which is being further potentiated by the development 

of resistance to the currently employed antimalarial therapies. Initiatives such as the 

Medicines for Malaria Venture (MMV) demonstrate the scope for drug discovery 

towards the development of new antimalarial compounds. While several approaches to 

developing new medicines have been validated, the repurposing of known drugs has 

several merits (as discussed in section 1.5.5). 
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Given the role of the phosphodiesterase enzymes within the Plasmodium falciparum 

parasite and evidence that targeting the enzymes disrupts the cell biology of the 

protozoa, the PfPDEs present as novel therapeutic targets. Applying a drug repurposing 

strategy may be particularly fruitful given the abundance of known human PDE 

inhibitors. Adding to this, several common structural features among these inhibitors 

delineates distinct compound chemotypes that can be incorporated into the design of a 

new class of PfPDE inhibitors. 

 

The aim of this work is to apply the accumulated knowledge and experience of hPDE 

drug discovery to the objective of designing inhibitors of the PfPDEs that might 

facilitate the development of new antimalarial drugs. In Chapter 2, the prospect of drug 

repurposing strategies led by computer-assisted structure-based design techniques is 

examined. A question that has been posed is whether the structural data relating to 

human PDEs can be used to generate useful models of the PfPDEs that may then assist 

in the screening of the thousands of known inhibitors of hPDE isoforms. In Chapter 3, 

the results from Chapter 2 have been applied directly in repurposing a series of hPDE 

inhibitors described by Pfizer.199 These compounds were found to inhibit PfPDE growth 

consistent with the hypothesis, and are exciting leads to take further in unravelling the 

basic roles of PfPDEs in the parasite life-cycle. 

 

In Chapters 4 and 5, an alternative approach was taken. Conscious of the potential that 

new chemotypes might have on the PDE inhibitor field in general, novel structural 

classes that build on the previously identified anti-PDE and antimalarial activity of 

natural product flavonoids have been pursued. Four rarely studied compound classes 
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were assessed and while progress was made for each chemotype, it was a new class of 

synthetic chromanones that inhibited both hPDE and Plasmodium falciparum 

proliferation that provided an exciting new avenue for exploration. 



Chapter 2: Homology modelling of Plasmodium falciparum phosphodiesterases and molecular docking 

 

47 

 

 

Chapter 2 
 

Homology modelling of Plasmodium falciparum 

phosphodiesterases and molecular docking 

 

2.1 Introduction 

In the absence of crystal structures of the Plasmodium falciparum phosphodiesterase 

enzymes (PfPDEs), the development of homology models of the enzymes was 

envisaged to serve as a useful tool in the development of enzyme inhibitors. The 

similarity between the hPDEs and PfPDEs has been recognised previously, and 

Wentzinger and Seebeck suggested that the sequences of the PfPDEs conformed to the 

general Class I grouping of mammalian PDEs.163 This is further supported by the crystal 

structure of the protozoan Leishmania major phosphodiesterase enzyme (LmjPDEB1) 

which similarly adopts the general fold of the Class I PDEs, drawing the link between 

mammalian and protozoan PDEs. 

 

The primary aim of molecular modelling is to employ theoretical methods and 

computational techniques to simulate the behaviour of molecular systems. With regard 

to drug discovery, being able to simulate a molecular system can provide vital clues to 

the type of molecules that may produce or block a biological response. Within 
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molecular modelling, homology modelling, also referred to as comparative modelling, 

is a commonly employed technique in which a three-dimensional protein structure is 

predicted in silico.200-202 

 

In order to produce a feasible homology model of a target protein the experimentally 

determined crystal structure of a suitable protein is required as the template structure. 

The quality of the homology model depends heavily on similarities in the sequence 

alignment between the target sequence and that of the template protein.  

 

One of the first steps in the process is to optimally align the target and template 

sequences. Following this, the target sequence is modelled to overlay it on the backbone 

of the template protein crystal structure. Often, several stages of refinement are required 

to improve the quality of the homology model. 

 

The aim of this work was to develop homology models of each of the four Plasmodium 

falciparum phosphodiesterase enzymes (PfPDEα-δ) to use in molecular docking studies. 

To achieve this, the closest human phosphodiesterase enzyme homologue had to be 

identified to serve as a template structure. Models are then built and refined to provide 

putative enzyme structures that retain the hallmark features of the PDEs. Finally, 

molecular docking studies were conducted to examine the binding of cGMP and cAMP, 

the likely substrates of the PfPDEs, as well as zaprinast, which has been shown to 

inhibit PfPDEα.16 The computational methods for this work are described in detail in 

section 7.1. Following model validation, the aim was to identify compounds, known or 

novel, that potentially act as PfPDE inhibitors. 
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2.2 Homology modelling of the Plasmodium falciparum 

phosphodiesterases 

2.2.1 Protein sequence comparison 

Unlike other PDEs, all four PfPDEs have been predicted to contain three to six 

transmembrane helices that suggests they are integral membrane proteins. The amino 

acid sequences of the four PfPDEs vary from 30% to 40% identity between the putative 

catalytic domains, indicating that they represent four distinct PDE families 

(Table 2.1).163 

 

Table 2.1. The percentage homologies of the human and parasitic PDE enzymes. 
 

 
 

PfPDEα 
 

PfPDEβ PfPDEγ PfPDEδ LmjPDEB1 

PfPDE α  100    21.9 
 β  30.9 100   23.1 
 γ  29.8 36.8 100  21.9 
 δ  25.3 27.8 27 100 21.1 

hPDE 1A  21.2 26.7 24.6 21.1 24 
 1B  23.6 25.8 26.3 21.9 24.6 
 1C  20.9 25.2 25.8 22.7 24.1 
 2A  23.9 24.9 24.3 18.4 28.3 
 3A  22.6 22.8 23.9 20.2 21.4 
 3B  21.2 23.1 24.9 20 23.2 
 4A  24.1 24.9 25.6 19.9 27.7 
 4B  25.4 24.4 26.5 18.9 28 
 4C  23.9 24.7 26.8 20.6 27.9 
 4D  24.3 25.6 27.4 18.2 27.6 
 5A  19.9 23.3 22.5 20.2 27.8 
 6A  20.4 21.8 22.4 17.4 25.7 
 6B  21.5 23.2 23 16.5 24.9 
 6C  20.3 23.8 23 18.5 26 
 7A  26.5 27.3 24.6 22.5 26.9 
 7B  21.6 24.8 22.1 23.2 26 
 8A  22.5 24 26.4 21.3 26.2 
 8B  23.2 24 26.1 19.2 26.4 
 9A  26.8 27.5 23.1 21.1 25.7 
 10A  20.9 22.9 22.1 17.6 26.4 
 11A  21.3 25.8 23.4 18.2 30.7 
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Sequence alignment using ClustalW was performed for the catalytic domains of the four 

P. falciparum PDEs, L. major PDEB1 and 21 human PDEs (Appendix 2).203 Manual 

adjustments to the alignment derived from ClustalW were needed to ensure that 

conserved residues and other important structural features were preserved. The five 

protozoan PDEs were found to have 16-27% sequence identity to the human PDE 

enzymes (Table 2.1) with approximately 50% of residues being indicated as similar or 

highly similar. It was noted that hPDE9 had the highest homology for PfPDEα (26.8%) 

and β (27.5%), and PDE7A was quite similar. 

 

There are 16 amino acids that are absolutely conserved among the 21 human PDE 

enzymes and of these, 13 are also fully conserved across the four PfPDE enzymes (the 

catalytic sequence alignment is provided in Appendix 2). The changes that would result 

from the lack of conservation of the three non-binding site residues are not expected to 

alter the gross structure of the proteins. An invariant asparagine in the hPDE enzymes 

(N253; the numbering used in this chapter refers to the PDB: 3DYN crystal structure)170 

at the beginning of helix 6 is conserved in PfPDEβ, γ and δ but was found to be a 

threonine residue in PfPDEα. In the hPDEs this asparagine residue may provide 

structural stability to the enzyme by forming a hydrogen bond with adjacent backbone 

amides of isoleucine, valine and alanine residues. Within helix 9, serine replaces a 

conserved alanine (A312) in PfPDEα, β and γ. This alanine residue is positioned in a 

cavity on the outside of the protein where there is sufficient room to accommodate the 

additional hydroxyl group of the serine. Thirdly, histidine (H324) in helix 10 is replaced 

by a tyrosine residue in all four PfPDEs and appears to be coupled to a complimentary 

charge at an acidic residue (usually aspartic acid; hPDE1 is the only exception, where it 

is a glutamic acid) between helices 7 and 8 (D295). This acidic residue in human 



Chapter 2: Homology modelling of Plasmodium falciparum phosphodiesterases and molecular docking 

 

51 

enzymes is replaced with a glycine residue in the PfPDE enzymes and this allows room 

for the tyrosine residue.  

 

2.2.2 Homology modelling 

Centred upon the sequence alignment (Appendix 2), hPDE9 seemed a suitable starting 

point for creating homology models of each of the four PfPDEs. The models were 

constructed based on the coordinates of the hPDE9A crystal structure (PDB code: 

3DYN) (Figure 2.2).170  

 

Figure 2.2. Superimposition of each of the developed PfPDE homology models with the hPDE9 crystal 
structure template (shown in grey) (clockwise from top left, PfPDEα-δ). 
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In this crystal structure, hPDE9A is in complex with the endogenous ligand, cGMP, at 

2.1 Å resolution. When each of the homology models is superimposed onto the 

hPDE9A crystal structure template, the only noticeable deviations from that structure 

arose from small insertions in the loop regions (Figure 2.2). These insertions are not in 

close proximity to the binding site in any of the models generated, and would not be 

expected to significantly affect substrate or inhibitor binding. Each of the homology 

models was assessed using MolProbity,204 and Ramachandran plot analyses showed 

backbone phi and psi angles in the expected regions (Figure 2.3). Further refinement of 

the PfPDE homology models was not required. 

 

 

 

 
Figure 2.3. Ramachandran analysis of each of the PfPDE homology models (clockwise from top left, 
PfPDEα-δ). 
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The models were built retaining cGMP, the metal ions and the coordinated water 

molecules in the binding site to ensure the binding cavity would not collapse during the 

building or minimisation of the models. This helped maintain the integrity of the 

hydrogen bond network within the binding site and ensured that the hydrophobic clamp 

remained in position. Thus the resultant models are constructed around these features, 

yielding a cGMP substrate-bound conformer of the PfPDEs (Figure 2.4). Removal of 

the endogenous ligand and subsequent full minimisation of the homology models did 

not result in any significant change to the positions of the metal ions nor to the shape or 

volume of the binding cavity. These ‘cGMP-specific’ models were considered to be 

suitable for further modelling work. Experimental work by Yuasa and co-workers had 

previously shown PfPDEα to be cGMP specific.16  

 

 

 
Figure 2.4. The active site of the homology model of PfPDEα with cGMP bound. Highlighted is the 
purine-scanning glutamine (Gln884), as well as the hydrophobic clamp residues (Phe887 and Ile850). 
Metal ions and water molecules are represented as spheres, and hydrogen bonds are shown as dashed 
lines. Numbering is taken from the PfPDEα sequence. 
 

Phe887 

Gln884 

Ile850 
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2.2.3 Active site analysis 

With PfPDE models established that preserved the basic fold of the PDE catalytic 

domain, the residues of the active site of the PfPDEs were examined next. This analysis 

may be a means to understand or predict the cyclic nucleotide or inhibitor selectivity of 

each of the isozymes. Firstly, the sequence similarity at the cyclic nucleotide binding 

site was assessed by sequence alignment of the key PDE residues (previously 

determined by Manallack et al.184) in the metal-binding (M), hydrophobic pocket (H), 

lid (L) and core pocket (Q) regions as defined by Sung et al. (Table 2.5).205 

 

Human PDE binding sites are characterised primarily by a conserved glutamine ‘purine-

scanning’ residue (Gln453, R6 in Table 2.5) and a ‘hydrophobic clamp’ comprised of an 

aromatic residue at the roof of the binding site (Phe456 in 3DYN) and a hydrophobic 

residue (isoleucine, valine or leucine) at the bottom of the binding site (Leu420 in 

3DYN, R5 in Table 2.5).171,184 This forms the basis of adenine or guanine binding of the 

cyclic nucleotides. In the PfPDE models, this construct is retained; the purine-scanning 

glutamine residue is conserved, the phenylalanine residue is also conserved, while at the 

bottom of the site the second ‘hydrophobic clamp’ residue varies between hydrophobic 

residues – isoleucine (α), valine (β,δ) and leucine (γ) (Table 2.5). 
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With regard to the purine-scanning glutamine (Gln453, R6 in Table 2.5), it has been 

shown that in hPDEs the terminal carboxamide group of this residue exists in either one 

of two conformations (through a 180° rotation) and forms complementary hydrogen 

bonds to either of the cyclic nucleotide substrates. This ‘glutamine switch’ mechanism 

has been proposed to explain PDE substrate preference for cAMP and cGMP. Both 

cAMP- and cGMP-specific enzymes hold the glutamine in the appropriate conformation 

through a network of hydrogen bonds.173 hPDE9A is a cGMP-specific isozyme and the 

crystal structure shows that the purine-scanning glutamine (Gln453) is anchored via 

hydrogen bonding to an adjacent glutamine (Gln406) which locks it into a cGMP-

specific conformation. In dual-specific PDEs, this glutamine residue is free to rotate and 

adopt either conformation, allowing both cAMP and cGMP to bind as substrates.173 The 

ability of the PfPDE models to accommodate cAMP was investigated through a manual 

rotation of the carboxamide group of the purine-scanning glutamine residue (Gln453, 

R6 in Table 2.6), and energy minimisation of the structure. Notably, a steric clash with 

the adjacent histidine residues (R1 and R2, Table 2.6) prevented the glutamine from 

presenting a conformer suitable for cAMP binding in any of the four PfPDEs. This clash 

could not be relieved by energy minimisation or by any manual rotation of the histidine 

residues. This may support the observation that PfPDEα is cGMP specific. As each 

PfPDE shares histidine residues in positions R1 and R2, this suggests that they too may 

be cGMP-selective.185 That none of the four identified isozymes can hydrolyse cAMP 

would be surprising given the apparent role of PfPKA in parasite signalling.206 

 

Another region of interest is located adjacent to the purine-scanning glutamine in the 

active site. In Leishmania major and Trypanosoma brucei protozoa, the residue 

preceding this glutamine is a glycine residue. This effectively opens up a pocket near 



Chapter 2: Homology modelling of Plasmodium falciparum phosphodiesterases and molecular docking 

 

57 

the glutamine residue that is apparent only in the hPDE10 isozyme and has been 

suggested as a selectivity pocket for drug design against these parasites.207 As the 

PfPDE enzymes do not share the glycine residue adjacent to the purine-scanning 

glutamine, it is predicted that the additional pocket found in hPDE10 and other 

protozoan PDE enzymes will not exist in the PfPDEs.  

 

A closer examination of the cyclic nucleotide binding site residues was made to assess 

other relationships that might exist within and between PfPDE and hPDE isoforms. This 

analysis highlighted potentially important differences between the PfPDEs and hPDE9A 

from which the models were built. Most strikingly, the relationship to hPDE9A in the 

binding site is lost at positions R1 and R2 (Table 2.5) and all of the PfPDEs have two 

histidine residues, a motif that is shared only with the hPDE1 isozyme. The relationship 

to hPDE1 is strongest for PfPDEβ and PfPDEγ, which are also highly similar to each 

other in the catalytic pocket. PfPDEα was found to be most similar to PDE3 in this 

region, showing the same residues in positions R4 and R5 in the active site. PfPDEδ in 

contrast, shows similarity to hPDEs 5, 6 and 11 and this may be attributed to residues 

within the lid region as well as position R5 (Val) in the active site. On balance however, 

the residues closely associated with the active site (i.e. R1-R8) suggest that the PfPDEs 

appear to be mostly hPDE1-like (particularly R1 and R2).  

 

While the analyses above are described based upon an empirical observation, an attempt 

was made to use some less biased tools such as dendrogram analyses. This analysis is 

aligns multiple amino acid sequences and is employed to demonstrate similarity among 

members of a family.208 Dendrogram analysis of the overall catalytic domain showed 

that the PfPDE sequences group together clearly in distinct pairs (α,δ and β,γ) compared 
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to the human which also group into their established families (Figure 2.6). A similar 

grouping was demonstrated by Yuasa et al. who also showed that the catalytic 

sequences of the PfPDEs are most closely related to hPDE9.16 

 

 
Figure 2.6. Dendrogram analysis of the catalytic domains of the hPDEs, PfPDEs, and LmjPDE. 
 

 

Interestingly, the same process applied to assess the similarity of the substrate binding 

site residues (from Table 2.5) yields a potentially more fruitful analysis. Note from the 

figure below (Figure 2.7), that the PfPDEs are dispersed among the branches. 

Consistent with our other observations, PfPDEβ and γ are related to the hPDE1 family, 

whereas PfPDEα links to hPDE3, and PfPDEδ to PDE5, 6 and 11. 
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Figure 2.7. Dendrogram analysis of the 25 residues (from Table 2.5) associated with enzyme activity of 
the hPDEs, PfPDEs and LmjPDE. 
 

 

In summary, the collected studies of amino acid sequence and structure suggest that the 

PfPDE isoforms can be successfully modelled based upon the structures of the hPDEs. 

At the catalytic site, the residue sequence show a stronger similarity to hPDE1, based in 

particular on the active site histidine residues. The elements identified inspire the design 

of PfPDE inhibitors centred upon hPDE inhibitors. 

 

2.3 Docking into the developed Plasmodium falciparum 

phosphodiesterase enzyme homology models 

2.3.1 Docking of human phosphodiesterase inhibitors  

The purpose of the developed homology models is primarily to facilitate the design of 

new inhibitors of the PfPDEs, which will be crucial in delineating isozyme function and 

validating the clinical potential of PfPDE inhibition. To date, the only pharmacological 

data relating to PfPDE activity concerns a selection of PDE inhibitors screened against 
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PfPDEα.163 As such, homology models could provide the opportunity to perform large 

scale virtual screens of chemical libraries to enrich the selection of compounds from 

which inhibitors could be identified, prior to the availability of in vitro assays. 

 

Yuasa and co-workers reported the inhibitory activity of several hPDE inhibitors against 

PfPDEα (Table 1.22, Chapter 1).16 Of the compounds tested, the hPDE1/5 inhibitor, 

zaprinast (hPDE1 IC50 = 6 µM, hPDE5A IC50 = 0.81 µM, hPDE9A IC50 = 29-46 µM)192 

was the most potent inhibitor with an IC50 value of 3.8 µM.163 The hPDE inhibitors 

E4021 (hPDE5A IC50 = 6.2 nM)192 and sildenafil (hPDE5A IC50 = 1.6 nM, hPDE9A 

IC50 = 2.6-11 µM)192 were also reported to exhibit moderate activity against PfPDEα 

(IC50 values of 46 and 56 µM, respectively).209 

 

Zaprinast was docked into the PfPDEα model and adopted a pose analogous to the 

binding of the pyrazolopyrimidinone core of sildenafil in the hPDE5A crystal 

structures, 1TBF and 1UDT (Figure 2.8).173,205 The expected contacts to the purine-

scanning glutamine were evident, as well as aromatic stacking with the phenylalanine 

residue of the hydrophobic clamp. Furthermore, the pendant aryl groups superimpose 

although the alkoxy groups project in different directions. The docked binding mode of 

sildenafil in the PfPDEα model, while also similar to the hPDE5A crystal structure 

binding modes (1TBF and 1UDT),173,205 does not hydrogen bond as closely to the 

purine-scanning glutamine (Figure 2.8). This appears to be due to a steric clash between 

the histidine residue (R1, Table 2.5) and the pyrazole N-methyl substituent of sildenafil. 

In hPDE5A, the presence of a smaller alanine residue in this position avoids this clash. 

Interestingly, the bicyclic ring system of zaprinast lacks the N-methyl substituent and is 

thus able to fully enter the binding site to make the key interactions with the purine-
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scanning glutamine. Sildenafil also has additional interactions with the hPDE5A 

binding site through the bulky sulfonamide group that are not reproduced in PfPDEα.  

 

 

 
Figure 2.8. The docked pose of zaprinast (a) and sildenafil (b) in the PfPDEα homology model. 
Highlighted is the purine-scanning glutamine (Gln884), as well as the hydrophobic clamp residues 
(Phe887 and Ile850). Metal ions and water molecules are represented as spheres, and hydrogen bonds are 
shown as dashed lines. 

 

While crystal structures are not available to show the binding mode of E4021 in any 

PDE enzyme, this ligand was docked into the binding site of PfPDEα (Figure 2.9). 

Docking suggests a binding mode for E4021 where the catechol ring interacts with the 

purine-scanning glutamine through a single hydrogen bond and the piperidine 

carboxylic acid terminus resides near the metal ions of the binding site. When E4021 

was docked into the hPDE5A crystal structures 1UDT and 1TBF, the binding mode 
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showed that the ether oxygen in the 3-position also formed a hydrogen bond with the 

purine-scanning glutamine.  

 

 
Figure 2.9. The docked pose of E4021 in the PfPDEα homology model. Highlighted is the purine-
scanning glutamine (Gln884), as well as the hydrophobic clamp residues (Phe887 and Ile850). Metal ions 
and water molecules are represented as spheres, and hydrogen bonds are shown as dashed lines. 
Numbering is taken from the PfPDEα sequence. 
 

 

The inhibitory effects of other hPDE inhibitors against PfPDEα were assessed by Yuasa 

et al.,16 though several showed no activity (>100 µM) (Table 1.22). These inactive 

compounds were also docked into the PfPDEα model (Figure 2.10). While some 

demonstrated hydrogen bonds to the purine-scanning glutamine, the docking work does 

not appear able to significantly distinguish between active and inactive compounds, 

both through a visual inspection of the docked poses and through docking G-score 

analysis. 
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Figure 2.10. Docking of PDE inhibitors into the PfPDEα homology model. Highlighted is the purine-
scanning glutamine (Gln884), as well as the phenylalanine residue (Phe887) of the hydrophobic clamp. 
Metal ions and water molecules are represented as spheres, and hydrogen bonds are shown as dashed 
lines. (a) dipyridamole, (b) EHNA, (c) IBMX, (d) rolipram, (e) milrinone, (f) vinpocetine, 
(g) pentoxyphylline, (h) theophylline, (i) papaverine. 
 

 

Very recently, Beghyn et al. implemented what they described as a ‘drug to genome to 

drug’ approach to inhibitor design and tested a series of PfPDE inhibitors based on 

tadalafil.164,165 Docking of compound 76 (Figure 2.11) from the Beghyn study was 

undertaken using the PfPDEα model.  
 

 
Figure 2.11. The structure of the tadalafil analogue, 76, published by Beghyn et al.165 
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Given that the binding mode of tadalafil in hPDE5A (PDB code 1XOZ) places the 

benzodioxole in a pocket adjacent to the purine-scanning glutamine, then a similar sized 

pocket would be required to successfully dock this compound into the PfPDEα model. 

However, as the PfPDE homology models do not possess a cavity of the right 

dimensions, the tadalafil analogue could not be successfully docked. Interestingly, the 

bottom of the hPDE5A binding pocket is lined with an alanine residue (A783, 1XOZ) 

while the PfPDEs have larger amino acids in this position (N, L, V, S for α, β, γ and δ, 

respectively). In addition, the hPDE5A binding pocket in structure 1XOZ is made larger 

by the movement of helix 15 in a direction away from the metal atoms. The size of the 

amino acids, plus large scale protein movement results in a pocket that is capable of 

binding the benzodioxole group. This is precluded in our models.  

 

In summary, our docking analysis of the known and potential PfPDE inhibitors has 

shown several results. The docking mode of zaprinast appears convincing in light of the 

crystal structures of sildenafil in hPDE5A and may also explain the relative potency of 

the two molecules against PfPDEα. Given that the inhibitory effects of hPDE inhibitors 

have only been assessed against the PfPDEα isoform thus far,16 this molecular 

modelling work has heavily focussed on investigating the docking results of these 

inhibitors against the PfPDEα homology model. Ongoing studies will seek to identify 

potential binding modes of known hPDE inhibitors in the other PfPDE isoforms (β-δ) to 

elucidate the potential for gaining isoform selectivity.  

 

2.3.2 Docking of human phosphodiesterase 9 and 1 inhibitors 

As the sequence analyses comparing the human and PfPDE enzymes showed similarity 

to hPDE9 (with respect to the overall catalytic domain) and hPDE1 (within the active 
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site), a logical starting point in searching for potential PfPDE inhibitors was to 

investigate hPDE1 and hPDE9 inhibitors. DeNinno and co-workers had recently 

published a series of such compounds.29 In particular, the pyrazolopyrimidinone 

compounds 77 and 78 were shown to have good activity at hPDE1 and hPDE9, with 

compound 78 exhibiting good selectivity for hPDE9 over hPDE1 (Figure 2.12).  
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hPDE1 IC50 = 0.004-0.054 µM
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hPDE1 IC50 = >10 µM

hPDE9 IC50 = 0.007 µM  

Figure 2.12. Structures of hPDE1 and hPDE9 inhibitors developed by DeNinno et al.199 
 

 

These compounds were docked into the PfPDE homology models and their proposed 

binding modes were examined (Figure 2.13). The docking poses showed that these two 

compounds (77 and 78) each made two contacts to the ‘purine-scanning’ glutamine as 

well as a π-stacking interaction with the phenylalanine residue of the hydrophobic 

clamp, in a manner that is seen in the binding mode of all hPDE inhibitors. Like 

zaprinast, 77 showed a ‘guanine-type’ binding mode analogous to the binding of the 

endogenous ligand (cGMP). However, 78 was predicted to bind in a mode that is unique 

among hPDE structures co-crystallised with inhibitors. 



Chapter 2: Homology modelling of Plasmodium falciparum phosphodiesterases and molecular docking 

 

66 

 

 
Figure 2.13. The docked pose of (a) 77 and (b) 78 in the PfPDEα homology model. Highlighted is the 
purine-scanning glutamine (Gln884), as well as the hydrophobic clamp residues (Phe887 and Ile850). 
Metal ions and water molecules are represented as spheres, and hydrogen bonds are shown as dashed 
lines. 

 

2.4 Gaining selectivity for the Plasmodium falciparum 

phosphodiesterases 

Prior studies on the PfPDE biochemistry of zaprinast and tadalafil analogues, as well as 

the docking of the hPDE9A and hPDE1 selective inhibitors (section 2.3.2) showed the 
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potential for developing PfPDE inhibitors from hPDE ligands. An important further 

element is the need to remove hPDE potency while retaining PfPDE potency to achieve 

selectivity for the PfPDEs. From the docking results, it would appear that there may be 

several chemical fragments that could be explored to develop PfPDE inhibitors, such as 

the benzodioxole group of E4021 or the guanine-like structures of zaprinast and 

sildenafil. It is clear however, that to obtain PfPDE selectivity, binding site residues that 

are unique to the enzyme of interest need to be targeted. This approach has been 

successful in the development of highly selective and potent hPDE inhibitors. It is 

therefore logical to target differences within the 25 binding site residues associated with 

the active site (Table 2.5). Of the 25 amino acids, five residues within PfPDEα are 

unique to this isozyme. It is proposed that targeting these particular residues will 

introduce selectivity for PfPDEα over both other PfPDEs and the hPDEs. In a similar 

manner, targeting residues identified as being unique to PfPDEβ, γ and δ may offer a 

means by which selectivity toward each isozyme may be achieved.  

 

Beghyn and co-workers designed a set of tadalafil analogues where the N-methyl group 

was replaced with benzyl-substituted pyrrolidine or piperidine rings. These substituents 

are thought to be oriented towards the periphery of the active site where they encounter 

residues unique to the PfPDEs. While further assays are needed to confirm their ability 

to inhibit the PfPDEs, these results are very positive and have encouraged design and 

synthesis work centred on a drug repurposing strategy.164,165 

 

Other means of gaining selectivity may be achieved through substitution from the 5-

position of the guanine ring of cGMP and its related analogues to specifically target the 

R8 residue in the PfPDEs (Table 2.5). As the R8 residue is unique to each PfPDE, this 
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simplistic approach could provide the basis through which selectivity may be obtained. 

Notwithstanding that their inhibitory potency is unknown, the DeNinno compounds 77 

and 78, which have been extended from this 2-position, show promising results when 

docked into each of the PfPDE models. The chlorobenzyl group at the 2-position of 77 

appears to extend toward the unique serine residue in PfPDEα. In the case of 78, 

docking favours an interaction between the pyrimidinetrifluoro carboxylic acid moiety 

and the metal binding site within the enzyme. In addition, extending the molecule 

toward the unique tyrosine residue in each of the PfPDEs should not be overlooked in a 

design strategy.  

 

2.5 Using the molecular docking results to shape the synthetic 

strategy 

In anticipation of the potential of the four PfPDE isozymes as targets for antimalarial 

drug design, homology models have been constructed based on sequence data and 

homology to their human counterparts. Interestingly, the models show that the binding 

site topology of the PfPDEs have a high resemblance to hPDE1 and the modelling work 

explains the cGMP selectivity observed with PfPDEα. Docking of the reported PfPDEα 

inhibitors zaprinast, E4021 and sildenafil, suggested plausible binding modes consistent 

with their relative potencies. The docking studies also support the pursuit of hPDE9 and 

hPDE1 inhibitors as starting points for the design of PfPDE inhibitors. 

 

It is envisaged that the homology modelling and docking studies undertaken may 

provide a useful tool for screening compound libraries, either diversity-based or 

developed from the large hPDE inhibitor pool. The generalised homology to hPDEs, 
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coupled with observable differences in the binding sites, might support the structure-

based design of pan-PfPDE inhibitors that select against human isoforms, or also 

potentially PfPDE-isoform selective inhibitors. 
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Chapter 3 
 

Human phosphodiesterase 9 and 1 inhibitors as 

antiplasmodial compounds 

 

3.1 Introduction 

In Chapter 2, a pathway for the identification of PfPDE inhibitors was outlined. This 

work determined the enzymes as being most similar to hPDE9 and hPDE1 and as a 

consequence, inhibitors of these human enzymes should be investigated for their effects 

on Plasmodium falciparum growth. A series of hPDE9 and hPDE1 inhibitors, described 

by DeNinno and co-workers in 2009, were considered to be suitable candidates for 

further study.199 In particular, the pyrazolopyrimidinone compound 77 (Figure 3.1) 

demonstrated a guanine-like binding pose when docked into the PfPDEα homology 

model, resembling that of the endogenous ligand (cGMP). On this basis, the synthesis 

of a series of analogues in this class was pursued. 
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Figure 3.1. Structure of the hPDE9 and hPDE1 inhibitor, 77, identified by DeNinno et al. that was 
investigated in molecular modelling work (Chapter 2).199 

 

 

As a class, the pyrazolopyrimidinones have long been associated with biological 

activity. Analogues were reported by Rose as far back as 1952, and in 1987 their close 

relationship to the purine structure saw them pursued as adenosine agonists.210,211 

Formycin B (79) was investigated in the 1960s for its antibacterial activity and has since 

been examined in Leishmania major and Trypanosoma brucei parasite studies.212-214 

More recently, the compound class has been utilised as hPDE inhibitors, and perhaps 

the most famous representative of the class is sildenafil (71), the hPDE5 inhibitor 

(Figure 3.2).  
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Figure 3.2. Structures of hPDE inhibitors that are representative of the guanine isostere family.  
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In many respects, the class can be included in a broader group of “guanine isosteres” 

that also include marketed drugs such as valaciclovir (80) (marketed as Valtrex®), 

entecavir (81) (marketed as Baraclude®), and vardenafil (73) (marketed as Levitra®) 

(Figure 3.2).215,216 In 2005, a review summarised other guanine isosteres that are 

represented in reported hPDE inhibitor scaffolds (Figure 3.3).217 
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Figure 3.3. A summary of the guanine isosteres reported as hPDE inhibitor scaffolds.217 

 

In the synthesis of most of these scaffolds, a key five-membered heterocycle with a 

primary amine is firstly synthesised (82). From here, analogues are generated through a 

coupling reaction of this amine with a carboxylic acid before a cyclisation of the 

diamide intermediate (83) to give the bicyclic core scaffold (84) (Scheme 3.4).  
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Scheme 3.4. General synthesis of guanine isosteres (84) from a key heterocyclic core (82). 

 

Compound 77 and various analogues described by DeNinno et al. were prepared in this 

way (adapted from the reported synthesis of sildenafil by Terrett et al.218). Condensation 
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reactions of a key pyrazole precursor (85) with a range of substituted carboxylic acids 

(86) was achieved by DeNinno et al. using a parallel synthesis protocol and afforded 20 

substituted pyrazolopyrimidinone compounds (87) (Scheme 3.5).  
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Scheme 3.5. General reaction scheme of the condensation of a key pyrazole precursor (85) with various 
carboxylic acids (86) to give substituted pyrazolopyrimidinone compounds (87).  

 

For the purpose of this work, the synthesis of 5-(3-chlorobenzyl)-3-isopropyl-1H-

pyrazolo[4,3-d]pyrimidin-7(6H)-one (77) was the initial starting point, however, it was 

envisaged that analogues of 77 could be synthesised through variation of the benzyl 

substituent (electron-donating/withdrawing, steric effects), the position of the 

substituent on the aromatic ring (ortho-, meta-, para-substitutions), and the linker length 

between the core scaffold and the aromatic moiety (methylene, ethylene). In addition, it 

was envisaged that N1-alkylation, replacement of the 9-isopropyl group with alternate 

moieties, and other guanine isostere analogues, may be obtained through variation of 

the scaffold of 77 (Figure 3.6). 
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Figure 3.6. The envisaged derivatisations in the syntheses of pyrazolopyrimidinone analogues; 
modification to the benzyl substituent in blue, modification to the core bicyclic system in green, 
modification to the 9-isopropyl group in purple, modification to the endocyclic N1 in pink. 
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In the absence of PfPDE enzymatic assays, it was thought that the compounds will be 

assessed for antiplasmodial activity via testing in whole P. falciparum parasite assays. It 

was recognised that activity in this whole cell assay may be due to non-PfPDE related 

mechanisms however, active antiplasmodial compounds may arise from this work that 

would also be of interest. Such active compounds to emerge from this work may also 

have the capacity to identify the roles played by PDEs in P. falciparum parasite 

signalling. 

 

3.2 Synthesis of 5-(3-chlorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-

d]pyrimidin-7(6H)-one 

The synthesis of compound 77 was achieved by an adaptation of the procedure 

described by DeNinno et al. (Scheme 3.7).199 While the key intermediate (85) is 

commercially available, it was considered useful to establish the synthetic route so that 

potential analogues, for example through changes at the 9-isopropyl group, could be 

considered. The nine step synthesis was successfully achieved, albeit with some 

revisions as detailed here. Characterisation data of the intermediates and final product 

were consistent with that previously described.199 

 

In the first step, diethyloxalate (88) underwent a Claisen-Schmidt condensation with the 

enolate anion of 3-methyl-2-butanone (89) to afford ethyl-5-methyl-2,4-dioxohexanoate 

(90) in 98% yield. Treatment of 90 with hydrazine hydrate in ethanol gave the cyclised 

pyrazole ethyl ester (91) in 64% yield. The 1H NMR spectrum showed an aromatic 

proton at δ 6.17 ppm consistent with the single proton of the pyrazole ring in 91, as well 

as the signals associated with the ethyl ester and isopropyl group which are well-defined 



Chapter 3: Human phosphodiesterase 9 and 1 inhibitors as antiplasmodial compounds 

 

75 

in the 1H NMR spectrum.199 The ester of 91 was hydrolysed under basic conditions to 

give the corresponding carboxylic acid (92) in 74% yield. No purification steps were 

necessary throughout this sequence with 92 obtained in >95% purity as determined by 

1H NMR spectroscopy and analytical RP-HPLC. Using literature procedures, the 

nitration of 92 was achieved in 30% yield in comparison to the literature report of 

70%.199 Analytical RP-HPLC showed significant conversion of 92 to 93 after 1 hour, 

but difficulties in isolation limited the yield.  
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Scheme 3.7. Synthesis of the key pyrazole precursor (85) adapted from the procedure of DeNinno et al.199 
and the subsequent synthesis of the target compound (77). (a) Na(s), CH3CH2OH, N2, rt, 1 h, then 60 °C, 
1 h, 98%; (b) NH2NH2·H2O, CH3CH2OH, N2, rt, 18 h, then NH2NH2·H2O, 60 °C, 3 h, 64%; (c) 1 M aq. 
NaOH, 1,4-dioxane, 50 °C, 1 h, 74%; (d) conc. H2SO4, 70% aq. HNO3, 60 °C, 1 h, 30%; (e) conc. H2SO4, 
CH3OH, 55 °C, 16 h, 66%; (f) Mg3N2, CH3OH, 0 °C to 80 °C, 24 h, 88%; (g) Pd/C, 
H2, CH3CH2OH, rt, 20 h, 68%; (h) PyBroP, DCE, MW, 120 °C, 20 min, then tBuOK, iPrOH, MW, 
130 °C, 40 min, 63%. 
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The conversion of the carboxylic acid (93) to the corresponding amide (95) proved 

surprisingly challenging, although difficulties in achieving this deceptively simple 

transformation had been reported by others.219 In the procedure of DeNinno et al., the 

acid (93) was firstly converted to the corresponding acid chloride intermediate through 

treatment with oxalyl chloride, and was then successively treated with gaseous 

ammonia to afford 95 in 60% yield.199 The reaction work-up involved several steps, 

which may account for some loss of product. Attempts following this procedure failed 

to give useful yields and/or quantities of product, which was compounded by the 

laboratory being ill-equipped for the convenient and safe handling of ammonia gas.  

 

As a consequence, alternative methods for the conversion of 93 to 95 were explored. 

Treatment of the acid chloride with aqueous ammonia gave 95 in 22% yield. The 

1H NMR spectrum of 95 displayed a broad singlet at δ 8.21 ppm, characteristic of amide 

protons.199 While modestly successful, substituting gaseous ammonia for aqueous 

ammonia results in competing formation of carboxylic acid starting material (93). In 

addition, several repeats of the experimental conditions with aqueous ammonia gave 

inconsistent results.  

 

As another alternative, the reported aminolysis of the ethyl ester was examined 

(Scheme 3.8).220 The carboxylic acid (93) was converted to the ethyl ester (96) and then 

treated with ammonium hydroxide at 100 °C for 2 hours.220 After this time, LCMS 

analysis showed approximately 15% conversion to the desired amide (95) ([M-H+]- 

molecular ion at m/z 197.3) but the remainder was the carboxylic acid (93) ([M-H+]- 

molecular ion at m/z 198.2). 
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Scheme 3.8. Conversion of the carboxylic acid (93) to the corresponding amide (95) via the ethyl ester 
intermediate (96), adapted from Robins et al.220 (a) conc. H2SO4, CH3CH2OH, toluene, 78 °C, 24 h, 92%; 
(b) conc. NH4OH, 100 °C, 2 h, unisolated. 

 

With competing hydrolysis under aqueous conditions posing a significant problem, the 

use of anhydrous conditions appeared important. Ley and co-workers investigated the 

possibility of ammonia gas evolution upon reaction of magnesium nitride with protic 

solvents.219,221 Ironically, the group embarked on the investigation due to noted 

difficulties in the synthesis of the hPDE5 inhibitor, sildenafil. Following these 

procedures, the carboxylic acid (93) was first converted to the methyl ester (94) in 66% 

yield (Scheme 3.9).221 Compound 94 was subsequently treated with magnesium nitride 

in methanol at 0 °C. The vial was immediately sealed and the reaction warmed to room 

temperature before stirring was continued at 80 °C for 24 hours. After work-up, the 

amide (95) was afforded in 88% yield and high purity. The identity of 95 was confirmed 

with the [M-H+]- molecular ion at m/z 197.3 and a characteristic amide signal in the 

1H NMR spectrum at δ 8.21 ppm, consistent with the reported data.199  
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Scheme 3.9. Conversion of the carboxylic acid (93) to the corresponding amide (95) via the methyl ester 
intermediate (94), adapted from Bridgwood et al.221 (a) conc. H2SO4, CH3OH, 55 °C, 16 h; 66%; (b) 
Mg3N2, CH3OH, 0 °C to 80 °C, 24 h, 88%. 
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While this procedure worked well on a small scale (100 mg), difficulties were 

encountered on scale-up due to the reactivity of magnesium nitride. When using larger 

vials, the internal pressure build-up was a concern, so multiple small-scale reactions 

were run in parallel to generate useful amounts of material. 

 

Resuming the pathway of Scheme 3.7, the nitro group of 95 was reduced to the primary 

amine of 85 in 68% yield. The identity of 85 was confirmed by 1H NMR and 13C NMR 

spectra and the [M-H+]- molecular ion of m/z 167.2, all of which were consistent with 

reported values.199,222 This key intermediate, 85, was also found to be identical to a 

purchased commercial sample (Fluorochem, UK). 

 

The final steps in the synthesis of 77 were the amide coupling of 85 with m-

chlorophenylacetic acid to afford the amide, followed by a subsequent cyclisation 

reaction. DeNinno et al. performed the amide coupling by activating phenylacetic acid 

using carbonyldiimidazole in pyridine for 2 hours, which then coupled to the primary 

amine of 85. Base-catalysed cyclisation was achieved with potassium t-butoxide.199 

 

An alternative amide coupling reagent, 1H-benzotriazolium-1-[bis(dimethylamino)-

methylene]-5-chloro-hexafluorophosphate-(1-),3-oxide (HCTU), was investigated 

principally due to its rapid reactivity but also ready availability in-house. Firstly, m-

chlorophenylacetic acid was treated with four equivalents of HCTU and a mild base, 

diisopropylamine (DIPA), in dimethylformamide at room temperature for 20 minutes. 

Following this activation of the carboxylic acid, 85 in dimethylformamide was added to 

the reaction mixture. The reaction was monitored by LCMS analysis and the amide-
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coupled intermediate (97) was detectable (Scheme 3.10). Some conversion to the fully 

cyclised product (77) was observed after 24 hours. Compound 77 was recovered in 12% 

yield following purification by column chromatography. Its identity was confirmed 

through 1H NMR and 13C NMR spectra, which corresponded well to that reported by 

DeNinno et al.199 Although compound 77 was previously reported in the literature and 

the 1H NMR spectroscopic data was consistent with those reports,199 the acquired 

13C NMR spectrum showed either very weak or no signals for the quarternary carbons 

of the pyrazolo[4,3-d]pyrimidinone rings. While the seven carbons of the m-

chlorobenzyl substituent were all evident as were the isopropyl carbons, it is possible to 

see only small and broad signals that are tentatively attributed to the remaining carbons. 

Varying the NMR solvent did not strengthen these signals. In part, this might be 

attributed to tautomerism of the ring systems.  

 

Bromo-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBroP) was examined as 

an alternative amide coupling reagent, as was the use of microwave heating. As such, 

treatment of 85 with PyBroP and triethylamine in 1,2-dichloroethane at 120 °C for 

20 minutes with the use of microwave heating showed complete conversion to the 

amide-coupled intermediate (97) (Scheme 3.10). Phosphoramide and pyrrolidine by-

products were removed from the reaction mixture with a short silica plug eluting with 

ethyl acetate, leaving 97 in good purity as determined by analytical RP-HPLC. 
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Scheme 3.10. Synthesis of 77 (via 97) using amide coupling conditions. (a) HCTU, DIPA, DMF, rt, 20 
min, then 85 in DMF, rt, 24 h, 12%. (b) PyBroP, DCE, MW, 120 °C, 20 min; (c) tBuOK, iPrOH, MW, 
130 °C, 40 min, 63%. 

 

The intermediate, 97, was then dissolved in isopropanol and reacted with potassium t-

butoxide using microwave heating at 130 °C for 40 minutes. Complete conversion to 

the cyclised pyrazolopyrimidinone (77) had occurred as determined by LCMS analysis. 

After column chromatography, 77 was obtained in 63% yield over the two steps. The 

use of PyBroP for the coupling reaction and the isolation of the amide-coupled 

intermediate gave a marked improvement on the previous reaction conditions 

employing HCTU. Similar PyBroP coupling conditions in the syntheses of analogues of 

this compound class were later published by Wang et al. in 2012.168 

 

In summary, the nine-step synthesis of (2-3-chlorobenzyl)-1H-pyrazolo[4,3-

d]pyrimidin-7(6H)-one (77) had been completed, with some revisions from the 

synthesis of DeNinno et al.199 In particular, the use of magnesium nitride as an 

ammonia source was very successful, although further optimisation of the conditions 

would be required to scale-up the synthetic route for bulk syntheses (e.g. high pressure-
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safe reaction vessels). Herein, the amounts retrieved were suitable for the synthesis of a 

small library of analogues as follows. 

 

3.3 Synthesis of a focussed pyrazolopyrimidinone library 

Synthesis of the pyrazolopyrimidinone compounds (98-116, Table 3.11) by reaction of 

the key intermediate (85) and a range of carboxylic acids was carried out in the manner 

described in section 3.2 and proceeded smoothly in most cases. The predicted 

physicochemical properties of the analogues were monitored to ensure the maintenance 

of drug-like properties (Appendix 3).  

 

When p-cyanophenylacetic acid was coupled to 85, both the target p-cyanobenzyl 

analogue (111) and a p-carboxamide analogue (110) were obtained. Under aqueous 

basic conditions, nitrile groups can undergo base-catalysed hydrolysis to the 

corresponding amide.223 It is possible that water in the solvent (most probably 

tetrahydrofuran) together with potassium t-butoxide resulted in nitrile hydrolysis to the 

corresponding carboxamide (110).  

 

The isolated yields of these compounds varied from 10-77% with no apparent 

relationship between the nature of the product and its yield. Signals within the 1H NMR 

spectra were consistent with the expected chemical shifts and splittings, although the 

chemical shift of the methylene protons in substituted benzyl analogues showed 

considerable variation. For example, the methylene signal of the m-chlorobenzyl 

analogue (77) resides at δ 4.56 ppm, while the methylene signal of the p-fluorobenzyl 
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analogue (109) resides at δ 3.35 ppm, which highlights the different electronic effects of 

the various substituents. The 9-isopropyl protons appear at consistent chemical shifts 

within the 1H NMR spectra. The 13C NMR spectra were comparable to that observed 

with 77, that is, the quaternary carbons of the pyrazolo[4,3-d]pyrimidinone core often 

did not appear as defined signals within the spectra. Each of the compounds displayed 

parent adducts in the positive ion mass spectrum except for 102. In this instance, the 

[M-H+]- molecular ion could be detected in the negative ion mass spectrum. 

 

Table 3.11. Structures of synthesised pyrazolopyrimidinone analogues (77, 98-116). 
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3.4 Synthesis of 5-benzyl-3-isopropyl-1-methyl-1H-pyrazolo[4,3-

d]pyrimidin-7(6H)-one 

The N1-methyl-substituted analogue of compound 99 was prepared to investigate the 

influence of such a substitution on antiplasmodial activity. 5-Benzyl-3-isopropyl-1-

methyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (99) was methylated on the endocyclic 

N1-position with dimethylsulfate according to the procedure described by Kankan and 

Rao to afford 117 in 63% yield after column chromatography (Scheme 3.12).224 The 

identity of 117 was confirmed through 1H NMR and 13C NMR spectroscopy, and the 

[M+H+]+ molecular ion at m/z 283.2. 
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Scheme 3.12. Synthesis of 5-benzyl-3-isopropyl-1-methyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (117) 
from 99. (a) (CH3O)2SO2, CH3C(O)CH3, 60 °C, 16 h, 63%. 

 

3.5 Biological assessment of the synthesised pyrazolopyrimidinones 

The objective of the biological studies of the pyrazolopyrimidinone compounds was to 

determine if they had the ability to inhibit P. falciparum growth. As with many similar 

campaigns, achieving a threshold level of activity would be the measure of success and 

justify the further pursuit of this class of compounds. As described in Chapter 1, the 

mass screens of GSK and Novartis identified IC50 values of 1 µM as their benchmark. 

Secondly though, it was hoped that some separation in the antiplasmodial activity from 

hPDE activity would be observed. 
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3.5.1 Plasmodium falciparum growth inhibition 

The synthesised pyrazolopyrimidinone compounds described above (77, 98-117), were 

tested for antiplasmodial activity through a measurement of whole parasite growth 

inhibition. This assay is the same as that employed in the 2009 GSK malaria screen by 

Gamo et al.154 The P. falciparum parasite strains employed in the assays were 3D7 

(chloroquine-sensitive) parasites. Parasite strains were cultured using standard 

procedures as previously described by Trager and Jensen and were synchronised to the 

schizont stage for the assay.225 P. falciparum growth inhibition was assessed using the 

lactate dehydrogenase (LDH) assay described by Gamo et al.154 In brief, the parasites 

were firstly cultured in red blood cells to reach a level of 0.1% parasitaemia. This was 

typically over a period of 48 hours. The suspensions of parasites in red blood cells were 

then treated with test compound or dimethylsulfoxide (DMSO) vehicle and then 

incubated for 72 hours. The treated parasites were put through a freeze/thaw cycle for 

4 hours in order to lyse the cells. The lysates were then treated with Malstat reagent 

which contains the substrate, lactic acid, and 3-acetylpyridine adenine dinucleotide 

(APAD), a Pf-LDH specific cofactor.226 With the turnover of the enzyme, APAD-H is 

produced which reacts with the other reagent of the assay, nitro blue tetrazolium, under 

phenazine methosulfate catalysis to produce an insoluble formazan dye. The colour thus 

develops as a function of LDH activity which is a surrogate for the number of live 

parasites in the well, and therefore inversely proportional to the effectiveness of the 

antiplasmodial compound.227 

 

The initial procedure needed some adaptation. It was determined that 30 µL of parasite 

sample and 75 µL of Malstat reagent gave consistent absorbance readings. Each 

compound was initially assessed for growth inhibition at final concentrations of 
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100 µM, 33.3 µM, 11.1 µM, 3.7 µM, 1.23 µM and 0.41 µM. Where necessary, 

individual compounds were further assessed at concentrations three-fold above and 

three-fold below the approximate IC50 value in order to obtain full dose-response curves 

(performed in triplicate). Zaprinast was employed as a control within the assay, and its 

antiplasmodial activity was comparable to that observed within the literature.16 

 

Under these conditions, the intra-assay variability was quite low indicating good 

precision in the assay format. However, the IC50 values were found to vary up to ten-

fold from one assay to another. This seems likely to be a result of variations at the level 

of the parasite culture. These variations from one assay to another include that the 

parasites may be synchronised at slightly different life-cycle stages, the parasites may 

vary in health, and the red blood cell population may influence the state of the parasites. 

There may also be systematic variation in the colorimetric assay, for example, extended 

exposure to light may influence assay development. Although this variability is 

undesirable, it is consistent with data seen in the literature, where IC50 values for 

compounds tested in whole parasite assays vary from laboratory to laboratory.  

 

The IC50 value ranges determined for the test compounds as P. falciparum growth 

inhibitors against the 3D7 parasite strain are shown in Table 3.13. Within the assay, 

zaprinast inhibited P. falciparum growth with an IC50 value of 22-124 µM. Given that 

10-fold variations in IC50 values were observed within the assays, the antiplasmodial 

activity of zaprinast can be considered consistent with literature reports.16 The dose-

response curves of compounds 99 and 105 are shown in Figure 3.14, while the 

remainder are provided in Appendix 5. 
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Table 3.13. Determined IC50 value ranges of the synthesised pyrazolopyrimidinones for P. falciparum 
(3D7) growth inhibition.  
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Figure 3.14. IC50 curves of compounds 99 and 105 against P. falciparum growth. Each value represents 
the mean of duplicate determinations where each replicate was within 4% of the mean value. 

 

Of the 21 compounds assessed here, six compounds (99, 104, 105, 108, 109, 115) 

showed activity below or near an IC50 value of 1 µM, eleven compounds (98, 100, 102, 

103, 106, 107, 110, 111, 113, 114, 116) showed intermediate activity, and the remaining 

compounds (101, 77, 112, 117) displayed poor activity. Despite the shortcomings of the 

assay in terms of IC50 variability, it should be noted that the general trends in compound 

activities were consistent. In other words, the rank order of potencies was conserved 

between experiments. The variability does mean however, that the data lacks the 

granularity to decipher some potentially useful structure-activity information. Having 

said this, some valuable insights could be gained and are discussed in more detail 

below. 

 

Firstly, many of the para-benzyl-substituted compounds, such as 99, are good 

inhibitors, including the p-chloro (104), p-methyl (106), p-fluoro (109), and p-

carboxamide (110) compounds. The p-cyano (111) and p-methoxy (113) compounds are 

somewhat less active. Ortho-substituted analogues also perform well, such as the o-
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chloro (105), o-methyl (108) and o-trifluoromethyl (115) compounds. The two meta-

benzyl examples, including the target compound, m-chloro (77), as well as the m-methyl 

compound (107), are of poor and moderate potency, respectively. Other more bulky 

substitutions such as catechol ethers compounds (101-103) and the 2,4-dichloro 

compound (116) are less active. The N1-methyl compound (117) was inactive in the 

assay, showing the importance of the endocyclic nitrogen in 99.  

 

3.5.2 Human phosphodiesterase inhibition 

After examining the results of the LDH P. falciparum growth inhibition assay, 

compounds 99 and 105 were selected for assessment of human PDE inhibition. While 

the m-chloro analogue (77) has been shown to inhibit hPDE9 and hPDE1, there have 

been no reports of the activity of the other synthesised compounds against these or other 

hPDE isoforms. The enzymatic assays were conducted externally under contract. The 

compounds were first screened at 1 µM concentration for inhibition of hPDE1-11, and 

the results are shown in Figure 3.15. Both compounds showed a preference for hPDE9, 

as well as hPDE5, hPDE6 and hPDE1. Compound 99 was a more potent inhibitor of the 

hPDE isoforms than 105 in this screening assay. 
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Figure 3.15. Percentage inhibition of human PDE activity of compounds 99 and 105 at 1 µM 
concentration. Each value represents the mean of duplicate determinations where each replicate was 
within 7% of the mean value. 

 

Following this, further assays were conducted to determine the IC50 values of the 

compounds versus hPDE9. Compound 99 was a very potent inhibitor of hPDE9 with an 

IC50 value of 29 nM, while 105 showed an IC50 of 1.8 µM. It should be noted that 

against hPDE9, 77 has a reported IC50 value of 10 nM and zaprinast has an IC50 value of 

29-46 µM (Table 3.16).192 In summary, the results show the capacity of the inhibitors to 

retain antiplasmodial activity while the strongest activity against the human form of the 

enzyme was reduced.  

 

 
Table 3.16. Human PDE9 IC50 values of zaprinast and selected pyrazolopyrimidinone analogues. 

 
Compound 

 

 
hPDE9 IC50 (µM) 

 
Pf inhibition (µM) 

Zaprinast 29-46 124 
77 0.01199 16- >100 
99 0.03 0.08-0.72 

105 1.80 0.06-0.97 
 

0

20

40

60

80

100

1A1 2A 3A 4D3 5A 6C 7A 8A1 9A2 10A1 11A4

%
 in

hi
bi

tio
n 

at
 1

µM
 c

on
ce

nt
ra

tio
n 

Human PDE isoform 

99 and 105 inhibition of human PDE activity 

99
105



Chapter 3: Human phosphodiesterase 9 and 1 inhibitors as antiplasmodial compounds 

 

90 

3.6 Docking studies of the synthesised pyrazolopyrimidinone 

compounds 

As well as uncovering active “hits,” this work has provided the basis for building 

structure-activity data and also the possibility of refining the developed PfPDE models. 

While it is not certain that these compounds inhibit the PfPDEs, or if so which 

isoform(s), the possibility still remains. With the PfPDE models from Chapter 2 in 

hand, each of the 21 pyrazolopyrimidinone compounds was docked to examine any 

potential relationship between in silico PfPDE docking scores and parasite inhibition.  

 

The para-substituted benzyl analogues, which were generally more active compounds, 

all docked readily into the PfPDEα model and favoured the guanine-like binding mode 

of cGMP (Figure 3.17). These docked analogues all make two hydrogen bond contacts 

to the purine-scanning glutamine residue, which is considered a hallmark feature of 

substrate and inhibitor binding. 

 

An aromatic π-stacking interaction with the hydrophobic clamp is also observed. 

Viewing the surface of the PfPDEα model with the pyrazolopyrimidinone compounds 

docked perhaps provides the best depiction of how the ligands sit within the binding 

cavity (Figure 3.17). In each case, the benzyl substituent points toward the external 

surface of the enzyme, although the substituents make no obvious direct interaction with 

the enzyme.  
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Figure 3.17. Docked poses of para-substituted pyrazolopyrimidinone compounds (104, 106, 109-111, 
113, 114) into the PfPDEα model. (a) PfPDEα model is shown as helices; (b) PfPDEα model is shown as 
a rendered surface. Hydrogen bonds are shown as dashed lines. Purine-scanning glutamine (Gln884) and 
hydrophobic clamp residues (Phe887 and Ile850) are shown as purple sticks. Numbering is taken from the 
PfPDEα sequence. Water molecules and ions are shown as spheres. 
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The length of the aryl pendant group has a significant impact on activity, as in the case 

of the unsubstituted aryl compounds, 98, 99 and 100. The benzyl-substituted compound 

(99) is most active but when docked into the PfPDEα model, the less active phenethyl 

compound (100) showed no great change in binding mode in comparison to the benzyl 

compound (99). The phenyl compound (98), which is equipotent to 100, showed a 90° 

rotation in the plane of the binding site (Figure 3.18).  

 

 
Figure 3.18. (a) Docked poses of compounds 99 (pink) and 100 (blue); (b) 98 (green); (c) 102 (pink) and 
103 (blue); (d) 101 (green) into the PfPDEα model. Hydrogen bonds are shown as dashed lines. Purine-
scanning glutamine (Gln884) and hydrophobic clamp residues (Phe887 and Ile850) are shown as purple 
sticks. Numbering is taken from the PfPDEα sequence. Water molecules and ions are shown as spheres. 

 

When the catechol ether compounds, 101, 102 and 103, were docked into the PfPDEα 

model, the docking results were identical to that observed in the unsubstituted cases 

above, although these compounds were significantly less active (Figure 3.18).  
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Interestingly, some solutions from the docking of 101-103 showed poses of the catechol 

ether where hydrogen bonding occurs between the methoxy substituents and the purine-

scanning glutamine residue. A similar binding mode is observed in hPDE structures co-

crystallised with catechol ether-containing PDE inhibitors, such as rolipram (PDB: 

1XMY) and roflumilast (1XMU),185 and this common structural moiety is explored in 

greater detail in Chapters 4 and 5. 

 

Unfortunately, the PfPDE homology models are unable to account for the differences in 

the observed activity of ortho-, meta- and para-substituents. In both of the series 

explored, the chloro-substituents (104, 77 and 105) and methyl-substituents (106, 107, 

108), the docked poses gave no insight as to why different biological activities are 

observed (Figure 3.19). 

 

 

Figure 3.19. Docked poses of ortho-, meta- and para-substituents into the PfPDEα model. (a) 
chlorobenzyl analogues 105 (green), 77 (blue), 104 (red); (b) methylbenzyl analogues 108 (green), 107 
(blue), 106 (red). Highlighted as sticks are the purine-scanning glutamine (Gln884) and the hydrophobic 
clamp residues (Phe887 and Ile850). Numbering is taken from the PfPDEα sequence. 

 

Testing against the hPDE isoforms shows a marked reduction in hPDE9 inhibitory 

activity when comparing the benzyl (99) to the o-chlorobenzyl analogue (105). It was 

a b 
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envisaged that docking each of these compounds into the hPDE9 crystal structure 

(3DYN) may provide an explanation for the difference in determined affinities. If this 

was the case, then it may be possible to use this information to further reduce hPDE9 

activity and gain selectivity for the PfPDEs. However, when 99 and 105 were docked 

into hPDE9 (3DYN), a very similar binding pose was observed for each (Figure 3.20). 

The only noticeable difference was the angle of the benzyl substituent relative to an 

adjacent phenylalanine residue (Phe441), although the function of this residue within 

the binding site is not apparent. Potentially, this reduced aromatic interaction could be 

responsible for the reduction in observed hPDE9 affinity of 105. It is unclear, however, 

how the chloro-substituent affects the binding mode when placed in the ortho-position 

(105) compared to the meta-position (77). 

 

 

Figure 3.20. Docking of compounds 77 (blue), 105 (purple) and 99 (green) into the hPDE9 crystal 
structure (3DYN). Highlighted as sticks are the purine-scanning glutamine (Gln453) as well as the 
hydrophobic clamp residues (Phe456 and Leu420) and an adjacent phenylalanine residue (Phe441). 
Numbering is taken from the 3DYN crystal structure. 
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3.7 Chapter conclusions and future directions 

Within this work, a series of human PDE9 and PDE1 inhibitors were synthesised and 

assessed for antiplasmodial activity. The compounds were generated through an 

optimised synthetic pathway to the key pyrazole intermediate (85), before final 

cyclisation reactions with carboxylic acids to give the corresponding 

pyrazolopyrimidinone compounds. 

 

The assay conditions to measure P. falciparum growth were optimised for the testing of 

the synthesised pyrazolopyrimidinone compounds. As observed in the literature, 

variations were seen in determined IC50 values for the individual compounds. The 

improvement of the reproducibility or development of an alternate assay to measure 

parasite growth may be required to improve the quality of the assay data. Despite this, 

the assay results were used to identify active and poorly active antiplasmodial 

compounds. Furthermore, some tentative structure-activity relationship data was 

generated for the pyrazolopyrimidinone compounds. This investigation resulted in a 

compound, 105, that demonstrated sub-micromolar antiplasmodial activity as well as a 

significant decrease in all human PDE activity in comparison to the initial lead 

compound (77). The mechanism of the observed antiplasmodial activity remains to be 

elucidated. As such, compound 105 can be utilised in ongoing biochemistry work. For 

example, measurement of cGMP and cAMP levels of P. falciparum cell lysates when 

treated with the inhibitor could be undertaken. Increased cellular levels of either or both 

cyclic nucleotides would infer a PDE inhibitory mechanism. Furthermore, the 

development of a labelled pyrazolopyrimidinone, for example by biotinylation, would 

allow for affinity-based assays to be performed as a means to isolate and identify the 

target(s) of these compounds.  
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The developed pyrazolopyrimidinone compounds represent a “drug repurposing” 

strategy that has been used in rational design and compares well against mass chemical 

screening efforts. With careful evaluation of a target structure, considered selection of 

template molecule, and design of a limited synthetic compound library, 6 compounds 

out of 21 were obtained that would have been “hits” in the GSK or Novartis mass 

screening programs – a 28% hit rate. This work has resulted in a series of active 

compounds that will serve as a suitable starting point for further medicinal chemistry 

efforts, as well as a useful tool for the ongoing understanding of P. falciparum cyclic 

nucleotide biochemistry. 
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Chapter 4 
 

Synthetic studies of novel flavonoid mimetics 

 

4.1 Introduction 

In Chapters 1-3, the “inverted silver bullet” paradigm was assessed by examining the 

capacity for hPDE inhibitors to inhibit Plasmodium falciparum parasite growth. Chapter 

3, in particular, showed the fruitful application of that approach. However, it was also 

apparent that the synthesised compounds of this work were not chemically novel and 

therefore, it may be best to leave the further pursuit of these compounds to the 

companies who own them. Taken further though, the premise provides a motive for the 

pursuit of novel compound classes to add to the chemical entities that can be described 

as PDE inhibitors and/or antiplasmodial compounds. 

 

This chapter describes efforts made in the pursuit of such novel compound classes. A 

survey of relevant literature identified a number of significant observations that 

underpin the hypothesis of this work:  

1) the flavonoid class of natural products are well represented as both human PDE 

inhibitors and antiplasmodial compounds; 



Chapter 4: Synthetic studies of novel flavonoid mimetics 

 

98 

2) there are prominent recurring structural features among human PDE inhibitors; 

and 

3) there are a number of compound classes that might be considered flavonoid-like 

that are yet to be explored as PDE inhibitors and additionally, are very poorly 

represented in the literature. 

 

Each of these concepts is expanded upon in sections 4.1.1–4.1.3. The hypothesis is that 

novel synthetic flavonoid-related compounds would be able to inhibit human PDE 

isoforms and/or inhibit Plasmodium falciparum parasite growth, providing new starting 

points for antimalarial drug design. 

 

4.1.1 Flavonoids as human phosphodiesterase inhibitors and antiplasmodial 

compounds  

The flavonoids are a group of polyphenolic compounds that are widely distributed 

throughout the plant kingdom and to date, more than 6000 flavonoids have been 

identified.228 They have been shown to exhibit many biological activities, though the 

mechanisms behind many of these are not fully understood. Flavonoids have been 

demonstrated to show antioxidant effects,229 cardio-protective effects,230,231 anti-

inflammatory activity,232 anti-ulcer activity,232 anti-spasmodic effects,233 anti-mutagenic 

effects,234 anti-microbial activity,235 anti-tumour235 and anti-HIV activity.230,236 

Flavonoid compounds are separated into distinct subclasses, and the structures of 

several commonly found flavonoids are shown in Figure 4.1.  
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Flavanones         
Hesperitin H OH H OH H OH OCH3 H 
Naringin H OH H OR H H OH H 
Naringenin H OH H OH H H OH H 
Flavones         
Flavone H H H H H H H H 
Luteolin H OH H OH H OH OH H 
Chrysin H OH H OH H H H H 
Apigenin H OH H OH H H OH H 
Acacetin H OH H OH H H OCH3 H 
Casticin OCH3 OH OCH3 OCH3 H OH OCH3 H 
Flavonols         
Kaempferol OH OH H OH H H OH H 
Quercetin OH OH H OH H OH OH H 
Fisetin OH H H OH H OH OH H 
OCH3 = methoxy, R = rutinoside 

Figure 4.1. Subclasses of different flavonoids, and the structures of several commonly found flavonoids. 
 

 

Flavonoids as human phosphodiesterase inhibitors 

In 1978, Beretz and co-workers were among the first to demonstrate the ability of the 

flavonoids to inhibit both cGMP and cAMP phosphodiesterases with activity 

comparable to the known hPDE inhibitors, papaverine, theophylline and 3-isobutyl-1-

methylxanthine (IBMX) (summarised in Table 4.2).237,238 Other studies by Ferrell et al. 

and Kuppusamy and Das restated quercetin and luteolin as PDE inhibitors.239,240 It 

should be noted that this work predates the identification of many of the hPDE sub-

types. 
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Table 4.2. Flavonoid inhibition of cAMP and cGMP phosphodiesterases.237,238 
       IC50 (µM) 

Compound cAMP cGMP 
Quercetin 3.6 15 
Apigenin 9.2 35 
Kaempferol 2.7  
Luteolin 8.7  
Flavone >100  
Naringenin 45  
Papaverine 5 11 
Theophylline 300 310 
IBMX 35 7 
 

 

More recent work has revealed several flavonoid inhibitors of the phosphodiesterase 

isoforms. Orallo et al. demonstrated that the flavanone, naringenin, was capable of 

inhibiting hPDE 1, 4 and 5.241 Ning et al. showed the flavone glycoside from horny goat 

weed, icariin, as having hPDE5 inhibitory activity and also as being more effective in 

maintaining cGMP levels than zaprinast.242 In fact, several literature reports have 

described the hPDE inhibitory effects of a range of other flavones and chalcones.243-248 

In 2004, Ko et al. studied the inhibitory effects of a series of flavonoid compounds on 

hPDEs 1-5.249 In this study, luteolin and quercetin were shown to inhibit each of the five 

isozymes to some extent while the flavanone, hesperetin, showed selectivity for hPDE4. 

(Table 4.3). 

 

 

Table 4.3. IC50 values (µM) of flavonoids on human phosphodiesterase isozymes. 
 
Flavonoid 

hPDE isozyme 

 1 2 3 4 5 
Luteolin 21.5 ± 2.9 13.3 ± 0.8 10.1 ± 1.8 19.1 ± 2.4 19.3 ± 3.2 
Quercetin 27.8 ± 5.7 17.9 ± 3.4 5.6 ± 1.0 9.9 ± 2.5 >100 
Hesperetin >100 >100 >100 28.2 ± 1.1 >100 
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Flavonoids as antiplasmodial compounds 

The antiplasmodial activity of natural and synthetic flavonoids has been 

demonstrated.250-253 This activity has been observed when the compounds have been 

assessed both alone and through synergistic effects with known antimalarial 

compounds, such as artemisinin. Artemisinin is the main antiplasmodial agent of 

Artemisia annua however, numerous flavonoid compounds have also been isolated from 

the plant.254 Of the flavonoid compounds present in Artemisia annua, several reports 

have demonstrated synergistic antimalarial effects when their use is combined with 

artemisinin; Elford and co-workers demonstrated the synergistic antimalarial effects of 

casticin (a flavone) with artemisinin,71 and Liu and co-workers have demonstrated a 

similar effect of chrysophanol-D with artemisinin.255 

 

More recently, reports have emerged of flavonoids alone exhibiting antiplasmodial 

activity. Lehane et al. identified several common dietary flavonoids which inhibit the 

growth of the intraerythrocytic malaria parasite.228 Of the eleven dietary flavonoids 

tested, eight showed antiplasmodial activity against P. falciparum (3D7) with IC50 

values between 11 µM and 66 µM. In addition to this, all showed activity against a 

chloroquine-resistant strain (7G8). Luteolin was the most active against both strains 

(IC50 values of 11 µM and 12 µM for 3D7 and 7G8 strains, respectively) and was 

further found to prevent the progression of parasite growth beyond the trophozoite 

stage. Additionally, quercetin and chrysin showed 3D7 inhibition with IC50 values of 

15 µM and 18 µM, respectively. Most promisingly, luteolin was found to produce an 

additive antiplasmodial effect when used in conjunction with chloroquine and 

artemisinin.  
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The antiplasmodial activity of luteolin was further examined in a 2006 report by 

Tasdemir et al.253 Here, luteolin was shown to inhibit a chloroquine-sensitive 

P. falciparum strain (NF54) with an IC50 value of 10.7 µM. Among the other flavonoids 

assessed for antiplasmodial activity, the catechol ether-substituted compounds, 5,4-

dihydroxy-6,7-dimethoxyflavanone (118) and cirsimaritin (119) (Figure 4.4), showed 

IC50 values of 8.8 µM and 16.9 µM against parasite growth, respectively. In 2007, Lim 

et al. compared the antimalarial effects of twenty flavonoids and chalcones, many of 

which were similar in structure to the naturally occurring casticin.256 They concluded 

that the most active compounds were 3'-methyl-substituted flavanones. 

 

 

Figure 4.4. Structures of the antiplasmodial flavonoids, 118 and 119, as reported by Tasdemir et al.253 
 

 

There is a considerable overlap of compounds that exhibit antiplasmodial activity and 

those that inhibit human PDE activity. Luteolin is a notable example from those 

discussed above. Tasdemir and co-workers hypothesised that the flavonoids were 

exhibiting antiplasmodial effects through inhibition of fatty acid biosynthesis, and 

demonstrated inhibition of the FabG, FabZ and FabI enzymes that supported this to 

some extent. On the other hand, given its described ability to inhibit the 

phosphodiesterase enzymes, it may be possible that luteolin, and perhaps other 

antiplasmodial flavonoids, are acting through P. falciparum phosphodiesterase (PfPDE) 

inhibition. In light of these observations, it would appear worthwhile to investigate 
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whether flavonoid antiplasmodial compounds are acting via a phosphodiesterase 

inhibitory mechanism of action. 

 

4.1.2 Prominent recurring structural features among human phosphodiesterase 

inhibitors 

As described in Chapter 1, while the structures of the most well characterised PDE 

inhibitors are diverse and belonging to multiple chemical classes, they consistently 

present certain identifiable features (Figure 1.19). First among these common structural 

motifs is a bicyclic core with an aromatic pendant. In numerous cases also, 1,2-

dimethoxy or alkoxy (catechol ether) groups are attached to this bicyclic core or the 

aromatic pendant. Papaverine (68) and tofisopam (120) are prominent examples of 

compounds bearing these features. In the crystal structure of rolipram bound to 

hPDE4D, the catechol ether hydrogen bonds to the purine-scanning glutamine 

residue.185 This structural motif is also a feature of the flavonoid compounds, although 

these are typically hydroxyl-substituted (polyphenolic). The bicyclic moiety may act as 

an isostere to the bicyclic core of the cyclic nucleotides (e.g. adenosine or guanine), and 

the catechol ethers or phenols could provide the hydrogen donor or acceptor functions 

of the natural substrates.   

 

4.1.3  Poorly represented flavonoid-like compound classes 

In the quest for novel phosphodiesterase inhibitor chemotypes, the concept of ring 

expansion of flavanone-like structures to 6,7-fused ring systems, as exemplified by 

tofisopam (120) (Figure 4.5), presented an attractive prospect. The activities of 

flavanones, such as naringenin and hesperitin, suggest that non-planar bicyclic systems 
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can possess PDE inhibitory activity (Table 4.3) and that pursuing these classes might 

provide an opportunity to survey new chemical space. 

 

 

Figure 4.5. Scaffolds of 6,7-fused ring system compound classes; 2-phenylbenzoxazepinone (121), 2-
phenylbenzoxepinone (122), 8-phenylbenzosuberone (123) and a representative from the benzodiazepine 
class, diazepam (124). 
 

 

A series of compounds for synthesis was selected from the relatively simple skeletons 

shown in Figure 4.5 (121-123). Of course, the benzodiazepines (diazepam, 124) as a 

compound class are well reported within the literature and have been utilised primarily 

as anti-depressant and anti-psychotic drugs.257-259 Conversely, the 2-

phenylbenzoxazepinones, 2-phenylbenzoxepinones and 8-phenylbenzosuberones all 

remain relatively unreported within the literature and bear resemblance to a flavanone 

scaffold. As a consequence, these three 6,7-fused ring system compound classes (121-

123) emerged as novel scaffolds of interest. In addition, an aim was to focus attention 

on those structures for which a 1,2-dimethoxy functionality (or catechol ether) was 

O

O O

O

NH

O

O

O

123122121

N
N

O

O

O
tofisopam

120

Oflavanone

N

N

Cl

O

124



Chapter 4: Synthetic studies of novel flavonoid mimetics 

 

105 

synthetically accessible, either as part of the 6,7-fused ring system or as a pendant ring 

(Figure 4.6). It should be noted that the structurally related 9-phenylbenzosuberone and 

5-phenylbenzazepinone compounds are well reported within the literature.260-266 

 

X

YO

O

O

X

Y

O

O

O

X = CH2, O
Y = CH2, NH  

Figure 4.6. Sites of interest for 1,(2)-dimethoxylation on the 2-phenylbenzoxazepinone, 2-
phenylbenzoxepinone and 8-phenylbenzosuberone compound classes. 
 

 

In this chapter, the syntheses of the phenyl-substituted benzoxazepinone, 

benzoxepinone, and benzosuberone compound classes have been investigated with the 

goal of identifying novel scaffolds worth pursuing in a medicinal chemistry campaign 

against PDE and/or P. falciparum targets.  

 

4.2 Synthetic studies of the 2-phenylbenzoxazepinone compound 

class 

4.2.1 Synthetic access to the 2-phenylbenzoxazepinone compounds  

The benzoxazepinone class of compounds are recognised as benzodiazepine analogues 

and are also reported within the literature as poly(ADP-ribose) polymerase (PARP) 

inhibitors.267-270 The 2-phenylbenzoxazepinones are most commonly synthesised 

through either a Schmidt reaction or Beckmann rearrangement of the corresponding 

flavanone.271-273  
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The Schmidt reaction describes the acid-mediated conversion of ketones to amides, 

particularly cyclic ketones to lactams, with ring expansion.274,275-280 The synthesis of 2-

phenylbenzoxazepinone (2-phenyl-3,4-dihydrobenzo[f][1,4]oxazepin-5(2H)-one) (121) 

via the Schmidt reaction has been reported previously.281,282 Misiti and Rimatori 

described the reaction of 2-phenylchroman-4-one (125) with sodium azide under acidic 

conditions to afford predominantly 121 (83%) and two other products – the reverse 

“aryl-migration” product (126) and the tetrazole (127) (Scheme 4.7).282 
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Scheme 4.7. Schmidt reaction of 2-phenylchroman-4-one (125) described by Misiti and Rimatori to give 
several isolable and characterised products. (a) NaN3, CH3CO2H, conc. H2SO4, 40-50 °C, 45 min, 121 
(83%), 126 (3%), 127 (5%).282 
 

 

The Beckmann rearrangement is the acid-catalysed rearrangement of oximes to 

amides,283 and is also widely reported within the literature.284-288 As with the Schmidt 

reaction, both alkyl- and aryl-migratory products can result from the Beckmann 

rearrangement, though alkyl migration is more commonly observed. It should be noted 

that the Beckmann rearrangement of 2-phenylchroman-4-one (125) to 2-

phenylbenzoxazepinone (121) has not been reported (Scheme 4.8). 
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Scheme 4.8. The envisaged Beckmann rearrangement of the oxime intermediate (128) to the 
corresponding 2-phenylbenzoxazepinone (121) from 2-phenylchroman-4-one (125) starting material. 

 

4.2.2 Synthesis of 2-phenyl-3,4-dihydrobenzo[f][1,4]oxazepin-5(2H)-one 

In the first instance, the synthesis of 2-phenylbenzoxazepinone (121) was achieved via 

the Schmidt reaction. Commercially available 2-phenylchroman-4-one (125) was 

treated with sodium azide and concentrated sulfuric acid in toluene for 16 hours.289 

Compound 121 was isolated by column chromatography in good yield (64%), as was 

some tetrazole by-product (127) (8%) and unreacted 2-phenylchroman-4-one (125) 

(12%) (Scheme 4.9). No sign of the aryl-migratory product (126) was observed. Mass 

spectrometry was particularly useful in identifying the product components as the 

1H NMR spectrum of each (121, 127 and 125) were not significantly different. In fact, 

the most distinguishing signal within the 1H NMR spectrum comes from the lone 

methylene signal that proved critical in the characterisation of the alkyl-migratory 

product (δ 3.57-3.42 ppm). Comparison to the reported melting points supported the 

assignments (Table 4.10), and 2D NMR (HMBC and HSQC) spectroscopy was also 

utilised. 

 
Scheme 4.9. The Schmidt reaction of 2-phenylchroman-4-one (125) to give 2-phenylbenzoxazepinone 
(121) and the tetrazole by-product (127). (a) NaN3, conc. H2SO4, toluene, rt, 16 h, 121 (64%), 127 (8%), 
125 (12%). 
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Table 4.10. Comparison of literature (lit.) and experimental (exp.) values in the characterisation of the 
Schmidt reaction products and by-products. 

 CH2 (δ ppm) CH (δ ppm) M.p. (°C) 
 Lit. Exp. Lit. Exp. Lit. Exp. 
 

2-Phenylchroman-4-one  
(125) 

3.08-2.88290 3.16-2.90 5.47290 5.52 76-78291 76-77 

Alkyl-migratory product 
(121) 

3.48282 3.57-3.42 5.35282 5.33 125-126282 125-126 

Aryl-migratory product 3.05282 - 5.62282 - 141-142282 - 
(126) 

Tetrazole by-product  
(127) 

5.30-4.65282 5.23-5.12 - 4.85 137-138282 137-138 

 

 

In order to increase the conversion to the alkyl-migratory product (121) and 

simultaneously reduce the formation of the tetrazole by-product (127), alternate 

Schmidt reaction conditions were explored. Both aqueous acidic conditions and the use 

of Lewis acid catalysis were examined.289,292 The most successful result came from the 

use of iron (III) chloride as a Lewis acid according to the procedure of Yadav et al., 

which gave 121 in 82% yield as well as some tetrazole by-product (127) (12%).271  

 

To avoid the problem of competing tetrazole by-product formation, the Beckmann 

rearrangement of the corresponding oxime was attempted. Simple substrates, 3,4-

dihydronaphthalen-1(2H)-one (129) and chroman-4-one (130), gave the corresponding 

Beckmann rearrangement products (133 and 134, respectively) in high yields using p-

toluenesulfonylchloride and zinc (II) bromide as catalyst (Scheme 4.11).293 
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Scheme 4.11. Synthesis of the oxime intermediates of 3,4-dihydronaphthalen-1(2H)-one (129) and 
chroman-4-one (130) and subsequent Beckmann rearrangement. (a) NH2OH·HCl, CH3CO2Na, 
CH3CH2OH, 78 °C, 2 h; (b) TsOH, ZnBr2, CH3CN, 5 h.  
 

2-Phenylchroman-4-one (125) was also successfully converted to (Z)-2-phenylchroman-

4-one oxime (135) (Scheme 4.12). As there was no addition or loss of signals in either 

the 1H NMR or 13C NMR spectra, and chemical shifts perturbations were minimal, the 

presence of oxime material was confirmed by detection of its molecular ion in the mass 

spectrum. The oxime (135) underwent facile Beckmann rearrangement under a range of 

conditions, including catalysis by p-toluenesulfonylchloride and zinc (II) bromide as 

above,293 or p-toluenesulfonic acid and zinc (II) chloride.294 The reaction with 

polyphosphoric acid performed best and afforded 121 in 79% yield (Scheme 4.12).289 

 

 
Scheme 4.12. Synthesis of 2-phenylbenzoxazepinone (121) via the Beckmann rearrangement of (E)-2-
phenylchroman-4-one oxime (135). (a) NH2OH·HCl, CH3CO2Na, CH3CH2OH, 78 °C, 2 h, 92%; (b) PPA, 
120 °C, 2 h, then H2O, 75 °C, 2 h, 79%. 
 

Although the Schmidt reaction avoids the intermediate preparation of the oxime, 

formation of the tetrazole by-product is not desirable in the syntheses of further 

analogues. From these results, the Beckmann rearrangement of the corresponding oxime 
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using polyphosphoric acid appeared to be the most efficient strategy in the synthesis of 

2-phenylbenzoxazepinone (121) and potentially further analogues. 

 

4.2.3 Synthesis of 7,8-dimethoxy-2-phenyl-3,4-dihydrobenzo[f][1,4]oxazepin-

5(2H)-one 

With the successful synthesis of 2-phenylbenzoxazepinone (121) through both the 

Schmidt reaction and Beckmann rearrangement, attention turned to analogues bearing 

desired substitutions, such as the methoxy or catechol ether examples, described in 

section 4.1.2. Of course, preparation of these depended on the availability of precursor 

flavanones. Most commonly, flavanones (136) are prepared by the reaction of a 

substituted 2'-hydroxyacetophenone with a substituted benzaldehyde (Scheme 4.13). 

The reaction proceeds via a chalcone intermediate (137), which can be isolated (two-

step procedure) or directly cyclised in the reaction (one-step procedure). 
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Scheme 4.13. Synthesis of substituted flavanones (136) via chalcone intermediates (137) through reaction 
of a 2'-hydroxyacetophenone with a benzaldehyde. 
 

 

Firstly, the synthesis of 6-methoxy-2-phenylchroman-4-one (138) was performed 

(Scheme 4.14). This involved the reaction of 1-(2-hydroxy-5-methoxyphenyl)ethanone 

with benzaldehyde, which proceeds through the intermediate chalcone (139). Several 

literature procedures and adaptations thereof were explored,295,296 and the conditions 

were shown to impact significantly on the results.  



Chapter 4: Synthetic studies of novel flavonoid mimetics 

 

111 

O
O

OH

+

O
a O

O

OH

O

O

O

b

139
138

Scheme 4.14. Two-step synthesis of 6-methoxy-2-phenylchroman-4-one (138) via the corresponding 
chalcone intermediate (139). (a) Ba(OH)2·8H2O, CH3CH2OH, 40 °C, 16 h, 97%; (b) CH3CO2Na, 
CH3CH2OH, 78 °C, 16 h, 90%. 
 

A two-step procedure described by both Sathyanarayana and later by Chimenti and co-

workers proved the most reliable, and it was found that by careful selection of 

temperature and reaction time (40 °C for 16 hours), complete conversion to the 

intermediate chalcone could be obtained (at higher temperatures, degradation occurred) 

(Table 4.15).297,298 Under these conditions, purification of the chalcone was 

unnecessary. 

 

Table 4.15. Investigation of temperature and time effects in the synthesis of (E)-1-(2-hydroxy-5-
methoxyphenyl)-3-phenylprop-2-en-1-one (139) using the procedure of Chimenti et al.298 
 

 
Reaction conditions Conversion to 139a (%) Isolable yield (%) 
Ethanol, 30 °C, 24 h 72 68 
Ethanol, 40 °C, 24 h 89 84 
Ethanol, 40 °C, 16 h 100 97 
Ethanol, 60 °C, 16 h 51 - 
Ethanol, 78 °C, 16 h 33 - 

a conversion determined by LCMS analysis. 
 

 

The cyclisation of the chalcone (139) to afford the flavanone (138), as outlined by 

Chimenti et al., was successful (Figure 4.14).299 Alternative base- and acid-catalysed 

cyclisation conditions were examined, but offered no advantage. This two-step 
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procedure described by Chimenti et al.298 was also employed in the synthesis of 

flavanones 140-142 (Figure 4.16). The yields for both the condensation reaction and 

subsequent cyclisation were each >90% in the preparation of each analogue.  

 
Figure 4.16. Synthesised flavanone compounds (138, 140-142) with various methoxy substituents. 
 

 

The synthesis of 7,8-dimethoxy-2-phenylbenzoxazepinone (7,8-dimethoxy-2-phenyl-

3,4-dihydrobenzo[f][1,4]oxazepin-5(2H)-one) (143) was then investigated as a 

prioritised target due to the presence of a catechol ether functionality (Scheme 4.17). 

Disappointingly, neither the Schmidt reaction nor Beckmann rearrangement conditions 

(outlined in Schemes 4.9 and 4.12) gave any conversion to 143 from the corresponding 

6,7-dimethoxy-2-phenylchroman-4-one (140). Similarly, these reaction conditions 

failed in the synthesis of the 7-methoxy analogue (144) (Scheme 4.17). 

 

 
Scheme 4.17. The previously established Schmidt reaction and Beckmann rearrangement conditions 
failed to produce any of the methoxy-substituted 2-phenylbenzoxazepinones (143 and 144). 
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Whilst there are many literature procedures outlining numerous reaction conditions, it 

would seem apparent that the conditions explored within this work are not generally 

applicable. Unless the presence of the methoxy substituents were a specific case or 

alternate conditions can be found, the use of the Schmidt reaction and Beckmann 

rearrangement to generate analogues of the 2-phenylbenzoxazepinone class of 6,7-fused 

ring system scaffolds would appear limited.  

 

4.2.4 Biological assessment of 2-phenyl-3,4-dihydrobenzo[f][1,4]oxazepin-5(2H)-

one 

The successfully synthesised compound, 2-phenylbenzoxazepinone (121), was assessed 

for P. falciparum growth inhibition and proved to be a moderately active inhibitor. 

Under the LDH assay conditions described in Chapter 3, 121 had an IC50 value of 7.6-

9.4 µM. The tetrazole by-product (127) was also assessed but did not inhibit parasite 

growth (IC50 > 100 µM). 121 was also assessed for human PDE inhibition. At 1 µM 

concentration, 121 demonstrated 62% inhibition of hPDE1, yet poor inhibition at 

hPDE9 and hPDE4 (Appendix 4).  

 

4.2.5 Section discussion 

While the synthetic program relating to this class was cut short, the antiplasmodial 

activity as well as hPDE1 inhibition of 2-phenylbenzoxazepinone (121) may represent a 

starting point for further investigation. When both enantiomers were docked into the 

PfPDEα homology model (Figure 4.18), the amide of 121 made two hydrogen bond 

contacts to the purine-scanning glutamine residue. This binding mode is observed in all 
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human PDE crystal structures with bound ligands and is believed essential in PDE 

inhibition.  

 

 

Figure 4.18. 2-Phenylbenzoxazepinone (121) docked into the PfPDEα homology model. (a) the R 
enantiomer and (b) the S enantiomer. Highlighted as sticks are the purine-scanning glutamine (Gln884), 
as well as the hydrophobic clamp residues (Phe887 and Ile850). Numbering is taken from the PfPDEα 
sequence. Metal ions and water molecules are represented as spheres, and hydrogen bonds are shown with 
dashed lines. 
 

 

While such evidence supports the hypothesis of antiplasmodial activity occurring 

through a PDE inhibition mechanism, challenges encountered in the syntheses of the 

derivatised 6,7-fused ring system scaffold will need to be overcome if the compound 

class is to be pursued as antiplasmodial compounds. Given that neither the activity nor 

predicted binding mode is dependent upon the presence of catechol ether groups, the 

exploration of other substituent types might provide access to more potent human PDE 

inhibitors or antiplasmodial compounds.  

 

a b 
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4.3 Synthetic studies of the 2-phenylbenzoxepinone compound class 

4.3.1 Synthetic access to the 2-phenylbenzoxepinone compounds 

In the ongoing pursuit of novel chemotypes to act as antiplasmodial and/or PDE 

inhibitors, attention turned to the 2-phenylbenzoxepinone compound class. The only 

literature report of a 2-phenylbenzoxepinone comes from Tatsuoka et al. in 1990.300 The 

2-phenylbenzoxepinone (2-phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one) compound 

(122) and a series of analogues were synthesised in an effort to offer useful frameworks 

“For the purpose of synthesising pharmacologically active compounds.” However, no 

pharmacological activity was reported.  

 

It would be expected that this class might be accessed through cycliacylation of a 

phenoxybutanoyl precursor. Indeed, well-known unsubstituted compounds have been 

prepared in this way.301-303 However, when Tatsuoka et al. attempted the synthesis of 

122 through dehydrative ring formation of the corresponding butyric acid (145), a 

complex mixture of α-tetralone derivatives 146-149 was obtained, as identified through 

spectroscopic analyses (Scheme 4.19).300 
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Scheme 4.19. Attempted synthesis of 2-phenylbenzoxepinone (122) through dehydrative ring formation 
of the butyric acid (145) as reported by Tatsuoka et al. (a) PPA, rt, 6 h.300 
 

 

Ultimately, Tatsuoka and co-workers achieved the synthesis of 122 by ring expansion of 

2-phenyl-4H-chromen-4-one (150) – cyclopropanation of 150 was followed by 

reductive cleavage of the cyclopropyl ketone (151) (Scheme 4.20).304 Moreover, the 

synthesis could be extended to aryl substituent substrates. It was found that in general, 

electron donating substituents on the fused benzene ring (i.e. methoxy) gave the 2-

phenylbenzoxepinone product in a much higher yield than in the presence of electron 

withdrawing groups (i.e. trifluoromethyl, ester). 
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Scheme 4.20. Literature synthesis of 2-phenylbenzoxepinone (122) via the cyclopropane intermediate 
(151). (a) (CH3)3S(O)I, NaH, DMSO, rt, then 150 in DMSO over 3 min, then rt, 2 h, 51%; (b) (nBu)3SnH, 
AIBN, toluene, 90-100 °C, 1 h, 85%. 
 

 

4.3.2 Attempted synthesis of 2-phenyl-3,4-dihydrobenzo[b]-oxepin-5(2H)-one 

Despite Tatsuoka et al. previously being unsuccessful with a Friedel-Crafts 

cycliacylation, it was believed that a viable synthesis might be successful with 

appropriate conditions.300 As discussed below (section 4.5), it was the success with 

analogous substituted 8-phenylbenzosuberone compounds that provided hope for 

success.  

 

Interestingly, Tatsuoka et al. had reported the reaction of γ-phenyl-γ-butyrolactone with 

phenol to yield the key 4-phenoxy-4-phenylbutanoic acid precursor (145) within a 1985 

patent.305 Perhaps ominously, they also reported the conversion of 145 under Friedel-

Crafts acylation conditions to the lactone (152), a structural isomer of 2-

phenylbenzoxepinone (122) (Scheme 4.21). In fact, complete conversion of γ-phenyl-γ-

butyrolactone and phenol to 152 under acidic conditions was also reported. This 

contradicted the earlier result described above (from the same group) where a Friedel-

Crafts reaction of 145 instead afforded a complex mixture of α-tetralones 146-149.  
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152  
Scheme 4.21. Literature syntheses of the key 4-phenoxy-4-phenylbutanoic acid precursor (145) and 
subsequent reaction to give 5-phenyl-4,5-dihydrobenzo[b]oxepin-2(3H)-one (152). (a) NaOCH3, CH3OH, 
65 °C, 1 h, then γ-phenyl-γ-butyrolactone, 150 °C, 85%; (b) 75% PPA, rt, 5 h, 30%. (c) 75% PPA, rt, 5 h, 
30%.305 
 

 

To examine this reaction further, γ-phenyl-γ-butyrolactone was reacted with 3,4-

dimethoxyphenol in polyphosphoric acid at room temperature for 7 hours 

(Scheme 4.22).305 The product obtained was 7,8-dimethoxy-5-phenyl-4,5-

dihydrobenzo[b]oxepin-2(3H)-one (153). No α-tetralone products were observed nor 

was there any sign of the target 2-phenylbenzoxepinone (122). The identity of 153 was 

confirmed by both 1D and 2D NMR experiments as well as the [M+H+]+ molecular ion 

at m/z 239.3. 
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Scheme 4.22. Synthesis of 7,8-dimethoxy-5-phenyl-4,5-dihydrobenzo[b]oxepin-2(3H)-one (153). (a) 
PPA, rt, 7 h, 82%. 
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A similar result was observed when γ-phenyl-γ-butyrolactone was reacted with 4-

methoxyphenol under the aforementioned acidic conditions (Scheme 4.23). 7-Methoxy-

2-phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one (154) was isolated in 46% with no 

evidence of either 7-methoxy-2-phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one or α-

tetralone by-products. Again, both 1D and 2D NMR experiments were required to 

characterise the product. 
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Scheme 4.23. Synthesis of 7-methoxy-2-phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one (154). (a) PPA, rt, 
7 h, 46%. 

 

 

The mechanism of the rearrangement of the key butyrolactone intermediate (145) under 

acidic conditions is not immediately obvious. However, a proposed mechanism is 

described in Scheme 4.24. This mechanism attempts to rationalise the formation of 152, 

whether it be directly through a rearrangement and dehydration of the butyrolactone 

intermediate (145) (shown in blue arrows) (as reported by Tatsuoka et al.305) or through 

a one-pot reaction of γ-phenyl-γ-butyrolactone and phenol under acidic conditions 

(shown in purple arrows). This proposed mechanism is by no means definitive and 

further investigation would be required to confirm such a reaction mechanism.  
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Scheme 4.24. Proposed reaction mechanism for the synthesis of 5-phenyl-4,5-dihydrobenzo[b]oxepin-
2(3H)-one (152) from either 4-phenoxy-4-phenylbutanoic acid (145) (shown in blue) or from the reaction 
of γ-phenyl-γ-butyrolactone with phenol (shown in purple).  
 

 

The alternative method centred upon ring expansion from 2-phenyl-4H-chromen-4-one 

(150) was also attempted (Scheme 4.20).300 Firstly, cyclopropanation of 150 was 

attempted using the Corey-Chaykovsky reaction.306 This reaction involves the reaction 

of a sulfur ylide with an electrophile such as a carbonyl, olefin, imine or thiocarbonyl 

(155) to give the corresponding epoxide, cyclopropane, aziridine or thionane (156). The 

sulfur ylide can be either dimethylsulfoxonium methylide (Corey’s reagent) (157) or 

dimethylsulfonium methylide (158) (Figure 4.25). The synthesis of 

dimethylsulfoxonium methylide (157) was first reported in 1962 and has since been 

used extensively within the literature.307-312 
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Figure 4.25. Corey-Chaykovsky reaction using dimethylsulfoxonium methylide (157) or 
dimethylsulfonium methylide (158). 
 

 

Dimethylsulfoxonium methylide (157) was prepared by reacting trimethylsulfoxonium 

iodide with sodium hydride in anhydrous dimethylsulfoxide according to literature 

procedures.306, 307, 313, 314 To test for ylide formation, the reaction was firstly trialled on a 

test substrate, 2-cyclohexenone (159) (Scheme 4.26). The ylide was allowed to form 

over a 40 minute period, before 2-cyclohexenone was added in a drop-wise manner 

according to the literature procedure.315 The cyclopropane product (160) was obtained 

in 88% yield, which confirmed the procedure of the dimethylsulfoxonium methylide 

(157) formation. 

 

 
Scheme 4.26. Trial reaction to test for dimethylsulfoxonium methylide (157) preparation using 2-
cyclohexenone (159). (a) (CH3)3S(O)I, NaH, DMSO, rt, 40 min, then 159 in DMSO over 3 min, then 
50 °C, 2 h, 88%. 
 

 

Employing the same reaction conditions as above, 2-phenyl-4H-chromen-4-one (150) 

was reacted with dimethylsulfoxonium methylide (157) at 50 °C for 2 hours 

(Scheme 4.27). In this instance, a mixture of products was observed by both LCMS 
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analysis and analytical RP-HPLC analysis. Following separation by column 

chromatography, 1H NMR and 13C NMR spectroscopy confirmed the presence of some 

desired cyclopropane product (151) (12%). The 1H NMR spectrum of 151 displayed a 

doublet of doublets at δ 2.54 and 2.06 ppm that correspond to the diastereotopic protons 

of the cyclopropane group, as well as a triplet at δ 1.74 ppm that corresponds to the α-

keto proton coupled to the diastereotopic protons. LCMS analysis showed the 

corresponding [M+H+]+ molecular ion at m/z 237.2 and RP-HPLC analysis indicated 

pure material. However, the major product (68%) was identified as the ring-opened 2-

hydroxy-2-phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one (161) (Scheme 4.27). The 

1H NMR spectrum of 161 is significantly different to 155 in the aliphatic region. A 

multiplet is observed at δ 3.49 ppm which integrates to the four alkyl protons of the 

newly formed 7-membered ring. LCMS analysis showed the [M+H+]+ molecular ion at 

m/z 256.2, consistent with the ring-expanded hemiketal product (161).  

 

 
Scheme 4.27. Reaction of 2-phenyl-4H-chromen-4-one (150) to give the desired cyclopropane product 
(151) and by-product 161. (a) (CH3)3S(O)I, NaH, DMSO, rt, 40 min, then 150 in DMSO over 3 min, then 
50 °C, 2 h, 151 (12%), 161 (68%). 
 

 

A similar by-product has been noted within the literature, whereby a nitro-activated 

cyclopropane (162) was observed to react smoothly with water and open to 2-hydroxy-

4-nitro-3,4-dihydrobenzo[b]oxepin-5(2H)-one (163) (Scheme 4.28).316 In this case, it 

can be envisaged that the cyclopropane ring opens to give an oxonium ion and an 

enolate, which is stabilised by the α-nitro substituent. From here, the addition of water 
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results in 163. Similarly, it is proposed that following cyclopropane ring opening of 

compound 151, the pendant phenyl ring serves to stabilise the oxonium ion, and the 

subsequent addition of water gives the hemiketal, 161.  

 

 

 
Scheme 4.28. Literature report of the nitro-activated cyclopropane (162) reacting with water to form 2-
hydroxy-4-nitro-3,4-dihydrobenzo[b]oxepin-5(2H)-one (163).316 
 

 

Interestingly, this observed side-reaction could be prevented by cooling the reaction 

mixture to 0 °C prior to quenching of the reaction. Under these conditions, the desired 

cyclopropane product (151) was obtained in 81% yield. No ring-expanded material 

(161) was observed, just a small amount of the 2-phenyl-4H-chromen-4-one starting 

material (150). 

 

The reductive cleavage (Pereyre’s reaction) was performed on the cyclopropane product 

(151) using the conditions of Tatsuoka et al.300 A solution of 151 in toluene was heated 

with one equivalent of tri-n-butyltin hydride in the presence of azobisisobutyronitrile for 

1.5 hours (Scheme 4.29). While the product obtained was a mixture, analysis by 

1H NMR spectroscopy and LCMS suggested that the desired product (122) was present 

but significant starting material (151) remained. However, longer reaction times resulted 

in the formation of degradation products. Unfortunately, 122 could not be retrieved in 

pure form either by column chromatography, RP-HPLC or crystallisation.  
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Scheme 4.29. Attempted Pereyre’s reductive cleavage of the cyclopropane (151) to give 2-
phenylbenzoxepinone (122). (a) (nBu)3SnH, AIBN, toluene, 90-100 °C, 1.5 h. 
 

 

4.3.3 Section discussion 

While this was an encouraging outcome, there remained significant further optimisation 

of the synthetic route to access the 2-phenylbenzoxepinone compounds. At this stage, as 

progress was being made on other targets, work toward the synthesis of the 2-

phenylbenzoxepinones compound class was suspended. In order to reach the target 

compounds, optimisation of both the synthetic and purification procedures would be 

required. This would include the exploration of chemical substituents which may 

improve product conversion, as well as the development of purification strategies to 

isolate the desired products. 

 

4.4 Synthetic studies of the 8-phenylbenzosuberone compound class 

4.4.1 Synthetic access to the 8-phenylbenzosuberone compound class 

The third 6,7-bicyclic ring system examined was the 8-phenylbenzosuberone (8-phenyl-

6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one) structure (123). The parent compound is 

unreported within the literature, which is somewhat surprising given that aryl 

substitution at each of the other positions of the cycloheptane ring has been 

described.260-266,317-319 The synthesis of 9-phenylbenzosuberone (9-phenyl-6,7,8,9-

tetrahydro-5H-benzo[7]annulen-5-one) (164) was first reported in 1958 by Klemm and 
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Bower.261 Similar to unsubstituted benzosuberone,320-325 164 was synthesised via a 

Friedel-Crafts intramolecular acylation reaction of the corresponding diphenylvaleric 

acid (165) (Scheme 4.30). This process for the preparation of 9-phenylbenzosuberone 

was patented by Kofron in 1968.262 

 

 
Scheme 4.30. Friedel-Crafts intramolecular acylation reaction of diphenylvaleric acid (165) in the 
synthesis of 9-phenylbenzosuberone (164). (a) AlCl3, CS2, 46 °C, 12 h, 59%.261 
 

 

The synthesis of benzosuberone (166) is well reported within the literature.326-329 Most 

commonly, as seen above, it has been synthesised through a Friedel-Crafts 

intramolecular acylation reaction of the 5-phenylpentanoic acid (167) (Scheme 4.31).320-

325,330 

 

 
Scheme 4.31. Friedel-Crafts intramolecular acylation reaction of 5-phenylpentanoic acid (167) in the 
synthesis of benzosuberone (166). (a) PPA, rt, 6 h, 92%.330 
 

 

In considering the synthesis of 8-phenylbenzosuberone (123), the desired precursor to 

the Friedel-Crafts intramolecular acylation reaction is 4,5-bis-(4'-

methoxyphenyl)pentanoic acid (168), but it is also apparent that this substrate cyclises 

onto the 4-phenyl substituent giving 4-benzyl-3,4-dihydronaphthalen-1(2H)-one (169) 
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(Scheme 4.32). Along these lines, Hatam and Whiting had cyclised the 4,5-bis-(4'-

methoxyphenyl)pentanoic acid (168) using Friedel-Crafts acylation conditions and 

noted no evidence of the benzosuberone-based product. To be successful in the 

synthesis of 8-phenylbenzosuberone, a process to circumvent this side reaction would 

be necessary. 

 

 
Scheme 4.32. It can be envisaged that both 8-phenylbenzosuberone (123) and 4-benzyl-3,4-
dihydronaphthalen-1(2H)-one (169) can be synthesised through an intramolecular Friedel-Crafts acylation 
reaction of 4,5-bis-(4'-methoxyphenyl)pentanoic acid (168).  
 

 

A preliminary study of this reaction was performed by Thompson who confirmed that 

the intramolecular Friedel-Crafts acylation reaction of 4,5-bis-(4'-

methoxyphenyl)pentanoic acid (168) gave exclusively the 6-membered tetralone 

product, 169, when cyclised via Friedel-Crafts acylation (using either aluminium 

trichloride reaction conditions or polyphosphoric acid reaction conditions).331 The use 

of activating or deactivating aryl substituents was consequently investigated. As such, 

the Friedel-Crafts acylation reaction of 5-(3,4-dimethoxyphenyl)-4-phenylpentanoic 

acid (170) appeared to give a 7:3 mixture of the 2,3-dimethoxy-8-phenylbenzosuberone 

(171) and the 6-membered tetralone (172) (Scheme 4.33). However, the compounds 

were unable to be isolated in pure form.  
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Scheme 4.33. Synthesis of 2,3-dimethoxy-8-phenylbenzosuberone (171) as described by Thompson. (a) 
PPA, 100 °C, 4 h, 48% (171/172 (7:3)).331 
 

 

While incomplete, these data emphasised the possibility of accessing these hitherto 

undescribed 8-phenylbenzosuberone derivatives for which there was also the prospect 

of further derivatisation. This work examines the potential of accessing these 

compounds in pure form by modified synthesis or isolation procedures. 

 

 

4.4.2 Attempted synthesis of 8-phenyl-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-

one 

The synthesis of 8-phenylbenzosuberone (123), or be it 4-benzyl-3,4-

dihydronaphthalen-1(2H)-one (169), was examined to establish the synthetic procedures 

for preparing the key precursors, the 4,5-diarylpentanoic acids (168 and 170), as shown 

in Scheme 4.34. First, deoxybenzoin (173) underwent Michael addition with ethyl 

acrylate to give the corresponding ethyl ester (174) in 98% yield. The melting point (55-

56 °C) was comparable to the literature value (45-57 °C).332 The ethyl ester (174) was 

hydrolysed under basic conditions to afford the acid (175) in 95% yield.  
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Scheme 4.34. Synthesis of 4-benzyl-3,4-dihydronaphthalen-1(2H)-one (169). (a) tBuOK, ethyl acrylate, 
tBuOH, rt, 2 h, 98%; (b) 1,4-dioxane/1 M aq. NaOH (1:1), 100 °C, 2 h, 95%; (c) (CH3CH2)3SiH, 
CF3CO2H, N2, rt, 16 h, 85%; (d) PPA, 80 °C, 4 h, 67%. 
 

 

Reduction of the keto function of 175 was attempted using Wolff-Kishner conditions as 

described by Reddy and Rao,333 but was unsuccessful, perhaps due to challenges in 

achieving the high temperatures needed for hydrazone decomposition. Reduction of the 

ketone using the Kursanov-Parnes conditions,334 triethylsilane in trifluoroacetic acid, 

was successful and gave the corresponding methylene compound (176) which was 

isolated in 85% yield. The 1H NMR spectrum displayed a signal at δ 3.05 – 2.95 ppm 

corresponding to the benzylic protons and the [M-H+]- molecular ion was observed at 

m/z 253.2, both of which compared well with literature values.335 The final step was the 

Friedel-Crafts intramolecular acylation of the acid (176) which was performed in neat 

polyphosphoric acid at 80 °C for 4 hours. The 6-membered tetralone (169) was obtained 

exclusively, as previously observed by Thompson, with no trace of 8-

phenylbenzosuberone (123) as determined by 1H NMR spectroscopy and chiral 

HPLC.331 Compound 169 was isolated in 67% yield and good purity (>95%). 1H NMR 

spectroscopy shows the benzylic methylene protons as a multiplet at δ 3.02 – 2.87 ppm. 
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This spectral data correlated well with literature reports.335-337 While not affording the 

target compound, a robust synthetic route had been established that should be suited to 

the synthesis of analogue compounds, including poly-methoxylated 8-

phenylbenzosuberone compounds. 

 

4.4.3 Synthesis of 2,3-dimethoxy-8-phenyl-6,7,8,9-tetrahydro-5H-

benzo[7]annulen-5-one 

For the attempted synthesis of 2,3-dimethoxy-8-phenylbenzosuberone (2,3-dimethoxy-

8-phenyl-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one) (171), the synthesis of the key 

carboxylic acid derivative, 5-(3,4-dimethoxyphenyl)-4-phenylpentanoic acid (170), was 

achieved in a manner similar to that described above (Scheme 4.35). Firstly, the starting 

deoxybenzoin (177) was prepared by a Friedel-Crafts intermolecular acylation reaction 

of veratrole with phenylacetyl chloride (prepared from phenyl acetic acid and oxalyl 

chloride in dichloromethane) in the presence of aluminium trichloride. This afforded 1-

(3,4-dimethoxyphenyl)-2-phenylethanone (177) in 85% yield. This one-pot procedure 

gave a better yield than that using thionyl chloride in the preparation of the acid 

chloride. The 1H NMR spectrum of 177 showed the characteristic splitting pattern of the 

1,2,4-trisubstituted benzene ring and the melting point corresponded to literature 

values.338,339 

 

Alkylation of 1-(3,4-dimethoxyphenyl)-2-phenylethanone (177) with ethyl acrylate by 

Michael addition gave the ester compound (178) in 93% yield and good purity (>90%) 

as shown by analytical RP-HPLC. Compound 178 is not reported in the literature, so its 

identity was confirmed by the molecular ion at m/z 357.2, and analysis of the 1H NMR 
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and 13C NMR spectra. The ethyl ester was hydrolysed under basic conditions to afford 

the corresponding acid (179) in 96% yield.  

 

 
Scheme 4.35. Synthesis of 2,3-dimethoxy-8-phenylbenzosuberone (171) and 4-(3,4-dimethoxybenzyl)-
3,4-dihydronaphthalen-1(2H)-one (172). (a) (COCl)2, CH2Cl2, 60 °C, 1 h, then dimethoxybenzene, AlCl3, 
rt to 60 °C, 4 h, 85%; (b) tBuOK, ethyl acrylate, tBuOH, rt, 2 h, 93%; (c) 1,4-dioxane/1M aq. NaOH 
(1:1), 100 °C, 2 h, 96%; (d) (CH3CH2)3SiH, CF3CO2H, N2, rt, 1 h; (e) (CH3CH2)3SiH, rt, 15 h, 92%; (f) 
PPA, 80 °C, 4 h, 92% (175/176 (4:1)). 
 

 

The reduction of the ketone was attempted using Kursanov-Parnes conditions 

(described in section 4.4.2), though it was found to be more resistant than the earlier 

case. After stirring at room temperature for 7 days, only 50% conversion to the fully 

reduced methylene compound (180) was observed, with the remainder being that of the 
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partially reduced alcohol intermediate (181) (the [M-H+]- molecular ion was observed at 

m/z 329.3). The reaction was successfully driven to completion by addition of a further 

two equivalents of triethylsilane and stirring for a further 4 days. Compound 180 is 

unreported within the literature, however key NMR data correlated to that observed 

with the unsubstituted equivalent (176).  

 

Upon closer examination, it was found that the Kursanov-Parnes reaction proceeded 

almost instantaneously to the alcohol intermediate (181) and that the subsequent 

reduction to the methylene (180) was the rate-limiting step. Thus in a modified 

procedure, 1 hour after commencement of the reaction two further equivalents of 

triethylsilane were added and 100% conversion to the methylene product was observed 

by analytical RP-HPLC within 16 hours. It should be noted that Wolff-Kishner 

conditions again failed to yield the reduced ketone compound (180), with several 

degradation products evident from analytical RP-HPLC. 

 

Compound 180 was subjected to a Friedel-Crafts intramolecular acylation reaction in 

polyphosphoric acid (as described earlier). As anticipated, a mixture of the 7-membered 

benzosuberone (171) and 6-membered benzyltetralone (172) was obtained in 

approximately a 4:1 ratio as determined by 1H NMR spectroscopy. The two compounds 

could not be separated by the standard techniques available. They co-eluted by both 

t.l.c. and analytical RP-HPLC trace. In addition, attempts to selectively crystallise one 

component were unsuccessful. 

 

As these products are chiral and both present as racemic mixtures, an attempt was made 

to resolve them by chiral chromatography. They were analysed first by elution through 
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three different stationary phases; Phenomonex Lux Cellulose 1 (Figure 4.36), Cellulose 

2 (Figure 4.37) and Amylose 2 (Figure 4.38) columns. The eluents were isocratic 

mixtures of 10-20% ethanol in petroleum spirits. The mixture of 171 and 172 could be 

partially resolved by analytical chiral chromatography using an Amylose 2 column 

(Figure 4.38) with a single benzosuberone (171) enantiomer and single tetralone (172) 

enantiomer able to be isolated (Figure 4.39).  

 

The single late-running component obtained (Figure 4.40) was identified by 1H NMR 

spectroscopy as an enantiomer of 2,3-dimethoxy-8-phenylbenzosuberone (171). A 

semi-preparative elution was used to isolate 8 mg of 171.  

 

 

 
Figure 4.36. Chiral chromatography profile at 254 nm of the reaction mixture of the benzosuberone (171) 
and the tetralone (172) compounds using the Cellulose 1 column. 
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Figure 4.37. Chiral chromatography profile at 254 nm of the reaction mixture of the benzosuberone (171) 
and the tetralone (172) compounds using the Cellulose 2 column. 
 

 

 

 
Figure 4.38. Chiral chromatography profile at 254 nm of the reaction mixture of the benzosuberone (171) 
and the tetralone (172) compounds using the Amylose 2 column. 
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Figure 4.39. Collected fractions from the chiral HPLC separation of the benzosuberone (171) and the 
tetralone (172) using the Amylose 2 stationary phase and eluting with 20% ethanol in petroleum spirits. 
Fractions were collected in order A, B, C, D. 
 

 

 

 
Figure 4.40. Chiral chromatography profile at 254 nm (Amylose 2, 20% ethanol in petroleum spirits) of 
purified 2,3-dimethoxy-8-phenylbenzosuberone (171). 
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The isolated 2,3-dimethoxy-8-phenylbenzosuberone (171) was characterised by 

1H NMR spectroscopy, 13C NMR spectroscopy, 2D NMR spectroscopy, analytical RP-

HPLC and HRMS. The splitting of the aromatic signals within the 1H NMR spectrum 

was particularly important in identifying 171 from the tetralone material (172). As 

shown in Figure 4.41, the aromatic region of the 1H NMR spectrum showed two distinct 

singlets (δ 7.44 and 6.54 ppm), each of which integrate to one proton, that are 

characteristic of the 2,3-dimethoxy-2-phenylbenzosuberone compound (171). The 

additional five protons can be accounted for in the triplet, triplet and doublet signals, all 

consistent with a phenyl substituent. Conversely, 172 only displays only one singlet 

peak in the aromatic region of the 1H NMR spectrum (δ 6.82 ppm). 

 

 

 

 
Figure 4.41. The assigned aromatic region of the 1H NMR spectrum of 2,3-dimethoxy-8-
phenylbenzosuberone (171). Chemical shift (δ) in ppm is shown along the x-axis. 
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4.4.4 Section discussion 

A method for the synthesis and isolation of 2,3-dimethoxy-8-phenylbenzosuberone 

(171) has been identified within this work, and the subsequent isolation of the 6,7-fused 

ring system compound was achieved. This represents the first synthesis of the basic 8-

phenylbenzosuberone class and provides the basis for further studies. In particular, the 

capacity to influence the regioselectivity of the ring formation step will be of interest in 

the design of substitutued analogues. Also, chiral separation, useful in a synthetic sense 

here, highlights the potential for chiral-directed syntheses of this under-explored 

molecular class in the future. 

 

4.5 Chapter conclusions and future directions 

In this chapter, the syntheses of three series of relatively rare compound classes were 

explored. In some respects, the outcomes were disappointing with no class emerging as 

an obvious scaffold for further development. In other respects, some significant 

progress was made toward novel compound series.  

 

The Schmidt reaction and Beckmann rearrangement were examined for the synthesis of 

the 2-phenylbenzoxazepinone compounds. Whilst the reaction conditions were 

successful with the most basic flavanone substrate, the scope of these reactions proved 

limited and not suitable for the generation of the methoxy functionalised analogues. 

However, 2-phenylbenzoxazepinone (121) demonstrated both antiplasmodial and 

hPDE1 activity, and therefore may serve as a suitable starting point for further 

investigation of the PfPDEs. 
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The synthesis of the 2-phenylbenzoxepinone compound class was also attempted. In 

some respects this work was led astray by conflicting literature reports. On the other 

hand, it remains surprising that the various precursor carboxylic acids are so resistant to 

the expected Friedel-Crafts intramolecular acylation reaction. The ring expansion 

method appears likely to be successful, after some initial difficulties, and is worthy of 

further study. 

 

The first example of the synthesis of the previously unreported 8-phenylbenzosuberone 

class was described. Pivotal to the success in this synthesis was the application of chiral 

chromatography to overcome difficulties in separation of the structural isomers. This 

result was important in itself, but also flags a pathway to achieve the separation of other 

mixtures, especially mixtures containing racemic compounds that might be poorly 

resolved by achiral purification methods. The likelihood of both enantiomers co-eluting 

with other components of a mixture would seem less likely in a chiral environment. Of 

course, there remains a limitation in the capacity to pursue this compound class because 

of the inability to obtain large amounts of pure material.  

 

While in the context of new antimalarial compounds little was achieved, save for the 

activity of 2-phenylbenzoxazepinone (121), the work described in this chapter charts 

significant progress towards compound classes of potential medicinal value. Ultimately, 

it was the success detailed in the following chapter (Chapter 5) that took priority over 

these compounds being further pursued as novel PDE inhibitor scaffolds.  
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Chapter 5 
 

Chromanone analogues of LY294002 as 

phosphodiesterase inhibitors 

 

5.1 Introduction 

In Chapter 4, three series of novel 6,7-fused ring system compounds were investigated 

as potential novel phosphodiesterase inhibitor scaffolds. While some progress was made 

in each series, these scaffolds were not pursued in further medicinal chemistry 

campaigns. This was, in part, due to the success of an alternate scaffold that was 

developed from the synthetic chromone compound, LY294002 (182) (Figure 5.1). The 

development of this scaffold as a novel antiplasmodial chemotype is described in this 

chapter. 

 

O

O

N
O

LY294002
182  

Figure 5.1. The structure of the synthetic chromone, LY294002 (182). 
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LY294002 (182) is a phosphoinositide 3-kinase (PI3K) inhibitor that has been widely 

used in the characterisation of the actions of PI3K. It has an IC50 value of approximately 

1 µM against the class I PI3K isoforms. Among a range of off-target activities, 

LY294002 has also been shown to inhibit human PDEs. In literature reports by Abbott 

and Thompson, LY294002 and a series of structurally related 2-morpholinochromones 

were shown to inhibit hPDE2 and hPDE3 with IC50 values of 40 µM and 100 µM, 

respectively.340,341 In the same year, Nakamura et al. showed that LY294002 inhibited 

PDE activity of the soluble fraction of adipocytes in a comparable manner to the 

archetypal hPDE4 inhibitor, rolipram.342 This suggested that hPDE4 is a target of 

LY294002. More recently, the PDE4 activity in murine cardiac myocytes was shown to 

be blocked by LY294002, although an alternate PI3K-dependent mechanism of 

inhibition was proposed.343 In 2006, Gharbi et al. utilised a proteomic approach to 

identify numerous binding partners of an LY294002 derivative, which had been 

immobilised through the pendant phenyl ring, among which PDE4A in WEHI-231 cells 

and PDE1A and PDE10A from HeLa cells were identified.344 In unpublished work, 

LY294002 has since been assessed for activity at each human PDE isoform (Table 5.2). 

This work shows that LY294002 inhibits multiple PDE isoforms, particularly 

hPDE10A1 and hPDE11A. The observed inhibition suggests that the LY294002 

chromone template might serve as a useful starting point for the design and synthesis of 

PDE isoform-selective inhibitors. 

 
Table 5.2. LY294002 (182) inhibition of human PDE isoforms. 

hPDE isoform 1A 2A 3A 4A 4B 4C 4D 5A 6C 7A 8A 9A 10A 11A 
% inhibition (10 µM) 11 23 NI 41 45 25 41 50 25 NI NI NI 85 65 
% inhibition (1 µM) NI 12 NI NI - - - NI NI NI NI NI 11 23 

IC50 (µM) - 40 100 - - - - - - - - - 1.3 4.1 
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Further work conducted within the laboratory investigated the replacement of the 

morpholine group with a tetrahydropyran group, as exemplified by compound JN8-6 

(183) (Figure 5.3).345 This replacement resulted in compounds that demonstrated more 

potent PDE inhibition than LY294002 at certain hPDE isoforms, as well as significantly 

reduced PI3K inhibition (IC50 > 8µM). In particular, stronger inhibition at hPDE1 and 

hPDE4 was apparent (it should be noted that the single point assays were conducted at 

1 µM in this case). The structure-activity relationship of the 2-

tetrahydropyranochromone series continues to be pursued. 

 

O

O

O

JN8-6
183  

hPDE isoform 1A 2A 3A 4A 4B 4C 4D 5A 6C 7A 8A 9A 10A 11A 
% inhibition (1 µM) 26 NI NI 29 42 17 20 NI 12 13 NI NI 12 23 
Figure 5.3. JN8-6 (183) inhibition of human PDE isoforms. 
 

 

The objective of the work described in this chapter was to examine an additional change 

to the scaffold – a formal reduction of the chromone ring to the equivalent chromanone. 

This has obvious parallels to the structures studied in Chapter 4, where the synthetic 

targets were saturated 6,7-fused ring systems that were based upon the activities of 

natural product flavanones. 

 

Such a chromanone (184), of which the structure is shown in Figure 5.4, has not 

previously been reported. The parent structure (185) and some simple analogues are 

reported in just two patents; one pertaining to their use as beta secretase inhibitors, and 
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another as intermediates in the preparation of beta secretase inhibitors.346,347 This 

chemotype was thus available for investigation as a novel class of antiplasmodial 

compounds or as novel PDE inhibitors. Therefore, the aim of this chapter was to 

prepare and evaluate the biological activity of these compounds. 

 

O

O

O

185

O

O

O

184  
Figure 5.4. 8-Phenyl-substituted analogue (184) and the chromanone core scaffold (185). 
 

 

It was envisaged that 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 

(184) and analogues could be synthesised through either of two synthetic pathways that 

included pivotal sequential chromanone ring formation and pendant aryl substitution 

(Scheme 5.5, pathway one in purple, pathway two in red). The pathways differ only in 

the order of these transformations and both have been investigated. It was decided to 

include a 6-methyl substituent as this acts as a synthetic expedient in directing bromo 

substitution ortho to the phenol, and was apparently not detrimental to activity observed 

with compound JN8-6 (183) above.348 
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Scheme 5.5. Envisaged synthetic pathways to 8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 
(188) (pathway one in purple, pathway two in red). 
 

 

5.2 Synthesis of 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one 

5.2.1 Pathway one 

To begin, 1-(2-hydroxy-5-methylphenyl)ethanone was brominated to give 1-(3-bromo-

2-hydroxy-5-methylphenyl)ethanone (186) in high yield (96%) using the procedure of 

Abbott,348 where bromine in glacial acetic acid was added to a stirring solution of the 

acetophenone and sodium acetate in glacial acetic acid at 0 °C (Scheme 5.6). It was 

noted that initially the reaction stalled at approximately 50% conversion, but addition of 

a further equivalent of bromine drove the reaction to completion. The 1H NMR 

spectrum was consistent with that reported.348 An alternative bromination procedure 

described by Abbott utilising chloroform as solvent gave a poorer yield.348 
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Scheme 5.6. Synthesis of 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (188). (a) Br2, 
CH3CO2H, CH3CO2Na, 0 °C to rt, 24 h, then Br2, CH3CO2H, 0 °C to rt, 24 h, 96%; (b) Na2B4O7·10H2O, 
CH3CH2OH, 78 °C, 48 h, 87%; (c) C6H5B(OH)2, Cs2CO3, Pd(CH3CO2)2, PCy3, (nBu)4NBr, 1,4-
dioxane/H2O (6:1), MW, 150 °C, 30 min, 94%. 
 

 

Compound 186 then underwent a condensation reaction with tetrahydro-2H-pyran-4-

carbaldehyde to form the key chromanone intermediate, 187 (Scheme 5.6). Under the 

conditions of sodium tetraborate as a base in ethanol at reflux for 48 hours, 90% 

conversion to 187 was observed. Recrystallisation with ethanol/ethyl acetate (5:1) gave 

an 87% yield of the pure material (187). Its identity was confirmed through 1H NMR 

and 13C NMR spectroscopy and observation of the [M+H+]+ molecular ion at m/z 325.2. 

The 1H NMR spectrum of 187 is complicated due to overlapping signals and the 

rotation of the tetrahydropyran ring on the NMR time scale, with the symmetrical 

methylene carbons of the tetrahydropyran group each appearing as two signals in the 

13C NMR spectrum when performed at standard operating temperature (298 K). Proton 

and carbon NMR assignments were elucidated using 2D NMR spectroscopy 

experiments. 
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In the reaction of 186 with 2-tetrahydropyrancarbaldehyde, a number of variations to 

the conditions were examined; for example further equivalents of the carbaldehyde were 

added at 24 hours and 48 hours, and the reaction time was extended to 5 days. These 

variations failed to produce as successful conversion to 187 but rather, degradation 

materials were observed by analytical RP-HPLC. Barium hydroxide was trialled in the 

place of sodium tetraborate in this reaction but afforded only 10% conversion to the 

cyclised product (187) and the formation of several unidentifiable by-products. A 

microwave irradiation procedure reporting the synthesis of 2-alkyl-substituted 

chromanone derivatives was also examined.349 In this case, a slight excess of 

diisopropylamine as a base was employed with microwave heating in ethanol at 170 °C 

for 1 hour. LCMS analysis gave no evidence of either the starting materials or the 

desired chromanone (187), but a range of other side-products were observed. 

 

The Suzuki-Miyaura coupling of 187 to form the target compound (188) was achieved 

using a modified procedure of Bedford et al.350,351 Microwave heating, in this case, was 

very successful (Scheme 5.6). LCMS analysis showed near complete conversion to the 

desired product ([M+H+]+ molecular ion at m/z 323.2). Column chromatography was 

used to purify 188, removing palladium residues and trace impurities. The purified 6-

methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (188) was isolated in 

94% yield. 

 

The aliphatic proton signals of 188 are split in a similar manner to that observed with 

the key intermediate, 187. The 1H NMR spectrum showed the tetrahydropyran protons 

as two multiplets at δ 3.86 – 3.83 and 3.31 – 3.20 ppm. When 13C NMR spectroscopy is 

performed at 298 K, the symmetrical CH2 carbons of the tetrahydropyran group each 
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appear as two signals within the 13C NMR spectrum at δ 66.61 and 66.62 ppm, and δ 

27.9 and 27.8 ppm. However, 13C NMR experiments performed at 323 K showed the 

coalescence of the two signals (δ 67.1 and 28.4 ppm), as would be expected of 

rotameric carbons at higher temperatures. As in the case of 187, proton and carbon 

NMR assignments were elucidated using 2D NMR experiments. 

 

5.2.2 Pathway two 

The alternative synthetic pathway of initially performing the Suzuki-Miyaura coupling 

followed by the condensation reaction with tetrahydro-2H-pyran-4-carbaldehyde was 

also pursued (Scheme 5.5, pathway two shown in red). The synthesised 1-(3-bromo-2-

hydroxy-5-methylphenyl)ethanone (186) was reacted with phenylboronic acid under 

optimised Suzuki-Miyaura coupling conditions to give the corresponding 1-(2-hydroxy-

5-methyl-[1,1'-biphenyl]-3-yl)ethanone (189) in high yield (92%) (Scheme 5.7).  
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Scheme 5.7. Alternate synthesis of 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 
(188). (a) C6H5B(OH)2, K2CO3, Pd(OH)2, DMF/H2O (9:1), MW, 130 °C, 2.5 h, 92%; (b) tetrahydro-2H-
pyran-4-carbaldehyde, Na2B4O7·10H2O, CH3CH2OH/H2O (1:1.6), 78 °C, 72 h, 41%. 
 

 

The subsequent condensation reaction to give 6-methyl-8-phenyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (188) proceeded in moderate yield (Scheme 5.7), with 

approximately 50% conversion to the desired product (188) (determined by analytical 



Chapter 5: Chromanone analogues of LY294002 as phosphodiesterase inhibitors 

 

146 

RP-HPLC). 6-Methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (188) was 

isolated by column chromatography in 41% yield and gave identical analytical data to 

the compound obtained via pathway one. 

 

A comparison of the results from pathway one and pathway two show that the former 

was more efficient in the synthesis of 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one (188); pathway one yielded 188 in 79%, pathway two yielded 188 in 

36% (over three synthetic steps). It also gave the advantage of diversifying at the 8-

position in the final step of the synthesis. Therefore, pathway one was employed in 

generating 2-tetrahydropyranchromanone analogues. 

 

5.3 Synthesis of a focussed 2-tetrahydropyranchromanone library 

Following the successful synthesis of the target compound, 6-methyl-8-phenyl-2-

(tetrahydro-2H-pyran-4-yl)chroman-4-one (188), using the conditions established in 

pathway one, 2-tetrahydropyranchromanone analogues could be accessed through a 

Suzuki-Miyaura coupling of 8-bromo-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-

4-one (187) with various aryl boronic acids (Scheme 5.8). A series of analogues were 

prepared (Figure 5.9, 188, 190-206) where the boronic acids employed were chosen on 

the basis of their aryl substituent and in-house availability. As in the case of the 

pyrazolopyrimidinone compounds (Chapter 3), the predicted physicochemical 

properties of the 2-tetrahydropyranchromanones were monitored to maintain drug-like 

properties (Appendix 3). 
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Scheme 5.8. Synthesis of 2-tetrahydropyranchromanone analogues through a Suzuki-Miyaura coupling of 
187 with boronic acids. (a) Cs2CO3, Pd(OCOCH3)2, PCy3, (nBu)4NBr, 1,4-dioxane/H2O (6:1), MW, 
150 °C, 30 min. 
 

 

Table 5.9. The structures of the synthesised 2-tetrahydropyranchromanones (188, 190-206). 
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Each of the synthesised analogues was characterised by 1H NMR spectroscopy, 

13C NMR spectroscopy, HRMS and analytical RP-HPLC. The molecular ion of each 
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compound was observed in the positive ion mass spectrum. The yields of the analogues 

varied (49-94%), however no relationship between the product structure and the isolable 

yield could be seen. The paired signals of rotameric carbons were observed within the 

13C NMR spectra of each synthesised analogue and were consistent with those observed 

for the parent compound, 6-methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-

one (188).  

 

In addition to the series described above, a number of other syntheses were conducted to 

provide reference compounds. First, there was interest in examining the oxidation of the 

chromanone ring to give the corresponding chromone compounds. As described earlier, 

JN8-6 (183) shows inhibition at hPDE isoforms, and this route might provide an 

alternate pathway to accessing these compounds that would result in an extra compound 

for biological assessment from the single synthetic pathway. 

 

The oxidisation of flavanones to flavones has been reported using elemental iodine in 

pyridine.352 As a test case, this reaction was successfully replicated on 2-

phenylchroman-4-one itself (125), giving the oxidised 2-phenyl-4H-chromen-4-one 

(207) in 57% yield (Scheme 5.10). The 1H NMR spectrum displays a signal at δ 6.70 

ppm correlating to the newly formed α-keto methine proton.353  

 

O

O

207

O

O

a

125  
Scheme 5.10. Oxidation of 2-phenylchroman-4-one (125) to 2-phenyl-4H-chromen-4-one (207) (a) I2, 
pyridine, 90 °C, 3 h, 57%. 
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Employing these conditions, 8-(3,4-dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (190) was oxidised with iodine in pyridine at 90 °C to give 

the chromone, 8-(3,4-dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)-4H-

chromen-4-one (208) in 22% yield following column chromatography (Scheme 5.11). A 

distinctive α-keto methine proton signal at δ 6.20 ppm was present in the 1H NMR 

spectrum and the [M+H+]+ molecular ion was observed at m/z 381.2. The low yield was 

attributed to compound loss during the reaction work-up, particularly during several 

stages of washing with saturated aqueous sodium thiosulfate to remove iodine. Overall, 

this was a pleasing result as it may provide access to useful compounds in future work. 
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Scheme 5.11. Oxidation of 8-(3,4-dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-
one (190) to 8-(3,4-dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)-4H-chromen-4-one (208). 
(a) I2, pyridine, 90 °C, 16 h, 22%. 
 

 

The unsubstituted chromanone, 6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 

(209) was synthesised to assess the structure-activity requirement of the 8-aryl moiety 

(Scheme 5.12). Condensation of 1-(2-hydroxy-5-methylphenyl)ethanone with 

tetrahydro-2H-pyran-4-carbaldehyde using piperidine as the base catalyst gave 209 in 

38% yield.  
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Scheme 5.12. Synthesis of methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (209). (a) piperidine, 
CH3CH2OH, 78 °C, 48 h, 38%. 
 

 

Surprisingly, the previously established condensation conditions using sodium 

tetraborate as a base catalyst were unsuccessful in the synthesis of 209. In this instance, 

LCMS analysis could not detect the molecular ion, but instead showed that the reacted 

material had formed several unidentifiable products. It is unclear why this is the case 

with this particular substrate. 

 

Another simple structural variation that was envisaged was the replacement of the 6-

methyl substituent with a methoxy substituent (210), providing a potential hydrogen 

bond acceptor that might promote binding to hPDE enzymes (Figure 5.13).348 
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Figure 5.13. 6-methoxy-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (210). 
 

 

The synthesis of compound 210 was approached in a fashion analogous to the 6-methyl 

case (Scheme 5.14). Initially, 1-(2-hydroxy-5-methoxyphenyl)ethanone was brominated 

in 88% yield following recrystallisation from ethanol. 1-(3-Bromo-2-hydroxy-5-
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methoxyphenyl)ethanone (211) was then reacted with tetrahydro-2H-pyran-4-

carbaldehyde using the sodium tetraborate conditions previously established, though 

with a much poorer result. LCMS analysis of the crude reaction mixture showed only 

22% conversion to the cyclised chromanone, 8-bromo-6-methoxy-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (212), and this material was isolated in just 7% yield. 

Finally, a Suzuki-Miyaura coupling of 212 with phenylboronic acid was attempted. 

While LCMS analysis of the crude reaction mixture showed a [M+H+]+ molecular ion at 

m/z 339.2 that corresponded to the 6-methoxy-8-phenyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one product (210), this material was unable to be isolated by either 

column chromatography or recrystallisation. While disappointing, this result suggests 

that the effects associated with the presence of the methoxy substituent would need to 

be addressed in future work. Certainly, pathway two (Scheme 5.5) of the original 

synthesis is worth exploring to see if it offers any advantage. 
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Scheme 5.14. Attempted synthesis of 6-methoxy-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 
(210). (a) Br2, CH3CO2H, CH3CO2Na, 0 °C to rt, 24 h, then Br2, CH3CO2H, 0 °C to rt, 24 h, 88%; (b) 
tetrahydro-2H-pyran-4-carbaldehyde, Na2B4O7·10H2O, CH3CH2OH, 78 °C, 48 h, 7%; (c) C6H5B(OH)2, 
Cs2CO3, Pd(CH3CO2)2, PCy3, (nBu)4NBr, 1,4-dioxane/H2O (6:1), MW, 150 °C, 30 min. 
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In summary, the synthetic work described within this chapter afforded eighteen 

chromanone-based analogues of LY294002 for evaluation in both antiplasmodial and 

human PDE assays. It was thought that the compounds synthesised would allow for 

preliminary structure-activity relationship data to be generated. Importantly, a synthetic 

route has been established by which further 8-aryl analogues could be potentially 

synthesised, and this offers the potential for expansion in the syntheses of further 2-

tetrahydropyranchromanones.  

 

5.4 Biological assessment of the synthesised  

2-tetrahydropyranchromanones  

5.4.1 Plasmodium falciparum growth inhibition  

The synthesised 2-tetrahydropyranchromanones (188, 190-206), as well as the oxidised 

chromone compound (208), were assessed for Plasmodium falciparum growth 

inhibition. A number of other compounds, including synthetic intermediates and 

flavanone analogues described in Chapter 4, were also screened for antiplasmodial 

activity. The compounds were assayed as per the method of Gamo et al.,154 which was 

described in detail in Chapter 3, and the results are shown in Table 5.15. The dose-

response curves of each of the assessed chromanones can be viewed in Appendix 5. As 

seen in the assessment of the antiplasmodial activity of the pyrazolopyrimidinone 

analogues (Chapter 3), the IC50 values were found to vary as much as ten-fold between 

assays. However, the results again demonstrated the ability of the assay to consistently 

distinguish between active and inactive antiplasmodial compounds. 
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Table 5.15. Determined IC50 ranges of the synthesised 2-tetrahydropyranchromanones and related 
compounds for P. falciparum (3D7) growth inhibition. 

 
  

188 190 191 
>100 µM 2.6-4.1 µM 5.7-9.0 µM 

   
192 193 194 

>100 µM 9.9-48 µM 5.6-7.0 µM 

 
  

195 196 197 
>100 µM >100 µM 4.2-11 µM 

  
 

198 199 200 
3.0-5.4 µM 1.1-1.3 µM 6.6-12 µM 

  
 

201 202 203 
7.9-52 µM >100 µM 1.7-3.1 µM 
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Table 5.15 continued. Determined IC50 ranges of the synthesised 2-tetrahydropyranchromanones and 
related compounds for P. falciparum (3D7) growth inhibition. 

   
204 205 206 

85->100 µM 3.8-4.2 µM 2.3-3.7 µM 

 

  

208 187 209 
4.7-9.7 µM >100 µM >100 µM 

   
212 125 138 

>100 µM 61->100 µM >100 µM 

   
140 141 142 

   
>100 µM 42->100 µM >100 µM 

 

 

Of the 27 compounds assessed, nine compounds (190, 191, 194, 198, 199, 203, 205, 

206, 208) showed low micromolar antiplasmodial activity, seven compounds (193, 197, 

200, 201, 204, 125, 141) showed intermediate activity, and eleven compounds (188, 

192, 195, 196, 202, 187, 212, 209, 138, 140, 142) showed no inhibition (>100 µM). Of 

the compounds that showed low micromolar activity, the p-butylphenyl compound 

(199) was the most potent antiplasmodial compound with an IC50 value of 1.3 µM. In 
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fact, many of the para-phenyl-substituted analogues demonstrated low micromolar IC50 

values, including the p-methoxy (191), p-methyl (194), p-isopropoxy (198), p-

trifluoromethyl (203), p-cyano (205) and p-phenyl (206) compounds. The p-ethoxy 

(197), p-ethyl (200) and p-chloro (204) compounds are somewhat less active. The o- 

(192), m- (193), and p-methyl-substituted (194) compounds show an order of potency of 

194 > 193 > 192. This structure-activity relationship is supported, in part, by the 

antiplasmodial activities of the m-trifluoromethyl (202) and p-trifluoromethyl (203) 

compounds. The catechol ether chromanone compound (190) was of particular interest 

as the moiety has been observed among many PDE inhibitors, as discussed in Chapter 

4. The antiplasmodial activity of 190 could be directly compared to the oxidised 

chromone counterpart (208). Promisingly, the chromanone scaffold demonstrated 

comparable activity. Given the variation between assays, it is difficult to conclusively 

determine which is the more active scaffold. From the assessment of the unsubstituted 

2-tetrahydropyranchromanones (187, 209 and 212) it is evident that 8-aryl substitutions 

are essential in gaining antiplasmodial activity. Of the flavanone compounds 

(synthesised in Chapter 4), only the analogue with the catechol ether moiety on ring B 

(141) showed antiplasmodial activity (IC50 = 42 µM). 

 

5.4.2 Human phosphodiesterase inhibition  

Most of the synthesised chromanone analogues were also assessed for inhibition of 

hPDE9 and hPDE1. As previously discussed, both LY294002 (182) and the chromone 

analogue, JN8-6 (183), showed inhibition of hPDE4. It was therefore felt that additional 

assessment of the compounds at hPDE4 was essential (Table 5.16). As in Chapter 3, the 

human PDE enzymatic assays were conducted externally under contract. The 
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compounds were initially assessed at 1 µm concentration, and IC50 values were 

determined for selected compounds. 

 
 
Table 5.16. Determined inhibitory activities of chromanone compounds. 

C
om

po
un

d 

Pf
 p

ar
as

ite
 

gr
ow

th
 IC

50
 

(µ
M

) 
Human PDE % inhibition at 1 µM (IC50 in µM) 

1A 2A 3CAT 4CAT 5CAT 6AB 7A 8A 9A 10A 11A 

 
182 

 
  

11 
(40) 
23 

(100) 
0 

 
41b 

 
50 

 
25c 

 
0 

 
0 

 
0 

(1.3) 
85 

(4.1) 
65 

 
188 

 
>100 39 - - 31 - - - - 0 - - 

 
190 

 

 
2.6-
10.2 

 
94 

 
13 

 
14 

(1.6) 
90 

 
45 

 
0 

 
33 

 
54 

 
2 

 
53 

 
51 

 
191 

 
9.0 73 - - 48 - - - - 0 - - 

 
192 

 
 3 - - 32 - - - - 10 - - 

 
193 

 
48.2 6 - - 37 - - - - 76 - - 

 
194 

 
5.6 84 7 8 48 30 0 0 27 0 6 24 

 
195 

 
>100 - - - - - - - - - - - 

 
196 

 
>100 0 - - 4 - - - - 1 - - 

 
197 

 
10.7 82 - - 31 - - - - 3 - - 

 
198 

 
5.4 68 - - 22 - - - - 3 - - 

 
199 

 
1.3 77 - - 22 - - - - 0 - - 

 
200 

 
11.6 25 - - 44 - - - - 3 - - 

 
201 

 
52.0 - - - - - - - - - - - 

 
202 

 
>100 - - - - - - - - - - - 
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Table 5.16 continued. Determined inhibitory activities of chromanone compounds. 

C
om

po
un

d 

Pf
 p

ar
as

ite
 

gr
ow

th
 IC

50
 

(µ
M

) 

Human PDE % inhibition at 1 µM (IC50 in µM) 

1A 2A 3CAT 4CAT 5CAT 6AB 7A 8A 9A 10A 11A 

 
203 

 
3.1 74 - - 10 - - - - 6 - - 

 
204 

 
85.1 6 - - 35 - - - - 1 - - 

 
205 

 
 72 0 3 33 34 0 4 34 1 9 32 

 
206 

 
3.7 0 - - 1 - - - - 0 - - 

 
208 

 

 
9.7 

 
99 

 
29 

 
29 

(0.2) 
94 

 
60 

 
0 

 
44 

 
83 

 
4 

 
82 

 
75 

 
187 

 
>100 4 - - 11 - - - - 3 - - 

 
209 

 
>100 68 - - 6 - - - - 0 - - 

 
212 

 
>100 - - - - - - - - - - - 

Each value represents the mean of duplicate determinations where each replicate was within 6% of the 
mean value. Values shown in brackets are determined IC50 values, in µM. Compounds 99 and 105 were 
assayed externally by BPS Bioscience, SanDiego (see section 7.3.2 for experimental methods). The 
remainder of the compounds were assayed externally by Scottish Biomedical, Glasgow (see section 7.3.2 
for experimental methods). 
 

 

Pleasingly, many of these novel chromanone-based compounds were found to inhibit 

one or more of the hPDE isoforms. In general, inhibition of hPDE1 and hPDE4 

predominated over hPDE9 at 1 µM concentrations. The most active compounds were 

the catechol ether compounds, 190 and 208, and both were selective for hPDE4 

inhibition over hPDE1. They showed almost complete inhibition of hPDE4 activity at 

1 µM concentration, and the IC50 values for these compounds were determined as 

1.6 µM and 0.2 µM, respectively.  
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Four compounds (191, 208, 190 and 205) were subsequently assessed for inhibitory 

activity at each of the hPDE isoforms (hPDE1-11) to assess their selectivity 

(Table 5.16). This assessment showed some interesting results. Across all of the hPDE 

isoforms, the oxidised chromone analogue (208) showed greatest inhibition. Both 

catechol ether compounds, 190 and 208, showed inhibition of hPDE8 at 1 µM (54% and 

83%, respectively). They also demonstrated hPDE10 and hPDE11 activity, which is not 

surprising given that similar inhibition was observed with LY294002 (182).  

 

These results highlight important structure-activity relationship data allowing the direct 

comparison of the chromanone (190) and oxidised chromone (208) compounds showing 

that the chromone compounds were more active at hPDE4. This is further supported by 

the comparison of the hPDE4 activities of JN8-6 (183) and 188, where the oxidised 

chromone was again more active. 

 

5.5 Chapter discussion 

With the enzyme and cell-based data in hand, it was of interest to see if any insight 

could be gained in regard to the possible basis for inhibition of the PfPDEs. Using the 

homology models of the PfPDE isozymes developed in Chapter 2, each of the 8-phenyl-

2-tetrahydropyranchromanones was docked into the PfPDEα model to make predictions 

regarding likely PfPDE inhibition. The binding modes of both enantiomers were 

assessed.  

 

The docking results failed to show binding modes of the analogues that could be 

described as characteristic of the class. This was not surprising as LY294002 had been 
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shown to exhibit a range of binding poses when docked into hPDE crystal structures, 

where interactions of the purine-scanning glutamine could be made with either the 

carbonyl or morpholinyl group of LY294002.  

 

The catechol ether compounds (190 and 208) did prove the most potent however, and so 

these results were examined more closely. When either of the R or S enantiomers of the 

catechol ether chromanone (190) was docked into the PfPDEα model, the only 

observable interaction with the enzyme came via a hydrogen bond between the catechol 

ether moiety and the purine-scanning glutamine residue (Figure 5.17). As previously 

discussed, hydrogen bonding between the catechol ether of hPDE inhibitors (such as 

rolipram and roflumilast) and the purine-scanning glutamine is commonly observed in 

hPDE crystal structures.185 

 

 

Figure 5.17. The docking pose of the (a) R (pink) and (b) S (blue) enantiomers of 190 in the PfPDEα 
homology model. Hydrogen bonds are shown as dashed lines. Purine-scanning glutamine (Gln884) and 
hydrophobic clamp residues (Phe887 and Ile850) are shown as purple sticks. Numbering is taken from the 
PfPDEα sequence. Water molecules and ions are shown as spheres. 
 

 

When the oxidised catechol ether chromone (208) was docked into the PfPDEα model, 

it again demonstrated a hydrogen bond between the catechol ether moiety and the 

a b 
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purine-scanning glutamine (Figure 5.18). Despite the chromone having a planar bicyclic 

core, this did not appear to attenuate the π-stacking interaction with the conserved 

phenylalanine residue of the hydrophobic clamp in comparison to the less planar 

chromanone (190).  

 

 

Figure 5.18. The docking pose of 208 (green) in the PfPDEα homology model. Hydrogen bonds are 
shown as dashed lines. Purine-scanning glutamine (Gln884) and hydrophobic clamp residues (Phe887 and 
Ile850) are shown as purple sticks. Numbering is taken from the PfPDEα sequence. Water molecules and 
ions are shown as spheres. 
 

 

In summary, docking of the synthesised 8-phenyl-2-tetrahydropyranchromanone 

compounds into the PfPDEα model is not able to rationalise the variations observed in 

their activities. This could be due to a number of reasons; antiplasmodial activity is not 

occurring through a PfPDE mechanism, the compounds are only low micromolar 

inhibitors and therefore do not interact strongly with the PfPDE enzymes, or it could be 

an artefact of the PfPDE models and the docking process. Most likely, it is consistent 

with the general difficulty in docking studies using moderately potent inhibitors. 

 

Gln884 

Phe887 

Ile850 
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5.6 Chapter conclusions and future directions 

In this chapter, a new class of compounds, the 8-(aryl)-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-ones, have been prepared and identified as novel inhibitors of both P. 

falciparum growth and the hPDE enzymes. As with the pyrazolopyrimidinone 

analogues described in Chapter 3, it remains unknown whether these compounds are 

inhibiting the PfPDEs.  

 

The hypothesis for the work undertaken in Chapters 4 and 5 was that novel flavonoid-

like structures may provide a new PDE inhibitor scaffold, which has been largely 

satisfied in this work. The library of LY294002 analogues was prepared in an efficient 

three-step synthesis. The compounds were tested for antiplasmodial activity, and the 

assays were able to identify a number of active compounds. The analogues synthesised 

in this study represent a small starting series, and this library is amenable to expansion 

in the future. In addition, the results have provided some tentative, yet valuable 

structure-activity relationship data and lead compounds for further investigation. 

 

Synthesised analogues of interest were also assessed for hPDE inhibition. Initially, this 

was undertaken at hPDE9, hPDE1 and hPDE4, given both the hypothesis discussed in 

Chapter 3, and the ability of LY294002 (188) to inhibit hPDE4. A number of 

compounds were identified that were moderate inhibitors of hPDE1 and hPDE4, and 

this work represents the first instance of this compound class showing such activity. 

These are very useful results in themselves as hPDE1, in particular, is both an emerging 

therapeutic target and is under-represented with respect to pharmacological inhibitors. It 

is notable that these active compounds are racemic mixtures. The single enantiomers 

would be worth assessing for hPDE activity as they may provide critical structure-
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activity relationship data. It is plausible that these compounds might be co-crystallised 

with hPDE4, as has been achieved with other inhibitors in the research group.345 

 

In choosing what “hits” from this program are to be taken forward, the physicochemical 

properties of the compounds should also be considered (Appendix 3). It is worth noting 

that these compounds are relatively hydrophobic and more polar substituents might be 

desirable. In particular, the p-butyl-substituted 199 is not an optimal lead compound 

with high cLogP (5.80) and cLogD7.4 (5.80) values that fall outside of Lipinksi’s Rule of 

5.354,355 
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Chapter 6 
 

Conclusions and future directions 

 

The need for new antimalarial therapies is now more apparent than ever before, and the 

development of new drugs has become a major undertaking of global significance. The 

world’s largest philanthropic organisation, the Bill and Melinda Gates Foundation, as 

well as the largest pharmaceutical companies, such as GlaxoSmithKline, Pfizer and 

Novartis, have made commitments of an enormous magnitude to maintaining a steady 

pipeline of novel antimalarial therapies.356 Indeed, the ultimate goal set forth by the 

Medicines for Malaria Venture (MMV) is the complete eradication of malaria.105,357,358  

 

The work in this thesis does not attempt to compete with these efforts, although it does 

seek to explore new strategies in antimalarial drug design. Given the immense 

challenges involved in the development of antimalarial therapies,359-363 not the least of 

which includes the emergence and rapid spread of resistance, new strategies that are 

more efficient or novel in approach may be beneficial, as could be the identification of 

new molecules with the potential to be further developed as new antimalarials.364,365 
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In some ways, this thesis contests the role of mass chemical screening in identifying 

novel antiplasmodial compounds as opposed to a more rational drug discovery 

approach. The 2010 GSK malaria screen saw approximately 2,000,000 compounds 

assessed for antimalarial activity, which was measured through parasite growth 

inhibition. A “hit” was identified as any compound capable of inhibiting parasite growth 

at, or below, 1 µM concentration. A significant drawback is that these phenotypic 

screens provide no explanation as to the mechanism through which the observed 

parasite growth inhibition is occurring. From this screen 13,533 hits resulted, a hit rate 

of just 0.68%, and this was considered an excellent result. In this thesis, where 

“rational” implies that there was basis for hypothesising that carefully designed 

compounds might inhibit parasite growth, around 40 compounds were prepared to yield 

9 hit compounds. In comparison to mass chemical screening, this approach gave a much 

improved hit rate of 22%. Furthermore, this rational approach involves a postulated 

mechanism of action. This work serves as an advocate for rational drug discovery. 

 

The success of the work in this thesis has surpassed expectations but equally, the 

described results foreshadow much future study to potentially progress the science 

toward the therapeutic endpoint – a new antimalarial therapy. This thesis has described 

two rationalised approaches, both centred on the “inverted silver bullet” paradigm, but 

with two distinct starting points.  

  

Chapters 2 and 3 examined the repurposing of human phosphodiesterase inhibitors as 

Plasmodium falciparum inhibitors,366 a proposition that is as yet, unable to be directly 

tested. In this section, the power of comparative structural biology came to the fore, 

with the development of homology models of the Plasmodium falciparum 
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phosphodiesterases (PfPDEs) revealing the possibility that hPDE1 and hPDE9 

inhibitors might be an excellent starting point for developing PfPDE inhibitors, in 

constrast to hPDE5 which had been proposed by others.165,168,169 

 

To an extent, this approach has succeeded. With the synthesis of a focussed library of 

substituted hPDE1 and hPDE9 inhibitors, the 2-substituted 3-isopropyl-1H-

pyrazolo[4,3-d]pyrimidin-7(6H)-ones, compounds that are capable of inhibiting 

Plasmodium falciparum growth with submicromolar IC50 values were identified. Direct 

evidence of PfPDE inhibition has not been obtained but importantly, the activity was 

independent of hPDE inhibition. Regardless of the mechanism behind the observed 

antiplasmodial activity, the inhibition of human targets should obviously be minimised 

in clinical candidates. 

 

Future work should attempt to validate the mechanism, or mechanisms, behind the 

observed antiplasmodial activity. Cell-based assays examining cyclic nucleotide levels 

should be undertaken as these compounds themselves may be used as a tool for 

investigating the role of cyclic nucleotide signalling within the parasite life-cycle. 

Preparation of recombinant PfPDE enzymes for direct assays is also important for 

progress. The synthesis of a tagged 2-substituted 3-isopropyl-1H-pyrazolo[4,3-

d]pyrimidin-7(6H)-one (e.g. biotin) could be used to perform pull-down assays to aid in 

the identification of the target, or targets, of these compounds. Of course, other hPDE1 

and hPDE9 inhibitors of various chemical classes could, and will, be screened for 

activity against the parasite and this may yet provide more leads. 
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Other classes of PDE inhibitor chemotypes were the focus of Chapters 4 and 5. In this 

work, the objective was to develop completely new PDE inhibitors. The starting 

rationale in this case was the antiplasmodial activity and phosphodiesterase inhibition 

displayed by the flavonoid class of natural products, as was the potential to develop 

novel phosphodiesterase inhibitor scaffolds through relatively subtle structural 

modifications. It was envisaged that ring expanded flavonoid-like structures, 

particularly if combined with a catechol moiety, could present as novel antiplasmodial 

compounds and/or novel PDE inhibitors. Three series of structurally related 6,7-fused 

ring system scaffolds were pursued synthetically with the goal of identifying novel 

scaffolds worth pursuing in a medicinal chemistry campaign. While significant progress 

was made with each series, these compound classes suffered from synthetic liabilities 

that halted their progress within the scope of this thesis. Additionally, successes in 

Chapter 5 saw the 2-tetrahydropyranchromanone compounds emerge as a priority.  

 

Work to follow from that described in Chapter 4 should focus on optimising synthetic 

routes to these compounds. Synthetic access to the 2-phenylbenzoxazepinone series 

could be pursued to generate analogues, especially given the first glimpse of 

antiplasmodial activity. Methods other than the Schmidt reaction or Beckmann 

rearrangement may be needed in certain cases, as the utility of these reactions was 

limited where methoxy substituents were present. From the studies conducted on the 2-

phenylbenzoxepinone compound class, the reported two-step procedure of 

cyclopropanation and subsequent reductive cleavage of the cyclopropyl ketone shows 

promise, though further work is required to optimise this reaction and isolate target 

compounds. Finally, the first synthesis and purification of an 8-phenylbenzosuberone 

was achieved, overcoming a competing side-reaction that gives 4-benzyl-tetralones. 
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Chiral HPLC techniques proved crucial in isolating one of the 8-phenylbenzosuberone 

enantiomers from the α-tetralone structural isomer. Ongoing work surrounding this area 

should seek to explore the effects of different substituents in the final Friedel-Crafts 

intramolecular cyclisation reaction, and whether there is the potential to favour the 

formation of the 8-phenylbenzosuberone product over the α-tetralone by-product. For 

these compounds to be pursued in a medicinal chemistry campaign, the purification 

would require further optimisation for scale-up. In each case, optimisation of the 

synthesis would lead to novel compounds that are deceptively simple in structure, which 

might be active in malaria or other biological contexts. 

 

Finally, in Chapter 5, the idea of taking an off-target effect of one compound and 

repurposing it as a lead compound for that new target was examined. Based on the 

scaffold of LY294002, a human PI3K inhibitor with demonstrated hPDE inhibition, 

chromanone analogues were pursued as antimalarial and/or human phosphodiesterase 

inhibitors. The synthesis of a series of novel 2-tetrahydropyranchromanone compounds 

was optimised and the compounds were assessed for antiplasmodial activity and human 

PDE inhibition. In particular, the analogue incorporating a catechol ether moiety, which 

had previously been identified as a common PDE inhibitor structural motif, showed low 

micromolar inhibition of Plasmodium falciparum growth. In addition, several of the 

compounds also emerged as inhibitors of hPDE isoforms, also a novel outcome of this 

work. As with the antiplasmodial compounds described in Chapter 3, a mechanism of 

antiplasmodial activity of the 2-tetrahydropyranchromanones remains to be elucidated. 

Pan-hPDE screening may also identify isoform-selective structure-activity relationship 

data. 
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While the efforts in Chapters 2 and 3 provide a satisfying exposition of the idea of drug 

repurposing, and the work has generated potent inhibitors that can be pursued in the 

future, it is the work in the later chapters that has unearthed some important insights for 

drug discovery. Given the simplicity of the structures, it might be expected that the 

compounds described would be well known but in fact, compounds of these classes 

were scarcely or completely unreported. That they are not known suggests that there is 

still sufficient room to explore within “druggable” chemical space.367-370 However, these 

compounds do suffer from two obvious drawbacks – they are not trivial to make and 

they are chiral. Drug discovery tends to shy away from these features and probably at 

the cost of identifying valuable new compounds.371,372 The work in this thesis suggests 

that the additional effort to overcome these facets may well be repaid in new therapies 

for some of the world’s most challenging diseases. 
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Chapter 7 
 

Experimental 

 

7.1 Computational chemistry general experimental 

 

7.1.1 Sequence alignment and template selection 

Protein sequences of both human and malarial PDEs were retrieved from the 

UniProtKB database. ClustalW203 was employed to compare the catalytic sequences to 

determine percentage homologies and to suggest likely catalytic sequence alignments. 

Further manual adjustments to the sequence alignments were undertaken to coincide 

with previous work in the laboratory.184 Typically, this involved moving gaps out of 

helical regions and into loop sections. This optimised alignment utilised the 16 amino 

acids known to be conserved among the human enzymes as a guide to give the 

appropriate overlay of these invariant residues. These adjustments align residues that 

play a key structural role in the protein. From these analyses, potential template proteins 

were identified and additional criteria were examined to select the most appropriate 

crystal structure for homology modelling purposes, including the ligand co-crystallised 

with the structure as well as the cystal structure resolution. 
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7.1.2 Model building and minimisation 

Each homology model was generated using Prime (Maestro, Schrödinger, Portland, 

USA) employing the optimised sequence alignment. The model building process used 

the PDE9 structure, 3DYN,170 and retained the endogenous cGMP ligand and metal ions 

together with their coordinated water molecules. Minimisation of the model was 

undertaken using Macromodel (Maestro). Initially, amino acid side chains were 

minimised with the ligand, metals, water molecules and protein backbone held rigid. 

Steric clashes were addressed by the rotation of strained residues. Typically this was a 

result of the substitution of a larger amino acid for a smaller one and manual inspection 

was required to look for alternative conformations to reduce steric strain. This involved 

examining other PDE crystal structures with similar amino acids in these positions to 

provide clues to likely low energy conformations. Following this, the model was further 

minimised while maintaining the previous constraints. A final minimisation was 

conducted without constraints and the models were assessed using MolProbity204 which 

included a Ramachandran analysis.  

 

7.1.3 Docking 

Docking was performed using Glide (Maestro) employing the extra precision (XP) 

mode. Both cyclic nucleotides (cAMP and cGMP) were docked into each model. In 

both cases, two conformations of the terminal carboxamide of the invariant glutamine in 

the active site were explored. Additionally, each cyclic nucleotide was minimised in the 

protein using both conformations of the carboxamide of the invariant glutamine. This 

was undertaken to gain insight into the conformation of this residue and was applied to 

the docking of PDE inhibitors. 
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7.2 Synthetic chemistry general experimental 

All materials were reagent grade and purchased commercially from Sigma-Aldrich, 

Alfa-Aesar, Merck, Boron Molecular, GL Biochem, Matrix Scientific, Indofine 

Chemicals, Fluorochem, and Apollo Scientific. All solvents were reagent grade and 

used as required. It should be noted that tetrahydro-2H-pyran-4-carbaldehyde was 

susceptible to degradation and required refrigeration and the reagent needed to be 

resealed under nitrogen to avoid degradation. 

 

Thin layer chromatography (t.l.c.) was performed using Merck Silica Gel 60 F254 pre-

coated plates (0.25 mm) and visualised by ultraviolet light as well as staining with 

iodine or potassium permanganate solution. Flash column chromatography used Merck 

Silica Gel 60, 230-400 mesh ASTM, following the method described by Still et al.374 

Products were either pre-adsorbed onto silica (230-400 mesh ASTM) prior to column 

chromatography or dissolved in the appropriate solvent.  

 

1H NMR spectra were routinely recorded at 300.13 MHz using a Bruker Avance DPX-

300 spectrometer or at 400.13 MHz using a Bruker Ultrashield-Avance III NMR 

spectrometer or at 600.13 MHz using a Varian Unity Spectrometer, all at 298 K unless 

otherwise stated. Data acquisition and processing was managed using XWINNMR 

(Bruker) software package v3.5 or Topspin v3.2 and plotting was managed using 

XWINPLOT or MestReNova v6.0.2. Chemical shifts (δ) for all 1H NMR spectra were 

reported in parts per million (ppm) referenced to an internal standard of residual proteo-

solvent: δ 2.50 ppm for d6-dimethylsulfoxide (DMSO), δ 3.31 ppm d4-methanol 

(CD3OD), and δ 7.26 ppm for d-chloroform (CDCl3).375 The 1H NMR spectra were 

reported as follows: chemical shift (δ), multiplicity, coupling constant (J) in Hertz (Hz) 

(quoted to one decimal place), peak integration and assignment. In reporting the spectral 
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data, the following abbreviations have been used: s = singlet, d = doublet, t = triplet, 

q = quartet, sext = sextet, hept = heptet, m = multiplet, br = broad. 

 

13C NMR spectra were routinely recorded at 75.5 MHz using a Bruker Avance DPX-

300 spectrometer or at 100.62 MHz using a Bruker Ultrashield-Avance III NMR 

spectrometer or at 150 MHz using a Varian Unity Spectrometer, all at 298 K unless 

otherwise stated. Data acquisition and processing were managed using XWINNMR 

(Bruker) software package v3.5 and plotting was managed using XWINPLOT or 

MestReNova v6.0.2. Chemical shifts (δ) for all 13C NMR were reported in parts per 

million (ppm) referenced to an internal standard of residual proteo-solvent: δ 39.52 ppm 

for d6-dimethylsulfoxide (DMSO), δ 49.00 ppm for d4-methanol (CD3OD), δ 77.16 ppm 

for d-chloroform (CDCl3).375 The 13C NMR spectra were reported as follows: chemical 

shift (δ). 13C NMR signals were assigned as: (C=O) = carbonyl carbon, (C) = quaternary 

carbon, (CH) = methine carbon, (CH2) = methylene carbon and (CH3) = methyl carbon, 

* = rotameric carbon. 

 

LCMS analysis was performed on a Agilent 1200 series separation module with an 

Agilent 6120 Quadrupole LC/MS system with a Luna 5 µm C8(2) 100 Å 50 mm × 

4.6 mm × 5 µm column. Buffer A: 5% Acetonitrile, 94.9% Water, 0.1% formic acid, 

Buffer B: 95% Acetonitrile, 19.9% Water, 0.1% formic acid. Compounds were analysed 

using a gradient of 0-100% buffer B in buffer A over 4 min. followed by isocratic 100% 

buffer B for a further 3 min. followed by gradient to 100% buffer A for 2 min. followed 

by isocratic 100% buffer A for 1 min. at a flow rate of 0.5 mL/min. System control and 

analysis was facilitated with Agilent Chemstation software. 
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High Resolution Mass Spectrometry analyses was performed on a Waters Micromass 

LCT Premier XE time-of-flight mass spectrometer fitted with an electrospray (ESI) ion 

source controlled by MassLynx v4.5 software. Low Resolution Mass Spectrometry 

analyses were performed using a Micromass Platform II single quadrupole mass 

spectrometer equipped with an atmospheric pressure (ESI/APCI) ion source. Sample 

management was facilitated by an Agilent 1100 series HPLC system and the instrument 

was controlled using MassLynx v3.5 software. Masses are quoted as the monoisotopic 

mass. 

 

Analytical Reverse-Phase High Performance Liquid Chromatography (RP-HPLC) was 

conducted on a Waters Millenium 2690 system fitted with a Phenomenex® Luna C8, 

100 Å, 5 µm (50 × 4.60 mm I.D.) column. A binary solvent system was used (solvent 

A: 0.1% TFA, 99.9% H2O; solvent B: 0.1% TFA, 19.9% H2O, 80% acetonitrile), with 

UV detection at 254 nm. The method used gradient elution beginning with 100% 

solvent A going to 20% solvent A, 80% solvent B, over 20 min at a flow rate of 

1 mL/min. 

 

Analytical and semi-preparative chiral chromatography were conducted on an Agilent 

Infinity 1260 system fitted with either of (a) Lux 5μ Amylose-2 250 × 10.00 mm, (b) 

Lux 5μ Amylose-2 150 × 4.60 mm, (c) Lux 5μ Cellulose-1 150 × 4.60 mm, (d) Lux 5μ 

Cellulose-2 150 × 4.60 mm column, or an (e) Lux 5μ Amylose-2 150 × 10.00 mm 

column in the case of semi-preparative chiral chromatography. A binary solvent system 

was used (solvent A: ethanol; solvent B: petroleum spirits), with UV detection at 

254 nm. The method used isocratic elution of 10% solvent A and 90% solvent B, or 

20% solvent A and 80% solvent B, with a flow rate of 1 mL/min. 
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Microwave reactions were conducted in a Biotage Initiator TM, in 2.0-5.0 mL vials 

according to manufacturer’s instructions. Melting points (M.p.) were determined using a 

Mettler Toledo MP50 melting point apparatus.  

 

7.2.1 Chapter 3 experimental 

 

Ethyl 5-methyl-2,4-dioxohexanoate (90) 

Sodium (433 mg, 1.88 mmol) was dissolved in stirring ethanol 

(50 mL) at room temperature under an atmosphere of nitrogen. A 

solution of diethyloxalate (2.64 g, 17.0 mmol) in 3-methyl-2-butanone (2.05 g, 

14.0 mmol) was added dropwise at room temperature over 10 min. The mixture was 

stirred at room temperature for 1 h then heated to 60 °C and stirred for 1 h. The reaction 

mixture was cooled to room temperature, poured into ice-cold 2 M aqueous 

hydrochloric acid (20 mL), and extracted with diethyl ether (20 mL) and ethyl acetate 

(20 mL). The combined organic extracts were dried (anhydrous sodium sulfate), filtered 

and concentrated in vacuo to afford 90 as a pale yellow oil (2.55 g, 13.7 mmol, 98%). 

1H NMR (300 MHz, CDCl3) δ 6.27 (s, 2H, C(O)CH2), 4.21 (q, J = 7.0 Hz, 2H, OCH2), 

2.58 - 2.49 (m, 1H, CH), 1.23 (t, J = 7.0 Hz, 3H, CH2CH3), 1.02 (d, J = 4.5 Hz, 6H, 

CHCH3, CHCH3). ESI-MS: m/z 187.2 [M+H+]+. RP-HPLC: tR 9.73 min. 

 

Ethyl 3-isopropyl-1H-pyrazole-5-carboxylate (91) 

Hydrazine hydrate (487 mg, 9.73 mmol) was added to a solution of 

ethyl 5-methyl-2,4-dioxohexanoate (90) (2.55 g, 13.7 mmol) in 

ethanol (50 mL) at room temperature under an atmosphere of 

nitrogen. The reaction mixture was stirred for 18 h. Additional hydrazine hydrate 
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(206 mg, 4.12 mmol) was added and the mixture was stirred at 60 °C for 3 h. The 

mixture was concentrated in vacuo. The residue was dissolved in dichloromethane 

(80 mL) and washed with water (3 × 20 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to afford 91 as a yellow oil (1.59 g, 

8.73 mmol, 64%). 1H NMR (300 MHz, CDCl3) δ 7.24 (s, 1H, ArH), 4.32 (q, J = 4.8 Hz, 

2H, OCH2), 3.04 - 2.95 (m, 1H, CH), 1.26 (t, J = 4.8 Hz, 3H, CH2CH3), 1.13 (d, J = 

4.5 Hz, 6H, CHCH3, CHCH3). ESI-MS: m/z 183.2 [M+H+]+. RP-HPLC: tR 9.26 min. 

 

3-Isopropyl-1H-pyrazole-5-carboxylic acid (92) 

Ethyl 3-isopropyl-1H-pyrazole-5-carboxylate (91) (1.48 g, 8.21 mmol) 

was dissolved in 1,4-dioxane (40 mL) and 1 M aqueous sodium 

hydroxide (35 mL) was added. The mixture was stirred at 50 °C under 

an atmosphere of nitrogen for 1 h and concentrated in vacuo. The residue was dissolved 

in water (50 mL) and extracted with ethyl acetate (3 × 20 mL). The organic phase was 

lyophilised to afford 92 as a yellow oil (931 mg, 6.04 mmol, 74%). 1H NMR (300 MHz, 

CDCl3) δ 6.46 (s, 1H, ArH), 3.09 - 2.98 (m, 1H, CH), 1.09 (d, J = 3.0 Hz, 6H, CH3, 

CH3). ESI-MS: m/z 153.2 [M-H+]-. RP-HPLC: tR 6.88 min. 

 

3-Isopropyl-4-nitro-1H-pyrazole-5-carboxylic acid (93) 

3-Isopropyl-1H-pyrazole-5-carboxylic acid (92) (931 mg, 6.03 mmol) 

was added portion-wise to concentrated sulfuric acid (15 mL) at room 

temperature while stirring. The reaction mixture was heated to 60 °C and 

aqueous nitric acid (70%, 2.0 mL, 33.6 mmol) was added in a drop-wise manner. The 

reaction mixture was stirred at 60 °C for 1 h, cooled to room temperature, poured onto 

ice, and stirred for 15 min, warming to room temperature. The resulting precipitate was 

filtered to afford 93 as a white solid (360 mg, 1.81 mmol, 30%). 1H NMR (300 MHz, 

N

H
NHO

O

N

H
NHO

O2N

O



Chapter 7:Experimental 

 

176 

CDCl3) δ 3.74 - 3.64 (m, 1H, CH), 1.36 (d, J = 4.5 Hz, 6H, CH3, CH3). ESI-MS: m/z 

198.2 [M-H+]-. RP-HPLC: tR 6.89 min. 

 

Methyl 3-isopropyl-4-nitro-1H-pyrazole-5-carboxylate (94) 

To a 0 °C solution of methanol (20 mL) was added 5 drops of 

concentrated sulfuric acid. 3-Isopropyl-4-nitro-1H-pyrazole-5-

carboxylic acid (93) (1.0 g, 5.02 mmol) was added, and the solution was 

heated at 65 °C for 16 h. The mixture was concentrated in vacuo, dissolved in water 

(30 mL) and extracted with dichloromethane (3 × 10 mL). The combined organic 

extracts were washed with saturated aqueous sodium hydrogen carbonate (10 mL), dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo to afford 94 as a yellow 

oil (708 mg, 3.32 mmol, 66%). 1H NMR (400 MHz, CDCl3) δ 3.90 (s, 3H, OCH3), 3.62 

- 3.50 (m, 1H, CH), 1.30 (d, J = 4.5 Hz, 6H, CH3, CH3). ESI-MS: m/z 212.1 [M-H+]-. 

RP-HPLC: tR 8.42 min. 

 

3-Isopropyl-4-nitro-1H-pyrazole-5-carboxamide (95) 

To a microwave vial containing a stirred solution of methyl 3-isopropyl-

4-nitro-1H-pyrazole-5-carboxylate (94) (100 mg, 0.47 mmol) in 

methanol (5.0 mL) was added magnesium nitride (237 mg, 2.35 mmol) 

at 0 °C. The vial was immediately sealed and allowed to warm to room temperature 

with stirring. After 1 h, the reaction mixture was heated to 80 °C for 24 h. The reaction 

mixture was cooled to room temperature, diluted with water (15 mL) and neutralised 

(pH ~ 7.0) with 1 M aqueous hydrochloric acid. The aqueous layer was extracted with 

chloroform (3 × 10 mL). The combined organic extracts were washed with saturated 

aqueous sodium chloride (10 mL), dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to afford 95 as a clear oil (82 mg, 0.41 mmol, 88%). 1H NMR 
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(300 MHz, CDCl3) δ 8.21 (br s, 2H, NH2), 3.59 - 3.52 (m, 1H, CH), 1.35 (d, J = 3.0 Hz, 

6H, CH3, CH3). ESI-MS: m/z 197.3 [M-H+]-. RP-HPLC: tR 5.97 min. 

 

Ethyl 3-isopropyl-4-nitro-1H-pyrazole-5-carboxylate (96) 

3-Isopropyl-4-nitro-1H-pyrazole-5-carboxylic acid (93) (735 mg, 

0.40 mmol) was added to a stirring solution of ethanol (3 mL) and 

concentrated sulfuric acid (3 mL) in toluene (30 mL) and stirred at 

78 °C for 24 h. The reaction mixture was concentrated in vacuo. The residue was 

dissolved in water (40 mL), extracted with diethyl ether (2 × 15 mL), and washed with 

saturated aqueous sodium carbonate (15 mL) and water (15 mL). The organic layer was 

dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to afford 96 as a 

white solid (772 mg, 3.40 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 4.46 (q, J = 7.1 

Hz, 2H, CH2), 3.72 - 3.56 (m, 1H, CH), 1.42 - 1.38 (m, 9H, CH2CH3, CH3, CH3). ESI-

MS: m/z 228.2 [M+H+]+. RP-HPLC: tR 9.24 min. 

 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

3-Isopropyl-4-nitro-1H-pyrazole-5-carboxamide (95) (82 mg, 

0.41 mmol) was stirred in ethanol (8.0 mL) at room temperature. 

Palladium on carbon catalyst (spatula tip) in ethanol (2.0 mL) was 

added, and the solution was flushed with nitrogen gas and placed under hydrogen gas (1 

atm). The solution was stirred at room temperature for 20 h. The mixture was filtered 

through celite and the filtrate was concentrated in vacuo to afford 85 as a pale pink oil 

(47 mg, 0.28 mmol, 68%). 1H NMR (300 MHz, CDCl3) δ 2.58 - 2.55 (m, 1H, CH), 1.33 

(d, J = 7.5 Hz, 6H, CH3 and CH3). 1H NMR (300 MHz, DMSO) δ 12.08 (br s, 1H, NH), 

7.07 (br s, 2H, NH2), 6.51 (br s, 2H, CONH2), 2.92 - 2.88 (m, 1H, CH), 1.20 (d, J = 

7.5 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 166.5 (C=O), 133.5 (C), 132.4 
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(C), 128.0 (C), 23.5 (CH), 21.3 (CH3). ESI-HRMS: m/z calculated for C7H12N4O 

[M+H+]+ 169.1084, found 169.1080. RP-HPLC: tR 2.42 min.  

 

5-(3-Chlorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (77) 

Method I: 

3-Chlorophenylacetic acid (203 mg, 1.19 mmol), 2-(6-chloro-

1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

haxafluorophosphate (492 mg, 1.19 mmol) and diisopropylamine (297 mg, 2.94 mmol) 

were combined in dimethylformamide (4 mL) and stirred at room temperature for 

20 min. 4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 0.30 mmol) in 

dimethylformamide (2 mL) was added and stirring continued at room temperature for 

48 h. The reaction mixture was diluted with aqueous acetonitrile (50%, 10 mL) and 

lyophilised to yield a yellow oil. Purification by column chromatography eluting with 

ethyl acetate afforded 77 as a white solid (11 mg, 0.04 mmol, 12%).  

Method II: 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (40 mg, 0.24 mmol), 

3-chlorophenylacetic acid (41 mg, 0.24 mmol), bromo-tris-pyrrolidinophospho-

niumhexafluorophosphate (122 mg, 0.26 mmol) and triethylamine (49 mg, 0.48 mmol) 

were combined in 1,2-dichloroethane (5 mL) and heated using microwave irraditation at 

120 °C for 20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. 

This material was passed through a short silica plug eluting with ethyl acetate. The 

filtrate was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (53 mg, 0.48 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 77 as a white solid (45 mg, 0.15 mmol, 
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63%). 1H NMR (400 MHz, CD3OD) δ 7.43 (s, 1H, ArH), 7.32 (dd, J = 4.7, 1.7 Hz, 2H, 

ArH), 7.27 (dt, J = 9.2, 4.7 Hz, 1H, ArH), 4.56 (s, 2H, CH2), 3.01 - 2.92 (m, 1H, CH), 

1.21 (d, J = 7.0 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 151.8 (C=O), 139.4 

(C), 132.9 (C), 130.2 (CH), 128.7 (CH), 127.5 (CH), 126.7 (CH), 40.2 (CH2), 25.7 

(CH), 21.8 (CH3). Note: not all 13C signals visible in spectrum. ESI-HRMS: m/z 

calculated for C15H15ClN4O [M+H+]+ 303.1007, found 303.1009. RP-HPLC: tR 

8.30 min.  

 

3-Isopropyl-5-phenyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (98) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), benzoic acid (45 mg, 0.30 mmol), bromo-tris-

pyrrolidinophosphoniumhexafluorophosphate (152 mg, 0.33 mmol) 

and triethylamine (60 mg, 0.59 mmol) were combined in 1,2-dichloroethane (5 mL) and 

heated using microwave irradiation at 120 °C for 20 min. The reaction mixture was 

concentrated in vacuo to give a yellow oil. This material was passed through a short 

silica plug eluting with ethyl acetate. The filtrate was concentrated in vacuo to give a 

yellow solid. This solid was combined with 1 M potassium t-butoxide in 

tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) and heated using microwave 

irradiation at 130 °C for 40 min. The reaction mixture was concentrated in vacuo. The 

residue was purified by column chromatography eluting with 10% methanol in ethyl 

acetate to afford 98 as a white solid (40 mg, 0.16 mmol, 53%). 1H NMR (400 MHz, 

DMSO) δ 8.11 - 8.06 (m, 2H, ArH), 7.54 - 7.49 (m, 3H, ArH), 3.33 (m, 1H, CH), 1.40 

(d, J = 7.5 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 149.5 (C=O), 130.5 

(CH), 129.3 (CH), 128.5 (CH), 28.0 (CH), 21.8 (CH3). Note: not all 13C signals visible 

in spectrum. ESI-HRMS: m/z calculated for C14H14N4O [M+H+]+ 255.1240, found 

255.1252. RP-HPLC: tR 8.52 min. 
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5-Benzyl-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (99) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (40 mg, 

0.24 mmol), phenylacetic acid (32 mg, 0.24 mmol), bromo-tris-

pyrrolidinophosphonium-hexafluorophosphate (122 mg, 

0.26 mmol) and triethylamine (49 mg, 0.48 mmol) were combined in 1,2-dichloroethane 

(5 mL) and heated using microwave irradiation at 120 °C for 20 min. The reaction 

mixture was concentrated in vacuo to give a yellow oil. This material was passed 

through a short silica plug eluting with ethyl acetate. The filtrate was concentrated in 

vacuo to give a yellow solid. This solid was combined with 1 M potassium t-butoxide in 

tetrahydrofuran (53 mg, 0.48 mmol) in isopropanol (5 mL) and heated using microwave 

irradiation at 130 °C for 40 min. The reaction mixture was concentrated in vacuo. The 

residue was purified by column chromatography eluting with 10% methanol in ethyl 

acetate to afford 99 as a white solid (28 mg, 0.10 mmol, 42%). 1H NMR (400 MHz, 

CD3OD) 7.36 - 7.17 (m, 5H, ArH), 3.99 (s, 2H, CH2), 3.47 - 3.37 (m, 1H, CH), 1.41 (d, 

J = 7.0 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 154.0 (C=O), 137.1 (C), 

128.7 (CH), 128.4 (CH), 126.6 (CH), 40.3 (CH2), 26.1 (CH), 21.8 (CH3). Note: not all 

13C signals visible in spectrum. ESI-HRMS: m/z calculated for C15H16N4O [M+H+]+ 

269.1397, found 269.1410. RP-HPLC: tR 8.54 min. 

 

3-Isopropyl-5-phenethyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (100) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 3-phenylpropanoic acid (45 mg, 

0.30 mmol), bromo-tris-pyrrolidinophosphonium-hexafluoro-

phosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined 

in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 

20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. This 
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material was passed through a short silica plug eluting with ethyl acetate. The filtrate 

was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 100 as a white solid (54 mg, 0.10 mmol, 

42%). 1H NMR (400 MHz, DMSO) δ 7.28 - 7.21 (m, 4H, ArH), 7.16 (ddd, J = 8.6, 5.4, 

2.2 Hz, 1H, ArH), 3.41 - 3.33 (m, 1H, CH), 3.08 (dd, J = 9.0, 6.4 Hz, 2H, NCCH2), 2.95 

(dd, J = 9.0, 6.4 Hz, 2H, NCCH2CH2), 1.40 (d, J = 7.0 Hz, 6H, CH3, CH3). 13C NMR 

(101 MHz, DMSO) δ 156.8 (C=O), 139.4 (C), 128.4 (CH), 127.9 (CH), 126.8 (CH), 

36.0 (CH2), 28.9 (CH2), 25.9 (CH), 21.9 (CH3). Note: not all 13C signals visible in 

spectrum. ESI-HRMS: m/z calculated for C16H18N4O [M+H+]+ 283.1553, found 

283.1550. RP-HPLC: tR 8.57 min. 

 

5-(3,4-Dimethoxyphenyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one 

(101) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (40 mg, 

0.24 mmol), 3,4-dimethoxybenzoic acid (43 mg, 0.24 mmol), 

bromo-tris-pyrrolidinophosphonium-hexafluorophosphate 

(122 mg, 0.26 mmol) and triethylamine (66 µL, 0.48 mmol) were combined in 1,2-

dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 20 min. 

The reaction mixture was concentrated in vacuo to give a yellow oil. This material was 

passed through a short silica plug eluting with ethyl acetate. The filtrate was 

concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (53 mg, 0.48 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 
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concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 101 as a white solid (20 mg, 0.06 mmol, 

25%). 1H NMR (400 MHz, CD3OD) δ 7.67 - 7.58 (m, 2H, ArH), 7.08 (s, 1H, ArH), 

3.94 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 3.58 - 3.38 (m, 1H, CH), 1.47 (d, J = 7.5 Hz, 

6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 150.6 (C=O), 112.5 (CH), 112.2 (CH), 

56.6 (CH3), 56.5 (CH3), 30.7 (CH), 22.4 (CH3). Note: not all 13C signals visible in 

spectrum. ESI-HRMS: m/z calculated for C16H18N4O3 [M+H+]+ 315.1452, found 

315.1449. RP-HPLC: tR 8.65 min. 

 

5-(3,4-Dimethoxybenzyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (102) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(3,4-dimethoxyphenyl)acetic acid 

(58 mg, 0.30 mmol), bromo-tris-pyrrolidinophosphonium-

hexafluorophosphate (152 mg, 0.33 mmol) and triethylamine (82 µL, 0.59 mmol) were 

combined in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 

120 °C for 20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. 

This material was passed through a short silica plug eluting with ethyl acetate. The 

filtrate was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 102 as a white solid (75 mg, 0.23 mmol, 

77%). 1H NMR (400 MHz,CD3OD) δ 6.99 (s, 1H, ArH), 6.86 - 6.63 (m, 2H, ArH), 3.94 

(s, 2H, CH2), 3.79 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.33 - 3.28 (m, 1H, CH), 1.41 (d, 

J = 7.0 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, CD3OD) δ 150.5 (C=O), 149.7 (C), 

130.4 (C), 122.1 (CH), 113.7 (CH), 113.2 (CH), 56.5 (CH3), 56.4 (CH3), 41.4 (CH2), 
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22.3 (CH), 20.8 (CH3). Note: not all 13C signals visible in spectrum. ESI-HRMS: m/z 

calculated for C17H20N4O3 [M+H+]+ 327.1463, found 327.1478. RP-HPLC: tR 7.73 min. 

 

5-(3,4-Dimethoxyphenethyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one 

(103) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 3-(3,4-dimethoxyphenyl)-propanoic 

acid (62 mg, 0.30 mmol), bromo-tris-pyrrolidino-

phosphoniumhexafluorophosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 

0.59 mmol) were combined in 1,2-dichloroethane (5 mL) and heated using microwave 

irradiation at 120 °C for 20 min. The reaction mixture was concentrated in vacuo to give 

a yellow oil. This material was passed through a short silica plug eluting with ethyl 

acetate. The filtrate was concentrated in vacuo to give a yellow solid. This solid was 

combined with 1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in 

isopropanol (5 mL) and heated using microwave irradiation at 130 °C for 40 min. The 

reaction mixture was concentrated in vacuo. The residue was purified by column 

chromatography eluting with 10% methanol in ethyl acetate to afford 103 as a white 

solid (28 mg, 0.08 mmol, 27%). 1H NMR (400 MHz, DMSO) δ 6.86 - 6.83 (m, 2H, 

ArH), 6.76 - 6.74 (m, 1H, ArH), 3.69 (s, 3H, OCH3), 3.33 (s, 3H, OCH3), 3.28 - 3.22 

(m, 1H, CH), 2.94 - 2.92 (m, 2H, NCCH2), 2.87 - 2.85 (m, 2H, NCCH2CH2), 1.33 (d, J 

= 7.4 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 148.5 (C=O), 120.1 (CH), 

112.4 (CH), 111.9 (CH), 55.5 (CH3), 55.3 (CH3), 36.1 (CH3), 32.6 (CH2), 26.1 (CH), 

21.8 (CH3). Note: not all 13C signals visible in spectrum. ESI-HRMS: m/z calculated for 

C18H22N4O3 [M+H+]+ 343.1765, found 343.1767. RP-HPLC: tR 8.09 min. 
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5-(4-Chlorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (104) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(4-chlorophenyl)acetic acid (51 mg, 

0.30 mmol), bromo-tris-pyrrolidinophosphoniumhexafluoro-

phosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined 

in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 

20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. This 

material was passed through a short silica plug eluting with ethyl acetate. The filtrate 

was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 104 as a white solid (14 mg, 0.05 mmol, 

17%). 1H NMR (400 MHz,CD3OD) δ 7.31 - 7.29 (m, 2H, ArH), 7.25 - 7.23 (m, 2H, 

ArH), 3.68 (s, 2H, CH2), 3.55 - 3.41 (m, 1H, CH), 1.40 (d, J = 7.5 Hz, 6H, CH3, CH3). 

13C NMR (101 MHz, CD3OD) δ 169.1 (C), 162.0 (C=O), 133.4 (C), 130.5 (CH), 128.7 

(CH), 41.6 (CH2), 28.3 (CH), 22.2 (CH3). Note: not all 13C signals visible in spectrum. 

ESI-HRMS: m/z calculated for C15H15ClN4O [M+H+]+ 303.1007, found 303.1012. RP-

HPLC: tR 9.16 min. 

 

5-(2-Chlorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (105) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), 2-(2-chlorophenyl)acetic acid (51 mg, 0.30 mmol), 

bromo-tris-pyrrolidinophosphonium-hexafluorophosphate 

(152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined in 1,2-

dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 20 min. 
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The reaction mixture was concentrated in vacuo to give a yellow oil. This material was 

passed through a short silica plug eluting with ethyl. The filtrate was concentrated in 

vacuo to give a yellow solid. This solid was combined with 1 M potassium t-butoxide in 

tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) and heated using microwave 

irradiation at 130 °C for 40 min. The reaction mixture was concentrated in vacuo. The 

residue was purified by column chromatography eluting with 10% methanol in ethyl 

acetate to afford 105 as a white solid (14 mg, 0.05 mmol, 17%). 1H NMR 

(400 MHz,CD3OD) δ 7.31 - 7.29 (m, 2H, ArH), 7.25 - 7.23 (m, 2H, ArH), 3.68 (s, 2H, 

CH2), 3.55 - 3.41 (m, 1H, CH), 1.40 (d, J = 7.5 Hz, 6H, CH3, CH3). 13C NMR 

(101 MHz, DMSO) δ 150.9 (C=O), 134.8 (C), 133.5 (C), 131.1 (CH), 130.4 (CH), 

129.1 (CH), 128.5 (CH), 37.8 (CH2), 26.1 (CH), 21.6 (CH3). Note: not all 13C signals 

visible in spectrum. ESI-HRMS: m/z calculated for C15H15ClN4O [M+H+]+ 303.1007, 

found 303.1011. RP-HPLC: tR 9.02 min. 

 

3-Isopropyl-5-(4-methylbenzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (106) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), 2-(p-tolyl)acetic acid (45 mg, 0.30 mmol), bromo-

tris-pyrrolidinophosphonium-hexafluorophosphate (152 mg, 

0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined in 1,2-dichloroethane 

(5 mL) and heated using microwave irradiation at 120 °C for 20 min. The reaction 

mixture was concentrated in vacuo to give a yellow oil. This material was passed 

through a short silica plug eluting with ethyl acetate. The filtrate was concentrated in 

vacuo to give a yellow solid. This solid was combined with 1 M potassium t-butoxide in 

tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) and heated using microwave 

irradiation at 130 °C for 40 min. The reaction mixture was concentrated in vacuo. The 

residue was purified by column chromatography eluting with 10% methanol in ethyl 
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acetate to afford 106 as a white solid (60 mg, 0.21 mmol, 70%). 1H NMR (400 MHz, 

DMSO) δ 7.23 (d, J = 8.2 Hz, 2H, ArH), 7.10 (d, J = 8.2 Hz, 2H, ArH), 3.85 (s, 2H, 

CH2), 3.30 - 3.25 (m, 1H, CH), 2.24 (s, 3H, ArCH3), 1.32 (d, J = 7.5 Hz, 6H, CH3, 

CH3). 13C NMR (101 MHz, DMSO) δ 155.8 (C=O), 153.4 (C), 135.6 (C), 135.3 (C), 

134.4 (C), 132.6 (C), 128.9 (CH), 128.8 (CH), 128.6 (C), 45.9 (CH2), 24.0 (CH), 21.9 

(CH3), 20.6 (CH3). ESI-HRMS: m/z calculated for C16H18N4O [M+H+]+ 283.1553, found 

283.1557. RP-HPLC: tR 8.22 min. 

 

3-isopropyl-5-(3-methylbenzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (107) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), 2-(m-tolyl)acetic acid (45 mg, 0.30 mmol), 

bromo-tris-pyrrolidinophosphoniumhexafluoro-phosphate 

(152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined in 1,2-

dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 20 min. 

The reaction mixture was concentrated in vacuo to give a yellow oil. This material was 

passed through a short silica plug eluting with ethyl acetate. The filtrate was 

concentrated in vacuo to give a yellow solid. This solid was combined 1 M potassium t-

butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) and heated using 

microwave irradiation at 130 °C for 40 min. The reaction mixture was concentrated in 

vacuo. The residue was purified by column chromatography eluting with 10% methanol 

in ethyl acetate to afford 107 as a white solid (54 mg, 0.19 mmol, 63%). 1H NMR 

(400 MHz,CD3OD) δ 7.18 - 7.15 (m, 2H, ArH), 7.13 - 7.03 (m, 2H, ArH), 3.63 (s, 2H, 

CH2), 3.51 - 3.41 (m, 1H, CH), 2.31 (s, 3H, ArCH3), 1.41 (d, J = 7.5 Hz, 6H, CH3, 

CH3). 13C NMR (101 MHz, CD3OD) δ 159.9 (C=O), 131.5 (C), 130.4 (CH), 130.3 (C), 

129.6 (CH), 128.8 (CH), 126.7 (CH), 43.8 (CH2), 27.8 (CH), 22.3 (CH3), 20.6 (CH3). 
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Note: not all 13C signals visible in spectrum. ESI-HRMS: m/z calculated for C16H18N4O 

[M+H+]+ 283.1553, found 283.1555. RP-HPLC: tR 8.22 min.  

 

3-Isopropyl-5-(2-methylbenzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (108) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), 2-(o-tolyl)acetic acid (45 mg, 0.30 mmol), bromo-

tris-pyrrolidinophosphonium-hexafluorophosphate (152 mg, 

0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined in 1,2-dichloroethane 

(5 mL) and heated using microwave irradiation at 120 °C for 20 min. The reaction 

mixture was concentrated in vacuo to give a yellow oil. This material was passed 

through a short silica plug eluting with ethyl acetate. The filtrate was concentrated in 

vacuo to give a yellow solid. This solid was combined with 1 M potassium t-butoxide in 

tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) and heated using microwave 

irradiation at 130 °C for 40 min. The reaction mixture was concentrated in vacuo. The 

residue was purified by column chromatography eluting with 10% methanol in ethyl 

acetate to afford 108 as a white solid (61 mg, 0.22 mmol, 73%). 1H NMR (400 MHz, 

DMSO) δ 7.21 - 7.14 (m, 2H, ArH), 7.14 - 7.09 (m, 2H, ArH), 4.82 (s, 2H, CH2), 3.24 - 

3.18 (m, 1H, CH), 2.36 (s, 3H, ArCH3), 1.29 (d, J = 7.5 Hz, 6H, CH3, CH3). 13C NMR 

(101 MHz, DMSO) δ 155.3 (C=O), 152.3 (C), 136.7 (C), 135.8 (C), 130.0 (C), 129.8 

(C), 128.9 (CH), 126.7 (CH), 126.5 (C), 125.9 (CH), 125.6 (CH), 38.0 (CH2), 25.9 

(CH), 21.8 (CH3), 19.4 (CH3). ESI-HRMS: m/z calculated for C16H18N4O [M+H+]+ 

283.1553, found 283.1558. RP-HPLC: tR 8.94 min.  

 

 

 

 

HN

N
N

H
N

O



Chapter 7:Experimental 

 

188 

5-(4-Fluorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (109) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(o-tolyl)acetic acid (46 mg, 

0.30 mmol), bromo-tris-pyrrolidinophosphoniumhexafluoro-

phosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined 

in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 

20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. This 

material was passed through a short silica plug eluting with ethyl acetate. The filtrate 

was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 109 as a white solid (8 mg, 0.03 mmol, 

10%). 1H NMR (400 MHz,CD3OD) δ 7.37 - 7.32 (m, 2H, ArH), 7.07 - 7.00 (m, 2H, 

ArH), 3.45 - 3.35 (m, 1H, CH), 3.35 (s, 2H, CH2), 1.40 (d, J = 7.5 Hz, 6H, CH3, CH3). 

13C NMR (101 MHz, CD3OD) δ 169.0 (C), 164.6 (C=O), 131.6 (CH), 131.5 (C), 116.3 

(CH), 40.9 (CH2), 28.4 (CH), 22.3 (CH3). Note: not all 13C signals visible in spectrum. 

ESI-HRMS: m/z calculated for C15H15FN4O [M+H+]+ 287.1303, found 287.1312. RP-

HPLC: tR 8.55 min.  
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4-((3-Isopropyl-7-oxo-6,7-dihydro-1H-pyrazolo[4,3-d]pyrimidin-5-yl)methyl)-

benzamide (110) and 4-((3-Isopropyl-7-oxo-6,7-dihydro-1H-pyrazolo[4,3-

d]pyrimidin-5-yl)methyl)benzo-nitrile (111)  

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(4-cyanophenyl)acetic acid 

(48 mg, 0.30 mmol), bromo-tris-pyrrolidinophosphonium-

hexafluorophosphate (152 mg, 0.33 mmol) and 

triethylamine (60 mg, 0.59 mmol) were combined in 1,2-

dichloroethane (5 mL) and heated using microwave 

irradiation at 120 °C for 20 min. The reaction mixture was concentrated in vacuo to give 

a yellow oil. This material was passed through a short silica plug eluting with ethyl 

acetate. The filtrate was concentrated in vacuo to give a yellow solid. This solid was 

combined with 1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in 

isopropanol (5 mL) and heated using microwave irradiation at 130 °C for 40 min. The 

reaction mixture was concentrated in vacuo to afford a mixture of 111 and 110 (1:1) as a 

yellow oil. Purification by column chromatography eluting with 10% methanol in ethyl 

acetate afforded 110 as a white solid (44 mg, 0.14 mmol, 47%) and 111 as a white solid 

(35 mg, 0.12 mmol, 40%).  

110 -1H NMR (400 MHz, DMSO) δ 7.85 - 7.82 (m, 2H, ArH), 7.37 - 7.33 (m, 2H, 

ArH), 3.98 (s, 2H, CH2), 3.23 - 3.21 (m, 1H, CH), 1.32 (d, J = 7.5 Hz, 6H, CH3, CH3). 

13C NMR (101 MHz, DMSO) δ 167.7 (C=O), 152.0 (C=O), 140.3 (C), 135.6 (C), 128.5 

(CH), 127.6 (CH), 30.7 (CH2), 26.2 (CH), 21.8 (CH3). Note: not all 13C signals visible 

in spectrum. ESI-HRMS: m/z calculated for C16H17N5O2 [M+H+]+ 312.1455, found 

312.1465. RP-HPLC: tR 6.65 min.  

111 - 1H NMR (400 MHz, DMSO) δ 7.79 (d, J = 8.3 Hz, 2H, ArH), 7.53 (d, J = 8.3 Hz, 

2H, ArH), 4.03 (s, 2H, CH2), 3.28 - 3.15 (m, 1H, CH), 1.30 (d, J = 7.5 Hz, 6H, CH3, 
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CH3). 13C NMR (101 MHz, DMSO) δ 157.3 (C=O), 142.8 (C), 132.3 (CH), 129.9 (CH), 

118.8 (C), 109.6 (C), 40.2 (CH2), 23.6 (CH), 21.8 (CH3). Note: not all 13C signals 

visible in spectrum. ESI-HRMS: m/z calculated for C16H15N5O [M+H+]+ 294.1349, 

found 294.1357. RP-HPLC: tR 8.02 min. 

 

3-Isopropyl-5-(2-methoxybenzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (112) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), 2-(2-methoxyphenyl)acetic acid (50 mg, 

0.30 mmol), bromo-tris-pyrrolidinophosphoniumhexafluoro-

phosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined 

in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 

20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. This 

material was passed through a short silica plug eluting with ethyl acetate. The filtrate 

was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 112 as a white solid (35 mg, 0.12 mmol, 

40%). 1H NMR (400 MHz,CD3OD) δ 7.28 - 7.20 (m, 1H, ArH), 7.17 - 7.13 (m, 1H, 

ArH), 6.99 - 6.88 (m, 2H, ArH), 4.00 (s, 2H, CH2), 3.85 (s, 3H, OCH3), 3.65 - 3.62 (m, 

1H, CH), 1.37 (d, J = 7.0 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, DMSO) δ 156.9 

(C=O), 130.9 (C), 130.5 (C), 129.4 (CH), 127.9 (CH), 120.2 (CH), 110.6 (CH), 45.4 

(CH2), 25.7 (CH), 21.7 (CH3). Note: not all 13C signals visible in spectrum. ESI-HRMS: 

m/z calculated for C16H18N4O2 [M+H+]+ 299.1503, found 299.1499. RP-HPLC: tR 

8.18 min. 
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3-Isopropyl-5-(4-methoxybenzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (113) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(4-methoxyphenyl)acetic acid 

(50 mg, 0.30 mmol), bromo-tris-pyrrolidinophosphonium-

hexafluorophosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were 

combined in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 

120 °C for 20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. 

This material was passed through a short silica plug eluting with ethyl acetate. The 

filtrate was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 113 as a white solid (42 mg, 0.14 mmol, 

47%). 1H NMR (400 MHz,CD3OD) δ 7.26 - 7.20 (m, 2H, ArH), 6.85 - 6.82 (m, 2H, 

ArH), 3.91 (s, 2H, CH2), 3.72 (s, 3H, OCH3), 3.46 - 3.39 (m, 1H, CH), 1.40 (d, J = 

7.5 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, CD3OD) δ160.2 (C=O), 131.0 (C), 130.7 

(C), 129.6 (CH), 115.1 (CH), 55.7 (CH3), 41.0 (CH2), 25.2 (CH), 22.3 (CH3). Note: not 

all 13C signals visible in spectrum. ESI-HRMS: m/z calculated for C16H18N4O2 [M+H+]+ 

299.1503, found 299.1490. RP-HPLC: tR 8.08 min. 

 

3-Isopropyl-5-(4-methoxybenzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (114) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(2-(trifluoromethyl)phenyl)acetic 

acid (54 mg, 0.30 mmol), bromo-trispyrrolidinophospho-

niumhexafluorophosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) 

were combined in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 
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120 °C for 20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. 

This material was passed through a short silica plug eluting with ethyl acetate. The 

filtrate was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 114 as a white solid (58 mg, 0.19 mmol, 

63%). 1H NMR (400 MHz, CD3OD) δ 7.23 (d, J = 8.8 Hz, 2H, ArH), 6.84 (d, J = 

8.8 Hz, 2H, ArH), 3.98 (q, J = 7.0 Hz, 2H, OCH2CH3), 3.91 (s, 2H, CH2), 3.45 - 3.38 

(m, 1H, CH), 1.41 (d, J = 7.5 Hz, 6H, CH3, CH3), 1.35 (t, J = 7.0 Hz, 3H, CH2CH3). 

13C NMR (101 MHz, CD3OD) δ 159.5 (C=O), 155.0 (C), 130.7 (C), 129.6 (CH), 115.7 

(CH), 64.5 (CH2), 41.0 (CH2), 27.3 (CH), 22.3 (CH3), 15.1 (CH3). Note: not all 13C 

signals visible in spectrum. ESI-HRMS: m/z calculated for C17H20N4O2 [M+H+]+ 

313.1659, found 313.1669. RP-HPLC: tR 8.71 min. 

 

3-Isopropyl-5-(2-(trifluoromethyl)benzyl)-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one 

(115) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) (50 mg, 

0.30 mmol), 2-(2-ethoxyphenyl)acetic acid (60 mg, 0.30 mmol), 

bromo-tris-pyrrolidinophosphonium-hexafluorophosphate 

(152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were combined in 1,2-

dichloroethane (5 mL) and heated using microwave irradiation at 120 °C for 20 min. 

The reaction mixture was concentrated in vacuo to give a yellow oil. This material was 

passed through a short silica plug eluting with ethyl acetate. The filtrate was 

concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 
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and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 115 as a white solid (62 mg, 0.18 mmol, 

60%). 1H NMR (400 MHz, DMSO) δ 7.73 (d, J = 7.7 Hz, 1H, ArH), 7.62 (t, J = 7.7 Hz, 

1H, ArH), 7.48 (t, J = 7.7 Hz, 1H, ArH), 7.40 (d, J = 7.7 Hz, 1H, ArH), 4.12 (s, 2H, 

CH2), 3.10 - 3.03 (m, 1H, CH), 1.20 (d, J = 7.0 Hz, 6H, CH3, CH3). 13C NMR 

(101 MHz, DMSO) δ 157.1 (C=O), 136.8 (C), 130.4 (CH), 129.6 (CH), 127.4 (C), 

123.2 (CH), 122.1 (CH), 40.2 (CH2), 27.2 (CH), 21.4 (CH3). Note: not all 13C signals 

visible in spectrum. ESI-HRMS: m/z calculated for C16H15F3N4O [M+H+]+ 337.1271, 

found 313.1273. RP-HPLC: tR 9.33 min. 

 

5-(2,4-Dichlorobenzyl)-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one (116) 

4-Amino-3-isopropyl-1H-pyrazole-5-carboxamide (85) 

(50 mg, 0.30 mmol), 2-(2,4-dichlorophenyl)acetic acid 

(61 mg, 0.30 mmol), bromo-trispyrrolidinophosphonium-

hexafluorophosphate (152 mg, 0.33 mmol) and triethylamine (60 mg, 0.59 mmol) were 

combined in 1,2-dichloroethane (5 mL) and heated using microwave irradiation at 

120 °C for 20 min. The reaction mixture was concentrated in vacuo to give a yellow oil. 

This material was passed through a short silica plug eluting with ethyl acetate. The 

filtrate was concentrated in vacuo to give a yellow solid. This solid was combined with 

1 M potassium t-butoxide in tetrahydrofuran (67 mg, 0.60 mmol) in isopropanol (5 mL) 

and heated using microwave irradiation at 130 °C for 40 min. The reaction mixture was 

concentrated in vacuo. The residue was purified by column chromatography eluting 

with 10% methanol in ethyl acetate to afford 116 as a white solid (69 mg, 0.20 mmol, 

67%). 1H NMR (400 MHz, DMSO) δ 7.62 - 7.60 (m, 1H, ArH), 7.42 - 7.34 (m, 2H, 

ArH), 4.06 (s, 2H, CH2), 3.17 - 3.10 (m, 1H, CH), 1.23 (d, J = 7.5 Hz, 6H, CH3, CH3). 
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13C NMR (101 MHz, DMSO) δ 134.0 (CH), 132.0 (CH), 128.0 (CH), 126.7 (C), 21.1 

(CH3). Note: not all 13C signals visible in spectrum. ESI-HRMS: m/z calculated for 

C15H14Cl2N4O [M+H+]+ 337.0617, found 337.0609. RP-HPLC: tR 9.68 min. 

 

Synthesis of 5-benzyl-3-isopropyl-1-methyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-

one (117) 

To a stirring solution of 5-Benzyl-3-isopropyl-1H-pyrazolo[4,3-

d]pyrimidin-7(6H)-one (99) (30 mg, 0.11 mmol) in acetone 

(15 mL) was added dimethylsulfate (17 mg, 0.13 mmol) in 

acetone (10 mL) in a drop-wise manner. The reaction mixture was stirred at 60 °C for 

16 h. The reaction mixture was concentrated in vacuo and the crude material was 

purified by column chromatography eluting with 50% ethyl acetate in hexane to afford 

117 as a white solid (20 mg, 0.07 mmol, 63%). 1H NMR (400 MHz, DMSO) δ 7.35 - 

7.28 (m, 4H, ArH), 7.25 - 7.20 (m, 1H, ArH), 4.08 (s, 3H, NCH3), 3.90 (s, 2H, CH2), 

3.26 - 3.17 (m, 1H, CH), 1.31 (d, J = 7.0 Hz, 6H, CH3, CH3). 13C NMR (101 MHz, 

CD3OD) δ 152.2 (C=O), 134.8 (C), 128.6 (CH), 126.9 (CH), 126.5 (CH), 40.4 (CH2), 

40.2 (CH3), 26.3 (CH), 21.0 (CH3). Note: not all 13C signals visible in spectrum. ESI-

HRMS: m/z calculated for C16H18N4O [M+H+]+ 283.1553, found 283.1549. RP-HPLC: 

tR 8.01 min. 
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7.2.2 Chapter 4 experimental 

 

2-Phenyl-3,4-dihydrobenzo[f][1,4]oxazepin-5(2H)-one (121) and 6-phenyl-5,6-

dihydrobenzo[f]tetrazolo[1,5-d][1,4]oxazepine (127) 

Method I: 

Sodium azide (174 mg, 2.68 mmol) was added in portions to a 

stirring solution of 2-phenylchroman-4-one (300 mg, 1.34 mmol) in 

toluene (20 mL) at 0 °C. Concentrated sulfuric acid (2.0 mL) was 

added in a drop-wise manner over 30 min at 0 °C. The reaction 

mixture was allowed to warm to room temperature and stirring was 

continued for 16 h. The reaction mixture had water (20 mL) added 

and was extracted with toluene (3 × 15 mL). The combined organic extracts were dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo to afford a mixture of 

121 and 127 (6:1) as a yellow oil. Purification by column chromatography eluting with 

50% ethyl acetate in hexane afforded 121 as cream needles (after recrystallisation from 

ethanol) (206 mg, 0.86 mmol, 64%) and 127 as white needles (after recrystallisation 

from ethanol) (31 mg, 0.11 mmol, 8%).  

Method II: 

To a stirred solution of 2-phenylchroman-4-one (flavanone) (300 mg, 1.34 mmol) in 

1,2-dichloroethane (20 mL) was added trimethylsilylazide (231 mg, 2.01 mmol) and 

iron (III) chloride (217 mg, 1.34 mmol). The mixture was stirred at room temperature 

for 16 h, and then concentrated in vacuo. The residue was diluted with water (40 mL) 

and extracted with ethyl acetate (3 × 20 mL). The combined organic extracts were dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo to yield a mixture of 121 

and 127 (8:1) as a clear oil. Purification by column chromatography eluting with 30% 
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ethyl acetate in hexane afforded 121 as a cream solid (264 mg, 1.10 mmol, 82%) and 

127 as a cream solid (43 mg, 0.02 mmol, 12%). 

Method III: 

(E)-2-Phenylchroman-4-one oxime (135) (100 mg, 0.42 mmol) was stirred in 

polyphosphoric acid (30 mL) at 120 °C for 2 h. The reaction mixture was poured into 

water (100 mL) and stirred at 75 °C for 2 h. The reaction mixture was cooled and 

extracted with ethyl acetate (3 × 20 mL). The combined organic extracts were washed 

with 5% aqueous sodium hydrogen carbonate (15 mL) and water (15 mL). The organic 

layer was dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to afford 

121 as a yellow oil (63 mg, 0.26 mmol, 79%). 

Method IV: 

(E)-2-Phenylchroman-4-one oxime (135) (100 mg, 0.42 mmol), p-toluenesulfonic acid 

(22 mg, 0.13 mmol) and zinc (II) bromide (19 mg, 0.08 mmol) in acetonitrile (20 mL) 

were heated at 82 °C for 16 h. The reaction mixture was cooled and poured into 

saturated aqueous sodium hydrogen carbonate (40 mL) and extracted with ethyl acetate 

(3 × 20 mL). The combined organic extracts were dried (anhydrous sodium sulfate), 

filtered and concentrated in vacuo to afford 121 as a yellow oil (45 mg, 0.19 mmol, 

45%). 

121 - 1H NMR (600 MHz, CDCl3) δ 7.72 (dd, J = 7.7, 1.3 Hz, 1H, ArH), 7.38 - 7.30 (m, 

2H, ArH), 7.29 - 7.18 (m, 4H, ArH), 7.07 (t, J = 7.7 Hz, 1H, ArH), 6.94 (d, J = 8.1 Hz, 

1H, ArH), 5.33 (dd, J = 6.2, 3.3 Hz, 1H, CH), 3.57 - 3.47 (m, 1H, CHH), 3.42 (dt, J = 

15.4, 5.9 Hz, 1H, CHH). 13C NMR (101 MHz, CDCl3) δ 171.2 (C=O), 154.7 (C), 139.2 

(C), 133.5 (C), 131.1 (CH), 128.8 (CH), 126.4 (CH), 126.0 (CH), 124.1 (CH), 123.9 

(CH), 122.6 (CH), 86.0 (CH2), 46.5 (CH3). ESI-HRMS: m/z calculated for C15H13NO2 

[M+H+]+ 240.1019, found 240.1027. RP-HPLC: tR 9.35 min. M.p. 125 - 126 °C (lit.282 

M.p. 125 - 126 °C). 
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127 - 1H NMR (600 MHz, CDCl3) δ 8.59 (d, J = 8.0 Hz, 1H, ArH), 7.56 - 7.41 (m, 6H, 

ArH), 7.26 (dd, J = 9.5, 5.8 Hz, 1H, ArH), 7.18 (d, J = 8.2 Hz, 1H, ArH), 5.23 - 5.19 

(m, 1H, CHH), 5.14 - 5.08 (m, 1H, CHH), 4.85 (dd, J = 14.5, 9.5 Hz, 1H, CH). 

13C NMR (101 MHz, CDCl3) δ 157.0 (C), 152.1 (C), 136.5 (C), 133.4 (C), 130.6 (CH), 

129.4 (CH), 129.3 (CH), 126.2 (CH), 124.2 (CH), 121.7 (CH), 113.2 (CH), 79.1 (CH), 

56.4 (CH2). ESI-HRMS: m/z calculated for C15H12N4O [M+H+]+ 265.1084, found 

265.1079. RP-HPLC: tR 10.85 min. M.p. 136 - 137 °C (lit.282 M.p. 137 - 138 °C). 

 

3,4-Dihydronaphthalen-1(2H)-one oxime (131) 

Hydroxylamine hydrochloride (1.90 g, 27.4 mmol) was added in one 

portion to a stirring solution of 3,4-dihydronaphthalen-1(2H)-one (2.00 g, 

13.7 mmol) and sodium acetate (2.24 g, 27.4 mmol) in ethanol (60 mL) at room 

temperature. The reaction mixture was then stirred at 78 °C for 2 h. The reaction 

mixture was cooled to 0 °C, water was added to give a precipitate, and the solid 

collected. Recrystallisation of the solid with ethanol afforded 131 as cream crystals 

(2.12 g, 13.2 mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 7.89 (dd, J = 7.8, 1.2 Hz, 1H, 

ArH), 7.30 - 7.13 (m, 3H, ArH), 2.84 (t, J = 6.5 Hz , 2H, CH2C(N)), 2.77 (tt, J = 6.5, 

4.0 Hz, 2H, ArCH2), 1.89 (t, J = 4.0 Hz, 2H, CH2CH2CH2). 13C NMR (101 MHz, 

CDCl3) δ 155.6 (C=N), 139.9 (C), 130.7 (C), 129.3 (CH), 128.8 (CH), 126.6 (CH), 

124.2 (CH), 30.0 (CH2), 23.9 (CH2), 21.5 (CH2). ESI-MS: m/z 162.1 [M+H+]+. RP-

HPLC: tR 9.06 min. M.p. 101 - 102 °C (lit.376 M.p. 101 - 103 °C). 

 

Chroman-4-one oxime (132) 

Hydroxylamine hydrochloride (469 mg, 6.75 mmol) was added in one 

portion to a stirring solution of chroman-4-one (500 mg, 3.37 mmol) and 
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sodium acetate (554 mg, 6.75 mmol) in ethanol (30 mL) at room temperature. The 

reaction mixture was then stirred at 78 °C for 2 h. The reaction mixture was cooled to 

0 °C, water was added to give a precipitate, and the solid collected. Recrystallisation of 

the solid from ethanol afforded 132 as white crystals (502 mg, 3.08 mmol, 91%). 

1H NMR (400 MHz, CDCl3) δ 7.82 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 7.31 - 7.24 (m, 1H, 

ArH), 6.99 - 6.89 (m, 2H, ArH), 4.26 (t, J = 6.2 Hz, 2H, OCH2), 3.02 (t, J = 6.2 Hz, 2H, 

CH2C(N)). 13C NMR (101 MHz, CDCl3) δ 159.0 (C=N), 149.2 (C), 131.2 (CH), 124.6 

(CH), 121.7 (C), 120.4 (CH), 119.1 (CH), 65.6 (CH2), 24.1 (CH2). ESI-MS: m/z 164.2 

[M+H+]+. RP-HPLC: tR 8.04 min. M.p. 139 - 140 °C (lit.377 M.p. 139 - 141 °C). 

 

2,3,4,5-Tetrahydro-1H-benzo[c]azepin-1-one (133) 

3,4-Dihydronaphthalen-1(2H)-one oxime (131) (50 mg, 0.31 mmol), p-

toluenesulfonic acid (5 mg, 0.03 mmol) and zinc (II) bromide (8 mg, 

0.04 mmol) in acetonitrile (15 mL) were heated at 82 °C for 16 h. The reaction mixture 

was cooled and poured into saturated aqueous sodium hydrogen carbonate (20 mL) and 

extracted with ethyl acetate (3 × 15 mL). The combined organic extracts were dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo to afford 133 as a yellow 

oil (45 mg, 0.26 mmol, 89%). 1H NMR (400 MHz, CDCl3) δ 7.92 - 7.87 (m, 1H, ArH), 

7.31 - 7.18 (m, 2H, ArH), 7.16 (d, J = 7.5 Hz, 1H, ArH), 2.85 (t, J = 6.6 Hz, 2H, 

NHCH2), 2.77 (t, J = 4.0 Hz, 2H, ArCH2), 1.89 (tt, J = 6.6, 4.0 Hz, 2H, NHCH2CH2). 

13C NMR (101 MHz, CDCl3) δ 155.5 (C=O), 140.0 (C), 130.6 (C), 129.3 (CH), 128.8 

(CH), 126.6 (CH), 124.2 (CH), 29.9 (CH2), 24.0 (CH2), 21.4 (CH2). ESI-MS: m/z 162.2 

[M+H+]+. RP-HPLC: tR 10.29 min. M.p. 97 - 98 °C (lit.378 M.p. 101 °C). 
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3,4-Dihydrobenzo[f][1,4]oxazepin-5(2H)-one (134) 

Chroman-4-one oxime (132) (50 mg, 0.31 mmol), p-toluenesulfonic acid 

(5 mg, 0.03 mmol) and zinc (II) bromide (8 mg, 0.04 mmol) in acetonitrile 

(15 mL) were heated at 82 °C for 16 h. The reaction mixture was cooled and poured 

into saturated aqueous sodium hydrogen carbonate (20 mL) and extracted with ethyl 

acetate (3 × 15 mL). The combined organic extracts were dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to afford 134 as a yellow oil (40 mg, 

0.24 mmol, 79%). 1H NMR (400 MHz, CDCl3) δ 7.76 (dd, J = 7.9, 1.8 Hz, 1H, ArH), 

7.33 (ddd, J = 8.4, 7.2, 1.8 Hz, 1H, ArH), 6.90 - 6.82 (m, 2H, ArH), 4.40 (t, J = 8.0 Hz, 

2H, OCH2), 2.68 (t, J = 8.0 Hz, 2H, NHCH2) 13C NMR (101 MHz, CDCl3) δ 170.6 

(C=O), 155.2 (C), 132.1 (CH), 130.9 (CH), 122.2 (C), 121.8 (CH), 120.9 (CH), 74.0 

(CH2), 40.2 (CH2). ESI-MS: m/z 164.2 [M+H+]+. RP-HPLC: tR 10.42 min. M.p. 

117 - 118 °C (lit.379 M.p. 114 - 116 °C). 

 

2-Phenylchroman-4-one oxime (135)  

Hydroxylamine hydrochloride (124 mg, 1.78 mmol) was added in 

one portion to a stirring solution of 2-phenylchroman-4-one 

(200 mg, 0.89 mmol) and sodium acetate (146 mg, 1.78 mmol) in 

ethanol (20 mL) at room temperature. The reaction mixture was then stirred at 78 °C for 

2 h. The reaction mixture was cooled to 0 °C, water was added to give a precipitate, and 

the solid filtered to afford 135 as a white powder (196 mg, 0.82 mmol, 92%). 1H NMR 

(400 MHz, CDCl3) δ 7.88 (dd, J = 7.9, 1.7 Hz, 1H, ArH), 7.56 - 7.49 (m, 2H, ArH), 

7.48 - 7.38 (m, 3H, ArH), 7.33 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H, ArH), 7.08 - 6.97 (m, 2H, 

ArH), 5.14 (dd, J = 12.5, 3.0 Hz, 1H, CH), 3.62 (dd, J = 17.2, 3.1 Hz, 1H, CHH), 2.80 

(dd, J = 17.2, 12.5 Hz, 1H, CHH). ESI-MS: m/z 240.3 [M+H+]+. RP-HPLC: tR 

10.64 min.  
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6-Methoxy-2-phenylchroman-4-one (138) 

A solution of (E)-1-(2-hydroxy-5-methoxyphenyl)-3-

phenylprop-2-en-1-one (139) (230 mg, 0.92 mmol) and sodium 

acetate (750 mg, 9.20 mmol) in ethanol (20 mL) was stirred at 

78 °C for 16 h. The mixture was concentrated in vacuo. The residue was dissolved in 

water (30 mL) and extracted with dichloromethane (3 × 10 mL). The combined organic 

layers were dried (anhydrous sodium sulfate), filtered and concentrated in vacuo. 

Recrystallisation from ethanol afforded 138 as yellow needles (210 mg, 0.81 mmol, 

90%). 1H NMR (400 MHz, CDCl3) δ 7.54 - 7.37 (m, 6H, ArH), 7.14 (dt, J = 7.4, 3.7 Hz, 

1H, ArH), 7.05 - 6.99 (m, 1H, ArH), 5.47 (dd, J = 13.4, 2.9 Hz, 1H, CH), 3.82 (s, 3H, 

CH3), 3.10 (dd, J = 17.0, 13.4 Hz, 1H, CHH), 2.91 (dd, J = 17.0, 2.9 Hz, 1H, CHH). 

13C NMR (101 MHz, CDCl3) δ 192.1 (C=O), 156.3 (C), 154.3 (C), 138.9 (C), 128.9 

(CH), 126.2 (CH), 125.4 (CH), 120.8 (C), 119.5 (CH), 118.4 (CH), 107.4 (CH), 79.7 

(CH), 55.8 (CH3), 44.6 (CH2). ESI-MS: m/z 255.2 [M+H+]+. RP-HPLC: tR 11.36 min. 

M.p. 97 - 98 °C (lit.380 M.p. 97 - 98 °C). 

 

(E)-1-(2-Hydroxy-5-methoxyphenyl)-3-phenylprop-2-en-1-one (139) 

A solution of benzaldehyde (100 mg, 0.94 mmol), 1-(2-

hydroxy-5-methoxyphenyl)ethanone (160 mg, 0.94 mmol) 

and barium hydroxide (300 mg, 0.94 mmol) in ethanol (15 mL) was stirred at 40 °C for 

16 h. The reaction mixture was cooled to room temperature, neutralised (pH ~ 7.0) with 

1 M aqueous hydrochloric acid, and concentrated in vacuo. The residue was dissolved 

in water (30 mL), and extracted with ethyl acetate (3 × 10 mL). The combined organic 

layers were dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to 

afford 139 as an orange solid (230 mg, 0.92 mmol, 97%). 1H NMR (400 MHz, CDCl3) 

δ 7.90 (d, J = 16.0 Hz, 1H, C(O)CH), 7.65 (s, 1H, ArH), 7.58 (d, J = 16.0 Hz, 1H, 
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ArCH), 7.46 - 7.40 (m, 3H, ArH), 7.35 (s, 1H, ArH), 7.15 - 7.12 (m, 2H, ArH), 6.98 - 

6.96 (m, 1H, ArH), 3.83 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 190.8 (C=O), 

161.4 (C), 144.4 (C), 143.1 (CH), 133.9 (C), 129.2 (CH), 129.1 (CH), 128.5 (CH), 

122.2 (CH), 121.9 (CH), 112.8 (C), 110.4 (CH), 102.3 (CH), 61.8 (CH3). ESI-MS: m/z 

255.2 [M+H+]+. RP-HPLC: tR 11.92 min. 

 

(E)-1-(2-Hydroxy-4,5-dimethoxyphenyl)-3-phenylprop-2-en-1-one (140a) 

A solution of benzaldehyde (100 mg, 0.94 mmol), 1-(2-

hydroxy-4,5-dimethoxyphenyl)ethanone (180 mg, 0.94 mmol) 

and barium hydroxide (300 mg, 0.94 mmol) in ethanol (15 mL) was stirred at 40 °C for 

16 h. The reaction mixture was cooled to room temperature, neutralised (pH ~ 7.0) with 

1 M aqueous hydrochloric acid, and concentrated in vacuo. The residue was dissolved 

in water (30 mL), and extracted with ethyl acetate (3 × 10 mL). The combined organic 

layers were dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to 

afford 140a as a yellow solid (250 mg, 0.89 mmol, 94%). 1H NMR (400 MHz, CDCl3) 

δ 7.90 - 7.84 (m, 1H, C(O)CH), 7.69 - 7.60 (m, 2H, ArCH), 7.52 - 7.47 (m, 3H, ArH, 

C(O)CHCH), 7.45 - 7.37 (m, 1H, ArH), 7.25 - 7.23 (m, 1H, ArH), 6.49 - 6.46 (m, 1H, 

ArH), 3.90 (s, 3H, CH3), 3.89 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 191.4 

(C=O), 161.8 (C), 156.8 (C), 144.4 (C), 141.9 (CH), 134.8 (C), 130.6 (CH), 129.0 (CH), 

128.5 (CH), 120.3 (CH), 112.0 (C), 111.0 (CH), 100.8 (CH), 60.32 (CH3), 60.31 (CH3). 

ESI-MS: m/z 285.2 [M+H+]+. RP-HPLC: tR 11.51 min. 

 

6,7-Dimethoxy-2-phenylchroman-4-one (140) 

A solution of (E)-1-(2-hydroxy-4,5-dimethoxyphenyl)-3-

phenylprop-2-en-1-one (140a) (200 mg, 0.70 mmol) and sodium 
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acetate (690 mg, 7.00 mmol) in ethanol (20 mL) was stirred at 78 °C for 16 h. The 

mixture was concentrated in vacuo. The residue was dissolved in water (30 mL) and 

extracted with dichloromethane (3 × 10 mL). The combined organic layers were dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo. Recrystallisation from 

ethanol afforded 140 as cream needles (190 mg, 0.68 mmol, 96%). 1H NMR (400 MHz, 

CDCl3) δ 7.39 - 7.22 (m, 5H, ArH), 7.17 (s, 1H, ArH), 6.42 (s, 1H, ArH), 5.35 - 5.32 

(m, 1H, CH), 3.81 (s, 3H, CH3), 3.78 (s, 3H, CH3), 2.98 - 2.94 (m, 1H, CHH), 2.74 - 

2.70 (m, 1H, CHH). 13C NMR (101 MHz, CDCl3) δ 190.6 (C=O), 158.0 (C), 156.3 (C), 

144.7 (C), 138.9 (C), 129.0 (CH), 128.8 (CH), 126.2 (CH), 113.2 (C), 106.7 (CH), 

100.6 (CH), 80.3 (CH), 56.2 (CH3) 56.0 (CH3), 44.1 (CH2). ESI-MS: m/z 285.2 

[M+H+]+. RP-HPLC: tR 10.47 min. M.p. 170 - 171 °C (lit.381 M.p. 170 - 171 °C). 

 

(E)-3-(3,4-Dimethoxyphenyl)-1-(2-hydroxyphenyl)prop-2-en-1-one (141a) 

A solution of 3,4-dimethoxybenzaldehyde (300 mg, 

1.81 mmol), 1-(2-hydroxyphenyl)ethanone (246 mg, 

1.81 mmol) and barium hydroxide (569 mg, 1.81 mmol) in ethanol (15 mL) was stirred 

at 40 °C for 16 h. The reaction mixture was cooled to room temperature, neutralised (pH 

~ 7.0) with 1 M aqueous hydrochloric acid, and concentrated in vacuo. The residue was 

dissolved in water (30 mL), and extracted with ethyl acetate (3 × 10 mL). The combined 

organic layers were dried (anhydrous sodium sulfate), filtered and concentrated in vacuo 

to afford 141a as a yellow solid (500 mg, 1.76 mmol, 97%). 1H NMR (400 MHz, 

CDCl3) δ 7.95 - 7.84 (m, 2H, C(O)CH, ArCH), 7.54 - 7.39 (m, 3H, ArH), 7.25 (dd, J = 

7.9, 2.2 Hz, 1H, ArH), 7.16 (d, J = 7.9 Hz, 1H, ArH), 7.04 - 6.86 (m, 2H, ArH), 3.95 (s, 

3H, CH3), 3.93 (s, 3H, CH3). ESI-MS: m/z 285.2 [M+H+]+. RP-HPLC: tR 11.34 min. 
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2-(3,4-Dimethoxyphenyl)chroman-4-one (141) 

A solution of (E)-3-(3,4-dimethoxyphenyl)-1-(2-

hydroxyphenyl)prop-2-en-1-one (141a) (300 mg, 1.06 mmol) 

and sodium acetate (866 mg, 10.6 mmol) in ethanol (20 mL) was 

stirred at 78 °C for 16 h. The reaction mixture was concentrated in vacuo. The residue 

was dissolved in water (30 mL) and extracted with dichloromethane (3 × 10 mL). The 

combined organic layers were dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo. Recrystallisation from ethanol afforded 141 as cream needles 

(274 mg, 0.96 mmol, 91%). 1H NMR (400 MHz, CDCl3) δ 7.41 - 7.35 (m, 2H, ArH), 

7.26 - 7.18 (m, 1H, ArH), 7.11 - 7.01 (m, 4H, ArH), 5.36 (dd, J = 13.3, 2.6 Hz, 1H, 

CH), 3.96 (s, 3H, CH3), 3.94 (s, 3H, CH3), 3.11 (dd, J = 16.9, 13.3 Hz, 1H, CHH), 2.94 

(dd, J = 16.9, 2.6 Hz, 1H, CHH). ESI-MS: m/z 285.3 [M+H+]+. RP-HPLC: tR 10.20 min. 

M.p. 121 - 122 °C (lit.382 M.p. 124 - 125 °C). 

 

(E)-1-(2-Hydroxy-5-methoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (142a) 

A solution of 4-methoxybenzaldehyde (100 mg, 

0.73 mmol), 1-(2-hydroxy-5-methoxyphenyl)ethanone 

(120 mg, 0.73 mmol) and barium hydroxide (230 mg, 0.73 mmol) in ethanol (15 mL) 

was stirred at 40 °C for 16 h. The reaction mixture was cooled to room temperature, 

neutralised (pH ~ 7.0) with 1 M aqueous hydrochloric acid, and concentrated in vacuo. 

The residue was dissolved in water (30 mL), and extracted with ethyl acetate 

(3 × 10 mL). The combined organic layers were dried (anhydrous sodium sulfate), 

filtered and concentrated in vacuo to afford 142a as an orange oil (190 mg, 0.68 mmol, 

92%). 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 15.5 Hz, 1H, C(O)CH), 7.59 (d, J = 

15.5 Hz, 1H, ArCH), 7.40 - 7.34 (m, 3H, ArH), 7.19 - 7.12 (m, 2H, ArH), 7.07 - 7.00 
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(m, 1H, ArH), 5.46 - 5.41 (m, 1H, ArH), 3.89 (s, 3H, CH3), 3.86 (s, 3H, CH3). ESI-MS: 

m/z 285.2 [M+H+]+. RP-HPLC: tR 12.21 min. 

 

6-Methoxy-2-(4-methoxyphenyl)chroman-4-one (142) 

A solution of (E)-1-(2-hydroxy-5-methoxyphenyl)-3-(4-

methoxyphenyl)prop-2-en-1-one (142a) (200 mg, 

0.70 mmol) and sodium acetate (580 mg, 7.00 mmol) in 

ethanol (20 mL) was stirred at 78 °C for 16 h. The mixture was concentrated in vacuo. 

The residue was dissolved in water (30 mL) and extracted with dichloromethane 

(3 × 10 mL). The combined organic layers were dried (anhydrous sodium sulfate), 

filtered and concentrated in vacuo. Recrystallisation from ethanol afforded 142 as 

orange needles (190 mg, 0.68 mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 7.51 - 6.62 

(m, 7H, ArH), 5.42 - 5.40 (m, 1H, CH), 3.83 (s, 3H, CH3), 3.80 (s, 3H, CH3), 3.05 (d, J 

= 16.0 Hz, 1H, CHH), 2.87 (d, J = 16.0 Hz, 1H, CHH). ESI-MS: m/z 285.2 [M+H+]+. 

RP-HPLC: tR 11.86 min. M.p. 156 - 157 °C (lit.380 M.p. 158 - 159 °C). 

 

1a-Phenyl-1,7a-dihydrocyclopropa[b]chromen-7(1aH)-one (151) 

In a dry, three-neck round bottom flask equipped with a magnetic 

stirrer bar, thermometer and dropping funnel under a constant supply 

of N2 gas was added anhydrous dimethylsulfoxide (10 mL). Sodium 

hydride (95%, 59 mg, 2.47 mmol) was added in portions, and following the exothermic 

reaction trimethylsulfoxonium iodide (545 mg, 2.47 mmol) was added in portions. The 

reaction mixture was stirred at room temperature under N2 gas for 40 min. A solution of 

2-phenyl-4H-chromen-4-one (500 mg, 2.25 mmol) in anhydrous dimethylsulfoxide 

(10 mL) was added in a drop-wise manner over 3 min. The solution was stirred 

vigorously for 30 min. at room temperature, before stirring at 50 °C for 16 h. The 
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reaction mixture was cooled to room temperature and poured onto ice. The aqueous 

layer was extracted with diethyl ether (2 × 20 mL) and ethyl acetate (2 × 20 mL). The 

combined organic extracts were dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to afford 151 as a yellow oil (433 mg, 1.83 mmol, 81%). 

1H NMR (400 MHz, CDCl3) δ 7.94 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.56 - 7.34 (m, 6H, 

ArH), 7.08 (dd, J = 14.7, 7.8 Hz, 2H, ArH), 2.54 (dd, J = 10.9, 6.2 Hz, 1H, C(O)CH), 

2.06 (dd, J = 10.9, 7.1 Hz, 1H, CHH), 1.74 (t, J = 6.6 Hz, 1H, CHH). 13C NMR 

(101 MHz, CDCl3) δ 189.8 (C=O), 157.1 (C), 138.0 (C), 135.7 (C), 128.8 (CH), 128.5 

(CH), 127.1 (CH), 126.1 (CH), 122.0 (CH), 118.1 (CH), 118.0 (CH), 67.3 (C), 34.4 

(CH), 15.0 (CH2). ESI-MS: m/z 237.2 [M+H+]+. RP-HPLC: tR 10.77 min. 

 

1a-phenyl-1,7a-dihydrocyclopropa[b]chromen-7(1aH)-one (151) and 2-Hydroxy-2-

phenyl-3,4-dihydrobenzo[b]oxepin-5(2H)-one (161) and   

In a dry, three-neck round bottom flask equipped with a magnetic 

stirrer bar, thermometer and dropping funnel under a constant 

supply of N2 gas was added anhydrous dimethylsulfoxide (20 mL). 

Sodium hydride (95%, 136 mg, 5.68 mmol) was added in portions, 

and following the exothermic reaction trimethylsulfoxonium iodide 

(1.25 g, 5.68 mmol) was added in portions. The reaction mixture 

was stirred at room temperature under N2 gas for 40 min. A solution of 2-phenyl-4H-

chromen-4-one (1.15 g, 5.18 mmol) in anhydrous dimethylsulfoxide (20 mL) was added 

in a drop-wise manner over 3 min. The solution was stirred vigorously for 30 min. at 

room temperature, before stirring at 50 °C for 16 h. The reaction mixture was poured 

onto ice and the aqueous layer was extracted with diethyl ether (2 × 30 mL) and ethyl 

acetate (2 × 30 mL). The combined organic extracts were dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to afford a mixture of 151 and 161 (1:6) as a 
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brown oil. Recrystallisation from ethanol afforded 161 as cream crystals (900 mg, 

3.54 mmol, 68%) and 151 as a yellow oil (145 mg, 0.62 mmol, 12%).  

161 - 1H NMR (400 MHz, DMSO) δ 8.08 - 8.01 (m, 3H, ArH), 7.70 - 7.63 (m, 1H, 

ArH), 7.59 - 7.51 (m, 3H, ArH), 7.00 (dd, J = 11.3, 4.5 Hz, 2H, ArH), 3.52 - 3.39 (m, 

4H, C(O)CH2, C(O)CH2CH2). 13C NMR (150 MHz, DMSO) δ 198.5 (C=O), 160.5 (C), 

136.4 (C), 136.1 (CH), 136.0 (CH), 133.3 (CH), 130.6 (CH), 128.8 (CH), 127.9 (C), 

120.3 (CH), 119.3 (CH), 117.7 (C), 33.2 (CH2), 32.1 (CH2). ESI-MS: m/z 255.4 

[M+H+]+. RP-HPLC: tR 11.26 min. 

 

7,8-Dimethoxy-5-phenyl-4,5-dihydrobenzo[b]oxepin-2(3H)-one (153) 

5-Phenyldihydrofuran-2-(3H)-one (3.00 g, 18.5 mmol) and 3,4-

dimethoxyphenol (3.14 g, 20.4 mmol) were stirred in polyphosphoric 

acid (75%, 10 g) at room temperature for 7 h. The reaction mixture 

was poured onto ice and extracted with diethyl ether (4 × 30 mL). The combined 

organic layers were washed with 2 M aqueous sodium hydroxide (30 mL) and water 

(30 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a clear oil. Purification by column chromatography 

eluting with 2% methanol in dichloromethane afforded 153 as a white solid (4.53 g, 

15.2 mmol, 82%). 1H NMR (400 MHz, CDCl3) δ 7.32 - 7.23 (m, 4H, ArH), 7.20 (dt, J = 

9.1, 4.3 Hz, 1H, ArH), 6.58 (s, 1H, ArH), 6.40 (s, 1H, ArH), 4.23 (dd, J = 10.0, 4.9 Hz, 

1H, CH), 3.72 (s, 3H, CH3), 3.72 (s, 3H, CH3), 2.37 - 2.28 (m, 4H, C(O)CH2, CHCH2). 

13C NMR (150 MHz, CDCl3) δ 179.7 (C=O), 148.5 (C), 147.8 (C), 143.2 (C), 143.1 (C), 

128.8 (CH), 128.2 (CH), 126.8 (C), 121.4 (CH), 112.3 (CH), 101.7 (CH), 56.9 (CH3), 

56.0 (CH3), 42.8 (CH), 32.1 (CH2), 29.5 (CH2). ESI-HRMS: m/z calculated for 

C18H18O4 [M+H+]+ 299.1278, found 299.1275. RP-HPLC: tR 8.53 min. 
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8-Methoxy-5-phenyl-4,5-dihydrobenzo[b]oxepin-2(3H)-one (154) 

5-Phenyldihydrofuran-2-(3H)-one (200 mg, 1.23 mmol) and 4-

methoxyphenol (153 mg, 1.23 mmol) were stirred in 

polyphosphoric acid (75%, 5 g) at room temperature for 7 h. The 

reaction mixture was poured onto ice and extracted with diethyl 

ether (4 × 20 mL). The combined organic layers were washed with 2 M aqueous sodium 

hydroxide (20 mL) and water (20 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a yellow oil. Purification by column 

chromatography eluting with 15% ethyl acetate in hexane afforded 154 as a cream solid 

(153 mg, 0.57 mmol, 46%). 1H NMR (400 MHz, CDCl3) δ 7.36 (ddd, J = 7.5, 4.5, 

1.3 Hz, 2H, ArH), 7.31 - 7.23 (m, 3H, ArH), 7.02 (d, J = 8.7 Hz, 1H, ArH), 6.70 (dd, J 

= 8.7, 3.0 Hz, 1H, ArH), 6.26 - 6.22 (m, 1H, ArH), 4.37 (dd, J = 12.8, 6.4 Hz, 1H, CH), 

3.61 (s, 3H, CH3), 2.61 - 2.33 (m, 4H, C(O)CH2, CH2CH2). 13C NMR (150 MHz, 

CDCl3) δ 171.5 (C=O), 156.9 (C), 144.6 (C), 138.7 (C), 133.9 (C), 128.4 (CH), 127.1 

(CH), 124.2 (CH), 119.5 (CH), 114.0 (CH), 111.4 (CH), 55.0 (CH3), 42.7 (CH), 31.1 

(CH2), 30.6 (CH2). ESI-HRMS: m/z calculated for C17H16O3 [M+H+]+ 269.1172, found 

269.1169. RP-HPLC: tR 10.76 min. 

 

Bicyclo[4.1.0]heptan-2-one (160) 

In a dry, three-neck round bottom flask equipped with a magnetic stirrer bar, 

thermometer and dropping funnel under a constant supply of N2 gas was 

added anhydrous dimethylsulfoxide (10 mL). Sodium hydride (95%, 165 mg, 

6.87 mmol) was added in portions, and following the exothermic reaction 

trimethylsulfoxonium iodide (1.51 g, 6.87 mmol) was added in portions. The reaction 

mixture was stirred at room temperature under N2 gas for 40 min. A solution of 2-

cyclohexenone (600 mg, 6.24 mmol) in anhydrous dimethylsulfoxide (10 mL) was 
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added in a drop-wise manner over 15 min. The solution was stirred vigorously for 

30 min. at room tempaerature, before stirring at 50 °C for 2 h. The reaction mixture was 

poured onto ice and the aqueous layer was extracted with diethyl ether (2 × 20 mL) and 

ethyl acetate (2 × 20 mL). The combined organic extracts were dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to yield a yellow oil which was 

purified by column chromatography eluting with 30% ethyl acetate in hexane to afford 

160 as a yellow solid (606 mg, 5.50 mmol, 88%). 1H NMR (400 MHz, CDCl3) δ 1.93 - 

1.90 (m, 1H, C(O)CHH), 1.81 - 1.74 (m, 1H, C(O)CHH), 1.58 - 1.42 (m, 3H, 

C(O)CH2CH2, C(O)CH2CH2CHH), 1.24 - 1.15 (m, 3H, C(O)CH2CH2CHH, C(O)CH, 

C(O)CHCHH), 0.77 - 0.73 (m, 1H, C(O)CHCH), 0.63 - 0.58 (m, 1H, C(O)CHCHH). 

13C NMR (101 MHz, CDCl3) δ 171.1 (C=O), 38.1 (CH2), 36.7 (CH2), 25.8 (CH), 17.8 

(CH), 17.4 (CH2), 10.2 (CH2). ESI-MS: m/z 111.2 [M+H+]+. RP-HPLC: tR 5.54 min. 

 

4-Benzyl-3,4-dihydronaphthalen-1(2H)-one (169)  

4,5-diphenylpentanoic acid (176) (100 mg, 0.39 mmol) was stirred in 

polyphosphoric acid (10 mL) at 80 °C for 4 h. The reaction mixture 

was poured into water (100 mL) and extracted with diethyl ether 

(4 × 20 mL). The combined organic extracts were washed with 5% 

aqueous sodium hydrogen carbonate (20 mL), dried (anhydrous sodium sulfate), filtered 

and concentrated in vacuo to afford 169 as a yellow oil (63 mg, 0.27 mmol, 67%). 

1H NMR (300 MHz, CDCl3) δ 8.13 (d, J = 7.7 Hz, 1H ArH), 7.54 (t, J = 7.4 Hz, 1H, 

ArH), 7.45 - 7.35 (m, 3H, ArH), 7.26 (t, J = 6.2 Hz, 4H, ArH), 3.36 - 3.25 (m, 1H, CH), 

3.25 - 3.12 (m, 1H, CHCHHCH2), 3.02 - 2.87 (m, 2H, ArCH2CH), 2.72 - 2.58 (m, 1H, 

CHCHHCH2), 2.30 - 2.15 (m, 1H, CHCH2CHH), 2.07 - 1.94 (m, 1H, CHCH2CHH). 

13C NMR (101 MHz, CDCl3) δ 197.8 (C=O), 147.5 (C), 139.6 (CH), 133.4 (C), 132.0 

(CH), 128.9 (CH), 128.5 (C), 128.4 (CH), 127.4 (CH), 126.8 (CH), 126.4 (CH), 41.1 
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(CH), 39.8 (CH2), 34.6 (CH2), 25.9 (CH2). ESI-MS: m/z 237.2 [M+H+]+. RP-HPLC: tR 

12.47 min. 

 

2,3-Dimethoxy-8-phenyl-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one (171) and 4-

(3,4-dimethoxybenzyl)-3,4-dihydronaphthalen-1(2H)-one (172) 

5-(3,4-dimethoxyphenyl)-5-oxo-4-phenylpentanoic acid (180) 

(300 mg, 0.95 mmol) was stirred in polyphosphoric acid (15 mL) 

at 80 °C for 4 h. The reaction mixture was poured into water 

(100 mL) and extracted with diethyl ether (4 × 20 mL). The 

combined organic extracts were washed with 5% aqueous 

sodium hydrogen carbonate (20 mL), dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to afford a mixture of 

171 and 172 (1:4) as a yellow oil (crude yield, 261.4 mg, 0.88 mmol, 92%). Purification 

of 80 mg of crude material through chiral chromatography (Amylose 2 stationary phase, 

isocratic mixture of 10% ethanol in petroleum spirits) afforded 171 as a clear oil (8 mg, 

50%) and a mixture of 171 and 172 as a clear oil (22 mg, 34%). 

171 - 1H NMR (400 MHz, CDCl3) δ 7.44 (s, 1H, ArH), 7.33 - 7.27 (m, 2H, ArH), 7.24 - 

7.21 (m, 1H, ArH), 7.16 - 7.14 (m, 2H, ArH), 6.54 (s, 1H, ArH), 3.94 (s, 3H, CH3), 3.86 

(s, 3H, CH3), 3.26 - 3.09 (m, 3H, ArCH2, CH), 3.00 - 2.95 (m, 1H, C(O)CHH), 2.78 - 

2.74 (m, 1H, C(O)CHH), 2.19 (dd, J = 8.5, 5.9 Hz, 1H, C(O)CH2CHH), 2.00 - 1.88 (m, 

1H, C(O)CH2CHH). 13C NMR (101 MHz, CDCl3) δ 174.4 (C=O), 152.3 (C), 147.9 (C), 

146.3 (C), 134.9 (C), 130.8 (C), 128.7 (CH), 127.3 (CH), 126.7 (CH), 113.5 (CH), 

111.5 (CH), 56.22 (CH3), 56.20 (CH3), 43.2 (CH2), 40.6 (CH), 40.0 (CH2), 29.1 (CH2). 

ESI-HRMS: m/z calculated for C19H20O3 [M+H+]+ 297.1485, found 297.1488. RP-

HPLC: tR 11.22 min. 
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172 - 1H NMR (400 MHz, CDCl3) δ 8.07 - 8.05 (m, 1H, ArH), 7.45 - 7.43 (m, 1H, 

ArH), 7.35 - 7.31 (m, 1H, ArH), 7.15 - 7.13 (m, 1H, ArH), 6.82 (s, 1H, ArH), 6.72 - 

6.69 (m, 1H, ArH), 6.61 - 6.60 (m, 1H, ArH), 3.83 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 

3.20 - 3.17 (m, 1H, ArCH), 3.07 - 3.02 (m, 1H, ArCHH), 2.86 - 2.77 (m, 2H, ArCHH, 

C(O)CHH), 2.62 - 2.55 (m, 1H, C(O)CHH), 2.23 - 2.16 (m, 1H, C(O)CH2CHH), 2.02 - 

1.96 (m, 1H, C(O)CH2CHH). ESI-MS: m/z 297.2 [M+H+]+. RP-HPLC: tR 11.22 min. 

 

Ethyl 5-oxo-4,5-diphenylpentanoate (174) 

To a solution of potassium t-butoxide (2.00 g, 17.8 mmol) in t-

butanol (100 mL) was added deoxybenzoin (3.00 g, 15.3 mmol) 

with stirring. Ethyl acrylate (1.83 g, 18.3 mmol) was added in a 

drop-wise manner and stirring was continued at room temperature for 2 h and then 

concentrated in vacuo. The crude material was dissolved in water (100 mL) and 

extracted with diethyl ether (3 × 30 mL). The combined organic extracts were dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo to yield a pale yellow 

solid which was recrystallised from ethanol to afford 174 as white needles (4.46 g, 

15.1 mmol, 98%). 1H NMR (300 MHz, CDCl3) δ 7.98 – 7.92 (m, 2H, ArH), 7.51 - 7.43 

(m, 1H, ArH), 7.42 - 7.33 (m, 2H, ArH), 7.31 - 7.27 (m, 4H, ArH), 7.24 - 7.17 (m, 1H, 

ArH), 4.68 (t, J = 7.2 Hz, 1H, CH), 4.17 - 4.06 (m, 2H, OCH2), 2.53 - 2.38 (m, 1H, 

CHCHH), 2.35 - 2.26 (m, 2H, CHCH2CH2), 2.24 - 2.10 (m, 1H, CHCHH), 1.26 - 1.19 

(m, 3H, CH3). ESI-MS: m/z 297.2 [M+H+]+. RP-HPLC: tR 12.71 min. M.p. 55 - 56 °C. 

(lit.332 M.p. 45 - 57 °C) 
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5-Oxo-4,5-diphenylpentanoic acid (175) 

Ethyl-5-oxo-4,5-diphenylpentanoate (174) (1.42 g, 4.79 mmol) was 

dissolved in 1,4-dioxane/1 M aqueous sodium hydroxide (1:1, 

50 mL) and stirred at 100 °C for 2 h. The reaction mixture was 

cooled, made acidic (pH ~ 2) with concentrated hydrochloric acid, and concentrated in 

vacuo. The residue was dissolved in ethyl acetate (50 mL) and washed with water 

(3 × 20 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a cream solid which was recrystallised from ethanol to 

afford 175 as white needles (1.22 g, 4.55 mmol, 95%). 1H NMR (300 MHz, CDCl3) δ 

7.95 (d, J = 7.8 Hz, 2H, ArH), 7.48 (t, J = 7.2 Hz, 1H, ArH), 7.38 (t, J = 7.2 Hz, 2H, 

ArH), 7.32 - 7.27 (m, 4H, ArH), 7.25 - 7.17 (m, 1H, ArH), 4.67 (t, J = 7.2 Hz, 1H, CH), 

2.51 - 2.40 (m, 1H, CHCHH), 2.40 - 2.32 (m, 2H, CHCH2CH2), 2.26 - 2.13 (m, 1H, 

CHCHH). ESI-MS: m/z 267.2 [M-H+]-. RP-HPLC: tR 10.67 min. M.p. 135 - 136 °C. 

 

4,5-Diphenylpentanoic acid (176)  

To a stirred solution of 5-oxo-4,5-diphenylpentanoic acid (175) 

(250 mg, 0.93 mmol) in trifluoroacetic acid (10 mL) under an 

atmosphere of nitrogen was added triethylsilane (238 mg, 

2.05 mmol) in a drop-wise manner. The reaction mixture was stirred at room 

temperature for 16 h, made basic (pH ~ 9) with aqueous sodium hydroxide, and washed 

with diethyl ether (15 mL). The aqueous extract was made acidic (pH ~ 4) with 

concentrated hydrochloric acid and extracted with diethyl ether (3 × 20 mL). The 

combined organic extracts were dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to afford 176 as a pale yellow oil (201 mg, 0.79 mmol, 85%). 

1H NMR (300 MHz, CDCl3) δ 7.41 - 7.31 (m, 3H, ArH), 7.31 - 7.23 (m, 3H, ArH), 7.20 

(t, J = 6.6 Hz, 2H, ArH), 7.12 (d, J = 7.4 Hz, 2H, ArH), 3.05 - 2.95 (m, 2H, ArCH2) 
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2.95 - 2.85 (m, 1H, CH), 2.34 - 2.22 (m, 2H, C(O)CH2), 2.22 - 2.08 (m, 1H, CHCHH), 

2.08 - 1.94 (m, 1H, CHCHH). ESI-MS: m/z 255.3 [M+H+]+. RP-HPLC: tR 11.71 min. 

 

1-(3,4-Dimethoxyphenyl)-2-phenylethanone (177) 

Method I: 

Phenylacetic acid (5.00 g, 34.7 mmol) was dissolved in thionyl 

chloride (30 mL) and stirred at 80 °C for 2.5 h. The reaction mixture was removed from 

heat and concentrated in vacuo. The crude material was dissolved in dichloromethane 

(50 mL) and cooled to 0 °C. 1,2-Dimethoxybenzene (4.80 g, 34.7 mmol) was added, 

followed by the gradual addition of aluminium trichloride (6.95 g, 52.1 mmol). The 

solution was warmed to room temperature then heated at 60 °C for 2 h. The mixture was 

cooled, poured onto ice, and made acidic (pH ~ 4) with concentrated hydrochloric acid. 

The organic phase was separated and the aqueous phase was extracted with 

dichloromethane (2 × 20 mL). The combined organic extracts were washed with water 

(30 mL), dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to afford 

177 as a yellow oil (5.55 g, 21.7 mmol, 62%). 

Method II: 

Phenylacetic acid (2.00 g, 14.7 mmol) and oxalyl chloride (1.24 g, 9.79 mmol) in 

dichloromethane (50 mL) were stirred at 60 °C for 1 h. The solution was cooled to room 

temperature and dimethoxybenzene (1.35 g, 9.79 mmol) was added followed by the 

gradual addition of aluminium trichloride (1.96 g, 14.7 mmol). The solution was stirred 

at 60 °C for 4 h. The mixture was cooled, poured into ice, and made acidic (pH ~ 4) 

with concentrated hydrochloric acid. The organic phase was separated and the aqueous 

phase was extracted with dichloromethane (2 × 20 mL). The combined organic extracts 

were washed with water (30 mL), dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to give a yellow solid which was recrystallised from ethanol to 
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afford 177 as a white solid (2.14 g, 8.35 mmol, 85%). 1H NMR (300 MHz, CDCl3) δ 

7.64 (d, J = 8.4 Hz, 1H, ArH), 7.53 (s, 1H, ArH), 7.34 - 7.18 (m, 5H, ArH), 6.85 (d, J = 

8.4 Hz, 1H, ArH), 4.22 (s, 2H, CH2), 3.91 (s, 3H, CH3), 3.89 (s, 3H, CH3). ESI-MS: m/z 

257.2 [M+H+]+. RP-HPLC: tR 10.28 min. M.p. 81 - 82 °C (lit.338 M.p. 82 °C). 

 

Ethyl 5-(3,4-dimethoxyphenyl)-5-oxo-4-phenylpentanoate (178) 

To a solution of potassium t-butoxide (2.00 g) in t-butanol 

(100 mL) was added 1-(3,4-dimethoxyphenyl)-2-

phenylethanone (177) (3.00 g, 11.7 mmol) with stirring. Ethyl 

acrylate (1.41 g, 14.1 mmol) was added in a drop-wise manner and stirring was 

continued at room temperature for 2 h and then the reaction mixture was concentrated in 

vacuo. The crude material was dissolved in water (100 mL) and extracted with diethyl 

ether (3 × 30 mL). The combined organic extracts were dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to afford 178 as a pale yellow oil (3.89 g, 

10.9 mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 8.5, 2.0 Hz, 1H, ArH), 

7.50 (d, J = 2.0 Hz, 1H, ArH), 7.28 - 7.23 (m, 4H, ArH), 7.20 - 7.16 (m, 1H, ArH), 6.78 

- 6.74 (m, 1H, ArH), 4.62 (t, J = 7.3 Hz, 1H, CH), 4.10 - 4.03 (q, J = 7.3 Hz, 2H, 

OCH2), 3.83 (s, 6H, OCH3, OCH3), 2.46 - 2.93 (m, 1H, CHCHH), 2.29 - 2.21 (m, 2H, 

C(O)CH2), 2.19 - 2.07 (m, 1H, CHCHH), 1.20 (t, J = 7.1 Hz, 3H, CH3). ESI-MS: m/z 

357.2 [M+H+]+. RP-HPLC: tR 11.26 min. 

 

5-(3,4-Dimethoxyphenyl)-5-oxo-4-phenylpentanoic acid (179) 

Ethyl 5-(3,4-dimethoxyphenyl)-5-oxo-4-phenylpentanoate (178) 

(3.48 g, 9.76 mmol) was dissolved in 1,4-dioxane/1 M aqueous 

sodium hydroxide (1:1, 50 mL) and stirred at 100 °C for 2 h. 

The reaction mixture was cooled, made acidic (pH ~ 2) with concentrated hydrochloric 
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acid, and concentrated in vacuo. The residue was dissolved in ethyl acetate (50 mL) and 

washed with water (3 × 20 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to afford 179 as a clear oil (3.09 g, 

9.41 mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 7.57 (dd, J = 8.5, 2.0 Hz, 1H, ArH), 

7.50 (d, J = 2.0 Hz, 1H, ArH), 7.28 - 7.24 (m, 4H, ArH), 7.20 - 7.16 (m, 1H, ArH), 6.77 

(dd, J = 8.5, 4.1 Hz, 1H, ArH), 4.61 (t, J = 7.3 Hz, 1H, CH), 3.86 (s, 3H, CH3), 3.85 (s, 

3H, CH3), 2.49 - 2.37 (m, 1H, CHCHH), 2.32 (t, J = 7.3 Hz, 2H, C(O)CH2), 2.20 - 2.09 

(m, 1H, CHCHH). ESI-MS: m/z 327.2 [M-H+]-. RP-HPLC: tR 9.42 min. 

 

5-(3,4-Dimethoxyphenyl)-4-phenylpentanoic acid (180) 

To a stirred solution of 5-(3,4-dimethoxyphenyl)-5-oxo-4-

phenylpentanoic acid (179) (500 mg, 3.05 mmol) in 

trifluoroacetic acid (10 mL) under an atmosphere of nitrogen 

was added triethylsilane (779 mg, 6.70 mmol) in a drop-wise manner. The reaction 

mixture was stirred at room temperature for 1 h, and further equivalents of triethylsilane 

(779 mg, 6.70 mmol) were added. Stirring was continued at room temperature for 15 h. 

The reaction mixture was made basic (pH ~ 9) with aqueous 1 M sodium hydroxide, 

and washed with diethyl ether (15 mL). The aqueous extract was made acidic (pH ~ 4) 

with concentrated hydrochloric acid and extracted with diethyl ether (3 × 20 mL). The 

combined organic extracts were dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to afford 180 as a pale yellow oil (881 mg, 2.81 mmol, 92%). 

1H NMR (400 MHz, CDCl3) δ 7.29 - 7.23 (m, 2H, ArH), 7.20 - 7.15 (m, 1H, ArH), 7.09 

(m, 2H, ArH), 6.70 (dd, J = 8.1, 3.8 Hz, 1H, ArH), 6.59 (dd, J = 8.1, 1.9 Hz, 1H, ArH), 

6.40 (d, J = 1.9 Hz, 1H, ArH), 3.81 (s, 3H, CH3), 3.70 (s, 3H, CH3), 2.87 - 2.74 (m, 3H, 

CH, ArCH2), 2.21 - 2.14 (m, 2H, C(O)CH2), 2.11 - 2.01 (m, 1H, CHCHH), 1.96 - 1.86 

(m, 1H, CHCHH). 13C NMR (101 MHz, CDCl3) δ 179.6 (C=O), 148.5 (C), 147.3 (C), 

OHO

O

O
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143.6 (C), 132.8 (C), 128.6 (CH), 128.0 (CH), 126.6 (CH), 121.2 (CH), 112.6 (CH), 

111.1 (CH), 55.9 (CH3), 55.8 (CH3), 47.6 (CH), 43.3 (CH2), 32.2 (CH2), 30.3 (CH2). 

ESI-MS: m/z 315.3 [M+H+]+. RP-HPLC: tR 8.20 min. 

 

 

7.2.3 Chapter 5 experimental 

 

1-(3-Bromo-2-hydroxy-5-methylphenyl)ethanone (186) 

To a stirring solution of 1-(2-hydroxy-5-methylphenyl)ethanone (2.00 g, 

13.3 mmol) and sodium acetate (1.20 g, 14.7 mmol) in glacial acetic acid 

(20 mL) at 0 °C was added in a drop-wise manner a solution of bromine 

(2.34 g, 14.7 mmol) in glacial acetic acid (5 mL). Stirring was continued at room 

temperature for 16 h and further portions of bromine (2.34 g, 14.7 mmol) and sodium 

acetate (1.20 g, 14.7 mmol) were added. Stirring was continued at room temperature for 

2 h. The reaction mixture was poured onto ice and the resulting precipitate was filtered. 

Recrystallisation of the precipitate from ethanol afforded 186 as yellow needles (2.93 g, 

12.8 mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 7.60 - 7.58 (m, 1H, ArH), 7.51 - 7.50 

(m, 1H, ArH), 2.66 (s, 3H, C(O)CH3), 2.33 (s, 3H, CH3). ESI-MS: m/z 229.4 [M-H+]-. 

RP-HPLC: tR 9.76 min. M.p. 87 - 88 °C (lit.348 M.p. 86 - 87 °C). 

 

8-Bromo-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (187) 

A solution of 1-(3-bromo-2-hydroxy-5-methylphenyl)ethanone 

(186) (1.00 g, 4.37 mmol), tetrahydro-2H-pyran-4-carbaldehyde 

(0.50 g, 4.37 mmol) and sodium tetraborate (3.33 g, 8.73 mmol) 

in ethanol/water (5:3, 32 mL) was stirred at 78 °C for 48 h. The reaction mixture was 

O

OH
Br

O

O

Br O
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concentrated in vacuo. The crude material was dissolved in ethyl acetate (80 mL), and 

washed with 1 M aqueous hydrochloric acid (30 mL) and saturated aqueous sodium 

chloride (30 mL). The organic extract was dried (anhydrous sodium sulfate), filtered 

and concentrated in vacuo to afford 187 as a cream solid (1.24 g, 3.81 mmol, 87%). 

1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 2.2 Hz, 1H, ArH), 7.56 (d, J = 2.2 Hz, 1H, 

ArH), 4.29 - 4.18 (m, 1H, OCH), 4.11 - 4.02 (m, 2H, OCHH, OCHH), 3.44 - 3.40 (m, 

2H, OCHH, OCHH), 2.74 - 2.70 (m, 2H, C(O)CH2), 2.30 (s, 3H, CH3), 2.06 - 1.99 (m, 

2H, OCH2CHH, OCH2CHH), 1.64 - 1.56 (m, 3H, OCH2CHH, OCH2CHH, OCHCH). 

13C NMR (101 MHz, CDCl3) δ 192.0 (C=O), 155.9 (C), 140.1 (CH), 132.0 (C), 126.2 

(CH), 121.9 (C), 111.6 (C), 82.1 (CH), 67.8* (CH2), 67.5* (CH2), 40.1 (CH2), 39.4 

(CH), 28.8* (CH2), 28.3* (CH2), 20.3 (CH3). ESI-HRMS: m/z calculated for 

C15H17BrO3 [M+H+]+ 325.0434, found 325.0442. RP-HPLC: tR 10.60 min. 

 

6-Methyl-8-phenyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (188) 

Method I: 

1-(2-Hydroxy-5-methyl-[1,1'-biphenyl]-3-yl)ethanone (189) 

(51 mg, 0.23 mmol), tetrahydro-2H-pyran-4-carbaldehyde (26 mg, 

0.23 mmol) and sodium tetraborate (172 mg, 0.45 mmol) in 

ethanol/water (5:3, 16 mL) were stirred at 78 °C for 48 h. The reaction mixture was 

concentrated in vacuo. The crude material was dissolved in ethyl acetate (40 mL), and 

washed with 1 M aqueous hydrochloric acid (15 mL) and saturated aqueous sodium 

chloride (15 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to afford 188 as a yellow oil (30 mg, 0.09 mmol, 41%). 
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Method II:  

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-

one (187) (70 mg, 0.22 mmol), cesium carbonate (140 mg, 0.43 mmol) and 

phenylboronic acid (34 mg, 0.28 mmol) in 1,4-dioxane (3 mL) was added palladium (II) 

acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-butylammonium 

bromide (spatula tip) and water (0.5 mL). The reaction mixture was heated using 

microwave irradtiation at 150 °C for 30 min. After cooling, the reaction mixture was 

filtered through celite. The filtrate was concentrated in vacuo, the residue was dissolved 

in ethyl acetate (20 mL) and washed with water (10 mL) and saturated aqueous sodium 

sulfate (10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a yellow solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 188 as a cream solid (65 mg, 

0.20 mmol, 94%).1H NMR (400 MHz, CDCl3) δ 7.61 - 7.58 (m, 1H, ArH), 7.41 - 7.37 

(m, 2H, ArH), 7.34 - 7.28 (m, 2H, ArH), 7.26 - 7.25 (m, 1H, ArH), 7.15 (s, 1H, ArH), 

4.07 (dd, J = 15.3, 8.0 Hz, 1H, OCH), 3.92 - 3.84 (m, 2H, OCHH, OCHH), 3.32 - 3.19 

(m, 2H, OCHH, OCHH), 2.61 - 2.59 (m, 2H, C(O)CH2), 2.24 (s, 3H, CH3), 1.85 - 1.77 

(m, 1H, OCH2CHH), 1.68 - 1.64 (m, 1H, OCH2CHH), 1.47 - 1.42 (m, 1H, OCHCH), 

1.40 - 1.27 (m, 2H, OCH2CHH, OCH2CHH). 1H NMR (400 MHz, DMSO) δ 7.57 (dd, J 

= 2.3, 0.8 Hz, 1H, ArH), 7.54 - 7.51 (m, 2H, ArH), 7.46 - 7.41 (m, 3H, ArH), 7.38 - 

7.33 (m, 1H, ArH), 4.35 - 4.27 (m, 1H, OCH), 3.86 - 3.83 (m, 2H, OCHH, OCHH), 

3.31 - 3.20 (m, 2H, OCHH, OCHH), 2.85 - 3.21 (m, 1H, C(O)CHH), 2.68 - 2.61 (m, 

1H, C(O)CHH), 2.32 (s, 3H, CH3), 1.95 - 1.80 (m, 1H, OCH2CHH), 1.69 - 1.66 (m, 1H, 

OCH2CHH), 1.53 - 1.50 (m, 1H, OCHCH), 1.41 - 1.28 (m, 2H, OCH2CHH, 

OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.9 (C=O), 156.6 (C), 138.1 (CH), 136.9 

(C), 131.1 (C), 130.7 (C), 129.4 (CH), 128.0 (CH), 127.4 (CH), 126.1 (CH), 121.2 (C), 

81.4 (CH), 67.7* (CH2), 67.4* (CH2), 40.4 (CH2), 39.6 (CH), 28.7* (CH2), 28.3* (CH2), 
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20.5 (CH3). 13C NMR (101 MHz, DMSO) δ 192.3 (C=O), 156.1 (C), 137.4 (CH), 136.5 

(C), 130.4 (C), 130.1 (C), 129.2 (CH), 128.0 (CH), 127.4 (CH), 125.4 (CH), 121.0 (C), 

80.9 (CH), 66.62* (CH2), 66.61* (CH2), 38.7 (CH2), 30.7 (CH), 27.9* (CH2), 27.8* 

(CH2), 20.0 (CH3). 13C NMR (101 MHz, 323 K, DMSO) δ 192.7 (C=O), 156.7 (C), 

137.8 (CH), 137.1 (C), 130.9 (C), 130.6 (C), 129.7 (CH), 128.4 (CH), 127.8 (CH), 

125.9 (CH), 121.6 (C), 81.4 (CH), 67.1 (CH2), 38.6 (CH2), 31.1 (CH) 28.4 (CH2), 20.4 

(CH3). ESI-HRMS: m/z calculated for C21H22O3 [M+H+]+ 323.1653, found 323.1642. 

RP-HPLC: tR 11.33 min. 

 

1-(2-Hydroxy-5-methyl-[1,1'-biphenyl]-3-yl)ethanone (189) 

To a degassed solution of 1-(3-bromo-2-hydroxy-5-

methylphenyl)ethanone (186) (100 mg, 0.44 mmol), potassium carbonate 

(151 mg, 1.09 mmol) and phenylboronic acid (69 mg, 0.57 mmol) in 

dimethylformamide/water (9:1, 5 mL) was added palladium (II) 

hydroxide (22 mg, 0.15 mmol). The reaction mixture was heated using microwave 

irradiation at 130 °C for 2.5 h. After cooling, the reaction mixture was filtered through 

celite, and the filtrate was lyophilised. The residue was dissolved in ethyl acetate 

(30 mL) and washed with water (10 mL) and saturated aqueous sodium chloride 

(10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a cream solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 189 as a white solid (91 mg, 

0.40 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 7.48 - 7.43 (m, 2H, ArH), 7.42 - 7.39 

(m, 1H, ArH), 7.34 - 7.28 (m, 2H, ArH), 7.27 - 7.20 (m, 2H, ArH), 2.53 (s, 3H, 

C(O)CH3), 2.24 (s, 3H, CH3). ESI-MS: m/z 227.2 [M+H+]+. RP-HPLC: tR 11.39 min. 

O
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8-(3,4-Dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 

(190) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (150 mg, 0.46 mmol), cesium 

carbonate (301 mg, 0.92 mmol) and (3,4-

dimethoxyphenyl)boronic acid (109 mg, 0.60 mmol) in 1,4-

dioxane (3 mL) was added palladium (II) acetate (spatula tip), 

tricyclohexylphosphine (spatula tip), tetra-n-butylammonium bromide (spatula tip) and 

water (0.5 mL). The reaction mixture heated using microwave irradiation at at 150 °C 

for 30 min. After cooling, the reaction mixture was filtered through celite. The filtrate 

was concentrated in vacuo, the residue dissolved in ethyl acetate (20 mL) and washed 

with water (10 mL) and saturated aqueous sodium sulfate (10 mL). The organic layer 

was dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to yield a 

yellow solid. Purification by column chromatography eluting with 30% ethyl acetate in 

hexane afforded 190 as a cream solid (142 mg, 0.37 mmol, 81%). 1H NMR (400 MHz, 

CDCl3) δ 7.69 - 7.67 (m, 1H, ArH), 7.35 - 7.34 (m, 1H, ArH), 7.09 - 7.03 (m, 2H, ArH), 

6.95 - 6.91 (m, 1H, ArH), 4.22 - 4.16 (m, 1H, OCH), 4.04 - 3.96 (m, 2H, OCHH, 

OCHH), 3.93 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 3.36 (m, 2H, OCHH, OCHH), 3.41 - 

3.31 (m, 2H, C(O)CH2), 2.34 (s, 3H, CH3), 2.04 - 1.91 (m, 1H, OCH2CHH), 1.84 - 1.75 

(m, 1H, OCH2CHH), 1.56 - 1.40 (m, 3H, OCH2CHH, OCH2CHH, OCHCH). 13C NMR 

(101 MHz, CDCl3) δ 192.9 (C=O), 156.5 (C), 148.5 (C), 148.4 (C), 137.9 (CH), 130.8 

(C), 130.7 (C), 129.7 (C), 125.8 (CH), 121.8 (CH), 121.2 (C), 112.8 (CH), 110.8 (CH), 

81.4 (CH), 67.6* (CH2), 67.4* (CH2), 55.92 (CH3), 55.91 (CH3), 40.2 (CH2), 39.6 (CH), 

28.8* (CH2), 28.4 (CH2), 20.5 (CH3). ESI-HRMS: m/z calculated for C23H26O5 [M+H+]+ 

383.1814, found 383.1865. RP-HPLC: tR 10.60 min. 
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8-(4-Methoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (191) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-methoxyphenyl)boronic 

acid (30 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added 

palladium (II) acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-

butylammonium bromide (spatula tip) and water (0.5 mL). The reaction mixture was 

heated using microwave irradiation at 150 °C for 30 min. After cooling, the reaction 

mixture was filtered through celite. The filtrate was concentrated in vacuo, the residue 

dissolved in ethyl acetate (20 mL) and washed with water (10 mL) and saturated 

aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 191 as a 

white solid (45 mg, 0.13 mmol, 83%). 1H NMR (400 MHz, CDCl3) δ 7.67 - 7.67 (m, 

1H, ArH), 7.47 - 7.42 (m, 2H, ArH), 7.34 - 7.34 (m, 1H, ArH), 6.98 - 6.93 (m, 2H, 

ArH), 4.24 - 4.14 (m, 1H, OCH), 4.04 - 3.96 (m, 2H, OCHH, OCHH), 3.86 (s, 3H, 

OCH3), 3.44 - 3.31 (m, 2H, OCHH, OCHH), 2.73 - 2.68 (m, 2H, C(O)CH2), 2.34 (s, 3H, 

CH3), 2.00 - 1.87 (m, 1H, OCH2CHH), 1.79 (ddd, J = 13.3, 3.6, 1.8 Hz, 1H, 

OCH2CHH), 1.56 - 1.53 (m, 1H, OCHCH), 1.53 - 1.39 (m, 2H, OCH2CHH, 

OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 193.0 (C=O), 159.0 (C), 156.7 (C), 138.0 

(CH), 130.9 (C), 130.8 (C), 130.6 (CH), 129.4 (CH), 125.7 (C), 121.3 (CH), 113.6 (C), 

81.5 (CH), 67.8* (CH2), 67.6* (CH2), 55.5 (CH3), 40.5 (CH2), 39.7 (CH), 28.8* (CH2), 

28.4* (CH2), 20.6 (CH3). ESI-HRMS: m/z calculated for C22H24O4 [M+H+]+ 353.1747, 

found 353.1761. RP-HPLC: tR 11.07 min. 
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6-Methyl-2-(tetrahydro-2H-pyran-4-yl)-8-(o-tolyl)chroman-4-one (192) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (40 mg, 0.12 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and o-tolylboronic acid (22 mg, 

0.16 mmol) in 1,4-dioxane (3 mL) was added palladium (II) 

acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-butylammonium 

bromide (spatula tip) and water (0.5 mL). The reaction mixture was heated using 

microwave irradiation at 150 °C for 30 min. After cooling, the reaction mixture was 

filtered through celite. The filtrate was concentrated in vacuo, the residue dissolved in 

ethyl acetate (20 mL) and washed with water (10 mL) and saturated aqueous sodium 

sulfate (10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a white solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 192 as a white solid (36 mg, 

0.11 mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 7.71 - 7.70 (m, 1H, ArH), 7.27 - 7.18 

(m, 4H, ArH), 7.14 - 7.12 (m, 1H, ArH), 4.27 - 4.04 (m, 1H, OCH), 3.99 - 3.86 (m, 2H, 

OCHH, OCHH), 3.37 - 3.22 (m, 2H, OCHH, OCHH), 2.71 - 2.64 (m, 2H, C(O)CH2), 

2.33 (s, 3H, CH3), 2.16 (s, 3H, CH3), 1.83 - 1.77 (m, 1H, OCH2CHH), 1.59 - 1.46 (m, 

2H, OCH2CHH, OCHCH), 1.42 - 1.28 (m, 2H, OCH2CHH, OCH2CHH). 13C NMR 

(101 MHz, CDCl3) δ 193.0 (C=O), 156.8 (C), 138.4 (CH), 136.5 (C), 131.5 (C), 130.6 

(C), 129.8 (C), 129.6 (CH), 127.2 (CH), 126.8 (CH), 126.0 (CH), 125.6 (CH), 120.9 

(C), 81.4 (CH), 67.7* (CH2), 67.4* (CH2), 40.5 (CH2), 39.6 (CH), 28.5* (CH2), 28.2* 

(CH2), 20.6 (CH3), 20.1 (CH3). ESI-HRMS: m/z calculated for C22H24O3 [M+H+]+ 

337.1798, found 337.1803. RP-HPLC: tR 11.46 min.  
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6-Methyl-2-(tetrahydro-2H-pyran-4-yl)-8-(m-tolyl)chroman-4-one (193) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and m-tolylboronic acid (27 mg, 

0.20 mmol) in 1,4-dioxane (3 mL) was added palladium (II) 

acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-butylammonium 

bromide (spatula tip) and water (0.5 mL). The reaction mixture was heated using 

microwave irradiation at 150 °C for 30 min. After cooling, the reaction mixture was 

filtered through celite. The filtrate was concentrated in vacuo, the residue dissolved in 

ethyl acetate (20 mL) and washed with water (10 mL) and saturated aqueous sodium 

sulfate (10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a white solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 193 as a cream solid (47 mg, 

0.14 mmol, 91%). 1H NMR (400 MHz, CDCl3) δ 7.66 - 7.64 (m, 1H, ArH), 7.33 - 7.32 

(m, 1H, ArH), 7.29 - 7.25 (m, 3H, ArH), 7.14 - 7.10 (m, 1H, ArH), 4.17 - 4.11 (m, 1H, 

OCH), 4.01 - 3.92 (m, 2H, OCHH, OCHH), 3.38 - 3.28 (m, 2H, OCHH, OCHH), 2.69 - 

2.63 (m, 2H, C(O)CH2), 2.36 (s, 3H, CH3), 2.30 (s, 3H, CH3), 1.94 - 1.82 (m, 1H, 

OCH2CHH), 1.80 - 1.75 (m, 1H, OCH2CHH), 1.57 - 1.36 (m, 3H, OCH2CHH, 

OCH2CHH, OCHCH). 13C NMR (101 MHz, CDCl3) δ 193.0 (C=O), 156.7 (C), 138.1 

(CH), 137.6 (C), 136.9 (C), 131.3 (C), 130.8 (C), 130.3 (CH), 128.3 (CH), 128.1 (CH), 

126.6 (CH), 126.1 (CH), 121.3 (C), 81.5 (CH), 67.7* (CH2), 67.5* (CH2), 40.5 (CH2), 

39.8 (CH), 28.9* (CH2), 28.4* (CH2), 21.6 (CH3), 20.6 (CH3). ESI-HRMS: m/z 

calculated for C22H24O3 [M+H+]+ 337.1798, found 337.1814. RP-HPLC: tR 11.68 min. 
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6-Methyl-2-(tetrahydro-2H-pyran-4-yl)-8-(p-tolyl)chroman-4-one (194) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and p-tolylboronic acid (27 mg, 

0.20 mmol) in 1,4-dioxane (3 mL) was added palladium (II) 

acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-butylammonium 

bromide (spatula tip) and water (0.5 mL). The reaction mixture was heated using 

microwave irradiation at 150 °C for 30 min. After cooling, the reaction mixture was 

filtered through celite. The filtrate was concentrated in vacuo, the residue dissolved in 

ethyl acetate (20 mL) and washed with water (10 mL) and saturated aqueous sodium 

sulfate (10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a white solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 194 as a white solid (34 mg, 

0.10 mmol, 66%). 1H NMR (400 MHz, CDCl3) δ 7.69 - 7.66 (m, 1H, ArH), 7.42 - 7.38 

(m, 2H, ArH), 7.36 - 7.35 (m, 1H, ArH), 7.24 - 7.22 (m, 2H, ArH), 4.18 (dt, J = 8.7, 

7.2 Hz, 1H, OCH), 4.03 - 3.98 (m, 2H, OCHH, OCHH), 3.43 - 3.32 (m, 2H, OCHH, 

OCHH), 2.73 - 2.69 (m, 2H, C(O)CH2), 2.40 (s, 3H, CH3), 2.34 (s, 3H, CH3), 1.98 - 

1.87 (m, 1H, OCH2CHH), 1.83 - 1.76 (m, 1H, OCH2CHH), 1.56 - 1.52 (m, 1H, 

OCHCH), 1.52 - 1.39 (m, 2H, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 

193.1 (C=O), 160.4 (C), 144.1 (CH), 138.1 (C), 137.3 (C), 134.1 (C), 131.2 (C), 129.4 

(CH), 128.9 (CH), 126.0 (CH), 121.3 (C), 81.5 (CH), 67.8* (CH2), 67.6* (CH2), 40.5 

(CH2), 39.7 (CH), 28.8* (CH2), 28.4* (CH2), 21.4 (CH3), 20.6 (CH3). ESI-HRMS: m/z 

calculated for C22H24O3 [M+H+]+ 337.1798, found 337.1807. RP-HPLC: tR 11.77 min. 
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8-(4-Methoxy-3,5-dimethylphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-

yl)chroman-4-one (195) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-methoxy-3,5-

dimethylphenyl)boronic acid (36 mg, 0.20 mmol) in 1,4-dioxane 

(3 mL) was added palladium (II) acetate (spatula tip), tricyclohexylphosphine (spatula 

tip), tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The reaction 

mixture was heated using microwave irradiation at 150 °C for 30 min. After cooling, the 

reaction mixture was filtered through celite. The filtrate was concentrated in vacuo, the 

residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) and saturated 

aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 195 as a 

white solid (47 mg, 0.12 mmol, 80%). 1H NMR (400 MHz, CDCl3) δ 7.67 - 7.66 (m, 

1H, ArH), 7.35 - 7.34 (m, 1H, ArH), 7.17 (s, 2H, ArH), 4.22 - 4.15 (m, 1H, OCH), 4.04 

- 3.97 (m, 2H, OCHH, OCHH), 3.77 (s, 3H, OCH3), 3.43 - 3.33 (m, 2H, OCHH, 

OCHH), 2.73 - 2.67 (m, 2H, C(O)CH2), 2.34 (s, 3H, CH3), 2.32 (s, 6H, CH3, CH3), 1.99 

- 1.90 (m, 1H, OCH2CHH), 1.90 - 1.83 (m, 1H, OCH2CHH), 1.61 - 1.54 (m, 1H, 

OCHCH), 1.54 - 1.42 (m, 2H, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 

193.0 (C=O), 156.7 (C), 156.6 (C), 138.0 (CH), 132.4 (C), 130.9 (C), 130.8 (C), 130.5 

(C), 130.1 (CH), 125.9 (CH), 121.4 (C), 81.5 (CH), 67.7* (CH2), 67.5* (CH2), 59.9 

(CH3), 40.6 (CH2), 39.9 (CH), 29.1* (CH2), 28.5* (CH2), 20.6 (CH3), 16.2 (CH3). ESI-

HRMS: m/z calculated for C24H28O4 [M+H+]+ 381.4915, found 381.4918. RP-HPLC: tR 

11.46 min. 
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8-(6-Methoxynaphthalen-2-yl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-

one (196) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (40 mg, 0.12 mmol), cesium 

carbonate (80 mg, 0.25 mmol) and (6-methoxynaphthalen-2-

yl)boronic acid (32 mg, 0.16 mmol) in 1,4-dioxane (3 mL) was 

added palladium (II) acetate (spatula tip), tricyclohexylphosphine 

(spatula tip), tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The 

reaction mixture was heated using microwave irradiation at 150 °C for 30 min. After 

cooling, the reaction mixture was filtered through celite. The filtrate was concentrated in 

vacuo, the residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) 

and saturated aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 196 as a 

yellow solid (43 mg, 0.11 mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 7.88 - 7.88 (m, 

1H, ArH), 7.78 - 7.74 (m, 4H, ArH), 7.72 - 7.72 (m, 2H, ArH), 7.62 (dd, J = 8.5, 1.7 Hz, 

1H, ArH), 4.21 (dd, J = 15.4, 7.9 Hz, 1H, OCH), 4.00 - 3.97 (m, 2H, OCHH, OCHH), 

3.95 (s, 3H, OCH3), 3.40 - 3.28 (m, 2H, OCHH, OCHH), 2.74 - 2.72 (m, 2H, C(O)CH2), 

2.37 (s, 3H, CH3), 1.93 - 1.90 (m, 1H, OCH2CHH), 1.81 - 1.77 (m, 1H, OCH2CHH), 

1.57 - 1.43 (m, 3H, OCHCH, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 

193.0 (C=O), 158.1 (C), 156.9 (C), 138.3 (CH), 133.9 (C), 132.4 (C), 131.2 (C), 130.9 

(C), 129.7 (CH), 128.9 (C), 128.3 (CH), 128.2 (CH), 126.3 (CH), 126.1 (CH), 121.4 

(CH), 119.2 (C), 105.8 (CH), 81.6 (CH), 67.7* (CH2), 67.5* (CH2), 55.5 (CH3), 40.5 

(CH2), 39.8 (CH), 28.9* (CH2), 28.4* (CH2), 20.6 (CH3). ESI-HRMS: m/z calculated for 

C26H26O4 [M+H+]+ 403.1904, found 403.1922. RP-HPLC: tR 11.87 min. 
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8-(4-Ethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (197) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-ethoxyphenyl)boronic acid 

(33 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added palladium 

(II) acetate (spatula tip), tricyclohexylphosphine (spatula tip), 

tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The reaction mixture 

was heated using microwave irradiation at 150 °C for 30 min. After cooling, the 

reaction mixture was filtered through celite. The filtrate was concentrated in vacuo, the 

residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) and saturated 

aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 197 as a 

cream solid (41 mg, 0.11 mmol, 73%). 1H NMR (400 MHz, CDCl3) δ 7.66 - 7.65 (m, 

1H, ArH), 7.45 - 7.41 (m, 2H, ArH), 7.34 - 7.33 (m, 1H, ArH), 6.95 - 6.93 (m, 2H, 

ArH), 4.19 - 4.13 (m, 1H, OCH), 4.08 (q, J = 7.0 Hz, 2H, OCH2CH3), 4.02 - 3.97 (m, 

2H, OCHH, OCHH), 3.42 - 3.32 (m, 2H, OCHH, OCHH), 2.71 - 2.69 (m, 2H, 

C(O)CH2), 2.33 (s, 3H, CH3), 1.94 - 1.88 (m, 1H, OCH2CHH), 1.81 - 1.78 (m, 1H, 

OCH2CHH), 1.57 - 1.53 (m, 1H, OCHCH), 1.51 - 1.47 (m, 2H, OCH2CHH, 

OCH2CHH), 1.21 (t, J = 7.1 Hz, 3H, OCH2CH3). 13C NMR (101 MHz, CDCl3) δ 193.1 

(C=O), 158.5 (C), 156.7 (C), 137.9 (CH), 130.9 (C), 130.8 (C), 130.6 (C), 129.3 (CH), 

125.7 (CH), 121.3 (C), 114.2 (CH), 81.5 (CH), 67.8* (CH2), 67.6* (CH2), 63.6 (CH2), 

40.5 (CH2), 39.8 (CH), 28.9* (CH2), 28.4* (CH2), 20.6 (CH3), 15.0 (CH3). ESI-HRMS: 

m/z calculated for C23H26O4 [M+H+]+ 367.1904, found 367.1920. RP-HPLC: tR 

11.71 min. 
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8-(4-Isopropoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 

(198) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-isopropoxyphenyl)boronic 

acid (36 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added 

palladium (II) acetate (spatula tip), tricyclohexylphosphine 

(spatula tip), tetra-n-butylammonium bromide (spatula tip)  and water (0.5 mL). The 

reaction mixture was heated using microwave irradiation at 150 °C for 30 min. After 

cooling, the reaction mixture was filtered through celite. The filtrate was concentrated in 

vacuo, the residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) 

and saturated aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 198 as a 

yellow solid (55 mg, 0.14 mmol, 94%). 1H NMR (400 MHz, CDCl3) δ 7.66 - 7.65 (m, 

1H, ArH), 7.44 - 7.39 (m, 2H, ArH), 7.34 - 7.33 (m, 1H, ArH), 6.95 - 6.90 (m, 2H, 

ArH), 4.63 - 4.57 (hept, J = 6.1 Hz, 1H, OCH(CH3)2), 4.22 - 4.11 (m, 1H, OCH), 4.05 - 

3.93 (m, 2H, OCHH, OCHH), 3.44 - 3.30 (m, 2H, OCHH, OCHH), 2.70 - 2.68 (m, 2H, 

C(O)CH2), 2.33 (s, 3H, CH3), 1.95 - 1.91 (m, 1H, OCH2CHH), 1.82 - 1.78 (m, 1H, 

OCH2CHH), 1.59 - 1.41 (m, 3H, OCHCH, OCH2CHH, OCH2CHH), 1.37 (d, J = 

4.5 Hz, 6H, CHCH3, CHCH3). 13C NMR (101 MHz, CDCl3) δ 193.0 (C=O), 157.4 (C), 

156.7 (C), 137.9 (CH), 130.9 (C), 130.7 (C), 130.6 (CH), 129.1 (C), 125.6 (CH), 121.3 

(C), 115.4 (CH), 81.5 (CH), 70.0 (CH), 67.7* (CH2), 67.5* (CH2), 40.4 (CH2), 39.7 

(CH), 28.8* (CH2), 28.4* (CH2), 22.2 (CH3), 20.6 (CH3). ESI-HRMS: m/z calculated for 

C24H28O4 [M+H+]+ 381.2060, found 381.2078. RP-HPLC: tR 11.81 min. 
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8-(4-Butylphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (199) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-butylphenyl)boronic acid 

(36 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added palladium 

(II) acetate (spatula tip), tricyclohexylphosphine (spatula tip), 

tetra-n-butylammonium bromide (spatula tip)  and water (0.5 mL). The reaction mixture 

was heated using microwave irradiation at 150 °C for 30 min. After cooling, the 

reaction mixture was filtered through celite. The filtrate was concentrated in vacuo, the 

residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) and saturated 

aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 199 as a 

cream solid (42 mg, 0.11 mmol, 72%). 1H NMR (400 MHz, CDCl3) δ 7.68 - 7.68 (m, 

1H, ArH), 7.43 - 7.41 (m, 2H, ArH), 7.37 - 7.36 (m, 1H, ArH), 7.26 - 7.22 (m, 2H, 

ArH), 4.20 - 4.15 (m, 1H, OCH), 4.02 - 3.97 (m, 2H, OCHH, OCHH), 3.42 - 3.32 (m, 

2H, OCHH, OCHH), 2.71 - 2.69 (m, 2H, C(O)CH2), 2.66 (t, J = 7.6 Hz, 2H, ArCH2), 

2.34 (s, 3H, CH3), 1.95 - 1.91 (m, 1H, OCH2CHH), 1.81 - 1.77 (m, 1H, OCH2CHH), 

1.69 - 1.61 (m, 3H, OCHCH, OCH2CHH, OCH2CHH), 1.49 - 1.35 (m, 4H, 

ArCH2CH2CH2CH3), 0.95 (t, J = 7.3 Hz, 3H, ArCH2CH2CH3). 13C NMR (101 MHz, 

CDCl3) δ 193.0 (C=O), 156.7 (C), 142.3 (C), 138.1 (CH), 134.2 (C), 131.2 (C), 130.7 

(C), 129.3 (CH), 128.2 (CH), 125.9 (CH), 121.3 (C), 81.5 (CH), 67.7* (CH2), 67.5* 

(CH2), 40.4 (CH2), 39.7 (CH), 35.5 (CH2), 33.7 (CH2), 28.8* (CH2), 28.4* (CH2), 22.5 

(CH2), 20.6 (CH3), 14.1 (CH3). ESI-HRMS: m/z calculated for C25H30O3 [M+H+]+ 

379.2268, found 379.2286. RP-HPLC: tR 13.47 min. 
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8-(4-Ethylphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (200) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-ethylphenyl)boronic acid 

(30 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added palladium 

(II) acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-butylammonium 

bromide (spatula tip) and water (0.5 mL). The reaction mixture was heated using 

microwave irradiation at 150 °C for 30 min. After cooling, the reaction mixture was 

filtered through celite. The filtrate was concentrated in vacuo, the residue dissolved in 

ethyl acetate (20 mL) and washed with water (10 mL) and saturated aqueous sodium 

sulfate (10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a white solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 200 as a white solid (47 mg, 

0.11 mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 7.69 - 7.68 (m, 1H, ArH), 7.45 - 7.42 

(m, 2H, ArH), 7.37 - 7.36 (m, 1H, ArH), 7.26 - 7.24 (m, 2H, ArH), 4.21 - 4.17 (m, 1H, 

OCH), 4.02 - 3.98 (m, 2H, OCHH, OCHH), 3.42 - 3.33 (m, 2H, OCHH, OCHH), 2.74 - 

2.67 (m, 5H, C(O)CH2, ArCH2CH3, OCHCH), 2.34 (s, 3H, CH3), 1.95 - 1.90 (m, 1H, 

OCH2CHH), 1.82 - 1.78 (m, 1H, OCH2CHH), 1.56 - 1.54 (m, 2H, OCH2CHH, 

OCH2CHH), 1.29 (t, J = 10.8 Hz, 3H, ArCH2CH3). 13C NMR (101 MHz, CDCl3) δ 

193.1 (C=O), 156.8 (C), 143.7 (C), 138.2 (CH), 134.3 (C), 131.2 (C), 130.8 (C), 129.4 

(CH), 127.7 (CH), 126.0 (CH), 121.4 (C), 81.5 (CH), 67.8* (CH2), 67.6* (CH2), 40.4 

(CH2), 39.7 (CH), 28.9* (CH2), 28.7* (CH2), 28.4 (CH2), 20.6 (CH3), 15.6 (CH3). ESI-

HRMS: m/z calculated for C23H26O3 [M+H+]+ 351.1955, found 351.1953. RP-HPLC: tR 

12.28 min. 
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6-Methyl-2-(tetrahydro-2H-pyran-4-yl)-8-(3,4,5-trifluorophenyl)chroman-4-one 

(201) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (3,4,5-

trifluorophenyl)boronic acid (35 mg, 0.20 mmol) in 1,4-dioxane 

(3 mL) was added palladium (II) acetate (spatula tip), tricyclohexylphosphine (spatula 

tip), tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The reaction 

mixture was heated using microwave irradiation at 150 °C for 30 min. After cooling, the 

reaction mixture was filtered through celite. The filtrate was concentrated in vacuo, the 

residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) and saturated 

aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 201 as a 

white solid (28 mg, 0.08 mmol, 48%). 1H NMR (400 MHz, CDCl3) δ 7.74 - 7.73 (m, 

1H, ArH), 7.30 - 7.29 (m, 1H, ArH), 7.16 - 7.12 (m, 2H, ArH), 4.21 - 4.16 (m, 1H, 

OCH), 4.03 - 4.00 (m, 2H, OCHH, OCHH), 3.39 (qd, J = 11.7, 2.3 Hz, 2H, OCHH, 

OCHH), 2.75 - 2.68 (m, 2H, C(O)CH2), 2.35 (s, 3H, CH3), 1.97 - 1.91 (m, 1H, 

OCH2CHH), 1.76 - 1.73 (m, 1H, OCH2CHH), 1.59 - 1.55 (m, 1H, OCHCH), 1.55 - 1.42 

(m, 2H, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.3 (C=O), 156.3 

(C), 151.0 (ddd, J = 249, 10, 4 Hz, CFCFC), 139.3 (dt, J = 252, 15 Hz, CFCFC), 137.5 

(CH), 133.0 (dd, J = 8, 3 Hz, C), 131.2 (C), 128.1 (C), 127.4 (CH), 121.6 (C), 113.7 

(dd, J = 16, 6 Hz, CFCH), 81.9 (CH), 67.6* (CH2), 67.5* (CH2), 40.4 (CH2), 39.7 (CH), 

28.9* (CH2), 28.4* (CH2), 20.5 (CH3). ESI-HRMS: m/z calculated for C21H19F3O3 

[M+H+]+ 377.1360, found 377.1359. RP-HPLC: tR 11.56 min. 
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6-Methyl-2-(tetrahydro-2H-pyran-4-yl)-8-(3-(trifluoromethyl)phenyl)-chroman-4-

one (202) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (3-

(trifluoromethyl)phenyl)boronic acid (38 mg, 0.20 mmol) in 1,4-

dioxane (3 mL) was added palladium (II) acetate (spatula tip), tricyclohexylphosphine 

(spatula tip), tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The 

reaction mixture was heated using microwave irradiation at 150 °C for 30 min. After 

cooling, the reaction mixture was filtered through celite. The filtrate was concentrated in 

vacuo, the residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) 

and saturated aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 202 as a 

cream solid (45 mg, 0.12 mmol, 75%). 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1H, 

ArH), 7.74 - 7.74 (m, 1H, ArH), 7.67 - 7.65 (m, 1H, ArH), 7.62 - 7.60 (m, 1H, ArH), 

7.56 - 7.53 (m, 1H, ArH), 7.37 - 7.37 (m, 1H, ArH), 4.23 - 4.17 (m, 1H, OCH), 4.02 - 

3.96 (m, 2H, OCHH, OCHH), 3.41 - 3.31 (m, 2H, OCHH, OCHH), 2.73 - 2.70 (m, 2H, 

C(O)CH2), 2.36 (s, 3H, CH3), 1.96 - 1.89 (m, 1H, OCH2CHH), 1.77 - 1.72 (m, 1H, 

OCH2CHH), 1.59 - 1.52 (m, 1H, OCHCH), 1.51 - 1.37 (m, 2H, OCH2CHH, 

OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.6 (C=O), 156.5 (C), 137.82 (CH), 

137.81 (CH), 132.6 (C), 131.1 (C), 130.5 (q, J = 32 Hz, CCF3), 129.6 (C), 128.8 (CH), 

127.1 (CH), 126.6 (q, J = 4 Hz, CCCF3), 124.31 (q, J = 273 Hz, CF3), 124.30 (q, J = 

4 Hz, CCCF3), 121.5 (C), 81.7 (CH), 67.6* (CH2), 67.5* (CH2), 40.5 (CH2), 39.9 (CH), 
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28.8* (CH2), 28.3* (CH2), 20.6 (CH3). ESI-HRMS: m/z calculated for C22H21F3O3 

[M+H+]+ 391.1516, found 391.1518. RP-HPLC: tR 11.72 min. 

 

6-Methyl-2-(tetrahydro-2H-pyran-4-yl)-8-(4-(trifluoromethyl)phenyl)-chroman-4-

one (203) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-

(trifluoromethyl)phenyl)boronic acid (38 mg, 0.20 mmol) in 1,4-

dioxane (3 mL) was added palladium (II) acetate (spatula tip), tricyclohexylphosphine 

(spatula tip), tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The 

reaction mixture was heated using microwave irradiation at 150 °C for 30 min. After 

cooling, the reaction mixture was filtered through celite. The filtrate was concentrated in 

vacuo, the residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) 

and saturated aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 203 as a 

cream solid (56 mg, 0.14 mmol, 93%). 1H NMR (400 MHz, CDCl3) δ 7.75 - 7.75 (m, 

1H, ArH), 7.69 - 7.67 (m, 2H, ArH), 7.63 - 7.61 (m, 2H, ArH), 7.36 - 7.35 (m, 1H, 

ArH), 4.23 - 4.17 (m, 1H, OCH), 4.03 - 3.98 (m, 2H, OCHH, OCHH), 3.42 - 3.32 (m, 

2H, OCHH, OCHH), 2.74 - 2.72 (m, 2H, C(O)CH2), 2.36 (s, 3H, CH3), 1.97 - 1.89 (m, 

1H, OCH2CHH), 1.74 - 1.70 (m, OCH2CHH), 1.57 - 1.54 (m, 1H, OCHCH), 1.50 - 1.38 

(m, 2H, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.6 (C=O), 156.5 

(C), 140.8 (C), 138.0 (CH), 131.1 (CH), 129.8 (C), 129.7 (q, J = 33 Hz, CCF3), 129.5 

(C), 127.2 (CH), 125.1 (q, J = 4 Hz, CCCF3), 124.4 (q, J = 272 Hz, CF3), 121.1 (C), 
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81.8 (CH), 67.7* (CH2), 67.5* (CH2), 40.4 (CH2), 39.7 (CH), 28.8* (CH2), 28.4* (CH2), 

20.6 (CH3). ESI-HRMS: m/z calculated for C22H21F3O3 [M+H+]+ 391.1516, found 

391.1511. RP-HPLC: tR 12.04 min. 

 

8-(4-Chlorophenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (204) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-chlorophenyl)boronic acid 

(31 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added palladium 

(II) acetate (spatula tip), tricyclohexylphosphine (spatula tip), tetra-n-butylammonium 

bromide (spatula tip) and water (0.5 mL). The reaction mixture was heated using 

microwave irradiation at 150 °C for 30 min. After cooling, the reaction mixture was 

filtered through celite. The filtrate was concentrated in vacuo, the residue dissolved in 

ethyl acetate (20 mL) and washed with water (10 mL) and saturated aqueous sodium 

sulfate (10 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to yield a white solid. Purification by column chromatography 

eluting with 30% ethyl acetate in hexane afforded 204 as a cream solid (49 mg, 

0.14 mmol, 89%). 1H NMR (400 MHz, CDCl3) δ 7.72 - 7.71 (m, 1H, ArH), 7.46 - 7.38 

(m, 4H, ArH), 7.33 - 7.32 (m, 1H, ArH), 4.18 (dd, J = 15.2, 7.9 Hz, 1H, OCH), 4.03 - 

3.99 (m, 2H, OCHH, OCHH), 3.42 - 3.33 (m, 2H, OCHH, OCHH), 2.72 - 2.70 (m, 2H, 

C(O)CH2), 2.35 (s, 3H, CH3), 1.94 - 1.90 (m, 1H, OCH2CHH), 1.77 - 1.72 (m, 1H, 

OCH2CHH), 1.58 - 1.56 (m, 1H, OCHCH), 1.50 - 1.41 (m, 2H, OCH2CHH, 

OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.8 (C=O), 156.5 (C), 137.9 (CH), 135.5 

(C), 133.6 (C), 131.0 (C), 130.8 (CH), 130.0 (C), 128.4 (CH), 126.6 (CH), 121.4 (C), 

81.7 (CH), 67.7* (CH2), 67.5* (CH2), 40.4 (CH2), 39.7 (CH), 28.8* (CH2), 28.4* (CH2), 
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20.6 (CH3). ESI-HRMS: m/z calculated for C21H21ClO3 [M+H+]+ 357.1252, found 

357.1264. RP-HPLC: tR 11.93 min. 

 

4-(6-Methyl-4-oxo-2-(tetrahydro-2H-pyran-4-yl)chroman-8-yl)benzonitrile (205) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (50 mg, 0.15 mmol), cesium 

carbonate (100 mg, 0.31 mmol) and (4-cyanophenyl)boronic acid 

(24 mg, 0.20 mmol) in 1,4-dioxane (3 mL) was added palladium 

(II) acetate (spatula tip), tricyclohexylphosphine (spatula tip), 

tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The reaction mixture 

was heated using microwave irradiation at 150 °C for 30 min. After cooling, the 

reaction mixture was filtered through celite. The filtrate was concentrated in vacuo, the 

residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) and saturated 

aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous sodium 

sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 205 as a 

yellow solid (49 mg, 0.14 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 7.75 - 7.74 (m, 

1H, ArH), 7.74 - 7.69 (m, 3H, ArH), 7.62 - 7.60 (m, 2H, ArH), 4.19 (dd, J = 15.2, 

7.8 Hz, 1H, OCH), 4.01 - 3.98 (m, 2H, OCHH, OCHH), 3.41 - 3.32 (m, 2H, OCHH, 

OCHH), 2.73 - 2.71 (m, 2H, C(O)CH2), 2.35 (s, 3H, CH3), 1.94 - 1.90 (m, 1H, 

OCH2CHH), 1.71 - 1.67 (m, 1H, OCH2CHH), 1.56 - 1.52 (m, 1H, OCHCH), 1.47 - 1.39 

(m, 2H, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.4 (C=O), 156.4 

(CN), 141.9 (C), 137.7 (CH), 131.9 (CH), 131.2 (C), 130.2 (CH), 129.2 (C), 127.5 

(CH), 121.5 (C), 118.9 (C), 111.3 (C), 81.8 (CH), 67.6* (CH2), 67.4* (CH2), 40.3 
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(CH2), 39.6(CH), 28.7* (CH2), 28.3* (CH2), 20.5 (CH3). ESI-HRMS: m/z calculated for 

C22H21NO3 [M+H+]+ 348.1594, found 348.1611. RP-HPLC: tR 10.72 min. 

 

8-([1,1'-Biphenyl]-4-yl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one 

(206) 

To a degassed solution of 8-bromo-6-methyl-2-(tetrahydro-2H-

pyran-4-yl)chroman-4-one (187) (40 mg, 0.12 mmol), cesium 

carbonate (80 mg, 0.25 mmol) and [1,1'-biphenyl]-4-ylboronic 

acid (32 mg, 0.16 mmol) in 1,4-dioxane (3 mL) was added 

palladium (II) acetate (spatula tip), tricyclohexylphosphine 

(spatula tip), tetra-n-butylammonium bromide (spatula tip) and water (0.5 mL). The 

reaction mixture was heated using microwave irradiation at 150 °C for 30 min. After 

cooling, the reaction mixture was filtered through celite. The filtrate was concentrated in 

vacuo, the residue dissolved in ethyl acetate (20 mL) and washed with water (10 mL) 

and saturated aqueous sodium sulfate (10 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to yield a white solid. Purification by 

column chromatography eluting with 30% ethyl acetate in hexane afforded 206 as a 

white solid (41 mg, 0.10 mmol, 84%). 1H NMR (400 MHz, CDCl3) δ 7.72 - 7.71 (m, 

1H, ArH), 7.67 - 7.64 (m, 4H, ArH), 7.60 - 7.58 (m, 2H, ArH), 7.47 - 7.44 (m, 2H, 

ArH), 7.41 - 7.41 (m, 1H, ArH), 7.37 - 7.34 (m, 1H, ArH), 4.20 (dd, J = 15.4, 7.8 Hz, 

1H, OCH), 4.02 - 3.97 (m, 2H, OCHH, OCHH), 3.41 - 3.31 (m, 2H, OCHH, OCHH), 

2.72 – 2.70 (m, 2H, C(O)CH2), 2.35 (s, 3H, CH3), 1.98 - 1.89 (m, 1H, OCH2CHH), 1.83 

- 1.79 (m, 1H, OCH2CHH), 1.57 - 1.54 (m, 1H, OCHCH), 1.48 - 1.45 (m, 2H, 

OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.8 (C=O), 156.7 (C), 140.7 

(C), 140.3 (C), 138.0 (CH), 136.0 (C), 130.8 (C), 130.7 (C), 129.9 (CH), 128.9 (CH), 

127.5 (CH), 127.1 (CH), 126.8 (CH), 126.3 (CH), 121.4 (C), 81.6 (CH), 67.7* (CH2), 

O

O
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67.5* (CH2), 40.4 (CH2), 39.7 (CH), 28.8* (CH2), 28.4* (CH2), 20.5 (CH3). ESI-

HRMS: m/z calculated for C27H26O3 [M+H+]+ 399.1955, found 399.1973. RP-HPLC: tR 

12.24 min. 

 

2-Phenyl-4H-chromen-4-one (207) 

A solution of 2-phenylchroman-4-one (flavanone) (200 mg, 

0.89 mmol) and iodine (226 mg, 0.89 mmol) in anhydrous pyridine 

(10 mL) was stirred at 90 °C for 3 h. The reaction mixture was 

poured into water (50 mL) and extracted with ethyl acetate (3 × 20 mL). The combined 

organic layers were washed with saturated aqueous sodium thiosulfate (20 mL) and 

water (20 mL). The organic layer was dried (anhydrous sodium sulfate), filtered and 

concentrated in vacuo to give a cream solid which was recrystallised from ethanol to 

afford 207 as white needles (112 mg, 0.50 mmol, 57%). 1H NMR (400 MHz, CDCl3) δ 

8.20 - 8.19 (m, 1H, ArH), 7.92 - 7.88 (m, 2H, ArH), 7.66 - 7.65 (m, 1H, ArH), 7.53 - 

7.49 (m, 4H, ArH), 7.39 - 7.37 (m, 1H, ArH), 6.78 (s, 1H, C(O)CH). 13C NMR 

(101 MHz, CDCl3) δ 178.3 (C=O), 163.3 (C), 156.2 (C), 133.7 (CH), 131.61 (C), 

131.60 (CH), 129.0 (CH), 126.2 (CH), 125.6 (CH), 125.2 (CH), 123.9 (C), 118.0 (CH), 

107.5 (CH). ESI-MS: m/z 223.2 [M+H+]+. RP-HPLC: tR 10.61 min. 

 

 

 

 

O
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8-(3,4-Dimethoxyphenyl)-6-methyl-2-(tetrahydro-2H-pyran-4-yl)-4H-chromen-4-

one (208) 

A solution of 8-(3,4-dimethoxyphenyl)-6-methyl-2-

(tetrahydro-2H-pyran-4-yl)chroman-4-one (190) (100 mg, 

0.26 mmol) and iodine (66 mg, 0.26 mmol) in anhydrous 

pyridine (8 mL) was stirred at 90 °C for 16 h. The reaction 

mixture was poured into water (50 mL) and extracted with 

ethyl acetate (3 × 20 mL). The combined organic layers were washed with saturated 

aqueous sodium thiosulfate (20 mL) and water (20 mL). The organic layer was dried 

(anhydrous sodium sulfate), filtered and concentrated in vacuo to give a yellow solid. 

Purification by column chromatography eluting with 15% ethyl acetate in hexane 

afforded 208 as a yellow solid (22 mg, 0.06 mmol, 22%). 1H NMR (400 MHz, CDCl3) δ 

7.95 - 7.94 (m, 1H, ArH), 7.49 - 7.45 (m, 1H, ArH), 7.10 - 7.03 (m, 2H, ArH), 7.00 - 

6.96 (m, 1H, ArH), 6.20 (s, 1H, C(O)CH), 4.04 - 4.00 (m, 2H, OCHH, OCHH), 3.95 (s, 

3H, OCH3), 3.92 (s, 3H, OCH3), 3.44 - 3.41 (m, 2H, OCHH, OCHH), 2.78 - 2.70 (m, 

1H, OCH2CH2CH), 3.26 (s, 3H, CH3), 1.85 - 1.71 (m, 4H, OCH2CH2, OCH2CH2). 

13C NMR (101 MHz, CDCl3) δ 178.8 (C=O), 170.9 (C), 151.7 (C), 149.10 (C), 148.8 

(C), 135.9 (CH), 134.9 (CH), 131.3 (C), 128.9 (C), 124.1 (CH), 122.2 (CH), 112.9 (C), 

111.2 (C), 108.1 (CH), 67.4 (CH3), 56.1 (CH3), 40.0 (CH2), 30.0 (CH2), 21.0 (CH3). 

ESI-HRMS: m/z calculated for C23H24O5 [M+H+]+ 381.1697, found 381.1714. RP-

HPLC: tR 10.29 min. 
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6-Methyl-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (209) 

A solution of 1-(2-hydroxy-5-methylphenyl)ethanone (100 mg, 

0.67 mmol) and tetrahydro-2H-pyran-4-carbaldehyde (84 mg, 

0.73 mmol) and piperidine (113 mg, 1.33 mmol) in ethanol 

(20 mL) was stirred at 78 °C for 48 h. The reaction mixture was concentrated in vacuo. 

The residue was dissolved in ethyl acetate (40 mL) and washed with 1 M aqueous 

hydrochloric acid (15 mL) and saturated aqueous sodium chloride (15 mL). The organic 

layer was dried (anhydrous sodium sulfate), filtered and concentrated in vacuo to give a 

yellow solid. Purification by column chromatography eluting with 40% ethyl acetate in 

hexane afforded 209 as a yellow solid (63 mg, 0.25 mmol, 38%). 1H NMR (400 MHz, 

CDCl3) δ 7.65 (s, 1H, ArH), 7.29 - 7.26 (m, 1H, ArH), 6.86 (d, J = 8.4 Hz, 1H, ArH), 

4.22 - 4.13 (m, 1H, OCH), 4.04 (d, J = 11.7 Hz, 2H, OCHH, OCHH), 3.46 - 3.36 (m, 

2H, OCHH, OCHH), 2.70 - 2.64 (m, 2H, C(O)CH2), 2.29 (s, 3H, CH3), 1.95 (ddd, J = 

11.1, 7.3, 3.4 Hz, 1H, OCH2CHH), 1.89 (d, J = 13.3 Hz, 1H, OCH2CHH), 1.60 - 1.50 

(m, 3H, OCHCH, OCH2CHH, OCH2CHH). 13C NMR (101 MHz, CDCl3) δ 192.7 

(C=O), 159.7 (C), 137.2 (CH), 130.8 (C), 126.6 (C), 120.7 (CH), 117.7 (CH), 81.2 

(CH), 67.7* (CH2), 67.5* (CH2), 40.2 (CH2), 39.3 (CH), 28.5* (CH2), 28.2* (CH2), 20.5 

(CH3). ESI-HRMS: m/z calculated for C15H18O3 [M+H+]+ 247.1329, found 247.1321. 

RP-HPLC: tR 8.77 min. 

 

1-(2-Hydroxy-5-methoxyphenyl)ethanone (211) 

To a stirring solution of 1-(2-hydroxy-5-methoxyphenyl)ethanone 

(2.00 g, 12.0 mmol) and sodium acetate (1.09 g, 13.2 mmol) in glacial 

acetic acid (20 mL) at 0 °C was added in a drop-wise manner a solution 

of bromine (2.12 g, 13.2 mmol) in glacial acetic acid (5 mL). Stirring was continued at 

O

O

O

O

OH
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room temperature for 16 h and further portions of bromine (2.12 g, 13.2 mmol) and 

sodium acetate (1.09 g, 13.2 mmol) were added. Stirring was continued at room 

temperature for 2 h. The reaction mixture was poured onto ice and the resulting 

precipitate was filtered. Recrystallisation of the precipitate from ethanol afforded 211 as 

yellow needles (2.61 g, 10.7 mmol, 88%). 1H NMR (400 MHz, CDCl3) δ 7.73 - 7.59 

(m, 1H, ArH), 7.19 - 7.17 (m, 1H, ArH), 3.79 (s, 3H, OCH3), 2.63 (s, 3H, COCH3). ESI-

MS: m/z 246.1 [M+H+]+. RP-HPLC: tR 9.41 min. M.p. 77 - 78 °C (lit.348 M.p. 

76 - 78 °C). 

 

8-Bromo-6-methoxy-2-(tetrahydro-2H-pyran-4-yl)chroman-4-one (212) 

A solution of 1-(3-bromo-2-hydroxy-5-

methoxyphenyl)ethanone (211) (1.00 g, 4.08 mmol), tetrahydro-

2H-pyran-4-carbaldehyde (0.47 g, 4.08 mmol) and sodium 

tetraborate (3.11 g, 8.16 mmol) in ethanol/water (5:3, 32 mL) was stirred at 78 °C for 

48 h. The reaction mixture was concentrated in vacuo. The crude material was dissolved 

in ethyl acetate (80 mL), and washed with 1 M aqueous hydrochloric acid (30 mL) and 

saturated aqueous sodium chloride (30 mL). The organic layer was dried (anhydrous 

sodium sulfate), filtered and concentrated in vacuo to afford 212 as a yellow oil (0.31 g, 

0.91 mmol, 22%). 1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 3.1 Hz, 1H, ArH), 7.30 (d, 

J = 3.1 Hz, 1H, ArH), 4.25 - 4.19 (m, 1H, OCH), 4.11 - 4.02 (m, 2H, OCHH, OCHH), 

3.79 (s, 3H, OCH3), 3.49 - 3.38 (m, 2H, OCHH, OCHH), 2.75 - 2.70 (m, 2H, C(O)CH2), 

2.08 - 1.97 (m, 2H, OCH2CHH, OCH2CHH), 1.62 - 1.56 (m, 3H, OCH2CHH, 

OCH2CHH, OCHCH). 13C NMR (101 MHz, CDCl3) δ 191.9 (C=O), 154.1 (C), 152.8 

(CH), 127.9 (C), 121.8 (CH), 112.6 (C), 107.9 (C), 82.1 (CH), 67.8* (CH2), 67.5* 
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(CH2), 56.2 (CH3), 40.1 (CH2), 39.4 (CH), 28.8* (CH2), 28.4* (CH2). ESI-HRMS: m/z 

calculated for C15H17BrO4 [M+H+]+ 341.0383, found 341.0393. RP-HPLC: tR10.28 min. 

 

7.3 Biological assay general experimental 

7.3.1 Plasmodium falciparum growth inhibition assay 

Malstat reagent was prepared by combining 0.1 M Tris (pH 9.0) (50 mL), lactic acid 

(1.00 g) and Triton X-100 (100 μL). The pH of the solution was adjusted (with aqueous 

sodium hydroxide) to 7.4. Acetylpyridine adenine dinucleotide (50 mg) was added to 

the solution, which was sealed and inverted several times to obtain a mixed solution. 

Malstat agent was stored at 4 °C and used with 14 days of preparation. Nitroblue 

reagent was prepared by dissolving nitroblue tetrazolium in water (2 mg/mL). The 

solution was stored at -14 °C and shielded from light. PES was prepared by dissolving 

phenozine ethosulfate in water (0.1 mg/mL). The solution was stored at -14 °C. 

 

Into each well of 96-well, U-bottom assay plate was dispensed 100 μL of red blood 

cell/parasite mixture (0.1% parasitaemia). Into each well was added test compound or 

vehicle (DMSO) (0.2 μL). Well solutions were mixed thoroughly. Plates were incubated 

at 37 °C for 72 h in an atmosphere of 5% CO2, 5% O2, 95% N2. Plates were then frozen 

at -70 °C overnight and then thawed at room temperature for 4-5 h.  

 

To evaluate LDH activity, 75 μL of LDH assay reagent (containing 10:1:1 of Malstat 

reagent/nitroblue reagent/PES) was dispensed into the wells of a 96-well plate (flat-

bottom). To each well was added a 30 μL aliquot of the corresponding parasite-drug 

solution described above. The 96-well plates were protected from light and incubated at 
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room temperature for 45 min. The absorbance of each well was then measured at 

650 nm using a Thermo Scientific Multiskan Go plate reader operated by Thermo 

Scientific Skanit Software v3.2. 

 

Data were analysed using GraphPad Prism v5.0 software. 

 

7.3.2 Human phosphodiesterase inhibition assays 

BPS Bioscience assays 

The human phosphodiesterase inhibition assays of compounds 99 and 105 were 

conducted externally under contract by BPS Bioscience, SanDiego.  

 

Compound dilutions ten-fold higher than test concentration were prepared with 10% 

DMSO in assay buffer and 5 µl of the dilution was added to a 50 µl reaction so that the 

final concentration of DMSO is 1% in all of reactions. The enzymatic reactions were 

conducted at rt for 60 min in a 50 µl mixture containing PDE assay buffer, 100 nM 

FAM-cAMP, or 100 nM FAM-cGMP, a PDE enzyme and the test compound. After the 

enzymatic reaction, 100 µl of a binding solution (1:100 dilution of the binding agent 

with the binding agent diluent) was added to each reaction and the reaction was 

performed at rt for 60 min. Fluorescence intensity was measured at an excitation of 485 

nm and an emission of 528 nm using a Tecan Infinite M1000 microplate reader.  

 

PDE activity assays were performed in duplicate at each concentration. Fluorescence 

intensity is converted to fluorescence polarisation using the Tecan Magellan6 software. 

The fluorescence polarisation data were analysed using the computer software, 

GraphPad Prism. The fluorescence polarisation (FPt) in absence of the compound in 
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each data set was defined as 100% activity. In the absence of PDE and the compound, 

the value of fluorescent polarisation (FPb) in each data set was defined as 0% activity. 

Some of the compounds emit fluorescence under the assay conditions; the FP value in 

absence of PDE only was subtracted from that in presence of PDE enzyme. The percent 

activity in the presence of the compound was calculated according to the following 

equation: % activity = (FP-FPb)/(FPt-FPb)×100%, where FP= the fluorescence 

polarisation in the presence of the compound. 

 

Scottish Biomedical assays 

Performed a fluorescence polarisation assay (described above). All assays were 

performed in a 3% final concentration of DMSO. All compounds were tested at a 

concentration of 1 µM in duplicate and inhibitor potency was calculated as an average 

of the two data points. The data generated was analysed using GraphPad Prism 

software. 
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Appendix 2 
 

Sequence alignment of the catalytic domains of human 

and protozoan phosphodiesterases 

 

Below is the sequence alignment of the catalytic domains of the human (hPDE1-11) and 

protozoan (PfPDEα-δ and LmjPDEB1) phosphodiesterase enzymes. This sequence 

alignment has been generated through an initial alignment in ClustalW, followed by 

manual alignment of the key residues, as discussed in section 2.2.1 and 7.1.1. 

 

 
                    *h1**********       *h2**** 
hPDE1A      RKTYHMVGLAYPAAVIVTLKDVDKWSFDVFALNEASG---EH 173 
hPDE1C      RRTSNMVGLSYPPAVIEALKDVDKWSFDVFSLNEASG---DH 183 
hPDE1B      RRTYTSVGPTYSTAVLNCLKNLDLWCFDVFSLNQAAD---DH 178 
hPDE3A      DKPILAPEPLVMDNLDSIMEQLNTWNFPIFDLVENIGRKCGR 709 
hPDE3B      IEQEVSLDLILVEEYDSLIEKMSNWNFPIFELVEKMGEKSGR 694 
hPDE4A      NIPRFGVKTDQEELLAQELENLNKWGLNIFCVSDYAG---GR 389 
hPDE4B      SISRFGVNTENEDHLAKELEDLNKWGLNIFNVAGYSH---NR 362 
hPDE4C      TVPRFGVQTDQEEQLAKELEDTNKWGLDVFKVAELSG---NR 344 
hPDE4D      SIPRFGVKTEQEDVLAKELEDVNKWGLHVFRIAELSG---NR 418 
hPDE8A      NIITPISLDDVPPRIARAMENEEYWDFDIFELEAATH---NR 512 
hPDE8B      HLAMPITINDVPPCISQLLDNEESWDFNIFELEAITH---KR 571 
hPDE7A      SNSLNILDDDYNGQAKCMLEKVGNWNFDIFLFDRLTN---GN 168 
hPDE7B      QAPLHLLDEDYLGQARHMLSKVGMWDFDIFLFDRLTN---GN 129 
hPDE5A      EETRELQSLAAAVVPSAQTLKITDFSFSDFELS-------DL 569 
hPDE11      SKAEVDKFK-AANIPLVSELAIDDIHFDDFSLD-------VD 675 
hPDE6A      KEPWECEEEELAEILQAELPDADKYEINKFHFSDLPLT--EL 515 
hPDE6B      KEPADCDEDELGEILKEELPGPTTFDIYEFHFSDLECT--EL 514 
hPDE6C      DVIDDCEEKQLVAILKEDLPDPRSAELYEFRFSDFPLT--EH 519 
hPDE10      SYHSICTSEEWQGLMQFTLPVRLCKEIELFHFDIGPF---EN 474 
hPDE2A      HMKVSDDEYTKLLHDGIQPVAAIDSNFASFTYTPRSLP--ED 613 
hPDE9A      TPRRDVPTYPKYLLSPETIEALRKPTFDVWLWE-------PN 269 
                                      .  :              
PfPDEα      ISFNSFSNMHSLLSSKFQEHYNDIYDWNGNIENIY-----KA  
PfPDEβ      KQIKKFLKQINISQLTKMIQFIDNKLLSDWDFNCLTY---FD  
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PfPDEγ      DEFNVKKEMDMNLKCDNVNLDIWNTSFLNNETL--------E 
PfPDEδ      IAYEVEVLKNIKKINCDEIGKNWDYSFIDSEYG-------KS 
LmjPDE      IAVTPEEREAVMSIDFGGAYDFTSPGFNLFEVREKYS-EPMD 
 
 
 
 
            *h3*********  *h4**   *h5***********          *h6************ 
hPDE1A      SLKFMIYELFTRYDLINRFKIPVSCLITFAEALEVGYSKYKNPYHNLIHAADVTQTVHYIM 234 
hPDE1C      ALKFIFYELLTRYDLISRFKIPISALVSFVEALEVGYSKHKNPYHNLMHAADVTQTVHYLL 244 
hPDE1B      ALRTIVFELLTRHNLISRFKIPTVFLMSFLDALETGYGKYKNPYHNQIHAADVTQTVHCFL 239 
hPDE3A      ILSQVSYRLFEDMGLFEAFKIPIREFMNYFHALEIGYR--DIPYHNRIHATDVLHAVWYLT 768 
hPDE3B      ILSQVMYTLFQDTGLLEIFKIPTQQFMNYFRALENGYR--DIPYHNRIHATDVLHAVWYLT 753 
hPDE4A      SLTCIMYMIFQERDLLKKFRIPVDTMVTYMLTLEDHYH-ADVAYHNSLHAADVLQSTHVLL 449 
hPDE4B      PLTCIMYAIFQERDLLKTFRISSDTFITYMMTLEDHYH-SDVAYHNSLHAADVAQSTHVLL 422 
hPDE4C      PLTAIIFSIFQERDLLKTFQIPADTLATYLLMLEGHYH-ANVAYHNSLHAADVAQSTHVLL 404 
hPDE4D      PLTVIMHTIFQERDLLKTFKIPVDTLITYLMTLEDHYH-ADVAYHNNIHAADVVQSTHVLL 478 
hPDE8A      PLIYLGLKMFARFGICEFLHCSESTLRSWLQIIEANYH-SSNPYHNSTHSADVLHATAYFL 572 
hPDE8B      PLVYLGLKVFSRFGVCEFLNCSETTLRAWFQVIEANYH-SSNAYHNSTHAADVLHATAFFL 631 
hPDE7A      SLVSLTFHLFSLHGLIEYFHLDMMKLRRFLVMIQEDYH-SQNPYHNAVHAADVTQAMHCYL 228 
hPDE7B      SLVTLLCHLFNTHGLIHHFKLDMVTLHRFLVMVQEDYH-SQNPYHNAVHAADVTQAMHCYL 189 
hPDE5A      ETALCTIRMFTDLNLVQNFQMKHEVLCRWILSVKKNYRK-NVAYHNWRHAFNTAQCMFAAL 629 
hPDE11      AMITAALRMFMELGMVQKFKIDYETLCRWLLTVRKNYR--MVLYHNWRHAFNVCQLMFAML 734 
hPDE6A      ELVKCGIQMYYELKVVDKFHIPQEALVRFMYSLSKGYR--KITYHNWRHGFNVGQTMFSLL 574 
hPDE6B      DLVKCGIQMYYELGVVRKFQIPQEVLVRFLFSISKGYR--RITYHNWRHGFNVAQTMFTLL 573 
hPDE6C      GLIKCGIRLFFEINVVEKFKVPVEVLTRWMYTVRKGYR--AVTYHNWQHGFNVGQTMFTLL 578 
hPDE10      MWPGIFVYMVHRSCGTSCFEL--EKLCRFIMSVKKNYR--RVPYHNWKHAVTVAHCMYAIL 531 
hPDE2A      DTSMAILSMLQDMNFINNYKIDCPTLARFCLMVKKGYR--DPPYHNWMHAFSVSHFCYLLY 672 
hPDE9A      EMLSCLEHMYHDLGLVRDFSINPVTLRRWLFCVHDNYR--NNPFHNFRHCFCVAQMMYSMV 328 
                    :                :  :   :   *      :**  *   . :       
                                                        AA  A 
PfPDEα      NTFISIGYKLLYPLGVLEANFDKEKLKKFLFRICSYYN--DIPYHTSLHAAQVAHFSKSML  
PfPDEβ      ESEYPFFDINLSLICTIDHNIPINIIINFLCFVEKQYN--NVPYHNTIHATMVTQKFFCLA 
PfPDEγ      DIFIHIGNKLLKMYYTTNHNIPSETLYSLLYEMKNGYN--NVPYHNSIHAAMVTHHCNVLV 
PfPDEδ      TLVILEVGYHLISPYIENNENKKKKLQLFLLLINSMYF--PNPYHNANHGATVCHLSKCLA 
LmjPDE      AAAGVVYNLLWNSGLPEKFGCREQTLLNFILQCRRRYR--RVPYHNFYHVVDVCQTLHTYL 
 
 
 
 
hPDE1A      LHTG--------------------------------------------IMHWLTELEILA 250 
hPDE1C      YKTG--------------------------------------------VANWLTELEIFA 260 
hPDE1B      LRTG--------------------------------------------MVHCLSEIELLA 255 
hPDE3A      TQPIPGLSTVINDHGSTSDSDSDSGFTHGHMGYVFSKTYNVTDDKYGCLSGNIPALELMA 828 
hPDE3B      TRPVPGLQQIHNGCGTGNETDSDGRINHGRIAYISSKSCSNPDESYGCLSSNIPALELMA 813 
hPDE4A      ATPA--------------------------------------------LDAVFTDLEILA 465 
hPDE4B      STPA--------------------------------------------LDAVFTDLEILA 438 
hPDE4C      ATPA--------------------------------------------LEAVFTDLEILA 420 
hPDE4D      STPA--------------------------------------------LEAVFTDLEILA 494 
hPDE8A      SKER--------------------------------------------IKETLDPIDEVA 588 
hPDE8B      GKER--------------------------------------------VKGSLDQLDEVA 647 
hPDE7A      KEPK--------------------------------------------LANSVTPWDILL 244 
hPDE7B      KEPK--------------------------------------------LASFLTPLDIML 205 
hPDE5A      KAGK--------------------------------------------IQNKLTDLEILA 645 
hPDE11      TTAG--------------------------------------------FQDILTEVEILA 750 
hPDE6A      VTGK--------------------------------------------LKRYFTDLEALA 590 
hPDE6B      MTGK--------------------------------------------LKSYYTDLEAFA 589 
hPDE6C      MTGR--------------------------------------------LKKYYTDLEAFA 594 
hPDE10      QNNH----------------------------------------------TLFTDLERKG 545 
hPDE2A      KNLE--------------------------------------------LTNYLEDIEIFA 688 
hPDE9A      WLCS--------------------------------------------LQEKFSQTDILI 344 
                                                                    :    
PfPDEα      FMLD--------------------------------------------MNHKISAIDEFC  
PfPDEβ      KKLG--------------------------------------------IYDDLEYKIKLV  
PfPDEγ      SNLN--------------------------------------------TANILRDNELGA 
PfPDEδ      HITD--------------------------------------------YDSYLNNTYMIC 
LmjPDE      YTGKASE-----------------------------------------LLTELECYVLLV 
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            *h7****         *h8****  *h9****    *h10********* 
hPDE1A      MVFAAAIHDYEHTGTTNNFHIQTRSDVAILYNDR---SVLENHHVSAAYRLMQE-EEMNILI 308 
hPDE1C      IIFSAAIHDYEHTGTTNNFHIQTRSDPAILYNDR---SVLENHHLSAAYRLLQDDEEMNILI 319 
hPDE1B      IIFAAAIHDYEHTGTTNSFHIQTKSECAIVYNDR---SVLENHHISSVFRLMQD-DEMNIFI 313 
hPDE3A      LYVAAAMHDYDHPGRTNAFLVATSAPQAVLYNDR---SVLENHHAAAAWNLFMSRPEYNFLI 887 
hPDE3B      LYVAAAMHDYDHPGRTNAFLVATNAPQAVLYNDR---SVLENHHAASAWNLYLSRPEYNFLL 872 
hPDE4A      ALFAAAIHDVDHPGVSNQFLINTNSELALMYNDE---SVLENHHLAVGFKLLQE-DNCDIFQ 523 
hPDE4B      AIFAAAIHDVDHPGVSNQFLINTNSELALMYNDE---SVLENHHLAVGFKLLQE-EHCDIFM 496 
hPDE4C      ALFASAIHDVDHPGVSNQFLINTNSELALMYNDA---SVLENHHLAVGFKLLQA-ENCDIFQ 478 
hPDE4D      AIFASAIHDVDHPGVSNQFLINTNSELALMYNDS---SVLENHHLAVGFKLLQE-ENCDIFQ 552 
hPDE8A      ALIAATIHDVDHPGRTNSFLCNAGSELAILYNDT---AVLESHHAALAFQLTTGDDKCNIFK 647 
hPDE8B      ALIAATVHDVDHPGRTNSFLCNAGSELAVLYNDT---AVLESHHTALAFQLTVKDTKCNIFK 706 
hPDE7A      SLIAAATHDLDHPGVNQPFLIKTNHYLATLYKNT---SVLENHHWRSAVGLLR---ESGLFS 300 
hPDE7B      GLLAAAAHDVDHPGVNQPFLIKTNHHLANLYQNM---SVLENHHWRSTIGMLR---ESRLLA 261 
hPDE5A      LLIAALSHDLDHRGVNNSYIQRSEHPLAQLYCH----SIMEHHHFDQCLMILNS-PGNQILS 702 
hPDE11      VIVGCLCHDLDHRGTNNAFQAKSGSALAQLYGTS---ATLEHHHFNHAVMILQS-EGHNIFA 808 
hPDE6A      MVTAAFCHDIDHRGTNNLYQMKSQNPLAKLHGS----SILERHHLEFGKTLLRD-ESLNIFQ 647 
hPDE6B      MVTAGLCHDIDHRGTNNLYQMKSQNPLAKLHGS----SILERHHLEFGKFLLSE-ETLNIYQ 646 
hPDE6C      MLAAAFCHDIDHRGTNNLYQMKSTSPLARLHGS----SILERHHLEYSKTLLQD-ESLNIFQ 651 
hPDE10      LLIACLCHDLDHRGFSNSYLQKFDHPLAALYST----STMEQHHFSQTVSILQL-EGHNIFS 602 
hPDE2A      LFISCMCHDLDHRGTNNSFQVASKSVLAALYSSEG--SVMERHHFAQAIAILNT-HGCNIFD 747 
hPDE9A      LMTAAICHDLDHPGYNNTYQINARTELAVRYNDI---SPLENHHCAVAFQILAE-PECNIFS 402 
               .   ** :* * .: :        *  :    : :* **      :        :   
                   AA  A                             A 
PfPDEα      LHISSLCHDTGHPGLNNYFLINSENNLALTYNDN---SVLENYHCSLLFKTLKN-PNYNIFE  
PfPDEβ      MFISGICHDIGHPGYNNLFFVNSLHPLSIIYNDI---SVLENYHASITFKILQL-NQCNILK 
PfPDEγ      LFVASLGHDIGHFGRTNIFLKNCCNFLSIIYNDK---SILENYHCSYLFNILLK-DENNIFK 
PfPDEδ      YLIASIAHDVGHPGKTNSYLSETNHILSIRYNDM---SILENYHCSITFSILQL-IGFDFLI 
LmjPDE      LLVTALVHDLDHMGVNNSFYLKTDSPLGILSSASGNNSVLEVHHCSLAIEILSDPAADVFEG     
 
 
                                      
 
                     *h11*************     *h12********** 
hPDE1A      N------LSKDDWRDLRNLVIEMVLSTDMSGHFQQIKNIRNSLQQ--------------- 347 
hPDE1C      N------LSKDDWREFRTLVIEMVMATDMSCHFQQIKAMKTALQQ--------------- 358 
hPDE1B      N------LTKDEFVELRALVIEMVLATDMSCHFQQVKTMKTALQQ--------------- 352 
hPDE3A      N------LDHVEFKHFRFLVIEAILATDLKKHFDFVAKFNGKVNDDVGI----------- 931 
hPDE3B      H------LDHVEFKRFRFLVIEAILATDLKKHFDFLAEFNAKANDVNSNGI--------- 918 
hPDE4A      N------LSKRQRQSLRKMVIDMVLATDMSKHMTLLADLKTMVETKKVTSSG-------- 572 
hPDE4B      N------LTKKQRQTLRKMVIDMVLATDMSKHMSLLADLKTMVETKKVTSSG-------- 545 
hPDE4C      N------LSAKQRLSLRRMVIDMVLATDMSKHMNLLADLKTMVETKKVTSLG-------- 527 
hPDE4D      N------LTKKQRQSLRKMVIDIVLATDMSKHMNLLADLKTMVETKKVTSSG-------- 601 
hPDE8A      N------MERNDYRTLRQGIIDMVLATEMTKHFEHVNKFVNSINKPLATLEENGETDKNQ 707 
hPDE8B      N------IDRNHYRTLRQAIIDMVLATEMTKHFEHVNKFVNSINKPM--AAEIEGSDCEC 762 
hPDE7A      H------LPLESRQQMETQIGALILATDISRQNEYLSLFRSHLDRG-------------- 343 
hPDE7B      H------LPKEMTQDIEQQLGSLILATDINRQNEFLTRLKAHLHNK-------------- 304 
hPDE5A      G------LSIEEYKTTLKIIKQAILATDLALYIKRRGEFFELIRKN-------------- 745 
hPDE11      N------LSSKEYSDLMQLLKQSILATDLTLYFERRTEFFELVSKG-------------- 851 
hPDE6A      N------LNRRQHEHAIHMMDIAIIATDLALYFKKRTMFQKIVDQSKTYESE-------Q 700 
hPDE6B      N------LNRRQHEHVIHLMDIAIIATDLALYFKKRAMFQKIVDESKNYQDK-------K 699 
hPDE6C      N------LNKRQFETVIHLFEVAIIATDLALYFKKRTMFQKIVDACEQMQTE-------E 704 
hPDE10      T------LSSSEYEQVLEIIRKAIIATDLALYFGNRKQLEEMYQT--------------- 645 
hPDE2A      H------FSRKDYQRMLDLMRDIILATDLAHHLRIFKDLQKMAEV--------------- 789 
hPDE9A      N------IPPDGFKQIRQGMITLILATDMARHAEIMDSFKEKMEN--------------- 443 
                   :           .   :::*::         :                            
                                      A 
PfPDEα      H------YPYHIFISCKKNIIKAILSTDMKNHFEYISDFRTSKEFIDYDNLS-------- 
PfPDEβ      N------FSEKDFRMMRSYIIELILSTDMKHHFEIISKFRIRRENED------------- 
PfPDEγ      N------EDPKCLLALRQQIIELILATDMSKHIKILAQFRIKSIK--------------- 
PfPDEδ      NNEDTKLVEKNNYTNMRKFIIELIISTDMKLHFEYVDIFKKRKKS--------------- 
LmjPDE      -------LSGQDVAYAYRALIDCVLATDMAKHADALSRFTELATS--------------- 
                
 
 
 
                     *h13************       *h14******************** 
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hPDE1A      -------PEGIDRAKTMSLILHAADISHPAKSWKLHYRWTMALMEEFFLQGDKEAELG 403 
hPDE1C      -------PEAIEKPKALSLMLHTADISHPAKAWDLHHRWTMSLLEEFFRQGDREAELG 414 
hPDE1B      -------LERIDKPKALSLLLHAADISHPTKQWLVHSRWTKALMEEFFRQGDKEAELG 408 
hPDE3A      -----DWTNENDRLLVCQMCIKLADINGPAKCKELHLQWTDGIVNEFYEQGDEEASLG 988 
hPDE3B      -----EWSNENDRLLVCQVCIKLADINGPAKVRDLHLKWTEGIVNEFYEQGDEEANLG 975 
hPDE4A      ---VLLLDNYSDRIQVLRNMVHCADLSNPTKPLELYRQWTDRIMAEFFQQGDRERERG 629 
hPDE4B      ---VLLLDNYTDRIQVLRNMVHCADLSNPTKSLELYRQWTDRIMEEFFQQGDKERERG 602 
hPDE4C      ---VLLLDNYSDRIQVLQNLVHCADLSNPTKPLPLYRQWTDRIMAEFFQQGDRERESG 584 
hPDE4D      ---VLLLDNYSDRIQVLQNMVHCADLSNPTKPLQLYRQWTDRIMEEFFRQGDRERERG 658 
hPDE8A      EVINTMLRTPENRTLIKRMLIKCADVSNPCRPLQYCIEWAARISEEYFSQTDEEKQQG 765 
hPDE8B      NPAG--KNFPENQILIKRMMIKCADVANPCRPLDLCIEWAGRISEEYFAQTDEEKRQG 820 
hPDE7A      ---DLCLEDTRHRHLVLQMALKCADICNPCRTWELSKQWSEKVTEEFFHQGDIEKKYH 400 
hPDE7B      ---DLRLEDAQDRHFMLQIALKCADICNPCRIWEMSKQWSERVCEEFYRQGELEQKFE 361 
hPDE5A      ---QFNLEDPHQKELFLAMLMTACDLSAITKPWPIQQRIAELVATEFFDQGDRERKEL 803 
hPDE11      ---EYDWNIKNHRDIFRSMLMTACDLGAVTKPWEISRQVAELVTSEFFEQGDRERLEL 909 
hPDE6A      EWTQYMMLEQTRKEIVMAMMMTACDLSAITKPWEVQSQVALLVAAEFWEQGDLERTVL 758 
hPDE6B      SWVEYLSLETTRKEIVMAMMMTACDLSAITKPWEVQSKVALLVAAEFWEQGDLERTVL 757 
hPDE6C      EAIKYVTVDPTKKEIIMAMMMTACDLSAITKPWEVQSQVALMVANEFWEQGDLERTVL 762 
hPDE10      --GSLNLNNQSHRDRVIGLMMTACDLCSVTKLWPVTKLTANDIYAEFWAEGDEMKKLG 702 
hPDE2A      ---GYDRNNKQHHRLLLCLLMTSCDLSDQTKGWKTTRKIAELIYKEFFSQGDLEKAMG 846 
hPDE9A      ----FDYSNEEHMTLLKMILIKCCDISNEVRPMEVAEPWVDCLLEEYFMQSDREKSEG 500 
                                :  .*:    :           :  *:: : :            .  
                                    A                    A 
PfPDEα      ---------NDQIWQIFCLILKASDIGHSTLEWNKHLEWTLKINEEFYLQGLLEKSLN 
PfPDEβ      ---FDYIKNSDDLLILTKMIIKSADISHGSVSWSEHYCWCQRVLSEFYTQGDEELKNK 
PfPDEγ      ----IKSYIEKNIILCLKMIIKAADLSHNCVDWSEHYQWVKRLVNEFYYEGDELFQMG 
PfPDEδ      ---QNFDISDTDAINLGTINIKLADIGHTCLKWKDHAKWTMLVSEEFFSQKRVEELHK 
LmjPDE      ---GFEKDNDTHRRLVMETLIKAGDVSNVTKPFETSRMWAMAVTEEFYRQGDMEKEKG 
 
 
 
 
hPDE1A      -----------------------------------------------LP 405 
hPDE1C      -----------------------------------------------LP 416 
hPDE1B      -----------------------------------------------LP 410 
hPDE3A      -----------------------------------------------LP 990 
hPDE3B      -----------------------------------------------LP 977 
hPDE4A      -----------------------------------------------ME 631 
hPDE4B      -----------------------------------------------ME 604 
hPDE4C      -----------------------------------------------LD 586 
hPDE4D      -----------------------------------------------ME 660 
hPDE8A      -----------------------------------------------LP 767 
hPDE8B      -----------------------------------------------LP 822 
hPDE7A      -----------------------------------------------LG 402 
hPDE7B      -----------------------------------------------LE 363 
hPDE5A      -----------------------------------------------NI 805 
hPDE11      -----------------------------------------------KL 911 
hPDE6A      -----------------------------------------------QQ 760 
hPDE6B      -----------------------------------------------DQ 759 
hPDE6C      -----------------------------------------------QQ 764 
hPDE10      ------------------------------------------------I 704 
hPDE2A      ------------------------------------------------N 848 
hPDE9A      -----------------------------------------------LP 502 
 
PfPDEα      -----------------------------------------------IQ  
PfPDEβ      -----------------------------------------------MP  
PfPDEγ      -----------------------------------------------YK 
PfPDEδ      NKNIDPLNFSNFGKEDNIDEGMIFNYENIYINYINNINNINTYDYSYIK 
LmjPDE      -----------------------------------------------VE 
 
 
 
 
                         *h15a****** *h15b****** 
hPDE1A      FS-PLCDRKST-MVAQSQIGFIDFIVEPTFSLLTDSTEKIVI 440 
hPDE1C      FS-PLCDRKST-MVAQSQVGFIDFIVEPTFTVLTDMTEKIVS 451 
hPDE1B      FS-PLCDRTST-LVAQSQIGFIDFIVEPTFSVLTDVAEKSVQ 446 
hPDE3A      IS-PFMDRSAP-QLANLQESFISHIVGPLCNSYDSAGLMPGK 1026 
hPDE3B      IS-PFMDRSSP-QLAKLQESFITHIVGPLCNSYDAAGLLPGQ 1012 
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hPDE4A      IS-PMCDKHTA-SVEKSQVGFIDYIVHPLWETWADLVHPD-- 664 
hPDE4B      IS-PMCDKHTA-SVEKSQVGFIDYIVHPLWETWADLVQPD-- 637 
hPDE4C      IS-PMCDKHTA-SVEKSQVGFIDYIAHPLWETWADLVHPD-- 619 
hPDE4D      IS-PMCDKHNA-SVEKSQVGFIDYIVHPLWETWADLVHPD-- 693 
hPDE8A      VVMPVFDRNTC-SIPKSQISFIDYFITDMFDAWDAFVD---- 798 
hPDE8B      VVMPVFDRNTC-SIPKSQISFIDYFITDMFDAWDAFAH---- 853 
hPDE7A      VS-PLCDRHTE-SIANIQIGFMTYLVEPLFTEWARFS-NTRL 436 
hPDE7B      IS-PLCNQQKD-SIPSIQIGFMSYIVEPLFREWAHFTGNSTL 398 
hPDE5A      EPTDLMNREKKNKIPSMQVGFIDAICLQLYEALTHVSED--- 838 
hPDE11      TPSAIFDRNRKDELPRLQLEWIDSICMPLYQALVKVNVK--- 944 
hPDE6A      NPIPMMDRNKADELPKLQVGFIDFVCTFVYKEFSRFHEE--- 793 
hPDE6B      QPIPMMDRNKAAELPKLQVGFIDFVCTFVYKEFSRFHEE--- 792 
hPDE6C      QPIPMMDRNKRDELPKLQVGFIDFVCTFVYKEFSRFHKE--- 797 
hPDE10      QPIPMMDRDKKDEVPQGQLGFYNAVAIPCYTTLTQILPP--- 737 
hPDE2A      RPMEMMDREKA-YIPELQISFMEHIAMPIYKLLQDLFPK--- 880 
hPDE9A      VA-PFMDRDKV-TKATAQIGFIKFVLIPMFETVTKLFPMV-- 535 
                  :          *  :                  
                             A   
PfPDEα      NSFLCDINTMN-KLALSQIDFLKHLCIPLFNELNYICKNNDV 
PfPDEβ      LS-PLCDRTKHNEVCKSQITFLKFVVMPLFEELSHIDNNKFI 
PfPDEγ      IN-PLFDRNCHNNFIQIQRTFLKELVYPLIISLKTLDNTSI- 
PfPDEδ      LN-FIHHHDFVKSIPSTQVYFFEIIVMPLIKELQSMEKSKKE 
LmjPDE      VL-PMFDRSKNNELARGQIGFIDFVAGKFFRDIVGNLFHGMQ 
 
 
 
 
hPDE1A      PLIEEASKAETSSYVASSSTTIVGLHIADALRRSNTKGSMSDGSYSPDYSLAAVDLKSF 499 
hPDE1C      PLIDETSQTGGTGQRRSSLNSISSSDAKRSGVKTSGSEGSAPINNSVISVDYKSF---- 506 
hPDE1B      PLADEDSKSKNQPSFQWRQPSLDVEVGDPNPDVVSF----------------------- 482 
hPDE3A      WVEDSDESGDTDDPEEEEEEAPAPNEEETCENNESPKKKTFK-RRKI------------ 1072 
hPDE3B      WLEAEEDN-DTESGDDEDGEE-LDTEDEEMENNLNPKPPRRKSRRRI------------ 1057 
hPDE4A      ----------------------------------------------------------- 
hPDE4B      ----------------------------------------------------------- 
hPDE4C      ----------------------------------------------------------- 
hPDE4D      ----------------------------------------------------------- 
hPDE8A      ----------------------------------------------------------- 
hPDE8B      ----------------------------------------------------------- 
hPDE7A      ----------------------------------------------------------- 
hPDE7B      ----------------------------------------------------------- 
hPDE5A      ----------------------------------------------------------- 
hPDE11      ----------------------------------------------------------- 
hPDE6A      ----------------------------------------------------------- 
hPDE6B      ----------------------------------------------------------- 
hPDE6C      ----------------------------------------------------------- 
hPDE10      ----------------------------------------------------------- 
hPDE2A      ----------------------------------------------------------- 
hPDE9A      ----------------------------------------------------------- 
 
PfPDEα      ----------------------------------------------------------- 
PfPDEβ      ----------------------------------------------------------- 
PfPDEγ      ----------------------------------------------------------- 
PfPDEδ      I---------------------------------------------------------- 
LmjPDE      W---------------------------------------------------------- 
 
 
 
 
             *h16************ 
hPDE1A      KNNLVDIIQQNKERWKELAAQEARTSSQKCE 530 
hPDE1C      KATWTEVVHINRERWRAKVPKEEKAKKEAEE 537 
hPDE1B      RSTWVKRIQENKQKWKERAASGITNQMSIDE 513 
hPDE3A      YCQITQHLLQNHKMWKKVIEEEQRLAGIENQ 1103 
hPDE3B      FCQLMHHLTENHKIWKEIVEEEEKCKADGNK 1088 
hPDE4A      AQEILDTLEDNRDWYYSAIRQSPSPPPEEES 695 
hPDE4B      AQDILDTLEDNRNWYQSMIPQSPSPPLDEQN 668 
hPDE4C      AQDLLDTLEDNREWYQSKIPRSPSDLTNPER 650 
hPDE4D      AQDILDTLEDNREWYQSTIPQSPSPAPDDPE 724 
hPDE8A      LPDLMQHLDNNFKYWKGLDEMKLRNLRPPPE 829 
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hPDE8B      LPALMQHLADNYKHWKTLDDLKCKSLRLPSD 884 
hPDE7A      SQTMLGHVGLNKASWKGLQREQSSSEDTDAA 467 
hPDE7B      SENMLGHLAHNKAQWKSLLPRQHRSRGSSGS 429 
hPDE5A      CFPLLDGCRKNRQKWQALAEQQEKMLINGES 869 
hPDE11      LKPMLDSVATNRSKWEELHQKRLLASTASSS 975 
hPDE6A      ITPMLDGITNNRKEWKALADEYDAKMKVQEE 824 
hPDE6B      ILPMFDRLQNNRKEWKALADEYEAKVKALEE 823 
hPDE6C      ITPMLSGLQNNRVEWKSLADEYDAKMKVIEE 828 
hPDE10      TEPLLKACRDNLSQWEKVIRGEETATWISSP 768 
hPDE2A      AAELYERVASNGEHWTKVSHKFTIRGIPSNN 911 
hPDE9A      EEIMLQPLWESRDRYEELKRIDDAMKELQKK 566 
                          : 
PfPDEα      YTHCIQPIENNIERWESHKNDNQNLGLHEKY 
PfPDEβ      KSFCLKRLNSNCIMWDTLMKEEKTIEVYDPA 
PfPDEγ      TQDMINNVKRNYSKWTKIEKCQIKKKKYLNE 
PfPDEδ      TQKVLHNLNINLQTWRLIEKNINLFYNTEKM 
LmjPDE      CVDTVNSNRAKWQEILDGRRDSIRSSIV--- 
 
 
 
 
The numbering scheme has been taken from the SwissProt database.   
Helix numbering is intended as a guide and refers to the PDE4 structure 1PTW.  
Differences occur in overall structure between PDE isoforms such as helices 1, 8 and 9.   
"*"  indicates that the residues in that column are identical in all sequences in the 
alignment 
":"  indicates that conserved substitutions have been observed 
"."  indicates that semi-conserved substitutions are observed 
"A"  indicates that this residue is in the active site 
The multiple sequence alignment was conducted using Clustal W (1.82) on the 
http://www.ebi.ac.uk/clustalw/ web site.  Modifications to the Clustal W alignment 
were required at the start of the sequences shown here, between helices 2 and 3, and 
between helices 15 and 16.  In some cases further manual changes to the alignment were 
needed to coincide with alignments observed in the crystal structures themselves. 
 

http://www.ebi.ac.uk/clustalw/
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Appendix 3 
 

Calculated physicochemical properties of synthesised 

compounds 

 

The following table lists the predicted physicochemical properties of the compounds 

synthesised within this thesis. An assessment of the predicted physicochemical 

properties, including pass or failure of Lipinski’s Rule, is relevant in a medicinal 

chemistry campaign to focus synthetic efforts toward drug-like compounds. The 

physicochemical properties of the synthesised compounds are referred to in sections 3.3 

and 5.3 of this thesis, as the physicochemical properties of the compounds were 

monitored during the syntheses of both the pyrazolopyrimidinone compound library and 

the 2-tetrahydropyranchromanone compound library.  

 

Table A3. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

N

H
NHN

N

O

Cl

 
77 

302.76 21 70.14 2.81 2.80 2 3 Pass 
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Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

N

H
NHN

N

O

 
98 

254.29 19 70.14 2.23 2.22 2 3 Pass 

N

H
NHN

N

O

 
99 

268.31 20 70.14 2.21 2.19 2 3 Pass 

N

H
NHN

N

O

 
100 

282.34 21 70.14 2.65 2.64 2 3 Pass 

N

H
NHN

N

O

O

O  
101 

314.34 23 88.6 1.91 1.90 2 5 Pass 

N

H
NHN

N

O
O

O

 
102 

328.37 24 88.6 1.89 1.88 2 5 Pass 

N

H
NHN

N

O

O

O  
103 

343.39 25 88.6 2.34 2.32 2 5 Pass 

N

H
NHN

N

O
Cl

 
104 

302.76 21 70.14 2.81 2.80 2 3 Pass 

N

H
NHN

N

O

Cl  
105 

302.76 21 70.14 2.81 2.80 2 3 Pass 

N

H
NHN

N

O

 
106 

282.34 21 70.14 2.72 2.71 2 3 Pass 

N

H
NHN

N

O

 
107 

282.34 21 70.14 2.72 2.71 2 3 Pass 
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Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

N

H
NHN

N

O

 
108 

282.34 21 70.14 2.72 2.71 2 3 Pass 

N

H
NHN

N

O
F

 
109 

286.30 21 70.14 2.35 2.34 2 3 Pass 

N

H
NHN

N

O

H2N

O

110 

311.34 23 113.23 1.06 1.05 3 4 Pass 

N

H
NHN

N

O
N

 
111 

293.32 22 93.93 2.06 2.05 2 4 Pass 

N

H
NHN

N

O

O  
112 

298.34 22 79.37 2.05 2.04 2 4 Pass 

N

H
NHN

N

O
O

 
113 

298.34 22 79.37 2.05 2.04 2 4 Pass 

N

H
NHN

N

O
O

 
114 

312.37 23 79.37 2.41 2.39 2 4 Pass 

N

H
NHN

N

O

CF3  
115 

336.31 24 70.14 3.08 3.07 2 3 Pass 

N

H
NHN

N

O

Cl

Cl

 
116 

337.20 22 70.14 3.41 3.40 2 3 Pass 

N
NHN

N

O

 
117 

282.34 21 59.28 2.33 2.33 1 3 Pass 
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Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

O

OOH

HO

OH

OH

 
Luteolin 

286.24 21 110.05 2.40 0.39 4 6 Pass 

O

OOH
O

O

OH  
118 

316.31 23 85.22 2.82 2.82 2 6 Pass 

O

OOH
O

O

OH  
119 

314.29 23 85.22 2.69 2.37 2 6 Pass 

O

NH

O

 
121 

239.27 18 38.33 2.50 2.50 1 2 Pass 

O

N
N

NN

 
127 

264.28 20 52.83 2.83 2.83 0 4 Pass 

O

O
O

 
138 

254.28 19 35.53 2.94 2.94 0 3 Pass 

O

O
O

O

 
140 

284.31 21 44.76 2.78 2.78 0 4 Pass 

O

O

O

O

 
141 

284.31 21 44.76 2.78 2.78 0 4 Pass 

O

O

O

O

 
142 

284.31 21 44.76 2.78 2.78 0 4 Pass 



Appendix 3 

 

312 

Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

O
O

O

O

 
153 

298.33 22 44.76 3.44 3.44 0 3 Pass 

O
O

O

 
154 

268.31 20 35.53 3.59 3.59 0 2 Pass 

O
O

O

 
171 

296.36 22 35.53 3.83 3.83 0 3 Pass 

O

O

N
O

 
182 

307.34 23 38.77 3.41 3.41 0 4 Pass 

O

O

O

 
183 

320.38 24 35.53 4.10 4.10 0 3 Pass 

O

O

Br O  
187 

325.20 19 35.53 3.08 3.08 0 3 Pass 

O

O

O

 
188 

322.40 24 35.53 3.95 3.95 0 3 Pass 

O

O

O

O
O  

190 

382.45 28 53.99 3.64 3.64 0 5 Pass 
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Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

O

O

O

O  
191 

352.42 26 44.76 3.80 3.80 0 4 Pass 

O

O

O

 
192 

336.42 25 35.53 4.47 4.47 0 3 Pass 

O

O

O

 
193 

336.42 25 35.53 4.47 4.47 0 3 Pass 

O

O

O

 
194 

336.42 25 35.53 4.47 4.47 0 3 Pass 

O

O

O

O  
195 

380.48 28 44.76 4.82 4.82 0 4 Pass 

O

O

O

O  
196 

402.48 30 44.76 4.79 4.79 0 4 Pass 
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Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

O

O

O

O

 
197 

366.45 27 44.76 4.15 4.15 0 4 Pass 

O

O

O

O

 
198 

380.48 28 44.76 4.57 4.57 0 4 Pass 

O

O

O

 
199 

378.50 28 35.53 5.80 5.80 0 3 Fail 

O

O

O

 
200 

350.45 26 35.53 4.91 4.91 0 3 Pass 

O

O

O

F
F F

 
201 

376.37 27 35.53 4.38 4.38 0 3 Pass 

O

O

O

CF3  
202 

390.40 28 35.53 4.83 4.83 0 3 Pass 
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Table A3 continued. Calculated physicochemical properties of synthesised compounds. 

Compound Molecular 
weight 

Heavy 
atoms PSA cLogP cLogD7.4 

# H-bond 
donors 

# H-bond 
acceptors 

Lipinski 
(4 of 4) 

O

O

O

CF3  
203 

390.40 28 35.53 4.83 4.83 0 3 Pass 

O

O

O

Cl  
204 

356.84 25 35.53 4.56 4.56 0 3 Pass 

O

O

O

N  
205 

347.41 26 59.32 3.81 3.81 0 4 Pass 

O

O

O

 
206 

398.49 30 35.53 5.60 5.60 0 3 Fail 

O

O

O

O
O

 
208 

380.43 28 53.99 3.78 3.78 0 5 Pass 

O

O

O  
209 

246.30 18 35.53 2.31 2.31 0 3 Pass 

O

O
O

Br O  
212 

341.20 20 44.76 2.40 2.40 0 4 Pass 
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Appendix 4 
 

Summary of biological activities of synthesised 

compounds 

 
The following table summarises the biological activities of the compounds synthesised 

within this thesis. Both Plasmodium falciparum growth inhibition and human PDE 

inhibitory activities are listed where they have been obtained. Furthermore, determined 

IC50 values are shown against selected hPDE isoforms where they have been obtained. 

The inhibitory activities of the synthesised compounds are discussed in detail in 

sections 3.5, 4.2.4, and 5.4 of this thesis.  

 

Table A4. Summary of the biological activities of synthesised compounds. 

 

C
om

po
un

d 

Pf
 p

ar
as

ite
 

gr
ow

th
 IC

50
 

(µ
M

) 

Human PDE % inhibition at 1 µM (IC50 in µM) 

1A 2A 3CAT 4CAT 5CAT 6AB 7A 8A 9A 10A 11A 

 
77 

 

16-  
>100 - - - - - - - - (0.01)a - - 

 
98 

 

3.7-
10.4 - - - - - - - - - - - 

 
99 

 

0.08-
0.72 44 13 8 8 67 64 0 16 (0.03)a 0 19 

 
100 

 
1.6-2.7 - - - - - - - - - - - 
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Table A4 continued. Summary of the biological activities of synthesised compounds. 

C
om

po
un

d 

Pf
 p

ar
as

ite
 

gr
ow

th
 IC

50
 

(µ
M

) 

Human PDE % inhibition at 1 µM (IC50 in µM) 

1A 2A 3CAT 4CAT 5CAT 6AB 7A 8A 9A 10A 11A 

 
101 

 
>100 - - - - - - - - - - - 

 
102 

 
33-92 - - - - - - - - - - - 

 
103 

 
27-54 - - - - - - - - - - - 

 
104 

 

0.26- 
1.7 - - - - - - - - - - - 

 
105 

 

0.06- 
0.97 21 0 1 0 22 30 1 0 (1.80)a 0 15 

 
106 

 
3.3-6.6 - - - - - - - - - - - 

 
107 

 
2.0-4.6 - - - - - - - - - - - 

 
108 

 

0.64- 
1.2 - - - - - - - - - - - 

 
109 

 

0.22-
1.5 - - - - - - - - - - - 

 
110 

 
2.0-3.3 - - - - - - - - - - - 

 
111 

 
8.0-9.7 - - - - - - - - - - - 

 
112 

 
>100 - - - - - - - - - - - 

 
113 

 
3.2-4.7 - - - - - - - - - - - 

 
114 

 
2.4-5.3 - - - - - - - - - - - 

 
115 

 

0.61-
0.84 - - - - - - - - - - - 

 
116 

 
5.0-7.2 - - - - - - - - - - - 

 
117 

 
>100 - - - - - - - - - - - 
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C
om

po
un

d 

Pf
 p

ar
as

ite
 

gr
ow

th
 IC

50
 

(µ
M

) 

Human PDE % inhibition at 1 µM (IC50 in µM) 

1A 2A 3CAT 4CAT 5CAT 6AB 7A 8A 9A 10A 11A 

 
121 

 
4.2-9.4 62 - - 5 - - - - 3 - - 

 
127 

 
>100 7 - - 17 - - - - 0 - - 

 
138 

 
>100 3 - - 14 - - - - 0 - - 

 
140 

 
>100 0 - - 8 - - - - 0 - - 

 
141 

 

42-
>100 - - - - - - - - - - - 

 
142 

 
>100 9 - - 14 - - - - 0 - - 

 
153 

 
>100 20 - - 6 - - - - 3 - - 

 
154 

 
>100 - - - - - - - - - - - 

 
182 

 
-  

11 
(40) 
23 

(100) 
0 

 
41b 

 
50 

 
25c 

 
0 

 
0 

 
0 

(1.3) 
85 

(4.1) 
65 

 
187 

 
>100 4 - - 11 - - - - 3 - - 

 
188 

 
>100 39 - - 31 - - - - 0 - - 

 
190 

 

 
2.6-4.1 

 
94 

 
13 

 
14 

(1.6) 
90 

 
45 

 
0 

 
33 

 
54 

 
2 

 
53 

 
51 

 
191 

 
5.7-9.0 73 - - 48 - - - - 0 - - 

 
192 

 
>100 3 - - 32 - - - - 10 - - 

 
193 

 
9.9-48 6 - - 37 - - - - 76 - - 

 
194 

 
5.6-7.0 84 7 8 48 30 0 0 27 0 6 24 

 

Table A4 continued. Summary of the biological activities of synthesised compounds. 
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Table A4 continued. Summary of the biological activities of synthesised compounds. 

C
om

po
un

d 

Pf
 p

ar
as

ite
 

gr
ow

th
 IC

50
 

(µ
M

) 

Human PDE % inhibition at 1 µM (IC50 in µM) 

1A 2A 3CAT 4CAT 5CAT 6AB 7A 8A 9A 10A 11A 

 
195 

 
>100 - - - - - - - - - - - 

 
196 

 
>100 0 - - 4 - - - - 1 - - 

 
197 

 
4.2-11 82 - - 31 - - - - 3 - - 

 
198 

 
3.0-5.4 68 - - 22 - - - - 3 - - 

 
199 

 
1.1-1.3 77 - - 22 - - - - 0 - - 

 
200 

 
6.6-12 25 - - 44 - - - - 3 - - 

 
201 

 
7.9-52 - - - - - - - - - - - 

 
202 

 
>100 - - - - - - - - - - - 

 
203 

 
1.7-3.1 74 - - 10 - - - - 6 - - 

 
204 

 

85-
>100 6 - - 35 - - - - 1 - - 

 
205 

 
3.8-4.2 72 0 3 33 34 0 4 34 1 9 32 

 
206 

 
2.3-3.7 0 - - 1 - - - - 0 - - 

 
208 

 

 
4.7-9.7 

 
99 

 
29 

 
29 

(0.2) 
94 

 
60 

 
0 

 
44 

 
83 

 
4 

 
82 

 
75 

 
209 

 
>100 68 - - 6 - - - - 0 - - 

 
212 

 
>100 - - - - - - - - - - - 

Each value represents the mean of duplicate determinations where each replicate was within 6% of the 
mean value. Values shown in brackets are determined IC50 values, in µM. Compounds 99 and 105 were 
assayed externally by BPS Bioscience, SanDiego (see section 7.3.2 for experimental methods). The 
remainder of the compounds were assayed externally by Scottish Biomedical, Glasgow (see section 7.3.2 
for experimental methods). 
a IC50 values determined by DeNinno et al.199; b assessed against PDE4A; c assessed against PDE6C 
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Appendix 5 
 

IC50 curves of synthesised compounds 

 
Depicted below are the IC50 curves of Plasmodium falciparum growth inhibition. Each 

of the synthesised pyrazolopyrimidinone compounds and 2-tetrahydropyranchromanone 

compounds were assessed for antiplasmodial growth inhibition and are discussed in 

sections 3.5 and 5.4 of this thesis. The curves shown are one trace which is 

representative of a minimum of three replicates. 
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