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Abstract 

The project examines the synthesis of antimicrobial 13C-labelled 3/5-alkyl-

6-styryl-2-pyrone based on the known pharmacological activities exhibited 

by this class of compounds. The compounds were designed to be employed 

as hydrogenative ‘hyperpolarizable’ imaging agents in cell-based assay to 

characterise their interaction with their cellular receptor in bacterial cells. 

The targeted compounds would therefore be potential drug candidates and 

also imaging agents and were therefore screened for in-silico druglikeness. 

They exhibited good to excellent physicochemical, solubilities and 

toxicological properties. Their binding affinity profile was evaluated 

employing the same protein (human tyrosyl-DNA phosphodiesterase) and it 

was found that 5-decyl-6-styryl-2-pyrone 133e had a higher binding affinity 

than 5-benzyl-6-styryl-2-pyrone 133d. 5-Pentyl-6-styryl-2-pyrone 133c was 

less effective than both 133e and 133d. Hence 5-decyl- and 5-benzyl-6-

styryl-2-pyrone were selected as potential imaging agents.  

The selected potential imaging agents were synthesized in five steps 

employing [13C-1,3]-diethyl malonate, haloalkane (benzyl chloride and 1-

bromodecane) and methyl propiolate leading to an overall yield of 17%. 

Beside the labelled compounds, the optimization procedure led to the 

synthesis of several new compounds in moderate to good yields. The  key 

step in the synthetic route is the Sonogashira cross-coupling between 3-

alkyl-6-chloro-2-pyrone-13C-2 and phenyl acetylene to afford the targeted 

imaging agents 168/169a-b in yields ranging from 52-69%. The project led 

to the discovery of a novel room temperature Pd/Cu-catalysed (1,5)-

sigmatropic shift of the phenylacetylene moiety. Furthermore, the targeted 

compounds were evaluated for their proton signal enhancements on 

hydrogenation using parahydrogen in the presence of a cationic Rh catalyst. 

An enhancement of 92-100% was observed with a relaxation time of 140 

seconds. Polarization transfer from parahydrogen to the 13C-isotopically 

labelled carbon at low fields of (50 and 100 gauss) were observed. 

Therefore, the designed and synthesized 13C-isotopically labelled imaging 

agents can be employed both as 1H and 13C imaging agents. 
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CHAPTER ONE: 2-Pyrone Compounds in Drug Discovery 

1.1 Introduction to Drug Discovery 

Worldwide, one death in every three is caused by infectious and communicable 

diseases such as HIV/AIDS, tuberculosis (TB) and malaria.1 In 2010, a total of 52.8 

million deaths occurred globally with TB killing 1.2 million and HIV/AIDS killing 1.5 

million people.2 Some of these deaths could have been prevented with existing 

drugs. There is therefore an urgent need to develop new antibiotics to replace the 

ones been knocked off by antimicrobial resistance.  However, the process of 

bringing a new antibiotic medication to the market is challenging, cost-intensive and 

takes on the average eight to twelve years (Figure 1).  

 

Figure 1: Drug discovery cycle.3 

De novo drug discovery and development 

• 10-17 years process 

• <10%overall probability of success 
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Data has showed that it is only one in five-ten thousand screened compounds 

make it to approval.3 A common trend in the development of new drugs, hence 

the need to adopt new strategies to make the drug discovery process more 

efficient. The drug discovery process begins with the identification of a vital 

protein essential for the pathogens existence and the screening of many 

compounds to find hits. These hits are further optimized to improve drug 

properties such as potency, safety and bioavailability. The lead compounds are 

then further subjected to clinical trials.  

For just a moment ‘imagine seeing a specific molecular target in a live animal, 

following a drug’s distribution in the same animal and quantitating the drug’s 

direct effect on the target, all in a matter of minutes.4 Though a hard concept to 

imagine three decades ago is now made more possible by new enabling imaging 

modalities and molecular probes.5 The imaging modalities are radiography, 

magnetic resonance imaging, ultrasound, elastography, tactile imaging, 

thermography, medical photography and nuclear medicine functional imaging 

techniques as positron emission tomography (PET) and single-photon emission 

computed tomography (SPECT).6 None of the several imaging modalities can 

effectively answer all the questions and different imaging techniques are 

complementary rather than competitive.  

1.2 Introduction to Image-guided Drug Discovery 

MI is now a very attractive tool in biomedical research ranging from preclinical 

research to early clinical trials. Molecular imaging techniques detect, identify and 

characterize biologic events at molecular level using a remote sensing device 

without perturbing the system being imaged.1,8 The cellular events imaged could be 

a biomarker of a disease, drug metabolite, protein—protein interaction, protein-small 

molecule interaction and even gene interaction when cells meet each other. Most 

MI procedures are carried out by first introducing the molecular probe (a small 

molecule) into the living subject which enables the visualization of the molecular 

target by acting as a ligand, possibly modifying the target and enabling it to be 

directly visualized using the ligand assay (figure 2).9 In some cases, the probe could 

be a pharmaceutical agent providing a link with pharmacology. A probe (the ligand) 

must bind preferentially to the intended cellular receptor and be detected by the 
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ligand assay; these probes are referred to as imaging agents, tracers, 

radiopharmaceuticals, radiotracers, and smart probes. The assay detects the 

complex formed between the probe and the intended target.  

 

Figure 2: Schematic representation of molecular imaging probe.9 

Molecular imaging is an attractive modality aimed at the early detection of diseases 

such as cancer,10 inflammations,11 and neurodegenerative disorders,12 and 

therapeutic response.13 The field emerged because of a paradigm shift in healthcare 

that is all inclusive for the prediction and prevention of diseases. By this approach 

biomedical researchers can now visualize molecular events noninvasively, 

repeatedly and continuously in a living system using molecular contrast agents, 

reporters or probes. MI agents could provide answers to complex biological, 

physiological and pathological events in live organisms.14 

In drug discovery, any technique that will provide information on whether the drug 

has effectively reached its target, the dose required to achieve the right biological 

effect and how the target is expressed, is very important in early drug 

development as illustrated in Figure 3.  
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Figure 3: Information relevant for drug discovery and development provided by 

molecular imaging.15  

MI provides data that aids drug candidate choice, lower risks of failure and assist in 

dose regimen choices. The use of MI in drug discovery was expected by 

pharmaceutical industries to reduce the number of compounds failing in late phases 

of drug discovery (lower attrition rates) and hence reduce cost.  

1.2.1 Radionuclide Imaging and Drug Discovery   

Nuclear molecular imaging techniques of positron emission tomography (PET) 

and single photon emission computed tomography (SPECT), allow visualization 

and quantification of a variety of pathophysiological processes. It is employed 

primarily in validating drug targets, safety, and efficacy. They provide information 

on biomarkers of diseases that allow the evaluation of drug response in the brain 

and other organs. 

The measurement of the pathway of a radiolabelled drug provides data on the 

pharmacokinetics and pharmacodynamics parameters of the drug. It also 

Molecular imaging in drug discovery and development 
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provides data on efficacy and fractional occupancy of a specific target by the 

drug.  

Receptor-based probes make up sixty percent of all SPECT and PET agents in the 

database of the Molecular Imaging and Contrast Agent Database (MICAD).16 

Example is 18F labelled thymidine radiotracers used to study tumour cell growth 

(Figure 4). 11C-labelled amino acids (Figure 4) are been investigated as biomarkers 

of proliferating cells.17 

 

Figure 4: Examples of PET MI Probes. 

Angiogenesis, the formation of new blood vessels is critical to tumour growth and 

initiation of metastasis.18 The development of drugs that target angiogenic agents 

are useful for visualization of angiogenic process in live organisms. 99mTc-labelled 

growth factor protein over expression in tumour cells are biomarkers of tumour cells 

in mice.  

Apoptosis is programmed cell death on treatment certain anticancer drugs. Annexin 

V and other anticancer drugs that function in a similar manner bind to 

phosphatidylserine (PS). Radionuclide imaging of SPECT and PET labelled Annexin 

V or similar drugs are employed to visualize the onset of apoptosis after anticancer 

treatment.19 
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1.2.2 Optical Molecular Imaging and Drug Discovery 

Optical MI technique uses light to assess optical properties of cells and tissues. It 

measures pre-defined wavelength when the fluorescent/bioluminescent probes are 

introduced into the cells/tissues are excited by light or chemical reaction that 

produces light. Fluorescence optical MI techniques is limited by tissue 

autofluorescence and the use of near-infrared fluorescent (NIRF) tag is the solution 

and examples of NIRF agents are shown in figure 5.20 

 

Figure 5: Selected examples of NIRF dyes. 

Fluorescent reporter tags have been employed to visualize numerous endogenous 

components. An example is the turn-on-and-off fluorescent tag based on 

azidocoumarin 15 (Scheme 1). This tag has been used to label antibodies, and 

proteins. 
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Scheme 1: Turn-on-and-off optical imaging agent, 15/16. 

In bioluminescence imaging (BLI), sensitivity is high due to low background 

bioluminescence in contrast to fluorescence. The oxidation of luciferin from firefly 

takes place in the presence of magnesium, ATP and oxygen to form an unstable 

electronically excited oxyluciferin (Scheme 2).21 When the excited oxyluciferin 

relaxes it release energy in the form of light.22 BLI is widely used to observe the 

biological processes in vivo and in cellulo like disease progression, certain gene 

expression, tumour growth, and metastasis and evaluate the effect of certain 

treatments. The main disadvantage it has not yet being employed in humans. 

 

Scheme 2: Oxidation of luciferin by light, ATP and O2. 

The design of imaging agents based on bioluminescence is performed based on the 

understanding that the BLI agents must have a signalling molecule (the 

bioluminescent core), a linker (or spacer) and a reactive group which enables the 
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attachment to the desired target (Figure 6). A few researchers have designed 

imaging agents that target proteases.23-25 

Figure 6: Component of a labelling tag- a general strategy employed in the field. 

Photodynamic therapy (PDT) is a cancer treatment that employs drugs that produce 

cytotoxic species (reactive oxygen species) on photoexcitation by a photosensitizer 

(PS) on exposure to a specific wavelength of light (Figure 7). This treatment option 

is producing better results than traditional treatment methods.32-36 

 

Figure 7: Illustration of the photoprocesses involved in photodynamic therapy. 

Key: PS = Photosensitizer, 1PS = singlet excited state of photosensitizer, 3PS = 
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triplet excited state of photosensitizer, type 1 = type 1 photoprocess: which involves 

electron and hydrogen-transfer reactions; type II = type II photoprocess, involves, 

electron spin exchange; 1O2 = singlet excited state of oxygen and 3O2 = triplet 

excited state of oxygen). 

Several photosensitizers (PSs) have been developed for PDT, including photofrin, 

Visudyne, temoporfin, foscan, methylene blue, and various derivatives of amino 

levulinic acid (Figure 8). The next step for PDT is the development of various PS 

that target different tissues and cells with new target motifs. 

 

Figure 8: Selected examples of photosensitizers in cancer therapy. 

In some cases, near infrared fluorescent (NIRF) probes would enhance the 

efficiency of photodynamic thermal therapy (PTT) when the cancer cells are 

incubated with PS in addition to (NIRF).  

1.2.3 Nuclear Magnetic Resonance in Drug Discovery 

Drug discovery and development is a challenging process marked by high attrition 

rates because of poor solubility and poor pharmacokinetic and pharmacodynamics 

properties during clinical studies. Drugs function by binding to biomolecules 

selectively and this interaction produces a biological/clinical effect. The structure of 

these biomolecules at the atomic level is essential and the way that they interact are 

important to enable the design of drug candidates that can target them. NMR 

spectroscopy is a versatile tool in drug design and development as it provides 

information on the molecular structure of biomolecules, small molecule and how 
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they interact in addition to the contaminants they may contain.26 Drugs are either 

natural or synthetic compounds.  

NMR screening methods are subdivided into techniques that detect target peaks 

and those that detect ligand peaks, Figure 9. In target screening methods chemical 

shift perturbation are evaluated. Ligand screening methods the change in ligand 

peaks as a result of binding is studied. The methods employed here include 

saturation transfer difference (STD), WaterLOGSY, relaxation-edited, and diffusion-

edited. 

Figure 9: An overview of application of NMR spectroscopy in drug discovery and 

development. 
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Solid state (SS) NMR studies elucidate the structure of non-crystalline molecules 

and this is complementary to X-ray crystallographic data.25-26 Lange et al. studied 

the binding of scorpion toxin; kaliotoxin to K1 channel proteins (KcsA-Kv1.3).27-28 

They determined the chemical shifts perturbation and `1H–1H distances and from the 

result they concluded that SS NMR could be employed to screen protein-ligand 

interaction. Rotational-echo double-resonance (REDOR) NMR is a technique of SS 

NMR technique which was employed to characterise protein-protein binding drug 

mode. Olsen et al.29 investigated protein interaction using ssNMR via 31P-19F 

REDOR experiments to study the interaction between an 11-residue peptide (an 

HIV regulating peptide) and a 29-mer RNA sequence.30 

In-cell NMR spectroscopy is important because it characterises molecular structures 

and interactions at physiological conditions making it the most desirable technique 

in drug discovery and development.31 By using in-cell NMR spectroscopy the 

structure of the target protein and drug candidate can be inferred through uniform 

and/or selective isotopic labelling, and both can be monitored simultaneously using 

differential isotopic labelling; in addition, structural changes because of protein 

maturation or post-translational modifications (PTMs) can be analysed. Non-specific 

interaction can be distinguished through concentration-dependent chemical shift 

analyses and signal broadening, which also helps identify the binding epitope and 

the affinity of the interaction approximated. To detect specific interactions by in-cell 

NMR spectroscopy, the interactor molecules must be present in stoichiometric ratio 

with the target protein so that the bulk of the population is bound. Arnesano et al.32 

utilized liquid state and in-cell NMR spectroscopy to investigate the binding between 

drug cisplatin (cis-[PtCl2(NH3)2]) with Atox1, a human copper chaperone protein that 

mediates Cu(1) delivery to copper-transporting P-type ATPases).32-33 In order to 

identify the residues of Atox1 involved in Pt coordination 1H{15N}-Heteronuclear 

Single Quantum Correlation (HSQC) NMR spectra were collected on purified [U-

15N]-Atox1 in the absence and presence of unlabelled cisplatin. 

1.3 Antimicrobial Resistance and Urgent Need for New Antibacterials. 

Antimicrobial resistance [AMR] is a serious public health problem with the impact 

of generating untreatable infections reminiscent of the pre-antibiotic era.34 Most 

infectious pathogens develop resistance fast and in unexpected ways leading to 
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the difficulty to characterise or treat by public health institutions. They develop this 

resistance through contact with other resistant species of the same kind or 

belonging to different species.34 Antimicrobial resistance is a cause for concern as 

diseases that were once readily cured by drug therapy are either difficult or 

impossible to treat. Therefore, there is a continuing need for new drugs to combat 

the current generation of resistant pathogens.35 

The use of antibiotics among animals has led to the spread of multidrug-resistant 

strains (MDR), among human populations.36 The most commonly identified MDR 

bacteria are methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-

resistant Enterococci (VRE), Escherichia coli and Pseudomonas aeruginosa 

resistant to fluoroquinolones, Klebsiella pneumoniae resistant to ceftazidime and 

multidrug-resistant (MDR) Acinetobacter baumannii.37-38 The pathogenic bacteria, 

Neisseria gonorrhoeae is re-emerging as a threat to public health with a majority 

being multidrug resistant.39 Widespread resistance to current TB drugs is a problem 

with one solution the development of new drugs.40 

The mechanisms for this acquired antimicrobial resistance include enzymatic 

cleavage of drugs; by-pass mechanism of target proteins, and increased efficiency 

amongst efflux families of proteins rendering the membrane impermeable to 

antibiotics. The molecular targets of drugs and their resistance mechanisms are 

illustrated in figure 10. 
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Figure 10: Pathways for Acquiring Antimicrobial Resistance. Adapted with 

permissions from Wright GD. BMC Biology 2010, 8:123 

http://www.biomedcentral.com/1741-7007/8/123. Wright; licensee Biomed Central 

Ltd 2010.40 

Persister cells are bacteria cells that survive high concentration of certain 

antibiotics due to a natural selection process.41 These persister cells are produced 

via a natural selection that ensures the survival of the bacteria despite harsh 

environmental factors. Thus, antibiotic therapy is deemed inefficient in the 

presence of such persistent cells.  

There is therefore a need to change the drug discovery process and make it more 

efficient and reduce late stage attrition. Pharmaceutical industries have reckoned 

that the introduction of MI into drug discovery and development has the potential to 

reduce duration, reduce cost and provide answers to complex biological questions.

http://www.biomedcentral.com/1741-7007/8/123
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1.4 Natural Products-based Antibacterial Drugs 

Natural products (NP) represent about 60% of current drugs in the market.42-44 NP 

is the source of unique structural diversity responsible for consistently providing 

novel platform for drug discovery. Between 2000 and 2011, twenty new antibiotics 

were launched worldwide (Figure 11), of which eleven (55%) were natural products-

derived (NP-derived) and nine (45%) were synthetically-derived. The NP-derived 

antibiotics belong to six different classes of drugs whilst the synthetically-derived 

belong to just two classes (quinolone (eight belong to this class) and one novel 

class, oxazolidinone). Among the NP-derived antibiotics are daptomycin 23 and 

retapamulin 24, and doripenem 28 (Figure 11).45-46 
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Figure 11: Selected NP-derived drugs approved between 2000 and 2011. 

NP has been the source of drugs for centuries and it contains a reservoir of unique 

structures that push the boundary of science all the time and hence will continue to 

play a route in drug discovery. 
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1.4.1 2-Pyrone compounds in Medicine and Drug Discovery 

NPs in drug discovery dates to when medicinal teas were brewed from willow bark 

to treat fevers. NPs are usually isolated in trace amount from a large amount of 

biological material. The trace amount is insufficient to meet the needs of the world 

hence the development of the field of natural product synthesis. Styrylpyrones are 

ubiquitous in nature and were first isolated in 1889 and identified in 1961. Hispidin 

29 and bisnoryangonin 30 are common examples of styrylpyrones. From labelling 

experiments in cultures of microorganisms it was discovered that the styryl scaffold 

is derived from cinnamic acid, p-coumaric acid and caffeoyl-CoA pathways.  The 

2-pyrone system is biosynthesized from acetate.47-49 The biosynthetic route to 2-

pyrone is generally accepted to be via the polyketide pathway though Serrano-

Carreon et al.,50-51 reported another possible route via C-18 linoleic acid which is 

cleaved to a C-10 intermediate 31 (5-hydroxy-2,4-decenoic acid) which upon 

lactonization afforded 6-pentyl-2-pyrone (Scheme 3). Numerous styrylpyrone 

compounds have been isolated from plants, microorganisms and marine sources. 

These include hypholomines A-B 33-34, fasciculines A-B 35-36,52-53 phelligridimer 

A 37,54 squarrosidine 38 and pinillidine 39 (Figure 12), and phelligridins A-J 40-49 

(Figure 13).55-56 

 

Scheme 3: Proposed biosynthetic route via linoleic acid.50-51 
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Figure 12: Structures of hispidin 29, bisnoryangonin 30 and their dimeric 

compounds 32-39. 
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Figure 13: Structures of phelligridin compounds 40-49. 

A recent report showed that hispidin 29, bisnoryangonin 30 and other polycyclic 

compounds such as 32-35 and 44 were bioluminescent fungal natural products.
57 

Styrylpyrone have diverse range of biological activities attributed to them. Hispidin 

29 and bisnoryangonin 30 are free radical scavengers. Free radical scavengers 
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have been implicated in anticancer and anti-inflammatory activities. Hispidin has 

also exhibited anti-HIV against HIV-1 integrase and activity against amyloid plaques 

associated with Alzheimer’s.58-59 

Some synthetic 6-styryl-2-pyrone 50-52(Figure 14) have been synthesized by Copp 

et al.
60

and they also exhibited in vitro antimalarial and antitubercular activities. 

Ndom et al.
61

reported the isolation of 6-styryl-2-pyrone 53-54, and three others 

containing sugar moiety at position 11 from Senecio manii Hook (Asteraceae) used 

in the traditional treatment of bacterial and fungal diseases in Africa. 

 

Figure 14: Selected synthetic and natural 6-styryl-2-pyrones. 

Compounds 56-58 (Figure 14) were isolated from the root barks of Sanrafaelia 

ruffonammari and Opherypetalum odoratum and reported to exhibit both cytotoxic 

and significant antifungal activity against Candida albicans was suggested for 

further drug development.62 Nonetheless, despite these series of activity reported 

for these compounds not much is reported on their mechanism of action. This 
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research therefore intends to synthesize a hydrogenative hyperpolarizable contrast 

agent (hPHIP) based on 6-styryl-2-pyrone motif. 

2-Pyrone compounds have been of interest in the Fairlamb research group and in 

2015, Fairlamb and co-workers had synthesised a macrocyclic 2-pyrone 59 from 

Phacelocarpus spp. and its aromatic mimic 60 (Figure 15) and this total synthesis 

led to the elucidation of the correct stereochemistry around the enoyl ether of the 

natural product.63 

 

Figure 15: Phacelocarpus 2-pyrone A and aromatic mimetic.  

1.4.2 Anti-Tuberculosis potential of 2-pyrone Compounds 

Tuberculosis (TB) is an infection caused by Mycobacterium tuberculosis that affects 

the lung, and all other major organs and tissues of the body. TB is characterised by 

inflammation and granulomas. At least 2.3 billion people worldwide are infected with 

this bacterium. In recent years, the control of TB has led to increase in the 

prevalence of multi-resistant (MDR) and extensively drug-resistant (XDR) TB. The 

challenges with current TB drugs, is the long period of drug regimen, raising cases 

of resistant TB including the recent report of totally resistant TB (TR-TB) and the 

coinfection of TB and HIV. To address these challenges, efforts have been directed 

towards TB drug discovery. Brachmann et al.64 identified a class of 2-pyrone 

(photopyrones 61-68, Figure 16) that are involved in cell-cell signalling in 

prokaryotic cells and are opined to be the  reason for the recent renewed interest in 

designing 2-pyrone-based drug molecules as it can be transported into the 

cytoplasm.65 This is important as M. tuberculosis is known to have advance efflux 

pumps that function synergistically to expel most drugs.7 



 

  39 

 

 

Figure 16: Cell-cell signalling molecules, 61-68. 

The antituberculosis (anti-TB) activity of 2-pyrone compounds are known and some 

selected examples are shown in figure 17. Ferulenol 69, a 2-pyrone based 

coumarin showed inhibitory activity against M. Tuberculosis (Figure 17). Screening 

of a combination of ferulenol 69 with isoniazid, an approved drug for TB led to a 

drop in the minimum inhibitory concentration (MIC) of both drugs.66 A synthesised 

analogue without the isoprenoid chain retained the antimycobacterial activity. 

 

Figure 17: Selected anti-TB 2-pyrone compounds 69-76. 

Demethoxyyangonin 72 and 5,6-dehydro-7,8-dihydromethysticin 73 have both 

exhibited anti-TB activity. Copp et al.,60 synthesise a selected number styrylpyrone 
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compounds and evaluated for antimalarial and anti-TB activity and reported that the 

compounds did not exhibit any significant antiTB property. Pseudopyronines A 74 

and B 75 (Figure 18) were screened and found to have anti-TB activities against M. 

tuberculosis H37Rv.67 Myxopyronin (Myx) 76 isolated from marine source also 

exhibited anti-TB activity against M. tuberculosis and showed no acute toxicity in 

mice.68 

As a further proof of the antiTB potential of 2-pyrone compounds; 77 and 78 have 

activity against TB with compound 78 approved for the treated for HIV/TB 

coinfection whilst 79 is an HIV-1 protease inhibitor. 69-74 

 

Figure 18: Selected 2-pyrone-based anti-TB and anti-HIV drugs. 

1.5 2-Pyrone Compounds and Chemistry 

 

Pyrone compounds are abundant in nature with diverse biological activity attributed 

to this class of compounds. We therefore decided to design 2-pyrone-based 

antibacterial small drug molecule with NMR molecular imaging capability. Pyrone     

exist in two isomeric forms, 2-pyrone 82 (α-pyrone) and 4-pyrone 83 (γ-pyrone) 

(Figure 19). 
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Figure 19: 2-Pyrone and 4-pyrone ring systems. 

The 2-pyrone ring has been synthesized employing several strategies such as 

cyclization, condensation/cyclization and metal-catalysed strategies.75 Most 

synthetic strategy to 2-pyrone involved metal-catalysed processes but an interesting 

synthesis was reported by Dobler and Reiser (2016),76 which involved a thermal 

rearrangement of furfural 84 to cyclopentenone 85, a Diels-Alder reaction with 

cyclopentadiene to give the cycloadduct 86 which reacted with several aldehydes in 

the presence of alkyl phosphine as catalyst in a Baylis-Hilman reaction to afford the 

enone 88 which was oxidise with hydrogen peroxide to give the epoxide 89. A 

reduced pressure thermal cleavage of the epoxide led to a retro-Diels-Alder reaction 

eliminating cyclopentadiene and affording substituted 2-pyrone 90-91 in good yield 

(Scheme 4). The reaction works well with both aromatic and aliphatic aldehydes.  

 

Scheme 4: 2-Pyrone synthesis via furfuryl hydroxide, a renewable reagent. 
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The above synthesis was designed based on the premise that 2-pyrone compounds 

are known to undergo electrocyclic ring opening (ERO) reaction to give a 

vinylketene. At temperatures above 550°C, 2-pyrone compounds are known to 

undergo rearrangement by reversible ERO to a vinylketene aldehyde 93 (Scheme 

5).77  

 

Scheme 5: Photochemical and thermal induced ERO of 2-pyrone to vinylketene.  

Photochemical irradiation of 2-pyrone in ether affords bicyclo[2.2.0]pyran-2-one 

94,78 which underwent photodecarboxylation to cyclobutadiene; a very reactive 

intermediate not readily observable except when trapped (Scheme 6).79 This 

cyclobutadiene was observed trapped in a supramolecular matrix.78-79 

 

Scheme 6: Photochemical-induced intramolecular [2+2] cycloaddition of 2-pyrone.  

McMahon and Menke,80 reported irradiation at λ ≥ 299 nm, of the 2-oxo-2H-pyran-

5-carbonitrile 95 and its conversion to a bicyclic, Dewar-benzene-like, lactone 97 

and ketene derivative such as 96.  Upon further irradiation, at λ ≥ 200 nm of the 

lactone afforded cyanocyclobutadiene 98 via a retro [2+2] cycloaddition and 

subsequent extrusion of CO2 (Scheme 7). They observed the formation of the 

bicyclic 97 and ketene 96 via matrix-isolated IR spectroscopy.  
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Scheme 7: Intramolecular [2+2] cycloaddition, retro [2+2] cycloaddition leading to 

cyclobutadiene derivatives.  

Other 2-pyrone compounds have been reported to undergo similar reactions, 3/5-

deuterated-2-pyrone, and other isotopically labelled 2-pyrone compounds (13C,81 

and 18O82) whereby a rearrangement that interconverts the regioisomers is observed 

via the intermediacy of the ketene and subsequent [1,5]-sigmatropic shift of 

hydrogen, chlorine and fluorine but not methyl group (Scheme 8).83-84 The reaction 

depicted in IV and V was carried and found that though the 3-substituted compound 

rearranged to give the 5-substituted via the intermediacy of ketene 100/101 and 

these ketenes were observed via matrix-isolation. However, the 5-substituted did 

not lead to the rearranged product and what was observed was a trace amount of 

the Dewar-benzene-like lactone and the unrearranged starting material. 
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Scheme 8: Ketene formation and [1,5]-sigmatropic rearrangement of 2-pyrone 

compounds. ERO = electrocyclic ring opening and ERC = electrocyclic ring 

closure. 

Meanwhile, the metal catalysed 2-pyrone synthesis include those catalysed by 

silver(I), gold(I), palladium, ruthenium and rhodium (Scheme 9). The Ru(I) catalysed 

reaction involve homo/heterodimerization and subsequent cyclization to the 2-

pyrone compound 107, 110-111.85-86 
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Scheme 9: Gold (1) and ruthenium-catalysed 2-pyrone synthesis. 

Another synthetic route to substituted 2-pyrone is the [3+2+1]-cyclization catalysed 

by thiazolium salt 115 as shown in Scheme 10.87 

 

Scheme 10: Organic salt catalysed [3+2+1]-cyclization leading to substituted 2-

pyrone. 

A 2014 paper reported the synthesis of 4,6-subsituted 2-pyrone via the reaction of 

enone 116 with diethyl cyanoethyl phosphonate 117 to give penta-2,4-dienenitriles 

118 which underwent an intramolecular condensation to afford the 2-pyrone 119 

(Scheme 11).88 

 

Scheme 11: Intramolecular cyclization of penta-2,4-dienenitriles to substituted 2-

pyrone. 
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1.6  Aim and Objectives 

The aim of this research is to design and synthesise a biological activity-based 3-

alkyl-[6-13C]-6-(phenylethynyl)-2-pyrone as a hydrogenative hyperpolarizable 

(hNMR) NMR imaging agent for cell imaging. However, the high cost of the 

isotopically labelled reagents required the optimization of the whole synthesis using 

unlabelled reagents. The design of a potential small drug molecule implies the 

requirement for analysing the in-silico drug-like property of the designed 

compounds. The research therefore has the following objectives. 

• To evaluate the in-silico drug-like properties of the 2-pyrone-based designed 

small drug molecule and molecular simulation to protein receptors (Chapter 

2). 

• To design, optimise and synthesise 2-pyrone-based antibacterial hPHIP 

NMR imaging agents (Chapter 3). 

• To carry out a protein binding assay employing saturation transfer difference 

(STD) NMR and preliminary signal enhancement studies (Chapter 4). 

• Summary and Future work from the results obtained (Chapter 5). 
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Chapter Two: Virtual-based Screening of 2-Pyrone compounds 

and Molecular Simulation. 

2.1 Introduction 

In the design of small drug molecule or molecular imaging agent, it has now become 

imperative that all the designed compounds go through in silico drug discovery 

procedure.91 This implies the subjection of the designed compounds through various 

software and thereafter, making an informed decision based on what compounds 

have the best predicted absorption (A), distribution (D), metabolism (M), excretion 

(E) and toxicity (T) and affinity for the target receptors before the synthesis is done.91  

The medicinal scaffold chosen is the 2-pyrone motif, this is in line with Fairlamb 

group’s longstanding interest in 2-pyrone compounds and their chemistry. The 

imaging agents were designed based on the pharmacological activities of 6-

substituted 2-pyrone 120-123 and 6-styryl-2-pyrone 124-127 (Figure 20) as 

discussed in Chapter One. 2-Pyrone compounds are ubiquitous compounds in 

nature and exhibit diverse range of biological activities and a simple change in 

substitution pattern leads to a change in activity.92-93   

 

Figure 20: Generic structures showcasing potential 2-pyrone target structures. 
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Scientists with interest in designing molecular imaging agents are known to design 

new imaging agents based on other successful imaging agents or based on some 

approved drug structure. An example in this area include the design of a 

radionuclide imaging agent based on (18F-Glu), (11C-Glu) and (99m-Glu) agents each 

containing different radionuclide.94  

This research designed imaging agents based on NMR imaging protocol and 

designed the agents based on the slow relaxation of 13C=O motif whereby the signal 

enhancement of parahydrogen added to a 6-alkynyl-2-pyrone can be transferred to 

the carbonyl functionality either through space or through bond and subsequently 

used to image the cellular interaction between the imaging agent and their cellular 

receptor in live bacterial cells. The design of a drug candidate that is also an imaging 

agent has the potential of making drug discovery process more efficient as first it 

will undergo approval process once and also be employed for real time monitoring 

of drug effects. Secondly, it can be employed to non-invasively quantitate the drug 

response, and receptor occupancy in real time.  

The designed chemical structures are synthetically available from Pd-catalysed 

Sonogashira cross-coupling reactions between 128a-e and phenylacetylene 

(Scheme 12). This would be discussed in Chapter Three. Compounds 128a-e are 

interesting as they are reported to be inhibitors of chymotrypsin, elastase and other 

serine-type enzymes. Therefore, in silico-based analyses of 128a-e is a good place 

to start and its binding to bovine protein trypsin will be explored using saturation 

transfer difference (STD) NMR see Chapter Four. 

 

Scheme 12: Pd-catalysed Sonogashira cross-coupling of 128a-e and 

phenylacetylene.  

There are several software packages available to the medicinal chemists to ensure 

the accuracy of the result obtained. They include BioSolve, SwissADME, 

SwissSimilarity, SwissTarget, PyRx, PyMol, admetSAR, and Fragmentscore. 
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2.2 Virtual Screening of Designed Compounds 

Medicinal chemistry is concerned with the effect of chemical structure on biological 

activity and the mechanism by which these molecules exert their activity. 

Physicochemical properties govern the way molecules act and exert their influence 

in vivo or in vitro. The medicinal chemist is therefore concerned with the influence 

that chemical structures have on acidity, aqueous solubility, lipid solubility and, 

biological activity.  

These properties affect the ADMET profile of these molecules. The contribution of 

each functional group to the overall physicochemical properties is important to drug 

discovery. More so, ADMET profiling and prediction depends on several molecular 

descriptors as defined by Lipinski’s Rule of five (Ro5).95 Multiple software packages 

are available for prediction of ADMET properties based on structural features of the 

molecules relative to other molecules with similar structure. Quantitative-structure-

activity relationship (QSAR) models the effect of structure on activity.  

Computer-aided drug discovery (CADD) provides insights on what structures to 

synthesise, by utilizing a set of reference structures collected from compounds 

known to interact with a target and analysing the interaction of any compounds 

based on the 2D and 3D structures of these reference and giving a scoring function 

for the binding affinity. It has been extended to predict physicochemical properties, 

absorption, distribution, metabolism, excretion and toxicity  profiles of millions of 

compounds. CADD methods have been successful in optimizing a number of 

drugs.96-97 CADD methods are subdivided into  structure-based methods (SBDS) 

which employs simulation tools to dock libraries of compounds and ligand-based 

drug screening (LBDS), which matches ligands to either approved drugs or to 

literature data of biologically active drug molecules and makes use of QSAR, and 

matched molecular pairs (MMP).98-99 Therefore, medicinal chemists can take 

advantage of all kinds of software and resources related to CADD during their 

routine work. It merges a wide range of area of research to stimulate each other to 

make drug discovery more efficient. 
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CADD in drug design is faster and cheaper than experimental procedures and many 

compounds can be optimized using in silico methodology before they are 

synthesized, and in vitro testing carried out.  

2.3 Predicted physicochemical properties of 6-chloro-3-alkyl-2-

pyrone, 128a-e.  

The approach employed in this project is the combined use of SBDS and LBDS to 

choose a lead compound that is synthesized and employed as hydrogenative 

hyperpolarizable nuclear magnetic resonance (hNMR) imaging agent (this will be 

discussed in Chapter Three). The physicochemical properties of the synthesised 

compounds are shown in Figures 25-29. Based on Lipinski’s definition only one 

compound had a value above the minimum of 250 Da and all others have values 

below this minimum value. The compounds designed here fit into the category of 

small drug molecule and therefore can be optimized further to improve any 

parameter that does exactly fit the profile to obtain a more efficacious drug/contrast 

agent with excellent ADMET parameters. 

Aqueous solubility measures the concentration of drug in water at specified 

temperature.100-101 Computational methods predict aqueous solubility based on 

group contributions,102 thermodynamic calculations,103 and structure-property 

relationships.104-105 Two factors affect water or lipid solubility of a drug; the presence 

or absence of hydrogen-bond donors or acceptors. Lemke,106 defined this criterion 

‘’based on carbon-solubilizing potential of the functional groups in the drug’’. If the 

solubility potential of the functional group exceeds the total number of carbon atoms 

present, then the drug molecule is water soluble: otherwise, it is water-insoluble. 

Another method predicts the water solubility based on partition coefficient (Log P) 

which is the ratio of the concentration of a drug in a hydrophobic solvent (usually 

octanol) to that in a hydrophilic solvent (water). Figure 22 show that these molecules 

are relatively water soluble and are within the acceptable range for small drug 

molecules (Log P<5) except for 128e, 130/131e and 132/133e. 
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Figure 21. 3-Alkyl-6-chloro-2-pyrone 128a-e and 5-alkyl-6-chloro-2-pyrone 129a-

e. 

 

Figure 22. Generic structures of targeted imaging agents’ 130/131a-e. 

Analysis of the molecular weight against logP for these compounds show that the 

carbon-solubilising potential of these compounds is in the order 

128a<128b<128c<128d<128e. More so, the number of hydrogen-bond acceptors 

are not up to 10 which is the upper limit whilst there are no hydrogen-bond donors 

in the designed molecule and log P not greater than 5. These properties suggest 

that 3-alkyl-6-chloro-2-pyrone 128a-d have better drug-like properties compared to 

128e because of its long hydrocarbon chain. The long hydrocarbon chain though 

makes this compound ideal as a potential inhibitor for membrane receptors. As the 

hydrocarbon tail (or chain) would likely interact with the hydrophobic regions of the 

membrane receptor proteins possibly producing a more efficacious drug as has 
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been observed in other approved drugs such as telavancin (structure is given in 

chapter 1).107-108 

 

Figure 23: The graphs show the effect of increase in alkyl and aryl substituent on LogP and 

LogS.  

The graph shows that to increase water solubility decreasing alkyl chain length is a 

factor to consider amongst compounds of the same molecular description and vice 

versa for lipid solubility. Similar trend was observed for 128a-e and 131a-e (Figure 

23). As the length of the carbon chains increased so also did the LogS decreased 

and LogP increased. 

The ideal physicochemical properties of this class of compounds as shown in Figure 

24-29 is indicated by the pink area and of all the designed compounds analysed 

here, Figures 24-29 are those closest to the ideal properties. From these 

physicochemical properties the choice of decyl-, benzyl or pentyl as imaging agents 
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is rational, as these chemical structures possess good physicochemical and ADMET 

properties. 

 

Figure 24: Fragment-based physiochemical properties of 6-chloro-3-pentyl-2-

pyrone 128c. The pink circle is the optimal property for an oral drug.

 

Figure 25: Fragment-based physiochemical properties of 6-chloro-3-decyl-2-

pyrone 128e. The pink circle is the optimal property for an oral drug. 
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Figure 26: In-silico based physicochemical properties of 5-decyl-6-

(phenylethynyl)-2-pyrone 131e. The inner pink circle is the optimal property for oral 

drugs.  

There is provision for improvement in polarity and molecular weight. In the light of 

this addition of polar molecules such as amine and sulfoxide groups as this will add 

to the weight and the polarity in addition, making the contrast agents more water 

soluble, a prerequisite for cellular imaging agents. There is also a requirement for 

additional unsaturated bonds in compounds 130c/131c, 130c/131e, 132c/133c and 

132e/133e. The radar shows that optimum value for flexibility, but polar groups need 

be added to decrease lipophilicity and increase aqueous solubility. There is room 

for increasing molecular weight and number of saturation. The ideal thing to do is 

decrease flexibility by decreasing the number of rotatable bonds and decrease 

lipophilicity by adding polar groups which will also increase size. Figure 23 but polar 

groups are needed to decrease lipophilicity and increase water solubility whilst 

figure 29 show that optimization would have to be carried on all properties to obtain 

the optimum value.  
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Figure 27: In-silico based physicochemical properties of 3-pentyl-6-(phenylethynyl)-2-

pyrone 131c. The inner pink circle is the optimal property for oral drugs. 

 

Figure 28: In-silico physicochemical parameters of 5-pentyl-6-styryl-2-pyrone 133c. The 

pink circle is the optimal property for an oral drug.  

 

Figure 29: In-silico physicochemical parameters of 5-decyl-6-styryl-2-pyrone 133e. The 

pink circle is the optimal property for an oral drug.  
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Figure 30. Targeted polarised imaging agents 132/133a-e. 

Poor solubility could be a liability in development. To improve solubility, certain 

modifications can be made, and these include reduction of molecular weight, 

introduction of ionisable groups, addition of hydrogen-bond forming groups and, in 

some cases, making the drug as a prodrug. Example Acyclovir is poorly absorbed, 

but many prodrugs have been developed to improve absorption and hence 

bioavailability as shown in Figure 31.  

 

 

Figure 31: Prodrugs based on Acyclovir designed to improve metabolism and 

absorption.109-110 
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2.4 Predicted ADMET Parameters 

2.4.1 Predicted ADMET Properties for the Designed Compounds. 

CADD is currently indispensable in drug discovery and development. The 

computational medicinal chemists employ several software and resources to 

discover and optimise drugs. Drugs concentrations in tissues or cells is controlled 

by either diffusion or transporters and this determines drug effect. Lipid soluble 

drugs diffuse easily through cell membranes, but water-soluble drugs depend on 

transporters.111 Transport proteins that move drugs through membrane barriers are 

important in the absorption, distribution and excretion of the drugs, while enzymes 

are critical for drug metabolism (Figure 32). The pharmacodynamic pathway is the 

drug receptor pathway of drug response. It involves drug receptors and biochemical 

events that occur after drug administration before drug effect is measured. The 

complex modular pharmacodynamic pathway can be simplified when all the 

biological approach and the many biochemical pathways between drug-receptor 

interaction and the drug response is linked (Figure 32).112-113 

 

Figure 32: Schematic representation of the multigenic therapeutic drug 

pathway.114 
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Whilst drugs bind to cell membrane receptors, others bind to intracellular enzymes. 

However, it is the unbound drug that causes the pharmacological effect.115 Direct 

measurement of drug concentrations in tissues is achieved by measuring blood or 

plasma drug concentration.116 

Drug transporters play an important role in ADMET profile of both endogenous and 

exogenous compounds. Drug transporters function in controlling both drug effect 

and their toxicological effects in tissues and cells.117 Drugs that are organic cations 

rely on transporters to move across cell membranes and several organic cation 

transporters are available in mammals.118-120 

Drug absorption affects mode of administration, formulation and chemical properties 

of the drug. In silico models of drug absorption employs simple filters to evaluate the 

absorption of a drug based on some physicochemical properties, LogS, LogP, and 

acid dissociation constant (pKa).121-122 Human Intestinal Absorption (HIA) 

determines the success of a drug candidate during development process and 

several in silico methods have been developed to predict it.123-124 

Drug distribution is critical to pharmacodynamic and toxic effects and is usually 

predicted based on plasma protein binding (PPB) and blood brain permeation 

(BBB). The distribution of drug is affected by several factors, but PPB is the most 

critical. Compounds with low volume distribution (Vdss) are strongly bound to 

plasma proteins and have long plasma half-lives (T1/2) (Figure 33).125 High PPB has 

an impact on the drug effect. 
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Figure 33: Selected drugs with variable PPB and Vdss.126 

In general, lipid soluble drugs exhibit greater PPB. Plasma proteins include albumin, 

alpha-1-acid glycoprotein and lipoproteins. Acidic and neutral drugs bind to albumin, 

whilst basic drugs bind to alpha-1 acid glycoprotein or lipoproteins.127 P-glycoprotein 

(P-gp) is involved in maintaining cells integrity by exporting hundreds of chemically 

unrelated toxins and has been implicated in multidrug resistance (MDR). Inhibitors 

of P-gp are widely used in preclinical and clinical studies for overcoming MDR. The 

compounds designed here are neither substrates nor inhibitors of P-glycoproteins. 

The implication been that they cannot be employed as possible drugs or inhibitors 

of multidrug resistance. They are predicted to enter the cellular spaces as indicated 

by their subcellular distribution into the mitochondria (Table 1 and 2), and are 

unlikely to be expelled by these glycoproteins, making they good contrast agent for 

cellular imaging.  
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Table 1: ADMET Predicted Profile of 5-decyl-6-styryl-2-pyrone 133e. 

ADMET Predicted Profile--------------------------Classification 

Model Result  Probability 

 Absorption  

Blood-brain Barrier BBB+ 0.97 

Human Intestinal Absorption HIA+ 1.00 

Caco-2 Permeability Caco2+ cell 0.83 

P-glycoprotein Substrate Non-substrate 0.60 

P-glycoprotein inhibitor Non-inhibitor 

Inhibitor 

0.54 

0.57 

Renal Organic Cation 

Transporter 

Non-inhibitor 0.75 

 Distribution  

Subcellular Localization Plasma Membrane 0.55 

 Metabolism  

CYP450 2C9 Substrate Non-Substrate 0.71 

CYP450 2D6 Substrate Non-Substrate 0.81 

CYP450 3A4 Substrate Non-Substrate 0.56 

CYP450 1A2 inhibitor Inhibitor 0.74 

CYP450 2C9 inhibitor Inhibitor 0.55 

CYP450 2D6 inhibitor Non-inhibitor 0.86 

CYP450 2C19 inhibitor Inhibitor 0.82 

CYP450 3A4 inhibitor Non-inhibitor 0.65 

CYP Inhibitory Promiscuity High CYP inhibitory 

promiscuity 

0.73 

 Excretion/Toxicity  
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Human-Ether-a-go-go Related 

Gene Inhibition 

Weak inhibitor 

Non-inhibitor 

0.57 

0.73 

AMES Toxicity Non-AMES Toxic 0.93 

Carcinogens Non-carcinogens 0.92 

Fish Toxicity High FHMT 0.99 

Tetrahymena Pyriformis 

Toxicity 

High TPT 1.00 

Honey Bee Toxicity High HBT 0.62 

Biodegradation Non-Ready biodegradable 0.79 

Acute Oral Toxicity II 0.65 

Carcinogenicity (Three-Class) Non-Required 0.59 

ADMET Predicted Profile-

Regression 

  

Model Value Unit 

Aqueous solubility -4.23 LogS 

Caco-2 Permeability 1.53 LogPapp, cm/s 

 Distribution/Metabolism/Excr

etion, Toxicity 

 

Rat Acute Toxicity 1.98 LD50, mol/Kg 

Fish Toxicity -0.14 pLC50, mg/L 

Tetrahymena Pyriformis 

Toxicity 

1.96 pIGC50, µg/L 

 

Renal drug transporters can serve as the focus of drug-drug interactions (DDIs).125-

126 Such DDIs often lead to changes in drug pharmacokinetic profile and possibly 

lead to accumulation of drug causing renal toxicity.130-131 Consequently, a 

considerable amount of effort has been made to develop in vitro tools to support 

screening of new molecular entities as renal drug transporter inhibitors. It has been 

reported that renal transporters are subject to substrate-dependent inhibition.132 The 
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compounds designed (128a-e, 129a-e) in this project are predicted to be non-

inhibitors of renal organic cationic transporters as shown in Tables 1 and 2. 

The brain is protected by the blood-brain barrier (BBB). Transporters are involved 

in the transportation of drugs in and out of the brain. Studies have shown that lipid 

solubility is vital to blood brain penetration.133  

 

Figure 34: Selected TPSA and MDR P-gp binding 

 

Figure 35: Functional groups associated with high P-gp activity. 

The major cause of failure in drug discovery is currently toxicity and not 

pharmacokinetics.134 This implies that every time drug design/discovery process is 

undertaken the chemical structures designed or discovered must first be subjected 

to in silico-based analyses to ensure that pharmacokinetics data is optimized and 

minimised as the cause of drug failure. Thus the reason for this Chapter is to ensure 
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that before any chemical structure is synthesized the best choice of 3/5-alkyl-2-

pyrone is made. 

Another factor that is vital in drug discovery is metabolism and is normally carried 

out by cytochrome P450 enzymes and are implicated in several drug-drug 

interactions (DDI), accumulations and clearance.135-137 DDI is linked with 

promiscuous activities and adverse drug reactions (ADR). Therefore, understanding 

the molecular basis of drug promiscuity could help to design novel drugs with less 

ADR profiles in the early drug discovery process. Hepatotoxicity is the cause of 

withdrawal of several approved drugs though these effects are still poorly 

understood.138-139 The result in Tables 1 and 2 showed that the synthesized 3-alkyl-

6-chloro-2-pyrone compounds 128a-e are inhibitors of CYP1A2 family of enzymes. 

The compounds 128a-e are predicted to be inhibitors of CYP1A1 and CYP2C19 

enzymes, but this does not necessarily preclude them from been involved in drug 

discovery. The fact they also inhibit CYP2C19 might produce DDI that will need be 

properly characterised before it reaches the market. However, DDI effects due to 

drug promiscuity can be reduced to a minimal by reducing their CYP2C19 inhibition 

from 91% to 3% by modifying the groups on the substituents (Figure 36). 

 

Figure 36: Modification and its effect on CYP2D6 inhibition 

Drug toxicity is a complex process. Models have been created that relates QSTR 

and toxicities of drugs to their chemical structure. Generally, two approaches are 

used to develop the QSTR models for diverse datasets: global models and local 

models.140 Global models are based on different chemical classes and/or 

mechanisms of action; in contrast, local models are based on a specific chemical 

class and/or single mechanism of action.141-142 These models have some drawbacks 

that can limit their application for regulatory purposes.  
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One of the toxicity tests used to determine the environmental impact of a molecule 

is an assay based on the concentration of growth inhibition (IGC50) to Tetrahymena 

pyriformis (TP) ciliated freshwater. It is considered appropriate for toxicological 

testing and safety assessment of chemical components.143 The designed 

compounds (128d-e) are predicted to have high TP toxicity, as shown in Tables 1 

and 2. 

The Ames test is a short-term bacterial reverse mutation assay detecting drugs that 

induce genetic damage and mutations.144-146 From Tables 1 and 2 the designed 

compounds are predicted to be non-AMES toxic nor are they carcinogens. However, 

they have high honeybee, fish and Tetrahymena pyriformis toxicity. The lethal dose 

that is predicted to kill 50% of rats is 2.5937 mol/Kg and 1.9787 mol/Kg for 5-benzyl-

6-styryl-2-pyrone 133d and 5-decyl-6-styryl-2-pyrone 133e respectively (Tables 1 

and 2).  
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Table 2: ADMET Predicted Profile of 5-Benzyl-6-styryl-2-pyrone, 133d. 

ADMET Predicted Profile--------------------------------Classification 

Model Result  Probability 

 Absorption  

Blood-brain Barrier BBB+ 0.98 

Human Intestinal 
Absorption 

HIA+ 0.98 

Caco-2 Permeability Caco2+ cell 0.89 

P-glycoprotein 
Substrate 

Non-substrate 0.69 

P-glycoprotein 
inhibitor 

Non-inhibitor 0.62 

Renal Organic 
Cation Transporter 

Non-inhibitor 0.80 

 Distribution  

Subcellular 
Localization 

Mitochondria 0.76 

 Metabolism  

CYP450 2C9 
Substrate 

Non-Substrate 0.74 

CYP450 2D6 
Substrate 

Non-Substrate 0.88 

CYP450 3A4 
Substrate 

Non-Substrate 0.72 

CYP450 1A2 
inhibitor 

Inhibitor 0.51 

CYP450 2C9 
inhibitor 

Inhibitor 0.65 

CYP450 2D6 
inhibitor 

Non-inhibitor 0.86 

CYP450 2C19 
inhibitor 

Inhibitor 0.85 

CYP450 3A4 
inhibitor 

Non-inhibitor 0.75 

CYP Inhibitory 
Promiscuity 

High CYP inhibitory 
promiscuity 

0.79 

 Excretion/Toxicity  

Human-Ether-ago-
go Related Gene 
Inhibition 

Weak inhibitor 

Non-inhibitor 

0.78 

0.95 

AMES Toxicity Non-AMES Toxic 0.88 

Carcinogens Non-carcinogens 0.92 

Fish Toxicity High FHMT 0.88 
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Tetrahymena 
Pyriformis Toxicity 

High TPT 0.99 

Honey Bee Toxicity High HBT 0.73 

Biodegradation Not Readily biodegradable 0.63 

Acute Oral Toxicity II 0.44 

Carcinogenicity 
(Three-Class) 

Not Required 0.51 

ADMET Predicted 
Profile-Regression 

  

Model Value Unit 

Aqueous solubility -2.74 LogS 

Caco-2 Permeability 1.70 LogPapp, cm/s 

 Distribution/Metabolism/Excret
ion 

Toxicity 

 

Rat Acute Toxicity 2.59 LD50, mol/Kg 

Fish Toxicity 0.13 pLC50, mg/L 

Tetrahymena 
Pyriformis Toxicity 

1.10 pIGC50, µg/L 

 

2.5 In-silico Molecular Targets for the Designed Compounds 

2.5.1 Similarity of Designed Compounds to Approved Drugs. 

Drug-based similarity index (DBSI) measures the similarity of two drugs to each 

other and is a cheminformatics process that compares these drugs based on how 

similar they are in relation to their 2D and 3D structures. It uses bits to compare two 

structures ‘1’ for positive similarity and ‘0’ when it’s absent. A Bit is a fragment that 

contains some functional group. Chemical fragments are building blocks of chemical 

structures and useful in modelling biological or physicochemical properties of 

chemicals. This is usually collated by the computer and using Tanimoto score 

(where T>0.7).147 It is based on ligand—based screening methods that assumes 

that compounds that are structurally similar have the same activity. The same type 

of similarity measure is also assumed for receptors and proteins. This is a simple 

premise and is valid in some cases though not all.147  

Similarity (or distance) metrics are employed in cheminformatics and several types 

exist (e.g. cosine coefficient, Euclidean distance, Tversky index, 
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fingerprints/Tanimoto coefficient). However, from the several studies carried out by 

Willet’s group at the University of Sheffield has affirmed the popularity of Tanimoto 

coefficient.148-156 Chen and Reynolds suggest the use of the Tanimoto index instead 

of the Euclidean distance for 2D Fragment-Based Similarity Searching.157  Salim 

and coworkers though suggested that the use of 2-4 similarity index was superior to 

Tanimoto coefficient.158 Though Willett still maintains that the Tanimoto coefficient 

is still the method of choice to compare similarities of molecules.159 In 2013 

Todeschini et al., affirmed the better performance of Tanimoto coefficients among 

51 similarity coefficients.160-162 

Some researchers have collaborated the applicability of the Tanimoto coefficient, 

several of its weaknesses have also been reported by Flower.163  More so, Tanimoto 

has a bias towards small molecules and reports a value of 0.33 for unrelated 

structures.164-167 The implication of this is that the Tanimoto similarity index gives a 

good index of similarity of about 0.7. 

2.5.2 Drug Discovery Based on Electroshape Similarity to Approved 

Drugs 

The compounds designed here were analysed employing their electroshape 

similarity to approved FDA drugs and found to show high similarity to some of these 

drugs.168  Electroshape characterise the similarity based on distance and charge 

distributions of the chemical compounds from four different points and has been 

opined as a better method for similarity measure than 3D similarity alone.169 It is a 

five-dimensional OMICS tools employed in drug design that allows the design of 

drugs that act on multiple targets or disease pathways as well as evaluate adverse 

effects. Iophendylate is predicted to have Electroshape similarity to 6-chloro-3-

decyl-2-pyrone 128e (Figure 37). Iophendylate is a radiographic and magnetic 

resonance (MR) contrast agent for spinal cord.170 Compound 128e could serve as 

a good contrast agent for in a similar way to this analogue. Besides, the project is 

geared towards the design of compounds that can be used as contrast agents in 

cell-based imaging.  
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Figure 37: DBS for 3-benzyl-6-chloro-2-pyrone 128e as ranked by SwissSimilarity 

software. 

From the pharmacokinetic data as discussed above, the chemical structures with 

the best in silico data is n-pentyl, benzyl, and n-decyl derivatives. Comparative 

analyses of the chemical structures of 128c-e, 131c-e and 133c-e to approved 

drugs will be carried out in this section. The next section would be to analyse what 

chemical structure to advance forward as the best imaging agent based on its 

physicochemical, pharmacokinetic and docking score to same target.  

Ethionamide has Electroshape similarity to 3-benzyl-6-chloro-2-pyrone 128d with a 

similarity score of 0.828 which is a good similarity to warrant a possible optimization 

of our test ligand to target the same protein (EtaR, PDB ID: 5f1J,151 Figure 38).172 

Ethionamide is an antiTB drug with a good similarity score (0.852) to 3-benzyl-6-

chloro-2-pyrone and it has been employed in radionuclide imaging to examine its in 

vitro metabolites and found that it had inhibitory effect on Mycobacterium 

tuberculosis. Radiolabelled ETA was activated to 4-pyridylmethanol which is similar 

in structure to the metabolite of isoniazid another prominent anti-TB drug.173 In line 

with our interest to design an anti-tuberculosis drug, this can potentially be achieved 

by optimizing 3-benzyl-6-chloro-2-pyrone 128d as an anti-TB drug possibly by 

changing the cyclohexyl ring to a 2-pyrone and adding the appropriate substituents 
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as shown on the ethinamate molecule to obtain a molecule such as 130-131 (Figure 

39). 

 

Figure 38: DBS for 5-benzyl-6-styryl-2-pyrone, 133d. 

 

Figure 39: Proposed 2-pyrone based anti-TB drug. 

Another approved drug with electroshape similarity to 5-benzyl-6-styryl-2-pyrone 

128d is oxiconazole nitrate (Figure 38) an antifungal drug which targets a 

cytochrome P450 51 enzyme vital to the survival of the fungi. Compound 128d can 

be optimized as an antifungal drug that targets the same enzyme.174-175 
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Figure 40:  Drug-based similarity score to 6-chloro-3-decyl-2-pyrone, 128e. 

 

Figure 41: Generic structure of the bioactive imaging agent 136a-b. 
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Figure 42: DBS for 5-decyl-6-styryl-2-pyrone 133e. 

Similarly, iophendylate (ethyl 10-(2-iodophenyl)undecanoate),176  which is used as 

a contrast agent for locating spinal tumours has structural similarity to 5-decyl-6-

styryl-2-pyrone 133e. It is used as a contrast agent for diagnosing disc herniation. It 

is both a radiographic and magnetic resonance (MR) contrast agent for spinal cord 

imaging.177-178 One of the best ways of attempting to design and synthesise contrast 

agents is to put your effort in designing agents based on other well-characterised 

imaging agents. The designed hNMR agents 128e/133e have high molecularity 

similarity (0.826 and 0.726) to iophendylate which is a contrast agent for imaging 

disc herniations and spinal tumours. These molecules could be evaluated for use in 

this same manner.  

2.5.3 In silico predicted target 

An ideal drug target could be defined as a biomolecule (a protein) whose inhibition 

produces a biological response. In the past, drug design conception was based on 

“one drug-one target” approach but it was discovered that it is better based on 

multiple drug-multiple target approach.180-181  
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Table 3: Predicted target for 5-benzyl-6-styryl-2-pyrone 133d. The result is 

ranked from top to bottom with the top being the most likely target.  

S/N
o 

Target Uniprot 
ID 

Gene 
code  

ChEMBL ID #sim. 
Cmpds 
(3D/2D
) 

Target 
Class 

1 Tyrosyl-DNA 
phosphodiesterase 1 

Q9NUW
8 

TDP1  CHEMBL107513
8  

 293 / 2 Unclassifie
d  

2 Muscleblind-like protein 2 
(by homology)  

Q5VZF2  MBNL2   293 / 2 Unclassifie
d 

3  Muscleblind-like protein 3 
(by homology)  

 
Q9NUK0 

MBNL3   293 / 2 Unclassifie
d 

4 Cannabinoid receptor 1  P21554  CNR1 CHEMBL218  264 / 9 Membrane 
receptor 

5 Cannabinoid receptor 2  P34972  CNR2  CHEMBL253  205 / 7 Membrane 
receptor 

6 NAD(P)H dehydrogenase 
[quinone] 1 

P15559  NQO1  CHEMBL3623  5 / 26  Enzyme 

7 Ribosyldihydronicotinamid
e dehydrogenase [quinone] 

P16083  NQO2  CHEMBL3959  5 / 26  Enzyme 

8 Prostaglandin D2 receptor 
2 

Q9Y5Y4   
PTGDR2 

CHEMBL5071 7./1 Membrane 
receptor 

9 Cytochrome P450 2C9 P11712  CYP2C9 CHEMBL3397  7./1  Enzyme 

10 Cytochrome P450 2C19  P33261  
CYP2C1
9 

 CHEMBL3622 7./1  Enzyme 

11 Cytochrome P450 2E1 (by 
homology) 

P05181   CYP2E1  CHEMBL5281 7./1  Enzyme 

12 Cytochrome P450 2C8 (by 
homology) 

P10632  CYP2C8   CHEMBL3721 7./1  Enzyme 

13 Cytochrome P450 2A6 (by 
homology)  

  P11509  CYP2A6  CHEMBL5282 7./1  Enzyme 

14 Cytochrome P450 2B6 (by 
homology) 

 P20813 CYP2B6 CHEMBL4729 7./1  Enzyme 

 

ChEMBL is an Open Data database containing information on bioactive and drug-

like compounds. The database contains about five million bioactivity data for more 

than one million compounds and myriad number of proteins. Access is available 

at: https://www.ebi.ac.uk/chembldb.182 The target prediction algorithm is opined to 

give accurate prediction in 92% of the cases and accurately predict the target family 

in 95% of the cases.183 

https://www.ebi.ac.uk/chembldb
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Figure 43: Ligands of tyrosyl-DNA phosphodiesterase 1 (TDP1) with 3D-

based similarity to query molecule (red boxed molecule). 

There is now a paradigm shift in drug discovery from single drug-single target to 

single drug-multiple target with effects in a complex neural network of enzymes and 

processes. Ligand-based methods predict the effect of new compounds based on 

the properties of compounds known to bind similar targets. A widely-recognized 

example is the QSAR method (Quantitative Structure Activity Relationship), which 

uses 2D topological fingerprints encoding atom types and their bond connectivity to 

infer activity and structure relationship. Molecular fingerprints of small molecules are 

employed as vectors to evaluate statistical relationships of numerous models and 

thereafter predict their binding activity towards specific target proteins.184-187 
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Figure 44: Ligands of muscleblind-like protein 1 (MBNL1) with 3D-based 

similarity. 

Table 4: Predicted target for 5-decyl-6-styryl-2-pyrone 133e. The result is 

ranked from top to bottom with the top being the most likely target.  

S/no Target Uniprot 
ID 

Gene 
code  

ChEMBL ID #sim. 
Cmpds 
(3D/2D) 

Target 
Class 

1 Tyrosyl-DNA 
phosphodiesterase 1  

Q9NUWB TDP1 CHEMBL107513 06./1 Enzyme 

2 Thromboxane A2 
receptor 

P21731 TBXA2R CHEMBL2069 3./1 Membrane 
receptor 

3 Chymotrypsin-C  Q99895 CTRC CHEMBL2386 1./1 Serine 
protease 

4 Chymotrypsin-like 
elastase family 
member 2A (by 
homology) 

P08217  CELA2A CHEMBL2119 1./1 Serine 
protease 

5 Chymotrypsin-like 
elastase family 
member 2B (by 
homology) 

P08218 CELA2B CHEMBL3887 1./1 Serine 
protease 

6 Chymotrypsin-like 
elastase family 
member 3B (by 
homology) 

P08861 CELA3B CHEMBL4995 1./1 Serine 
protease 

7 Chymotrypsin-like 
elastase family 

PO9093 CELA3A CHEMBL2809 1./1 Serine 
protease 
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member 3A (by 
homology) 

8 Chymotrypsin-like 
elastase family 
member 1 (by 
homology) 

Q9UN1 CELA1 CHEMBL3000 1./1 Serine 
protease 

9 Cannabinoid receptor 
1 

P21554 CNR1 CHEMBL253 66/1 Membrane 
receptor 

10 Cannabinoid receptor 
2 

P34972 CNR2 CHEMBL218 22./1 Membrane 
receptor 

11 Carbonic anhydrase 1  P00915 CA1 CHEMBL261 22./1  Enzyme 

12 Carbonic anhydrase 2 P00918 CA2 CHEMBL205 22./1  Enzyme 

13 Carbonic anhydrase 7 
(by homology) 

P43166 CA7 CHEMBL2326 22./1  Enzyme 

14 Carbonic anhydrase 3 
(by homology) 

P07451 CA3 CHEMBL2885 22./1  Enzyme 

15 Carbonic anhydrase 
5A, mitochondrial (by 
homology) 

P35218 CA5A CHEMBL4789 22./1 Enzyme 

 

 

Figure 45: Ligands of thromboxane A2 receptor (TBXA2R) with 3D-based 

similarity to query molecule. 
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Figure 46: Ligands of chymotrypsin-C (CTRC) with 3D-based similarity to 

5-decyl-6-styryl-2-pyrone 133e. 

 

Figure 47: Ligands of tyrosyl-DNA phosphodiesterase 1 (TDP1) with 3D-

based similarity to 5-decyl-6-styryl-2-pyrone 133e. 

Structure-based methods develop protein structural information associated with 

scoring functions to predict protein-ligand binding mode. The most extensively used 

form of structure-based target prediction methods is protein-ligand docking, which 

predicts interactions between drug candidates and their target proteins.188 Structure-
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based methods scores ligands based on how tightly they bind to their receptor.189-

190 

2.6 Molecular Docking 

Molecular docking is a computational technique that predicts the way a ligand or 

drug binds its target and it prepares the binding poses of the ligand and the binding 

sites of the target and assign values based on the most favourable to the least 

favourable binding positions as shown in Figure 48-49.191-193 

 

 

 

 

 

 

 

 

 

Figure 48: Docking of a small molecule (green) into the crystal structure of 

the beta-2 adrenergic G-protein coupled receptor (PDB: 3SN6).194 This was 

adapted from ref.195 

 

https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Beta-2_adrenergic_receptor
https://en.wikipedia.org/wiki/G_protein%E2%80%93coupled_receptor
https://en.wikipedia.org/wiki/Protein_Data_Bank
http://www.rcsb.org/pdb/explore/explore.do?structureId=3SN6
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Figure 49: Expansion of the above docking to show the binding interaction between 

small molecule and the amino acids from the receptor; of beta-2 adrenergic G-

protein coupled. The green dotted lines shows hydrogen-bond acceptor type 

interaction with oxygen, the pink dotted lines show hydrogen-bond donor-type 

interaction whilst the purple dotted indicate the pi-pi aromatic interaction as treated 

by PyMol.  

The predicted targets for 133d and 133e are shown in Table 3-4 (PDB: ID: 5TVP,196 

2MZ2,197 2E5C,198) was obtained from the protein data bank at Research 

Collaboration for Structural Bioinformatics (RSCB) Protein Database (PDB).196 To 

study the scoring energy(s), root mean standard deviation (RMSD) and amino acid 

interactions and docking of the ligand would be carried out. The Protein Data Bank 

(PDB; http://www.rcsb.org/pdb/),199 is the single worldwide archive of structural data 

of biomolecules (enzymes, proteins, genes). The rmsd gives the resolution of the 

target poses relative to the crystallographic data. Favourable poses have low values 

of rmsd and vice versa. This quantity is calculated between equivalent atoms in two 

structures, defined as 

RMSD = √∑idi2/n   ……………………………………………….Eq. 1 

where d is the distance between each of the n pairs of equivalent atoms in two 

optimally superimposed structures. When rmsd is 0 for identical structures and the 

most favourable orientation of the protein. However, rmsd values depend on the 

number of amino acid sequence and the total number of atoms present. Whilst a 

rmsd value of 3 Å is significant for a protein with 50 residues is not so for one with 

500 residues.200-201 

http://www.rcsb.org/pdb/
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2.6.1 METHODS 

2.6.2 Docking Programs. In this study employed PyRx docking programs based 

on Autodockvina1.29 (ADV),202 and OpenBabel.203 ADV was developed by 

University of Cambridge. OpenBabel is part of the Rosetta’s software suite for 

modelling small molecule structures. The receptors and ligands were prepared 

following the standard setup protocols using Gasteiger partial charges.204 The grid 

sizes were set up to 25 Å × 25 Å × 25 Å in both programs, using as grid centre the 

centre of mass of the ligand provided by the DUD to localize the binding pocket. The 

global search exhaustiveness parameter was set to 8 (default value 8).  

2.6.3 DockScore. This feature is given by the best docking score of the ligand 

poses. It represents the traditional approach, in which the docking score helps to 

provide enough information to discriminate an active molecule from an inactive one. 

Prior to analysis the docking scores were standardized as Z-scores.  

2.6.4 DockLE. The ligand efficiency (LE) was computed as the quotient between 

the best ligand’s score and the number of heavy atoms of the ligand.  

 2.7 Discussion 

In lead optimization, one typically starts from a known inhibitor of a protein (often 

with a known binding mode) and modify it to attempt to improve binding.202-203 Figure 

47 shows the binding interaction between 6-chloro-3-decyl-2-pyrone 128e with 

tyrosyl-DNA phosphodiesterase, a human protein. This same protein was predicted 

for 5-benzyl-6-chloro-2-pyrone 128d as well as the 5-decyl derivative 128e. The 

PyRx docking data showed several favourable hydrophobic bindings and a few 

hydrogen bonding interactions.   
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Figure 50: Showing the interaction between 6-chloro-3-decyl-2-pyrone 128e 

(shown as in yellow colour) and a human protein (PDB ID: 1MU9),210 a tyrosyl-DNA 

phosphodiesterase enzyme. This target is predicted for both 5-benzyl- and 5-decyl-

6-chloro-2-pyrone 128d and 128e. The Vina search space was centred at X: 

15.6269, Y: 100.521 and Z: 177.4974 and dimensions (Å) of X: 25.0000, Y: 

25.0000 and Z: 25.0000. 

 

Figure 51: Muscleblind-like protein 1 (PDB: 2E5C,208) treated using PyMol 

software the 3rd predicted target for 5-benzyl-6-styryl-2-pyrone 133e. The Vina 

search space was centred at X: 15.6269, Y: 100.521 and Z: 177.4974 and 

dimensions (Å) of X: 25.0000, Y: 25.0000 and Z: 25.0000. 
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Figure 52: Molecular interaction between 3-benzyl-6-chloro-2-pyrone 128d and 

bovine pancreatic protein, trypsin (PDB ID: 1AUJ,211) treated using BioSolve. The 

Vina search space was centred at X: 15.6269, Y: 100.521 and Z: 177.4974 and 

dimensions (Å) of X: 25.0000, Y: 25.0000 and Z: 25.0000. Interactions showing 

green-van der waals interaction,  Bright green-hydrogen bond interaction, Lemon-

green-Pi-lone pair interaction,  Bright Pink-Amide-pi stacked interaction,  Light Pink-

Pi-Alkyl interaction 

 

 

Figure 53: Illustrating the molecular interaction between 3-benzyl-6-chloro-2-pyrone 

128d and bovine pancreatic trypsin (PDB ID: 1AUJ,211) treated using BioSolve. The 

diagram shows the red dotted lines-unfavourable bumps, bright green-hydrogen 

bond, lemon-green dotted lines-π-lone pair interaction, pink dotted lines-Amide-π 
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stacked interaction and light pink dotted line-π-Alkyl interaction. The Vina search 

space was centred at X: 15.6269, Y: 100.521 and Z: 177.4974 and dimensions (Å) 

of X: 25.0000, Y: 25.0000 and Z: 25.0000.  

The docking was carried out using AutoDock Vina software via the automated PyRx 

software. The structures of the targets were uploaded from the PDB data bank with 

PDB ID: 1QZQ,190 and PDB ID: 5TVP,211 whilst those of the ligands were uploaded 

from ChemDraw as MDL SDF file and optimized automatically by OpenBabel in the 

PyRx software.  

The docking using both 5-benzyl-6-styryl-2-pyrone 133d and 5-decyl-6-styryl-2-

pyrone 133e indicated that the latter gave better binding energies of -48.95 to -47.70 

KJ/mol with rmsd of 2.27 Å, whilst 5-benzyl-6-styryl-2-pyrone had free energies of 

binding between -34.73 to -33.89 KJ/mol with a lower structural similarity of 2.13 Å, 

as shown in Tables 5 and 11 respectively. The implication is that the 5-decyl-6-

styryl-2-pyrone 133e is a stronger binder than 5-benzyl-6-styryl-2-pyrone 133d. 

Besides, the variability shown as indicated by the rmsd values (Tables 5 and 6) of 

5-benzyl-6-styryl-2-pyrone 133d is less so than those shown for the same target 

with 5-decyl-6-styryl-2-pyrone 133e. 

Table 5. Summary of free energy calculation results based on crystal structures. 

ΔGcalc is the calculated standard binding free energy. Reported are also the PDB 

files used. All values are in KJ.mol−1. Docking Results for 5-decyl-6-styryl-2-pyrone 

133e with human tyrosyl-DNA phosphodiesterase 1(1QZQ).210 

Entry 
ΔG/ 
KJ/mol Mode rmsd/ Å 

1 -48.95 0 0 

2 -48.12 1 2.13 

3 -47.7 2 20.26 

4 -47.28 3 13.74 

5 -46.86 4 20.24 

6 -46.02 5 14.45 

7 -45.61 6 15.38 

8 -45.61 7 20.89 

9 -43.51 8 12.17 
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Table 6. Summary of free energy calculation results based on crystal structures. 

ΔGcalc is the calculated standard binding free energy. All values are in KJ.mol−1. 

Docking Results for 5-benzyl-6-styryl-2-pyrone 133d with human tyrosyl-DNA 

phosphodiesterase 1(1QZQ).210 

Entry 
ΔG/ 
KJ/mol Mode rmsd/ Å 

1 -34.73 0 0 

2 -33.89 1 2.13 

3 -32.64 2 20.26 

4 -31.8 3 13.74 

5 -31.38 4 20.24 

6 -31.38 5 14.45 

7 -31.38 6 15.38 

8 -30.96 7 20.89 

9 -30.12 8 12.17 

 

The implication of 5-decyl-6-styryl-2-pyrone 133e having a higher binding affinity 

implies it might have a higher affinity when employed as a target specific imaging 

agent. We therefore selected 5-decyl-6-(phenylethynyl)-2-pyrone 131e as our initial 

cellular imaging structure to move forward to the synthesis stage. Its structural 

similarity to iophendylate is also good indication that this compound is a good choice 

to move forward towards optimization as a contrast agent. 

2.8 Conclusion 

The drug-like properties of the compounds for design and synthesis in the project 

have been analysed and some interesting features arose from this study. Firstly, the 

6-chloro-3-decyl-2-pyrone 128e has a better drug-like parameter than the other 

designed compounds. The molecular simulation docking score showed that for the 

same protein receptor (PDB ID: 1AUJ,210 and 4h4f,213) 6-chloro-3-decyl-2-pyrone 

128e exhibited a better interaction. In the same light, the better pharmacokinetic and 

higher affinity was showed by 5-decyl-6-styryl-2-pyrone 133e, followed by 5-benzyl-

6-styryl-2-pyrone 133d. Therefore, these two compounds should be synthesised as 

the imaging agents and the details can be found in the following chapters.  
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2.9 Antibacterial Screening of 3-Alkyl-6-chloro-2-pyrone  

Concentration-dependent time-of-kill test is the most appropriate method for 

determining the bactericidal or fungicidal effect. The time-kill test reveals a time-

dependent or a concentration-dependent antimicrobial effect.214-215 For bacteria, this 

test has been well standardized and described in M26-A document of CLSI.215-216 

Bacterial growth was measured with turbidometric assay for antibacterial screening 

UV-Visible spectrum. E. coli was inoculated in 8 Falcon tubes at optical densities of 

0.06 nm in LB medium at 3.12 mL final volume and incubated at 37 oC with agitation. 

OD was measured hourly for 6 h. A control sample was prepared identical to the 

test sample except for inclusion of the synthesised antimicrobial 2-pyrone 

compounds at a final concentration of 2.21 µg/ml for 131d.  The compounds tested 

showed antimicrobial activity against E. coli BT21. The concentration of 2.21 mg/mL 

was bactericidal to E. coli.  However, with lower concentration the bacteria showed 

some recovery after 3 hours.  
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Chapter Three: Design, and Synthesis of Isotopically-

labelled 13C-2-Pyrone compounds.  

3.1 Introduction 

Given the requirement to synthesise imaging agents based on the 2-pyrone scaffold 

for use as contrast agent in cell-based NMR to characterise the binding interaction 

and/or biological effect of this small drug molecule in bacterial cell. It seemed 

appropriate to select 2-pyrones possessing broad spectrum antibacterial effect 

(discussed in Chapter 1). The compounds selected for synthesis were small 

molecule 2-pyrone compounds with good physicochemical, pharmacokinetic and 

good binding affinity as discussed in Chapter Two. The inhibitory effect of selected 

members of the target 2-pyrones against E. coli is discussed in Chapter 5.  

NMR has demonstrated unique capabilities in providing useful information about the 

structural dynamics of binding between small drug molecules and proteins, protein-

protein interactions. Thus, the decision to employ NMR as the biophysical method 

to measure the interaction between the designed imaging agent and their cellular 

receptors.  

In-cell NMR is plagued by high concentration of water, lipids and other biomolecules 

present in the cells. One method of suppressing these interfering signals is the 

selective enrichment of an NMR-active nuclei. This research therefore designed 

molecules that their NMR signals can be enhanced on the catalytic addition of 

parahydrogen (the NMR-inactive nuclear spin state of molecular hydrogen). This will 

require the synthesis of a 2-pyrone containing alkyne motif, which on catalytic 

addition of parahydrogen (para-H2) will give the desired imaging agent (a polarised 

alkene), our target will therefore be compounds such as 132a-e (Scheme 13). 
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Scheme 13: Incorporation of para-H2 into alkynyl-2-pyrones using a catalyst.  

The application of such a compound (imaging agent) depends on the relaxation rate 

of the nuclei of interest. Protons relax too fast for efficient characterization of the 

interaction between the agent and analyte (e.g. the receptor). The average lifetime 

(T1) of the excited state of any NMR-active nucleic is dependent on the 

magnetogyric ratio of the nucleus and its mobility. Hence, there is a requirement for 

isotopic labelling. This labelling requires enrichment above 95% because natural 

13C (1.11%) and 15N (0.37%) (the other spin half NMR nuclei) levels make them less 

sensitive relative to hydrogen (100%). Therefore, the designed imaging agent must 

be Isotopically-labelled with a carbon-13 isotope which serves as the signalling 

motif. Carbonyl functional groups relax more slowly on the NMR timescale relative 

to other carbon centres hence the choice of enriching the carbonyl group within the 

2-pyrone ring system (Scheme 14). This imaging agent 138 upon formation can 

transfer its signal enhancement to the signalling carbon nucleic either directly 

through bond or through space. The 1H and 13C NMR signal enhancement studies 

of the designed compounds will be discussed in Chapter 4.  
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Scheme 14: Polarised generic target compound 138.  

3.2 Retrosynthetic analysis 

The target compounds 2-pyrones can be accessed using a palladium-catalysed 

Sonogashira cross-coupling reaction. The reaction occurs between a nucleophilic 

fragment such as 140 and an electrophilic fragment such as 128 (Scheme 15). The 

nucleophilic fragment is commercially available, but fragment 128a-e has to be 

synthesized. There are two major reports on the synthesis of 6-chloro-2-pyrone and 

their synthetic procedures will be explored and optimized using non-isotopically 

labelled reagents. Once an efficient synthetic sequence has been developed on the 

non-isotopically labelled materials, the optimized procedure can be applied to the 

isotopically-labelled analogues. 

The proposed forward synthesis is shown in Scheme 16. Commercially available 

diethyl malonate can be alkylated with an appropriate alkyl halide 147a-e and the 

resultant monoalkylated ester 145a-e employed in an electrophilic addition with 

143f-g or 144.  This will afford a tri-ester with structure such as 148a-e, on hydrolysis 

and consequent decarboxylation should afford 141a-e. Diacid 141a-e can be 

condensed using excess acetyl chloride to afford the appropriate chloropyrone 

128a-e. 
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Scheme 15: Retrosynthetic analysis to compounds 132a-e. 
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Scheme 16: Proposed forward synthesis of 6-alkynyl-2-pyrone 132a-e. 

3.3 Development and optimization of fragment 128a-e 

The four step synthetic process, as reported by Gelb and Abeles (1983), afforded 

180 mg/40 mg 3/5-benzyl-6-chloro-2-pyrone-2,6-13C 153, 154 from 5.2 g of diethyl 

malonate-1-13C, respectively as shown in Scheme 17.211-212 The reaction involved 

two equivalent of diethyl malonate and one equivalent of chloroform.213,217 They 

reported the yield for the final products in milligrams but none for the intermediate 

products.210-211 The report of Westkaemper and Abeles,217 employed a similar 

synthetic route to Gelb and Abeles,211 and reported a yield of 140 mg and 80 mg 

respectively for the two regioisomers, though as the isotopically non-labelled 

analogue. 
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Scheme 17: Synthetic route to 13C-isotopically labelled 3-benzyl-6-chloro-2-

pyrones 153 and 154.211 

In their synthesis of labelled chloropyrone, enrichment of 75% was reported,211 but 

for the purposes of live cell NMR imaging a higher level of isotopic enrichment is 

required.218 This high level of isotopic enrichment requires diethyl malonate-[1,3-

13C] at a cost of £4500 from Sigma Aldrich United Kingdom. All attempts to optimise 

this reaction employing the use of non-labelled diethyl malonate led to failure for 

most of the other alkyl substituents except for the benzyl derivative 128d which gave 

109 mg (14% yield over the four steps) from 1.0 g of diethyl malonate as shown in 

Scheme 18. 
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Scheme 18: Synthetic route initially investigated in the synthesis of unlabelled 6-

chloro-3-benzyl-2-pyrone 128d. 

The reaction between diethyl malonate and chloroform in the presence of a sodium 

hydride in tetrahydrofuran afforded compound 155 as a bright yellow salt upon 

recrystallization from ethanol. The 1H NMR spectrum of 155 indicated the presence 

of one deshielded olefinic proton at 8.25 ppm. The 
1
H NMR spectrum for this salt 

agrees with that reported in the literature.
213, 219-222

 The melting point (269-270 oC; 

lit.213,219 270-272 oC) was in close agreement. The mass spectra of both the 

protiated and sodiated pseudomolecular ions are consistent with those expected.  

Treatment of 155 with benzyl chloride in ethanol afforded the tetra-ester 156 as a 

white solid in 73% yield, observed melting point 71 oC in agreement with the 

literature value (71 oC).212-213 The 1H and 13C NMR spectra of 156 in CDCl3 was 

consistent with the proposed structure.  
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The base-catalysed hydrolysis and subsequent decarboxylation of 156 afforded 2-

benzylglutaconic acid 142d, following acid hydrolysis as a semi-solid in quantitative 

yield. Furthermore, the condensation of this acid in excess acetyl chloride at 100 

oC for three days afforded 3-benzyl-6-chloro-2-pyrone 128d in 22% yield. The 

spectroscopic data is in agreement with the proposed structures.  

The second synthetic procedure, reported by Hatch et al.,223 began with the 

alkylation of diethyl malonate (Scheme 19). The alkylation was optimised using 

three bases; sodium hydride, sodium methoxide and potassium carbonate the 

result is presented in Table 7. The use of sodium hydride would likely also afford 

an appreciable amount of the dialkylated product as a direct consequence of the 

equilibrium that exists between the chemical species involved in this reaction 

(Scheme 19). Since the monoalkylated diethyl malonate is a stronger base and 

will be deprotonated by the acid and therefore, a further alkylation will lead to 

dialkylation.224 The chemical equilibrium in Scheme 20 lies completely to the right 

producing the monoalkylated malonate (a stronger conjugate acid to the weak acid 

diethyl malonate) because of resonance stabilization of the diethyl malonate anion 

which is initially formed as illustrated in Scheme 19. Furthermore, the 

monoalkylated species being a stronger acid to diethyl malonate; can further be 

deprotonated by the strong base leading to the dialkylated malonate (Scheme 19). 

 

Scheme 19: Formation of monoalkylated and dialkylated diethyl malonate. 

 

Scheme 20: Resonance stabilization of diethyl malonate. 
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The carbonate anion (CO3
2-) on the other hand is a very weak base, though it is 

basic enough to remove a proton from an active methylene compound (pKa = 

9~13). However, the equilibrium favours the formation of the weak chemical 

species (lies far to the left) and therefore leads almost exclusively to monoalkylation 

as shown in scheme 21.225-226 

 

Scheme 21: Illustration of the chemical equilibrium in a weak acid-weak base 

system. 

The solid-liquid phase transfer alkylations of diethyl malonate with various alkyl 

halides at high temperature (>120 oC), employing either potassium carbonate or 

caesium carbonate, have been reported with the observation of primarily 

monoalkylation and a trace amount of the dialkylated product <3% as expected 

from Scheme 22.227-230 It was found in this study that the mild base potassium 

carbonate in a biphasic reaction with tetrabutylammonium bromide (TBAB) worked 

well, with no dialkylated product detected, in contrast to a literature report.227-230  
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Scheme 22: Biphasic monoalkylation of diethyl malonate. 

Table 7: Product yield (%) against the three bases. 

R NaH/ % K2CO3/ TBAB/% MeONa/% 

CH3CH2 - 60 - 

C5H11 78 93 - 

PhCH2 86 99 - 

C10H21 68 99 60 

 

The next step was the synthesis of the tri-ester via the reaction of compound 145a-

e with either methyl 3-haloacrylate 143f-g or methyl propiolate 144 to afford the tri-

ester 148a-e as a mixture of 75% trans- and 25% cis-isomer (Scheme 23).  

 

Scheme 23: General approach to tri-ester, 148a-e. 



 

  95 

 

 

Figure 54: Illustration of the significant steric interactions in the cis-isomer (148a’-

e’). 

 

 

Figure 55: 1H NMR (400 MHz, CDCl3) of a mixture of (E/Z)-3,3-diethyl-1-methylbutene-

1,3,3-tricarboxylate (E)-148a and (Z)-148a’. 

The initial optimization was carried out using methyl 3-haloacrylate 143f-g at 85-

100 oC for 16-24 hours but this was later replaced by reacting the methyl propiolate 

144 with the diethyl 2-alkylmalonate employing the same reaction conditions for 2 

hours. The 1H NMR shows the presence of both isomers (Figure 55).  

The formation of methyl 3-haloacrylate 143f-g amounts to an electrophilic addition 

of HX to an unsymmetrical alkyne which should in theory afford the Markovnikov 

addition product (Scheme 24), instead the reaction gave the anti-Markovnikov 

product. This reaction amounts to an electrophilic addition of HX but from two 

different reagents (acetic acid and lithium bromide/iodide respectively). Several 
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exhaustive studies have shown that the addition occurs via a concerted 1, 2-

addition from the same side leading exclusively to the cis-product 143f-g.231-235 

Meanwhile, further reaction of methyl cis-3-haloacrylate 143f-g with the 

corresponding diethyl 2-alkylmalonate led to a mixture of two products; the trans 

and cis-products in a ratio of 3:1 respectively. Similarly, the reaction of diethyl 2-

alkylmalonate with methyl propiolate in acetonitrile with potassium carbonate as 

base led also to a similar ratio of isomeric products even at room temperature or 

70 oC the latter is known to give exclusively the cis isomer of methyl 3-haloacrylate 

as indicated in Scheme 24  

 

Scheme 24: Stereospecific formation of methyl 3-haloacrylate 143f-g. 

All attempts to isolate the different isomers failed. The photochemical and thermal 

isomerization of one isomer to the other using iodine crystals failed (Scheme 

25).237-238 In addition, attempts to purify the different isomers using silver nitrate 

impregnated silica gel also failed in my hands.239-240 
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Scheme 25: General procedure for thermal/photochemical induced isomerization 

of 3-alkylglutaconic tri-ester.  

The next step was the base-catalysed hydrolysis of the tri-ester (Scheme 26). The 

reaction was attempted several times with no positive result, until the use of acid-

base extraction was employed which afforded the diacid in good to excellent yield. 

The structure of this class of acid was involved in controversy some years ago until 

it was resolved by Kagan and Tolentino.241 This is because of the mobility of the 

double bond and delocalization between the olefin and the two carbonyl motifs 

leading to a heptad of stabilised double bonds (Figure 56). The structure of the 

acid synthesized here belong predominantly to the γ-alkyl glutaconic acid (2-alkyl 

glutaconic acid) series 141a-e and not the α-alkyl glutaconic acid (4-alkyl 

glutaconic acid) series’ 142a-e though it was observed that both regioisomers 

interconvert to each other rapidly at room temperature and due to this rapid 

interconversion, Thole and Thorpe made the assertion that they are the same 

compound.241-243 While the regioisomers are not the same, the energy barrier 

between the two regioisomers must be small as to allow for facile isomerization. 

This conclusion was made because on prolonged storage isomerization to the less 

substituted diacid was observed.  

 

Figure 56: Delocalization and stabilization of 2-alkyl glutaconic acid 141a-e. 
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Scheme 26: General procedure for base-catalysed hydrolysis of tri-ester 

compounds 148a-e. 

The formation of 142a-e assumes the localization of the double bond during 

hydrolysis and subsequent in situ decarboxylation. However, this was not observed 

as a migration of the double bond was found to give product, 141a-e.  The 

structures of 141a-e were confirmed by the presence of a methylene (CH2) carbon 

in the 13C DEPT-135º NMR of 141a in (CD3)2CO (Figure 57). The natural 

abundance 13C NMR spectrum of this diacid showed the presence of three 

quaternary resonances at δ 171.1, 168.0 and 129.8 ppm. These were assigned to 

the two carbonyl motifs (δ 171.1 and 168.0 ppm) and C-2 (δ 129.8-132.7 ppm) of 

the diacid.211-217 The alkyl region of the 13C NMR spectrum for all the alkyl 

substituents shows a methylene peak at 33.4 ppm, assigned to the methylene 

carbon (C-4) based on its negative peak in the 13C DEPT- 135o NMR as is indicated 

for 2-methyl glutaconic acid 141a (Figure 57). However, the 2-decyl substituted 

acid 141e shows a peak at δ 51.3 ppm which is a methine carbon (CH) from the 

13C DEPT-135o NMR spectrum and this was assigned to the γ-acid 142e (4-decyl 

glutaconic acid). Theoretically this methine peak should appear between δ 50-55 

ppm because it is a tertiary carbon, whilst the methylene been a secondary carbon 

appears between δ 30-35 ppm (Figure 58).217 A difference of δ 18.1 ppm in 
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chemical shift was observed between these two non-olefinic carbons in 4-alkyl 

glutaconic acid and 2-alkyl glutaconic acid, which is in close agreement with the 

report of Gelb and Abeles (1984),211 noting a difference of  δ 21.1 ppm.  

 

Figure 57: Regioisomers of n-decyl glutaconic acid. 

 

 

Figure 58: 13C DEPT-135o NMR (400 MHz, (CD3)2CO) of 2-methyl glutaconic acid, 

141a. 
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Figure 59: 13C NMR DEPT-135o showing the mixture of 141e and 142e. 

The next step was the treatment of 141a-e with excess acetyl chloride at 100 oC 

for two days in a sealed tube which afforded fragment 128a-e in 22-45% yield in 

addition to the accompanying regioisomer 129a-e (Scheme 27). These 

regioisomers are differentiated based on coupling constants, of H3 and H4, which 

are of higher magnitude (9-12 Hz) compared to H4 and H5 (6.3-8 Hz), as shown 

in Figure 62 for 128e and 129e.243-244 The coupling constants (3JH-H) are larger 

for 5-alkyl-6-chloro-2-pyrone 129a-e (9-2 Hz) than for 3-alkyl-6-chloro-2-pyrone 

128a-e (6.7-8 Hz).241,244 

 

Scheme 27: Generalised procedure towards 3-alkyl-6-chloro-2-pyrone. 

The procedure as presented was optimised from the initial point where only the 3-

alkyl-2-pyrone 128a-e was obtained in a yield of 14-22% in three days to a yield of 
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22-33% over two days; an additional time appears to lead to lower yields. Most of 

the earlier purification led to one compound though the crude product indicated the 

presence of two products. It was reported by Kagan and Tolentino,241 that 

isomerisation of the 5-alkyl-6-chloro-2-pyrone 129a-e was occurring on the silica 

gel column. Repeat reactions consistently led to the isolation two products except 

for the 6-chloro-3-methyl-2-pyrone 128a though the presence of the 5-alkyl-6-

chloro-2-pyrone 129a was also seen in the 1H NMR spectrum (in CDCl3, Figure 

60).  

 

Figure 60: 1H NMR (400 MHz, CDCl3) spectrum of 3-methyl-6-chloro-2-pyrone 128a 

showing the presence of both 3-methyl and 5-methyl-6-chloro-2-pyrone (128a and 129a, 

respectively). 
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Figure 61: Stacked plot showing the 1H NMR in CDCl3 of the two regioisomers, 

128d and,129d. 

Table 8: 1H NMR (CDCl3, 298 K, 400 MHz) spectral data of 3-alkyl-6-chloro-2-

pyrone 128a-e, with 2-pyrone protons highlighted in red and the coupling constants 

given in parentheses. 

Nuclei 128a/ ppm 
128b/ 
ppm 

128c/ ppm 
128d/ 
ppm 

128e/ ppm 

δ ArH 

   
7.35 

 

δ ArH 

   
7.25 

 

δ H-4 7.09 (7 Hz) 7.08 (7 Hz) 7.03 (7 Hz) 6.88 (7 Hz) 7.04 (7 Hz) 

δ H-5 6.11 (7 Hz) 6.16 (7 Hz) 6.14 (7 Hz) 6.11 (7 Hz) 6.13 (7 Hz) 

δ HC= 

 

5.84 

   

δ =CH 

 

5.17 

   

δ =CH 

 

5.14 

   

δ CH2 

 

3.61 2.4 3.73 2.4 

δ CH2 

  
1.53 

 

1.53 

δ (CH2)n 

  
1.21 

 

1.25 

δ CH3     0.81   0.85 
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Table 9: Key 1H NMR (CDCl3, 293 K, 400 MHz) spectral data for 5-alkyl-6-chloro-

2-pyrone 129a-e, with 2-pyrone protons highlighted in red and the coupling 

constants given in parentheses.  

Nuclei 129a/ ppm 
129b/ 
ppm 

129c/ ppm 
129d/ 
ppm 

129e/ ppm 

δ ArH 

   
7.4 

 

δ ArH 

   
7.25 

 

δ H-4 7.24 (9 Hz) 7.24 (9 Hz) 7.24 (9 Hz) 7.24 (9 Hz) 7.24 (9 Hz) 

δ H-5 6.21 (9 Hz) 6.21 (9 Hz) 6.21 (9 Hz) 6.21 (9 Hz) 6.23 (9 Hz) 

δ HC= 

 

5.71 

   

δ =CH 

 

5.15 

   

δ =CH 

 

5.05 

   

δ CH2 

 

3.61 2.4 3.73 2.4 

δ CH2 

  
1.53 

 

1.53 

δ (CH2)n     1.25   1.25 

δ CH3     0.81   0.85 

 

The 13C NMR spectrum of 3-benzyl-2-pyrone 128d showed a quaternary signal, at 

δ 161.7 ppm, and another at δ 149.5 ppm. The peak at δ 161.4 ppm was assigned 

the carbonyl carbon (C-2) and the peak at δ 147.2 ppm assigned to C-6, next to 

the most deshielded C-2 carbon, which is in close agreement with the data 

reported.211-217,244 The 13C NMR spectrum of 6-chloro-3-decyl-2-pyrone 128e 

shows three quaternary resonances at (δ 161.7, 146.8, 127.3) whilst 128d 

exhibited four quaternary peaks at (δ 127.0, 147.2 and 161.2 ppm in addition to 

one at  δ 137.3 ppm). The additional peak is assigned to the tertiary carbon in the 

benzyl group involved with 128d. Based on these chemical shifts, the resonance 

at δ 126.8 ppm was assigned to the C-3 carbon, with a spin-spin 13C-13C coupling 

to the enriched carbon (72 Hz). The natural abundance 1H NMR for the synthesized 

6-chloro-2-pyrone 128a-e and 128a-e were in close agreement with those reported 

by Fu et al.,245 for similar compounds as those synthesized in this study (Figure 

62). They gave values of δ 162.8-163.1 ppm for the C-2 carbon, δ 123.1-129.8 ppm 

for the C-3 carbon, δ 138.0-140.1 ppm for the C-4 carbon, δ 100.8-102.1 ppm for 

the C-5 carbon and δ 158.8-159.9 ppm for the C-6.  
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 Figure 62: Natural 3-allkenyl-2-pyrone. 

The spectroscopic data for all known compounds were compared to the literature, 

agreeing on all counts. Compounds 128a and 128d had melting points that agreed 

with those given of literature.243-244 The crystal structure of 128d as determined by 

single crystal X-ray diffraction confirms the expected regiochemistry of this product; 

also correlating with the literature data (Figure 63).211-213,241-245 

  

Figure 63: X-ray crystal structure of compound 128d, shown as a single molecule, 

(note two molecules were found in the asymmetric unit cell). Arbitrary atom 

numbering used for the X-ray crystal structure (H atoms not labelled).  

The infrared (IR) spectra of the 3-alkyl-6-chloro-2-pyrones 128a-e give 

characteristic absorbance frequencies at 1700-1750 cm
-1 in addition to the peak at 
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1600 cm-1 for the C=C, in agreement with literature on these and related 

compounds, as exemplified in the IR spectrum of 128a (Figure 64).
241-247

 It was 

found that the IR spectrum for the 5-alkyl-6-chloro-2-pyrone 129b-e gave lower 

absorbance frequencies lower at ca. 1689-1698 cm-1 (Figure 65), whilst 3-alkyl-6-

chloro-2-pyrone gave this same absorbance at ca. 1719-1730 cm-1. Practically, IR 

spectroscopic analysis can therefore be used as a tool for distinguishing between 

the two regioisomers in compounds 128a-e and 129b-e.  

 

Figure 64: ATIR spectrum of compound 128c taken neat. 

 

Figure 65: ATIR spectrum of compound 5-alkyl-6-chloro-2-pyrone 129c 
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3.4 Palladium-catalysed Alkynylation of 128a-e 

Pd-catalysed cross-coupling of 6-chloro-2-pyrone 157 is known.247-248 However, no 

report has presented cross-coupling reactions using 128a-e or 129a-e. Other 

Sonogashira cross-couplings involve 4-halogenated-2-pyrone or dihalogenated-2-

pyrone 161 (Scheme 28).247-248 

 

Scheme 28: Pd-catalysed cross-coupling of 6-chloro-2-pyrone with terminal 

acetylenes. 

 Initial investigations employing the standard Sonogashira cross-coupling 

conditions; bis(triphenylphosphine)palladium(II) chloride PdCl2(PPh3)2 proved 

unsuccessful in a variety of solvents and bases (entries 1-4, Table 10). Switching 

bases and solvents failed to yield positive results (entries 5-6). This was 

unexpected since this precatalyst works for other 2-pyrone compounds substituted 

at 2-pyrone positions 3- and 5. Though, the reaction conditions failed to yield good 

results for aryl acetylenes substituted with electron-withdrawing groups, in this 

case palladium on carbon (Pd/C/Et3N/CuI) gave better result.248 The use of a 

similar catalytic system also failed even when the base was changed (entry 7, 

Table 10) The failure is reported to be due to the substitution of chlorine with triethyl 

amine leading to the formation of a salt 157 (Scheme 29) as this was observed for 

the n-pentyl-substituted 6-chloro-2-pyrone 128c. As a similar reaction was 
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observed and the product characterised when 6-chloro-2-pyrone 157 was cross-

coupled with phenylacetylene in the presence of triethylamine.248-251 

 

Scheme 29: Deactivation of 3-pentyl-6-chloro-2-pyrone 128c by 

triethylamine. 

Therefore, returning to the more traditional precatalyst, the effect of change in 

solvent, base and temperature was investigated (entries 8-16, Table 4) which led 

to success. From the group’s arsenal of knowledge on Pd-catalysed reactions, the 

conditions that employed the use of a base such as potassium carbonate (K2CO3) 

or 1, 8-diazabicyclo[5.4.0]undec-7-ene (DBU) required heating but not so much 

those that employ 1,4-diazobicyclo[2.2.2] (DABCO).252-256 DABCO has also been 

employed as a ligand in Pd-catalysed cross-coupling reactions.256-259 

 

Scheme 30: Initial Sonogashira cross-coupling condition assessed. 
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Table 10: Optimized Reaction conditions 

 

ENTRY BASE 1 BASE 2 LIGAND SOLVENT Pd (CAT) 

TEMP/   

oC 

Yield/ 

% 

TIME/ 

Hr 

1 Et3N 
  

CH3CN PdCl2(PPh2)2 80 R 3 

2 Et3N 
  

CH3CN PdCl2(PPh2)2 80 R 3 

3 Et3N 
  

CH3CN PdCl2(PPh2)2 80 D 3 

4 Et3N 
  

CH3CN PdCl2(PPh2)2 80 D 3 

5 K2CO3 
  

DMF PdCl2(PPh2)2 80 D 3 

6 Et3N 
  

PhMe PdCl2(PPh2)2 70 61b 24 

7 DBU 
  

PhH 10% Pd/C 100 T 24 

8 DABCO Cs2CO3 
 

PhMe PdCl2(PPh2)2 50 100b 48 

9 DBU Cs2CO3 
 

PhMe PdCl2(PPh2)2 100 D 48 

10 DBU K2CO3 
 

PhMe PdCl2(PPh2)2 100 D 20 

11 DABCO Cs2CO3 
 

PhMe PdCl2(PPh2)2 35 ND 20 

12 DABCO Cs2CO3 
 

THF PdCl2(PPh2)2 60 100b 24 

13 DABCO Cs2CO3 CombiPhos THF PdCl2(PPh2)2 35 ND 24 

14 DABCO Cs2CO3 XPhos THF PdCl2(PPh2)2 35 53c 24 

15 DABCO Cs2CO3 CombiPhos THF PdCl2(PPh2)2 35 ND 24 

16 DABCO Cs2CO3 XPhos THF PdCl2(PPh2)2 35 80b 24 

 

a = unrearranged product, b = 1H NMR conversion (by relative integration of peaks at δ 

7.04 and 7.25 ppm), c = yield of isolated product, R = Recovered unreacted starting 

material, D = decomposition of 128e, ND = Not determined, T = trace amount of product 

133. 

The optimized Sonogashira cross-coupling conditions were carried forward for 

reactions of phenylacetylene with 128a-e. Here, an unusual [1,5] rearrangement 

involving an electrocyclic ring opening (ERO) and, [1,5]-sigmatropic shift of 

group occurred, which requires a rotation around C-4 and C-5, and 

subsequent electrocyclic ring closure (ERC) via the intermediacy of a ketene such 

as Ia-e and IIa-e to give the cross coupled products 133a-e in moderate to good 

yields (Scheme 31). The rearrangement is known for 6-halo-2-pyrone 157 at 
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temperatures above 500 oC or photochemically induced, neither can be the case 

here.260-267 

 

Scheme 31: Unusual [1,5]-rearrangement of 6-substituted-3-alkyl-2-pyrones. 

This unusual rearrangement became undisputed only upon the synthesis of the 

13C-labelled 5-decyl-6-(phenylethynyl)-2-pyrone 169a-b which showed an upfield 

shift from δ 161.5 ppm to δ 141.9 ppm, which could only have happened by 

rearrangement, moving the isotopic enrichment from a carbonyl motif to the olefinic 

motif (to 13C=C-6). The 1H NMR spectrum of the rearranged product can be 

characterised by the coupling constant between the 3-alkyl- and the 5-alkyl-

substituted products. The 3-alkyl-product 128a-e had a spin coupling of 7 Hz, 

whereas the 5-alkyl product 131a-e has a spin coupling of 9.5-10 Hz indicative of 

a 5-alkyl-2-pyrone scaffold; this larger value is characteristic of a 3JH4-H3 interaction 

(Table 9 and Figure 66).  

To obtain detailed mechanistic insight into this rearrangement, some experiments 

were performed (Scheme 32). When 128a was treated with the standard 

conditions in tetrahydrofuran, but in the absence of DABCO and Cs2CO3, no 

rearrangement occurred. The absence of the base implies the activation of the 

phenyl acetylenic hydrogen for deprotonation did not occur. This process can be 

visualized as the coordination of copper(I) salt to the triple bond would alter the 

electronic density over the acetylenic C–H bond, rendering it more acidic (Scheme 

33). The acetylenic proton could then be deprotonated even by amines. Besides, 
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copper acetylides can indeed be obtained by the treatment of alkynes with an 

ammoniacal solution of copper chloride.259  

Treatment of 128e with PdCl2(PPh3)2 and CuI in THF under standard conditions 

led to no rearrangement. Again, when 128a was treated under standard reaction 

conditions in the absence of phenyl acetylene, no rearrangement occurred.  

The rearrangement only takes place when all reactants present as shown in the 

reaction of 128d (Scheme 32). The control experiments indicate that this 

rearrangement is not a [1,5]-sigmatropic shift of chlorine, prior to Sonogashira 

cross-coupling. There is a requirement for phenylacetylene for the rearrangement 

to occur, which points to the rearrangement of a phenyl acetylide, and therefore 

the formation of the unrearranged product that exists only transiently. A similar 

rearrangement process has been reported for 3/5-deuterated-2-pyrone, 6-fluoro 

and 6-chloro-2-pyrone occurring via a ketene intermediate. In the case of the 

rearrangement described here, we see a [1,5]-sigmatropic shift of phenyl acetenyl 

group and not chlorine. This result suggests the possible formation of the 

unrearranged product 130a-e (Scheme 31) that has a transient existence and is 

rapidly converted to the rearranged product 131a-e.260-267 
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Scheme 32: Control experiments to probe the rearrangement.  

 

Scheme 33: The copper(I) salt is proposed to act as a Lewis acid and coordination to the 

triple bond enables the deprotonation by amine.   
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Figure 66: 1H NMR spectrum of compound 131e (CDCl3, 400 MHz). 

The 13C NMR spectrum for this compound indicated that the rearrangement has 

occurred as the 3-alkyl-2-pyrone always had a peak at 104 ppm, but the 5-alkyl-2-

pyrone does not, and the rearranged product had no peak at 104 ppm as seen in 

Figure 67. 

The infrared spectrum for the non-labelled probe showed 131a-e showed the 

presence of an unsymmetrical internal alkyne (at 2204 cm-1), which is diagnostic 

for these compounds.  
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Figure 67: 13C NMR spectrum for 5-alkyl-6-(phenylethynyl)-2-pyrone 131e (CDCl3, 400 

MHz). 

A confirmation of this unusual rearrangement was provided by determination of the 

X-ray diffraction structure of a single crystal of compound 128d for the benzyl 

derivative (Figure 68). This structure reveals the rearrangement since in the 

reactant this substituent was on C-10 but now on C-12. 
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Figure 68: X-ray structure of the rearranged 5-benzyl-6-(phenylethynyl)-2-pyrone 

131d. Arbitrary atom numbering used in the X-ray structure image. H-atoms have 

been excluded.  

3.5 Further analysis of the sigmatropic rearrangements 

Rearrangement reactions involve a change in the position of a functional group and 

involves migration from a position ‘a’ to a position ‘b’ denoted as [a,b] shift. Examples 

include [1,3] or [1,5] hydrogen shift will convert a relatively unstable allene system 

into a conjugated triene (Scheme 34).  

 

Scheme 34:  Illustration of [1, n]-sigmatropic shift  

Herein, we report a novel room temperature Pd/Cu mediated [1,5]-sigmatropic shift 

of phenyl acetylide across a ketene intermediate. This type of reaction is termed 

pseudopericyclic reaction and does not obey Woodward-Hoffmann rules, as defined 

by Lemal and co-workers.263 The reactions are facile because they have near zero 

activation barrier, lack cyclic orbital overlap and have four characteristics, as stated 
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by Birney, 267 ‘’(1) all are allowed, (2) have nonaromatic transition states, (3) may 

have very low barriers, and (4) may have planar transition states.’’ The reaction 

involves the lone pairs of electrons on the carbonyl oxygen atom leading to the 

product via electrocyclic ring opening (ERO) to ketene III, a rotation, a [1,5]-

sigmatropic shift leading to ketene III’ which is in equilibrium with ketene IV, then 

finally a rotation and electrocyclic ring closure (ERC) (Scheme 35. Scheme 36 

shows the proposed [1,5]-sigmatropic shift of methyl ester that was reported not to 

be observed for this regioisomer. This was observed in our research as the 5-alkyl-

6-(phenylethynyl)-2-pyrone gave the expected Sonogashira cross-coupling product 

whereas the 3-alkyl-6-(phenylethynyl)-2-pyrone rearranged to give the same 

product as the 5-alkyl-6-(phenylethynyl)-2-pyrone. 

A search of the literature indicate that this reaction is known for unsubstituted 2-

pyrone, 3/5-deuterium substituted 2-pyrone and their 2-thiopyrone derivatives at 

high temperatures (>550 oC) or photochemically induced as shown in Chapter 1. 

Herein, we report the migration occurring at room temperature, 35 oC and 60 oC 

respectively which were the temperatures the reaction was screened for. Though 

the rearrangement was observed at these three temperatures and no change in 

yield was observed, thereafter the reaction was subsequently carried out at room 

temperature (18-20 oC). This implies that temperature might not have any effect on 

this rearrangement. 

Scheme 35: [1,5]-sigmatropic shift of methyl ester group. 
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Scheme 36: Proposed [1,5]-shift that was not observed in this substrate. 

An electrocyclic reaction is a spontaneous reaction which converts a π-bond to a 

ring σ-bond. The reverse reaction is called an electrocyclic ring opening (ERO). 

These reactions are mediated by light or heat. Two examples are shown in Scheme 

37. The electrocyclic ring closure (ERC) is designated by blue arrows, and the ring 

opening by red arrows. 

 

Scheme 37: Examples of electrocyclic ring opening and closure. 

Therefore, we observed the first example of a Pd-catalysed [1,5]-

sigmatropic rearrangement of phenyl acetenyl moiety. 

3.6 Synthesis of antimicrobial imaging agents. 

The chemoselective enrichment of the 2-pyrone occurred in four steps to furnish 

6-chloro-3-decyl-2-pyrone-13C-2 167a-b and 6-chloro-3-decyl-2-pyrone-13C-6 

168a-b as a mixture of two regioisomers separated by flash column 
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chromatography with the silica gel wet loaded as (10% w/w deionised water) in 

yields of 29% and 10% (Scheme 38). 

Scheme 38: General procedure towards isotopically labelled 2-pyrone. 

The 13C NMR spectrum of the 3-alkyl-2-chloropyrone 128 in deuterated chloroform 

showed one enriched resonance at δ 161.2 ppm for 128d-e and at δ 147.2 ppm for 

129d-e. This represents a chemoselective enrichment of these compounds and for 

analysis of the mass spectrometry data indicate a 99% enrichment for 128e and 

129e whilst for the benzyl derivative 128d and 129d the enrichment was ca. 97%.  
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Analysis of the mass spectrometry data for synthesized NMR probe (MH++1) and 

(MNa++1) peaks indicate a 99.8% enrichment on the C-6 carbon, so this optimized 

procedure leads to the synthesis of 13C-isotopically labelled 2-pyrone compounds 

with an enrichment required for NMR assays 

This labelling also provided a tool to differentiate between the two regioisomers 

based on the respective 13C NMR absorbance peak, Figure 69 shows the stacked 

13C NMR spectra of these two products.  

 

 

Figure 69: Stacked plot of 13C NMR for the two regioisomers of 167a and 168a. 

In addition, the results agree with the report of Pirkle et al.,242 which observed that 

in 3-alkyl-2-pyrone the H4 hydrogen has a long-range interaction with the methine 

hydrogens attached to C-3 carbon but not for the 5-alkyl-2-pyrone as is the case in 

Figure 70 for compound 169a-b. 
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Figure 70: 1H NMR spectrum of 6-chloro-3-decyl-2-pyrone-2-13C 167b (CDCl3, 400 MHz). 

Inset shows the multiplicities of H4 within the 2-pyrone.  

The synthesis of the imaging agent 169a-b involved the reaction between phenyl 

acetylene and 167/168a-b as shown in Scheme 35 above. This scheme shows 

that a [1,5]-shift must have taken place for the 3-alkyl-2-pyrone 167a-b to give the 

same compound as the 5-alkyl-2-pyrone 168a-b and this could only have occurred 

via the intermediacy of ketene Va which is in equilibrium with ketene VIa to furnish 

the same product as shown in Scheme 39. 



 

120 

 

 

Scheme 39: General scheme illustrating the [1,5]-CC-Ph sigmatropic rearrangement of 

[13C-6]-3-alkyl-6-(phenylethynyl)-2-pyrone which is proposed to have a transient existence 

in this reaction as it was never isolated.  

3.7 DFT Analysis 

Density functional theories (DFT) calculations was done in collaboration with Prof. 

Zhenyang Lin of the University of Hong Kong, Science and Technology. DFT 

calculations have emerged as a theoretical chemistry method for studying 

compounds.268-271 It allows the prediction of material behaviour based on quantum 

mechanical considerations. The DFT calculations were performed using ωB97X-D 

functional and the 6-31G (d, p) basis set to study the relative free energies and 

relative electronic energies (in parentheses) of the proposed transient compound 3-

alkyl-6-(phenylethynyl)-2-pyrone and the ketene intermediates (I and II, Figure 71), 

in addition to the various anionic transition states (sig-TS, sig-IM and sig-TS’, Figure 

71) to explain the observed (1,5)-sigmatropic shift of phenyl acetylide to the 

observed product 5-alkyl-6-(phenylethynyl)-2-pyrone (Figure 71).  
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Figure 71: Spontaneous (1,5)-sigmatropic phenyl acetylide shift mediated 

by Pd. Relative free energies and relative electronic energies (in 

parentheses) are given in kcal/mol. 

The relative free energies of 0.00 Kcal/mol for both the proposed transient product 

and the rearranged product implies that both products should be isolated however, 

the unrearranged product was never isolated only observed transiently at low 

temperature (-25 oC to -10 oC). This is also the case for ketene I and ketene II. 

Experimentally both products were not isolated. This could mean either a new 

discovery or that the DFT calculation might be inaccurate as experimentally the 

rearrangement has been proven with 13C labelled compound. 
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Figure 72: Copper-mediated (1,5)-sigmatropic phenyl acetylide shift. Relative free 

energies and relative electronic energies (in parentheses) are given in kcal/mol. 

The copper-mediated (1,5)-sigmatropic shift of phenyl acetylide goes through a 

transition state with lower energies (Figure 72) relative to the transition state via the 

ketene intermediate (Figure 71). The predicted intermediates IMI and IMI’ as 

suggested by DFT is unusual in cross-coupling chemistry and might be the first 

place to start. 

3.8 Use of 13C-isotopically labelled 2-pyrone as a mechanistic tool 

The evaluation of a set of reactions to elucidate mechanistic findings involves first 

ensuring that all other parameters do not exert other type of effects on the reaction 

itself and once this is done then the reaction conditions so designed can be 

evaluated to provide mechanistic insights. A set of reaction condition was chosen, 

and change is made one reagent at a time to observe the effect that change would 

have. The isotopically labelled 3-benzyl-6-chloro-2-pyrone-13C-2 167b was 

employed as an analytical tool. Four control reactions 171a-b were carried out as 

shown as Scheme 40. When 167b (Reaction 171a) was treated with standard 

conditions but in the absence of Pd catalyst, no 1,5-phenylacetenyl migration was 

observed. This control experiment corresponds to a reaction carried out in the 

absence of the palladium catalyst but in the presence of all other reactants.  The 

product obtained here is a trace amount of the oxidative addition/Glaser product as 
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shown in Scheme 41 with most of the reactants observed unreacted. The oxidative 

addition leading to 1,4-diplenylbuta-1,3-diyne 173 is always observed as a by-

product and its presence increases with oxygen.247-249 

Scheme 40: The second controlled reactions illustrating that the rearrangement is 

palladium/copper mediated. 

 

Scheme 41: Glaser reaction catalysed by copper. 

Control reaction 171b corresponds to an uncatalyzed Sonogashira cross-coupling 

reaction between phenylacetylene and 3-benzyl-6-chloro-2-pyrone. In this case 

both reactants were observed with no reaction having taken place as shown in 

Scheme 39. In the same light, the control reaction 171c corresponds to a copper-

free Sonogashira cross-coupling reaction with palladium catalyst PdCl2(PPh3)3, 

base, and ligand present. No observed rearrangement took place. The weak base 
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(DABCO) was unable to deprotonate phenyl acetylene (pKa 25 relative to 33) as is 

theoretically expected. Control reaction 171d corresponds to a Sonogashira cross-

coupling reaction carried in the absence of base. No rearrangement nor product 

were formed. These results demonstrate the requirement of all reactants together 

before the [1,5]-rearrangement can occur as was observed with the unlabelled 

compound. 

3.9 Conclusion 

In this research, hyperpolarizable NMR imaging agents 169a-b were designed and 

synthesized by six consecutive steps, in 20% overall yield. Their structures were 

confirmed by spectroscopic data. The synthesis led to the development of an 

efficient procedure for monoalkylation of diethyl malonate via a biphasic reaction 

employing potassium carbonate as base and TBAB as phase transfer catalyst. A 

novel room temperature Pd/Cu mediated (1,5)-sigmatropic rearrangement of the 3-

alkyl-6-(phenylethynyl)-2-pyrones 128a-e to the 5-alkyl-6-(phenylethynyl)-2-

pyrones 131a-e was observed and confirmed employing the isotopically labelled 

compounds and X-ray crystallographic data. 
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Chapter Four: Protein Binding Assay Using Saturation 

Transfer Difference (STD) NMR; Preliminary Signal 

Enhancement Studies. 

     4.1 Introduction 

In the light of our interest in designing antituberculosis drugs and the success in the 

synthesis of 13C-labelled 2-pyrone compounds in addition to their good AD MET 

properties and behaviour of the 3-alkyl-6-chloro-2-pyrone 128a-e synthesized here 

it became imperative to study their binding interactions with known receptors sites. 

These have previously been predicted by in-silico modelling as reported by 

Katzenellenbogen and co-workers.267 

Proteases form one of the largest and most important groups of enzymes. They 

selectively catalyse the hydrolysis of peptide bonds and can be subdivided into four 

groups; aspartic,268-269 serine,270 cysteine,271 and metalloproteases.272 Proteases 

play a vital role in a range of diseases such as hepatitis C,273 cardiovascular,274 

malaria,275 herpes,276 inflammatory, and immunological, and respiratory.277 A large 

array of protease inhibitors have therefore been evaluated such lactones,278-279 

lactams,280  α-ketoheterocycles,281-283 carbamates,284-285 other activated carbonyl-

containing compounds;286 which act through covalent modification of the serine 

nucleophile.287 Recently, significant progress has been made in the design of 

irreversible inhibitors of serine proteases. These include haloenol lactones,288 

substituted 6-chloro-2-pyrones,217 β-nitroso lactams,289 halomethyl coumarins,290-291 

and 2-bromomethyl-3,1-benzoxazin-4-one.292 6-Chloro-2-pyrones 128/129a-e react 

with serine proteases to give an acyl enzyme and release an extremely reactive acyl 

chloride or ketene which is capable of acylating another active site residue.  

Protein receptors are vital for cellular integrity and function and a number are 

involved in pathological conditions. The binding events between receptors and their 

ligands are important in drug discovery and biology. This knowledge should 

therefore lead to more efficient drug discovery.   

NMR spectroscopic techniques have emerged as a powerful method for screening 

receptor-ligand interactions. These techniques involve saturation transfer difference 
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(STD), WaterLOGSY, NOE pumping and relaxation-edited processes. In fact, many 

are fast to complete and can now screen pure drug compounds or mixtures of them. 

Here, we focus primarily on the applications of saturation transfer difference (STD) 

NMR and its variant WaterLOGSY.293 These techniques have matured and are now 

employed widely to unravel the receptor–ligand interactions. To achieve this, highly 

resolved proton NMR spectra, and in some cases 13C- and 15N-edited NMR spectra, 

are employed. There are however a few sensitivity issues that surround the use of 

heteronuclear STD NMR methods but working with isotope-labelled compounds is 

only applicable to a small subset of receptor–ligand systems. The large chemical 

shift dispersions of 13C and 15N nuclei are though helpful in probing the STD effects 

arising from attached protons. The STD-NMR experiment is based on the nuclear 

Overhauser effect. It can be used as a screening technique for the identification of 

lead structures or as a tool useful for identifying ligand moieties that are important 

for binding. Basically, an STD experiment involves subtracting a spectrum in which 

the receptor is pulsed and saturated (in a region where ligand protons do not absorb, 

on-resonance) such as 0 ppm to -1 ppm. As protons of the receptors are excited, 

they relax by exchanging energy with protons of the ligands that are near (10-5 Å) 

via the nuclear overhauser effect. The protons close to the receptors therefore yield 

reduced intensity signals in the off-resonance spectrum. A subtraction of the on-

resonance and off-resonance spectra gives what is known as the STD difference 

spectrum as shown in Figure 73.294 The difference in intensities because of 

saturation transfer can be quantified and linked to a binding event.  

 

Figure 73: Generic depiction of STD NMR. 
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Figure 74: STD effect due to binding, and non-binding effect on STD 

NMR.271 

Experimental parameters that employ long saturation times, see more extensive 

saturation to all hydrogens in the ligand and vice versa.295 Ligand binding with high 

affinity are not be detected in the STD experiment.  Ligands with Kd values >10 µM 

and in fast exchange on the NMR time scale are low affinity binders.296 

4.2 Results and data analysis. 

4.2.1 STD results and data analysis. 

Analysis of the STD difference spectra revealed negative results for all the 

compounds tested. This is unexpected as a binding interaction between either of 

3/5-benzyl-6-chloro-2-pyrone and chymotrypsin has been reported by Ringe et al., 

1983,297 and Katzenellenbogen and Westkaemper, 1983.298 

The data found here is contrary to the docking result of Figures 75-76. The figures 

show the interaction between bovine pancreatic protein, trypsin (PDB ID: 1AUJ),263 

3-benzyl-6-chloro-2-pyrone 128d and 6-chloro-3-decyl-2-pyrone 128e indicate the 

presence of favourable interactions (hydrogen bonding, π-alkyl, hydrophobic 

interaction, and halogen bond) and some unfavourable bumps. The bovine 

pancreatic protein is known to have four other binding sites. Figures 75 and 76 

shows the numerous favourable interactions between chloropyrone and trypsin 

showing a lot of unfavourable bumps that possibly indicate non-bonding 

interactions. However, the PyRx docking studies show that the decyl derivative 128e 

was a better binder. Thus, the choice of the decyl derivative to move forward for 

contrast agent synthesis. 
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Figure 75: This interaction is showing the possible orientation that could possibly 

lead to binding as other researchers have observed binding involving the following 

amino acids at the binding site Ser195, Gly35 and His57.  

 

 

Figure 76: Illustrating the molecular interaction between 3-benzyl-6-chloro-2-pyrone 128d 

and bovine pancreatic trypsin treated using BioSolve.  

          4.2.2 WaterLOGSY results and data analysis 

 A variant of STD NMR spectroscopy utilizes bound water at protein–ligand 

interfaces. Negative peaks are now thought to result from the presence of water 

between the receptor and the ligand Figure 77.298-303 This method is termed water-

LOGSY (Water-Ligand Observation with Gradient Spectroscopy).  
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Figure 77: A typical waterLOGSY 1D 1H NMR spectrum. 

The WaterLOGSY experiment on 6-chloro-3-benzyl-2-pyrone and trypsin also 

shown no binding. It has been reported that this approach is useful for complexes 

that are strongly hydrated. For large proteins, even transiently interacting water 

molecules should give an effect on the ligand. Admittedly, this process is less 

effective for a relatively small protein like trypsin.  

 

Figure 78: The structures of the 7 compounds tested in STD experiments with a 

WaterLOGSY experiment for the 3-benzy-6-chloro-2-pyrone 128d.   

The 1H STD-NMR spectra for the chloropyrones tested here gave negative results 

indicating that they might interact with trypsin possibly forming a covalent linkage 

which STD NMR might not be the right technique to determine such interaction. 

Other researchers have shown the interaction between chymotrypsin and 6-chloro-

2-pyrone using UV-Visible spectroscopic methods, enzyme binding assay and 

chemical shift perturbation.217,267 
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4.3 Preliminary Signal Enhancement Studies. 

Nuclear magnetic resonance (NMR) spectroscopy measures the magnetic 

properties of nuclei on application of an external field of strength (B0). This field lifts 

the degeneracy of the spin energy levels. The intensity of the signals depends on 

the field strength B0, temperature, T in kelvin and the gyromagnetic ratio (γ) peculiar 

to the nuclei under evaluation. NMR suffers from low sensitivity due to the small 

difference in population between these energy levels and this can be improved by 

using a higher magnetic field. There is a technique that enhances the sensitivity of 

NMR by selectively populating one level and this non-equilibrium process is called 

hyperpolarization. There are four techniques that can presently enhance the 

sensitivity of NMR as shown in Figure 79. Optical pumping of 3He or spin-exchange 

optical pumping of 3He and 129Xe.304-306 Others are parahydrogen-induced 

polarization (PHIP),307-308 and dynamic nuclear polarization (DNP) (figure 79).309-310 

Both methods can be used to polarize molecules containing 13C, an important 

advance because of the very large chemical shift range of 13C in organic molecules 

and the opportunity for direct tracing of drugs or key metabolic intermediates. DNP 

has been employed to increase the sensitivity of pyruvate,311-312 bicarbonate,313-315 

fumarate,316 lactate,317 glutamine,318 and others by more than four orders of 

magnitude.319 This has led to applications in medicine and clinical studies. 

 

Figure 79: Four methods for hyperpolarized-MR imaging and spectroscopy.  

Nevertheless, our interest in this project lies with the less expensive procedure of 

PHIP which occurs as para hydrogen molecules adds to a new molecule. This 
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implies unsaturated organic molecules are involved and is termed hydrogenative 

PHIP (h-PHIP). It occurs via two protocols termed ALTADENA (Adiabatic  

Longitudinal Transport After Dissociation Engenders Nuclear Alignment),320 and 

PASADENA (Parahydrogen and Synthesis Allow Dramatically Enhanced Nuclear 

Alignment).321 

 

Scheme 42: General procedure for catalytic hydrogenation with para-H2 leading to PHIP.  

In the PASADENA experiment the molecules are polarized inside the NMR 

spectrometer and the NMR spectrum is detected immediately. Under these 

conditions the initial singlet state of para-H2 evolves into αβ and βα product states. 

These two states are equally populated and associated with four NMR transitions, 

two absorptive and two emissive, of the spin system. The PHIP spectrum therefore 

consists of two anti-phase doublets. The corresponding population pattern and PHIP 

spectrum are shown in Figure 80a.  

 

Figure 80: PASADENA (a) and ALTADENA (b) population patterns and the 

corresponding NMR spectra. The widths of the energy levels reflect their 
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populations; NMR transitions are shown by arrows. State populations are shown on 

the left, NMR spectra on the right-hand side.  

In the ALTADENA experiment, non-thermal polarization is first created at   low field 

(often the Earth’s magnetic field) in the reaction products. The polarized sample is 

then transported to high field where the final NMR spectrum is recorded. Now only 

the low energy αβ or βα product state is selectively populated. Hence in the 

spectrum there are only two lines, one absorptive and one emissive, the other two 

disappear. The ALTADENA population pattern and NMR spectrum are shown in 

Figure 80b. Several reviews have dealt with PHIP and the role of polarization 

transfer in PHIP. Kuhn and Bargon,322 gave several examples of PHIP transfer to 

various nuclei.  PHIP also has another technique which does not involve a chemical 

reaction instead exchange occurs between the catalyst and the substrate termed 

SABRE (signal amplification by reversible exchange) as shown in Scheme 43. 

SABRE enhancement has been observed for with various iridium catalysts.323-329 

 

Scheme 43: Illustration of the SABRE experiment. 

The application of hyperpolarized MRI and magnetic resonance spectroscopic 

imaging (MRSI) is promising because it employs natural abundant non-radioactive 

isotopes that are ideal for repeated monitoring of in vivo events.   
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Figure 81: Metabolic products of pyruvate in mammalian cells. Ref.330 

In a recent paper, Duwel et al.,331 synthesized and demonstrated that 

hyperpolarized [1,5- 13C2 ]zymonic acid (ZA) 178 is a new probe for imaging cellular 

pH. They demonstrated that ZA enabled the non-invasive imaging of extracellular 

pH both in vitro and in vivo in the bladder, the kidneys and a tumour model.   

 

Figure 82: pH sensitive hyperpolarized MRS agent. 

Diffusion-weighted magnetic resonance spectroscopy (MRS) of hyperpolarized 13C-

labelled pyruvic acid, fumaric acid, lactate and malate is   useful to provide 

information about lactate efflux, about the viability and the state of necrosis of 

tumour cells. This provides another diagnostic tool to characterise tumour cells 

beyond morphological characterization.332-333 Gutte et. al., reported the introduction 

of a multimodal imaging modality they termed hyperPET which they employed to 

directly and indirectly image the Warburg effect with hyperpolarized 13C-pyruvate 

and 18F-FDG PET imaging.334-335 
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Figure 83: 1H image of the distribution of 13C1-pyruvate and its metabolites 13C1-

alanine and 13C1-lactate. Reprinted with permission from Ref. 330. 

A recent paper has shown that [1,1-13C] acetic anhydride can be polarized and that 

the hyperpolarized 13C can be chemically transferred to other molecules because of 

the preferential reaction of acetic anhydride with amine nucleophiles; this was 

demonstrated with several hyperpolarized [1-13C]N-acetylated amino acids.336 This 

provides a procedure for introduction of isotopic labelling to other molecules.   

 

Figure 84: Change of metabolic pattern as visualized by 13C-MR spectra. Reprinted with 

permission from Ref. 330. 

Besides hyperpolarized pyruvate, lactate, urea, acetate and other molecules are 

currently under testing for molecular/metabolic imaging. Hyperpolarized 13C imaging 

is possible at polarization level of 10–30% with relaxation times of 60 seconds (T1) 

and T2 of 5 seconds for imaging pathological and therapeutic responses. The 

feasibility of hyperpolarized 13C NMR imaging has recently been investigated.337 

MRI using 13C hyperpolarized agents are in their infancy but has shown a great deal 

of potential in model animals.   
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         4.4 Results and discussion 

PHIP in hydrogenation reactions. For polarization to occur, hydrogen enriched in 

the para form is required. According to Weitekamp,338 polarization can arise if para-

H2 is transferred pairwise to a substrate to yield a product in which the two 

transferred protons are magnetically distinct. Typical NMR experiments were 

performed in CD2Cl2 containing the catalyst and a 4-fold excess of unlabelled 

substrate. About four atmospheres of para-H2 was then introduced over the solution 

at 295 K, and the ensuing reaction was monitored by multinuclear NMR 

spectroscopy between 261.5, 262.5 and 272.5 K. During these studies, the 

utilization of para-H2 resulted in the observation of enhanced proton resonances for 

the products of Scheme 44 containing two hydrogen atoms that were originally 

present in a single para-H2 molecule (Scheme 43).  

 

Scheme 44:  In situ catalytic para-hydrogenation reaction. 

This contrasts the situation under normal conditions, Figure 85, which show an 1H 

NMR of the spectrum that indicates the formation of only one hydrogenation product, 

with coupling constant of 14 Hz indicating it is the trans isomer. The olefinic 

hydrogens of this species appear at 6.93 ppm and 6.32 ppm. For the system given 

here, the signal enhancement (SE) can be derived from the S/N by comparing the 

S/N value of the largest signal of the quartet at 6.93 ppm observed during the 

reaction to that corresponding to the equivalent product concentration as 

determined after the addition reaction.339 

 



 

136 

 

    

Figure 85: A single scan of compound 133a at 261.5 K after 45o pulse. 

The polarization pattern remains the same during the entire reaction. In Figure 85: 

Product signals seen during the addition of para-H2 to 131a at 262.5 K. This shows 

100% enhancement at 262.5 K after 45º pulse with the initial E/A pattern as 

explained by Eisenberg 1991.340 

A flow reactor was then employed to follow the change in product signal intensity as 

a function of reaction time for substrate 131a and Product 133a decays with a time 

constant of 140 seconds as shown in Figure 86 which suggests a slow reaction. 

Hence in situ hydrogenation of the unlabelled substrate in DCM-d2, with this rhodium 

catalyst led to strong polarization signals of the hydrogenation product indicating a 

pairwise transfer of dihydrogen.  
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Figure 86: Graph of PHIP enhancement of 5-methyl-6-(phenylethynyl)-2-pyrone 

131a-133a using Flow probe reactor. The signal enhancements are for the two 

added hydrogens of the styryl motif in 133a. 

Similar results were obtained during the catalytic hydrogenation of the other 

substrates using the same catalyst in DCM-d2 except for the 5-benzyl-6-

(phenylethynyl)-2-pyrone which shown little enhancement at 261.5 K (figure 

87) but on warming observed a 92% enhancement of the same peaks.
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Figure 87: Enhanced 1H NMR for 133d at 261.5 K at 90o 

In summary, the 1H NMR spectra show strongly enhanced signals a second after 

the addition of para-hydrogen with the formation of the trans -product with peaks at 

δ 6.93 ppm and δ 6.32 ppm. Since the two alkene protons of the trans isomer are 

not chemically nor magnetically equivalent, the observation of a para-H2 enhanced 

emission signal at δ 6.37 and δ 6.93 ppm is consistent with the involvement of an 

intermediate where two hydrogen atoms of the para-H2 molecule have become 

inequivalent and this is formed stereoselectively. Furthermore, this indicates the 

trans product is the kinetic product. The thermodynamic product yields signal at 7.14 

and 6.38 ppm and forms later, presumably by alkene isomerisation. Further 

confirmation of this hypothesis is revealed in the stacked NMR spectrum of Figure 

88 which shows the thermal 1H NMR trace of the compound before hydrogenation 

and after hydrogenation.  
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Figure 88: Thermal 1H NMR spectra before adding H2 to the system and after 

10 minutes after adding. 
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Figure 89: Depletion of polarization (PHIP) on the 1H NMR signals of the 

product of hydrogenation (-CH=CH-) for 133e in DCM-d2. 

 

The series of NMR measurements used to obtain the kinetic profile are 

illustrated in figure 89 above. 

4.5 Result and discussion of 13C-PHIP 

Most organic chemists are aware of the low sensitivity of carbon-13 as it is only 

1.1% that of its other isotope (carbon-12) in addition to being much less 

sensitive to detect in comparison to proton.341 

Proton-based hyperpolarized MR signals are limited by short relaxation times 

T1
H and the transfer of the polarization from hydrogen to carbon either through 

bond or by nuclear overhauser effects.342 Another solution depends on 

polarization transfer to a slowly relaxing, low-γ nucleus using a suitable pulse 

sequence such as INEPT.343 Recently, spontaneous enhancements in 

solution-phase 1H NMR of hydrogens covalently bound to HP 13C spins have  

been reported.344 Heteronuclear cross-relaxation effects arising in rapidly 

tumbling small molecules were identified as the mechanism responsible for  

this 13C →1H polarization transfer. The 13C NMR of the unlabelled h-NMR 



 

141 

 

contrast agent did not show any absorbance as is expected from theory due  

to low natural abundance of 13C isotope  Figure 90.  

     

Figure 90: 13C NMR of substrates showing no peaks aside that of DCM-d2. The 13C-

H polarization transfer of [13C-6]-5-decyl-6-(phenylethynyl)-2-pyrone 169b on addition 

of para-H2 shown a single peak at 141 ppm whilst those of the addition product which 

also showed a single scan occurred at 154 ppm after INEPT experiment using a 45º 

pulse and a single scan (Figure 91-93).  

A field screening was carried out and this led to the result as shown in Figure 

91. Before the addition of para-H2 the thermal one scan 13C NMR indicated the 

presence of only the enriched 13C peak at 141 ppm of 169b (Figure 91). After 

the addition of para-H2 , the 13C signals of the product of hydrogenation appear 

at 154 ppm (13C-DE=). The best intensity was obtained at 0, 100 and 120 G 

(using the shield). At 30 G, there were no signals, while at 50 G both peaks of 

the starting compound and the hydrogenated product appeared. The transfer 

of polarization would best be carried out at lower field strength of either 0, 100 

or 120 G before the 13C imaging experiments is performed. 
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Figure 91: Polarization transfer into 13C atoms of the DE substrate at different 

magnetic field. 

The AA’X system (two protons–one 13C spin system) resulting from the 

hydrogenation of the molecules, its interactions and the proton spin order 

produced using para-hydrogenation. Here the use of field-cycling method was 

employed to transfer the polarization of proton to the 13C enriched carbon.  

 

 

Scheme 45: Generic depiction of pulse transfer in an AAX spin system for [1-13C-

6]-5-decyl-6-styryl-2-pyrone 169b. (a) para-H2 (H-H) is added to [1-13C-6]-5-decyl-

6-(phenylethynyl)-2-pyrone catalysed by rhodium complex. (b) A pulse sequence 

is applied transferring the spin order via J-couplings in a typical AAX spin system 

as described by Goldman et al.344 
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Figure 92: A single scan 13C NMR of HP [13C-6]-5-decyl-6-(phenylethynyl)-2-pyrone 

169b (3.75 mg, 11.12 µmol, 22.24 mM) with signal at 141 ppm whilst the signal at 

154 ppm is indicative of the product of the catalytic para H2 addition reaction ([13C-

6]-5-styryl-2-pyrone) 169b. 

 

Figure 93: A single scan showing the presence of the product only using field-cycling at 

some low field only the product was observed at others both and yet other indicated none. 

Only PHIP Spectroscopy (OPSY) is a technique that shows the peaks that are 

enhanced on application of para-H2 as shown in Figure 94.345-347 
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Figure 94: OPSY.dq 1H NMR spectrum that shows only signals that are derived 

from para-H2 for compound 133a. 

4.6 CONCLUSION 

Binding affinity measurements can made employing either spectroscopic 

techniques or non-spectroscopic techniques. In this research we employed the use 

STD NMR technique which is ultrafast and versatile in providing information either 

using chemical shift mapping, peak broadening or chemical perturbations. However, 

the use of STD NMR technique to probe the interaction between bovine serine 

protease (trypsin) and 3/5-alkyl-6-chloro-2-pyrone 128a, 128d and 128e led to 

failure in all experiments it was employed for. The use of the labelled 167a-b 

employing both 1D and 2D STD experiments led to failure in my hand.  

The signal enhancement was evaluated and found to be over a 100% in 133a, 133c, 

133d and 133e. The use of low field cycling method was employed to carry out the 

polarization transfer from hydrogen to 13C-isotopically labelled carbon and the 

results showed that low fields of 0, 100 and 120 G showed better signal 

enhancement than 50, 60, 70 and 80 G showed lower signal enhancement whilst 
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low field strength of 30 G showed no signal at all. The low field strength of 50 G 

showed the signal for both the starting compound 169b and the para-hydrogenated 

product. It is this chemical information that should be extracted and use to carry out 

the cell-based imaging in live cells.  
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Chapter Five: Conclusion and Recommendation for Future Studies 

5.1 Conclusion 

The aim of designing and synthesising (13C)-isotopically labelled hydrogenative 

PHIP imaging agents (169a-b) was achieved using 13C-isotopically labelled diethyl 

malonate and methyl propiolate (methyl 3-haloacrylate) in a biphasic reaction 

employing tetrabutylammonium bromide as phase transfer agent and potassium 

carbonate as base. The Sonogashira cross-coupling between [13C-3]-3-alkyl-6-

chloro-2-pyrone using the optimized procedure, led to the discovery of an 

unprecedented (1,5)-sigmatropic rearrangement to afford the same product as the 

[13C-6]-5-alkyl-6-chloro-2-pyrone via the intermediacy of a ketene (as discussed in 

Chapter Three). This rearrangement is novel because what we observe is a carbon 

shift contrary to literature assertion that the presence of even a methyl group on 

position 6 of the 2-pyrone ring prevents this rearrangement from taking place. 

The preliminary enhancement studies showed a significant enhancement on 

addition of parahydrogen using a rhodium catalyst. The para-hydrogenation reaction 

took place very rapidly and observed a great level of enhancement with a good T1 

(>140 seconds) to warrant further studies. The molecular docking studies using 

predicted targets for 133d-e led to quantifying the binding affinity between human 

tyrosyl-DNA phosphodiesterase (PDB ID: 1qzq), and the designed bioactive ligands 

(133d-e). Free energy of binding of -48.87±0.99 KJ.mol-1 and 34.87±0.87 KJ.mol-1 

respectively was obtained for 133e and 133d with a resolution of 2.21 and 2.41 Å 

respectively.  This receptor target is predicted to be the best match for both 

compounds in addition, to muscleblind-like 1 and 2 for 133d and thromboxane A 

and chymotrypsin-C for 133e. 

The in silico-based ADMET properties of the bioactive hNMR agents showed good 

physicochemical properties as well as ADMET properties particularly for 133e but 

133d was a close alternative. Their toxicity profile was relatively good; however, 

further studies need to be carried out on their in vivo interaction with metabolizing 

enzymes (e.g. CYP 450 isoforms). The antibacterial activity of the precursor to the 

unlabelled contrast agent viz: 6-chloro-3-benzyl-2-pyrone 128d, 6-chloro-3-decyl-2-

pyrone 128e and 6-chloro-3-methyl-2-pyrone 128a was tested against E. coli and 
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found to be active in a dose-dependent manner with an MIC of 2.21 µg/mL for 6-

chloro-3-benzyl-2-pyrone 128d derivative. 

5.2 Recommendation for Future Studies 

The fact that we achieved the aim of designing a 2-pyrone-based 13C-NMR imaging 

agent with good relaxation profile to serve as contrast agents in cell-based imaging 

there is a need to further investigate their contrast property in cell-based assays to 

characterise the binding interaction with their molecular targets.  

Apart from the use of this compound 169b to characterise its binding with its target 

protein, it can be used as an imaging agent to characterise the metabolic flux to 

study downstream metabolites to provide better understanding of its in vivo effect 

and rule out toxic intermediates.  The metabolic flux study could also provide an 

intermediate that could lead to a better drug or prodrug as the case with 

benzamide.349-351 The synthesis of a such an imaging agent 169a-b could lead to 

the characterization of not only its binding with its target but also the characterization 

of potential hitherto unknown off-target enzyme.352 Besides, since our designed and 

synthesized hNMR agents have a high structural similarity to Iophendylate, the next 

logical step is to test these compounds for imaging disc herniations and spinal 

tumours hopefully it would not have the toxicity related to Iophendylate. 

The premise on which these imaging agents were designed is on the basis that they 

possess antimicrobial properties, with the potential target been a DNA gyrase 

topoisomerase. Therefore, it would be important to fully investigate the antibacterial 

activity, in addition to exploring the inhibitory effects against DNA gyrase using 

appropriate biophysical methods/assays. These imaging agents can also be used 

to investigate off-targets effects of this potential drug, in addition to characterising 

its binding to cellular targets. 

Besides, the discovery of a novel (1,5)-sigmatropic shift of phenyl acetenyl group 

requires further investigation. First there is a need to experimentally validate or 

refute the presence of the diphenylacetylide intermediate IM1 and IM1’ as 

suggested by the DFT study.  
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Figure 95: A DFT proposed intermediate. 

Secondly, to study the effect of electron-withdrawing groups by using a benzyl-

substituted derivative, e.g. chemical structures 174 and 175 (Figure 96), with a view 

to assessing the substituent and reaction constants (σ and ρ) respectively. 

 

Figure 96: Possible structures to correlate the effect of aryl substituents on this unusual 

rearrangement. 

When our present understanding of drug design and molecular imaging is combined 

a better starting point is to design an imaging agent employing a known approved 

drug. Ethambutol (ETH) is an antituberculosis drug that targets arabinosyl 

transferases via arabinogalactan (AG) and lipoarabinomannan (LAM). ETH is anti-

TB used in the treatment of both drug susceptible and drug resistant M. tuberculosis 

and M. avium.348 More so, ETH is water soluble and its incorporation into our already 

optimized (13C)-hNMR contrast agent will possibly modify the aqueous solubility of 

this contrast agent, in addition to making it target specific. Here the design of a target 

specific contrast agent 177-181 is proposed for study (Figure 96), by incorporating 

the 5-methyl-6-(phenylethynyl)-2-pyrone with ethambutol (a known antiTB drug). 

This drug/imaging agent can then be employed to characterise its target organ, 
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ADMET parameters and compare it with the predicted ADMET properties as already 

analysed in this project as well as to characterise the metabolic products and its 

cellular target in live organism (mouse, rat, bacterial cell). 

 

Figure 97: Anti-tuberculosis hNMR imaging agent. 
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Chapter Six: Experimental Section 

6.1 Experimental Section 

6.1.1 Predicted ADMET Parameters Procedure 

The designed compounds were drawn in the Java script window of the SwissADME 

website. The site converts that to the sdf format and predict the absorption, 

distribution, metabolism, excretion and toxicity (ADMET). The results are presented 

in Tables 1 and 2 (Chapter Two).  

6.1.2 Target Prediction procedure 

The target prediction was carried out using SwissTarget where the compounds are 

drawn, and the software compares these compounds with those of similar 

compounds and then ranks the prediction on the fifteen most likely targets as 

shown in table 3 and 4 (Chapter Two). This free web-based tool predicts the targets 

of bioactive molecules based on a combination of 2D and 3D similarity with known 

ligand of the targets and compares the results to five different species. 

6.1.3 Similarity Score Data 

Determination of molecular similarity is gaining increasing relevance in drug 

discovery and is important in analysing large compound databases in medicinal 

chemistry and pharmaceutical research. When molecules are described by binary 

vectors with bits corresponding to the presence or absence of structural features, 

the Tanimoto association coefficient is the most commonly used measure of 

similarity or chemical distance between two compounds. Tanimoto coefficient 

attributes binary bit which represents the absence of  (‘0’) or presence of  (‘1’) of a 

fragment. Simply put, the Tanimoto coefficient uses the ratio of the intersecting set 

to the union set as the measure of similarity. Represented mathematically as: 

 

 

 

Where N represents the number of attributes in each object (a,b). C bits in common 

in the two fingerprints of a and b. 
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Python Implementation 

# Inputs: two lists 

# Output: the Tanimoto Coefficient 

def tanimoto (list1, list2): 

  intersection = [common_item for common_item in list1 if common_item in 
list2] 

  return float(len(c))/(len(a) + len(b) - len(c)) 

   

The structure of the compounds was drawn in the SwissSimilarity window and the  

Software compares the sdf format of each compounds to the library of compounds 

it has based on electroshape similarity and scores each compound to how similar it 

is to the available compounds where a similarity score of >0.70 is enough to purpose 

your compound to the target the receptor of the known chemical structure. This web-

based tool screen compounds that are drugs, bioactive and commercial molecules 

as well as 205 million virtual compounds that can be synthesized from commercially 

available reagents. The result is displayed Figures 37-38, 40 and 42 (Chapter Two).  

6.1.4 Procedure for Molecular Docking and docking score 

The structures of receptors were downloaded from RSCB PDB and identity of each 

receptor identified and saved in a folder. After Downloading the pdb format of each 

protein, bound water molecules were removed by editing the text of the protein. 

The protein structures were then optimized, and the binding site identified by the 

PyRx software. The ligand structure was then drawn using ChemDraw and copied 

as the sdf format and this was converted to the pdbqt format by OpenBabel 

software. All ligands were made to dock against the receptor using the PyRx 

software. The docking results were represented in the form of binding energies 

negative values (Tables 5 and 6, Chapter Two).  
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6.2.1 General Synthetic Details 

The reagents and solvents reported here were purchased from Sigma Aldrich, Alfa 

Aesar or Fluorochem. TLC was carried out using Merck 5554 aluminium- backed 

silica plates and visualised using UV light (254 nm or 340 nm). Stains from either 

basic aqueous solution of potassium permangate, anisaldehyde, iodine crystals 

were employed to aid compound characterization. 
I
H and 

13
C NMR were recorded 

on a Jeol ECX400 or Jeol ECS400 spectrometer at 400 and 100 MHz respectively. 

Mass Spectrometry was recorded by electrospray (ESI) on a Bruker daltronics 

micrOTOF spectrometer and electron impact (EI) performed on a Waters GCT 

Premier mass spectrometer. The mass to charge ratio (m/z) are reported in 

Daltons. Infrared spectra were recorded using a PerkinElmer spectrum Two 

spectrometer using an UATR attachment. Melting point were determined using a 

Stuart SMP3 melting point apparatus using a temperature ramp of 3 oC/min. UV-

Visible spectroscopy was performed on a JASCO V-560 spectrometer, using a cell 

with a path length of 1 cm. The wavelength of maximum absorption (λmax) is 

reported in nm with the extinction coefficient (Ɛ) in moldm-3cm-1. Elemental 

analysis was carried out using an Exeter Analytical CE-440 Elemental Analyser, 

with the percentages reported as an average of over two runs. 

6.2.2 Solvents and Reagents 

Commercially sourced solvents and reagents were purchased from Acros 

Organics, Alfa Aesar, Fisher Scientific, Fluorochem, Sigma-Aldrich or VWR and 

used as received unless otherwise noted. Petrol refers to the fraction of petroleum 

ether boiling in the   range of 40-60 oC. Dry acetonitrile, THF and toluene were 

obtained from a PureSolv MD-7 solvent machine and stored under nitrogen. The 

acetonitrile and THF were also degassed by bubbling nitrogen gas through the 

solvent with sonication. Dry triethylamine (Et3N) was obtained by distillation over 

KOH and stored under nitrogen.  

6.2.3 Typical conditions 

Room temperature (RT) refers to reactions where no thermostatic control was 

applied and recorded as 16-23 oC. Reactions requiring anhydrous or air-free 
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conditions were performed in dry and degassed solvent under an argon or nitrogen 

atmosphere using oven-dried glassware. Nitrogen gas was oxygen-free and dried 

immediately prior to use by passing through a column of potassium hydroxide 

pellets and silica. 

6.3 Synthetic Procedures and Compound Data 

Throughout this section, laboratory notebook references are given for the 

experiment from which the synthetic procedure is quoted. For experiment 

references for specific data, see the relevant NMR spectra in Appendix. Known 

compounds are prepared using literature procedures are indicated with a literature 

reference next to the compound name. Known compounds prepared using 

modified procedures are compared to literature analytical data and referenced 

accordingly. 

6.4 Alkylation of Diethyl Malonate 

6.4.1 Diethyl 2-pentylmalonate (145c)353-355 

 

Into a round bottomed flask was added potassium carbonate (6.04 g, 43.71 mmol, 

1.0 eq.), acetonitrile (30ml), diethyl malonate (7.0g, 43.70 mmol, 1.0 eq.), 1-

bromopentane (8.52 g, 56.4 mmol, 1.21 eq.), and tetrabutylammonium bromide 

(TBAB) (10 mol%) as phase transfer agent and stirred at reflux for 5 hours. Allowed 

to cool and quenched with water (100 mL) and extracted with ether (2 x 100 mL). 

The combined ether phase was washed with I M hydrochloric acid (100 mL), 

decanted, dried over magnesium sulphate, filtered and concentrated in vacuo. The 

crude product was further distilled under reduced pressure (ca 15 mmHg) to obtain 

colourless oil (8.71 g, 33.53 mmol, 87 %). IR (ATR)/cm: 2960 (CH), 2934 (CH), 

1752 (C=O), 1465 (CH3),1369 (CH3), 1329 (C-O).
1
H NMR [400 MHz, CDCl3] δ: 

4.13 (q, 4H, 7 Hz, -(CO2CH2CH3)2), 3.23 (t, 1H, 7 Hz, -CH2CH(CO2CH2CH3)2), 1.80 

(m, 2H, -C3H6CH2CH(CO2Et)2-), 1.30-1.18 (m, 12H, -C3H6-, and -(CO2CH2CH3)2) 
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and 0.80(t, 3H,7Hz, CH3(CH2)3CH2).
13

C NMR (100MHz,CDCl3)δ: 166.7 (C=O, 

CH(CO2Et)2), 61.4 (CO2CH2CH3)2), 41.6 (-CH2CH(CO2CH2CH3)2), 36.6 (CH2,-

C3H6CH2CH(CO2Et)2), 25.2 (CH2, of C5H11), 24.9 (CH2, of C5H11), 14.3 

(CO2CH2CH3)2, CH3C3H6CH2). HRMS-ESI, m/z 253.1418 (MNa+, 100%) theoretical 

(253.1496); 231.1594 (MH+, 10%), theoretical 231.1596. 

6.4.2 Diethyl 2-benzylmalonate (145d)354-357 

 

Into potassium carbonate (6.45 g, 46.88 mmol, 1.0 eq.) was added acetonitrile (30 

mL), diethyl malonate (3.0 g, 20.63 mmol, 1.1 eq.) and TBAB (454.3 mg, 1.875 

mmol, 10 mol %) as a phase transfer catalyst in 100 oC for 5 hours. The reaction 

mixture was left to cool; water (100 mL) was added and extracted with diethyl ether 

(2 x 50 mL). The combined ether phase was washed with 1Mhydrochloric acid, 

decanted and dried over magnesium sulphate, filtered and concentrated in vacuo. 

The crude product was distilled under reduced pressure (ca 15 mmHg) to give the 

title compound as pale-yellow oil (6.82g, 27.30 mmol, 99%). IR [neat]/cm:2939 

(CH), 2859 (CH), 1755 (C=O), 1369-1329 [C-O]. 
1
H NMR (400 MHz, CDCl3) δ: 7.30 

(tdd, 2H, 7.7 Hz, 1.5 Hz, 1.0 Hz), 7.26-7.11(tt,3H, 7.7 Hz, 1.5 Hz, PhH),4.16(q,4H,7Hz, 

CH(COOCH2CH3)2),3.64(t,1H,8Hz, CH(COOCH2CH3)2),3.22(d,2H,J=8Hz, 

benzylic CH2Ph), 1.18 (t, 7Hz, 6H, COOCH2CH3). 
13

C NMR (100 MHz, CDCl3) δ: 

168.8 (CH(COOCH2CH3)2), 137.7 (CH, PhH), 136.3 (CH, PhH), 129.4 (CH, PhH), 

128.1 (CH, PhH), 126.3 (CH, PhH), 128.1 (CH, PhH), 61.3 (COOCH2CH3)2), 53.1 

(CH(COOCH2CH3)2), 34.2 (CH2Ph),14.1 (CH(COOCH2CH3)2). HRMS-ESI: m/z 

273.1086 (MNa+, 100%), theoretical 273.1103; 251.1267 (MH+, 3%) theoretical 251.1283. 
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6.4.3 Diethyl 2-decylmalonate (145e)355,357 

                      

Into a round-bottomed flask was added potassium carbonate (2.16 g, 15.63 mmol, 

2.5 eq.), acetonitrile (30 mL), diethyl malonate (1.0 g, 6.25 mmol, 1.0 eq.), 1-

bromodecane (1.38 g, 6.25 mmol, 1.0 eq.) and TBAB (10 mol%) to and refluxed at 85 

oC for 16 hours. The reaction mixture was left to cool; deionised water (100 mL) was added, 

extracted with ether (2 x 50 mL) and combined. The combined ether phase was washed 

with hydrochloric acid (100 mL), decanted, dried over magnesium sulphate and filtered. The 

filtrate was then concentrated in vacuo and further purified by filtering through silica gel with 

35/5 petroleum ether/ethyl acetate to afford the product as a yellow oil (1.86 g, 99%).  IR 

(neat)/cm-1: 2939 (CH), 2859 (CH), 1755/1737 (C=O),1369-1329 [CH3].
1
H-NMR 

(400MHz, CDCl3) δ: 3.77(s,6H, COOCH2CH3), 3.25 (t, 1H, 7Hz, CH(CO2Et)2), 2.28 

(m, 2H, CH2(CH2)8CH3), 1.73 (m, 2H, CH2CH2(CH2)7CH3), 1.12 (m, 14H, -(CH2)7- ), 

0.74 (t, 3H, 7 Hz, CH3). 
13

C NMR (400 MHz, CDCl3)δ: 169.9 (C=O), 61.5 (CH3, 

COOCH2CH3), 40.9 (CH, malonate) 33.5 (CH2), 31.8 (CH2), 29.1 (CH2), 28.7 (CH2), 

27.2 (CH2), 22.6 (CH2), 13.9 (CH3).  HRMS-EI- m/z, 272 (MH+-Et) theoretical (272), 

227 (M-CO2Et), 160 (M-C10H21). 

6.5 Stereospecific Synthesis of Methyl 3-haloacrylate 

6.5.1 Methyl (Z)-3-bromoacrylate (143f)231 

 

Into a round-bottomed flask was added lithium bromide (4.56 g, 55.65 mmol, 1.1 

eq.), acetic acid (10 ml) and methyl propiolate (4.25 g, 50.59 mmol, 1.0 eq.) which 

was refluxed for 2 hours 70 oC. Left to cool to room temperature and deionised 

water (100 mL) was added and solid K2CO3 was added in small amounts until 

effervescence stopped. The mixture was then extracted with ether (2x 100 mL), 

dried over magnesium sulphate, filtered and concentrated in vacuo to give 

colourless oil [7.42 g, 45.20 mmol, 89 %]. IR (Neat)Vmax/cm-1: 3080 (HC=C), 2952 
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(CH), 2852 (CH3), 1731 (C=O), 1613 (C=C). 1H NMR (400MHz, CDCl3) δ: 3.72 (s, 

3H, COOCH3), 6.98 (1 H, d, J12 = 8Hz, d, HC=CH), 6.62 (1 H, d, J12 = 8 Hz, 

HC=CH). 13C NMR (100 MHz, CDCl3) δ: 164.3 (C=O, COOMe), 124.2 (C=C, 

HC=CH), 121.7 (C=C, HC=CH), 51.7 (CH3 of HC=CHCOOCH3).  HRMS-ESI: m/z 

186.9373 (MNa+, 50%) theoretical 186.9371. 

6.5.2 Methyl (Z)-3-iodoacrylate (143g)231, 359 

                               

Into a round bottomed flask was added lithium iodide (5.78 g, 43.18 mmol, 1.1 eq.), 

acetic acid (15 mL) and methyl propiolate (3.3 g, 39.25 mmol, 1.0 eq.), and refluxed 

at 70 oC for 2 hours. The mixture was left to cool to ambient temperature and 

deionised water (100 mL) was added and solid K2CO3 was added in small amounts 

until effervescence stopped. The mixture was then extracted with ether (2 x 100 

mL), dried over magnesium sulphate, filtered and concentrated in vacuo to afford 

the product as tan coloured oil (8.25g, 38.92mmol, 99%). Rf 0.53 (ethyl 

acetate/petroleum ether (40-60 oC)1:1.14, v/v). IR (Neat)Vmax/cm-1: 3075, 3000 

(HC=C), 2952-2852 (CH2), 1731 (C=O), 1608 (C=C). 
1
H NMR (400 MHz, CDCl3) δ: 

3.72(3 H, s, COOCH3), 7.42(1 H, d, J12 = 8.0 Hz, HC=CH), 6.48(1 H, d, J12 = 8.0 Hz, 

HC=CH). 
13

C NMR (100 MHz, CDCl3) δ: 164.8 (C=O, HC=CHCOOCH3), 129.5 

(IHC=CHCOOCH3), 95.5 (HC=CH), 51.7 (COOCH3). HRMS-EI m/z: 212 [M+, 

100%). 

6.6 Synthesis of Ethyl Glutaconate Analogues 

6.6.1 Synthesis of 3,3-Diethyl-1-methylbutene-1,3,3-tricarboxylate 

(148a) 

 

Into a round bottomed flask was added diethyl 2-methylmalonate (2.00 g, 11.48 

mmol, 1.0 eq.), methyl propiolate (965.0 mg, 10.79 mmol, 1.0 eq.), potassium 
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carbonate (3.96 g, 28.70 mmol, 2.5 eq.), CH3CN (40 mL) and tetrabutylammonium 

bromide (1.15 mmol, 10 mol%) and refluxed at 70 oC for 16 hours. The reaction 

mixture was left to cool; deionised water (100 mL) was added and extracted with 

ether (3 x 100 mL). The ether extracts were combined and washed with hydrochloric 

acid (150 mL), the mixture was decanted, the ether phase was dried over 

magnesium sulphate, filtered and then concentrated in vacuo to give the crude 

product. The crude product was further purified via filtering through a Buchner funnel 

loaded with silica gel using EtOAc/n-hexane in a ratio 5:35 to obtain colourless oil 

(2.50 g, 84%). IR (ATR)/cm-1: 2984 (w, CH), 2953 (w, CH), 1724 (s, C=O), 1655 (w, 

C=C), 1437 (w, CH), 1377 (w, CH), 1244 (w, C-O). 
1
H NMR (400 MHz, CDCl3) δ: 

7.19 (d, 16 Hz, 1H, HC=CHCOOCH3, major product), 6.82(d, 12Hz, 

1H,HC=CHCOOCH3, minor product), 6.01 (d, 12 Hz, 1H, HC=CHCOOCH3, minor 

product), 5.82(d,16Hz,1H,HC=CHCOOCH3,major product), 3.89 (s, 3H, CH3, 

HC=CHCOOCH3), 4.09 (q, 7 Hz, 4H, 2CH2, (HC=CHCOOCH3), 1.11 (m, 6H, 2CH3, 

(COOCH2CH3)2)). 
13

C NMR (100 MHz, CDCl3) δ: 166.5 (HC=CHCOOCH3), 169.2 

COOCH2CH3)2)), 146.1 (HC=CHCOOCH3), 122.9 (HC=CHCOOCH3), 61.7 (CH2, 

COOCH2CH3)2). HRESI-MS: m/z (relative abundance); 281.0985 (MNa+, 100%), 

C12H18NaO6. 

6.6.2 Synthesis of 3,3-Diethyl-1-methylhexan-1,5-dienyl-1,3,3-

tricarboxy-late (148b) 

 

Into a round bottomed flask was added diethyl 2-methylmalonate (2.00 g, 9.95 

mmol, 1.0 eq.), methyl 3-iodoacrylate (2.11 g, 9.95 mmol, 1.0 eq.), potassium 

carbonate (3.43 g, 24.88 mmol, 2.5 eq.), CH3CN (40mL) and tetrabutylammonium 

bromide (10 mol%) and refluxed at 85 oC for 16 hours. The reaction mixture was 

allowed to cool; water (100 mL) was added and extracted with ether (3 x 100 mL). 

The ether extracts were combined and washed with hydrochloric acid (150 mL), the 

aqueous phase was decanted, dried over magnesium sulphate, filtered and then 

concentrated in vacuo. The tan oil was further purified via filtering through a Buchner 
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funnel loaded with silica gel using EtOAc/n-hexane, in a ratio 5:35 to obtain a brown 

coloured oil (2.36 g, 87%). IR(Neat)/cm-1:3087 (C=C),3063 (C=C),2983 (CH),2954 

(CH), 1731 (C=O), 1646 (C=C), 1604 (C=C). 
1
H NMR (400 MHz, CDCl3) δ: 7.25 (d, 

1H, 17 Hz, HC=CHCOOCH3, major product), 6.79(d, 1H, 13Hz,HC=CHCOOCH3, 

minor product), 5.95 (d, 1H, 13 Hz, HC=CHCOOCH3, minor product), 5.88 (d,1H,17 

Hz, HC=CHCOOCH3, major product), 5.77-5.54 (m, 1H, CH), 5.03 (m, 2H, =CH2), 4.15 

(q,  4H, 7 Hz, 2CH2, (HC=CHCOOCH3), 3.69 (s, 3H, CH3, HC=CHCOOCH3), 2.77 

(d, 1H, 2 Hz) 2.58 (t, 1H, 7 Hz), 1.19 (m, 6H, 2CH3, (COOCH2CH3)2)). 
13

C NMR (100 

MHz, CDCl3) δ: 168.9 (HC=CHCOOCH3), 166.1 COOCH2CH3)2)), 143.7 

(HC=CHCOOCH3), 129.5 (HC=CHCOOCH3), 122.8 (=CH), 119.7 (=CH2), 62.0 

(CH2, COOCH2CH3)2), 51.6 (COOCH3), 50.7 (C), 32.8 (CH2), 14.0 (CH3). 13C NMR- 

DEPT-135o (100 MHz, CDCl3) δ: 143.7 (HC=CHCOOCH3), 129.5 

(HC=CHCOOCH3), 122.8 (CH=), -119.3 (=CH2), -61.4 (COOCH2CH3), 51.4 

(COOCH3), -32.8 (CH2) HRESI-MS: m/z (relative abundance); 307.1052 (MNa, 

100%), C14H21NaO6, theoretical 307.1152.  

6.6.3 (E/Z)-1-Carbomethoxy-3,3-dicarbethoxyoctene (148c) 

 

Into a round bottomed flask was added diethyl 2-pentylmalonate (7.21 g, 31.83 

mmol, 1.0 eq.), potassium carbonate (4.21 g, 30.46mmol, 1.0 eq.), CH3CN (30 ml) 

and tetrabutylammonium bromide (10 mol%) and stirred at 85 oC for 16 hours. The 

reaction mixture was left to cool to ambient temperature, deionised water (100 mL) 

and extracted with ether (3 x 30 mL), combined and dried over magnesium sulphate, 

filtered and concentrated in vacuo. The dark brown liquid was purified over silica gel 

using EtOAc/Petroleum ether (40-60 oC), in a ratio 5:10 to obtain a yellow oil [3.58 

g, 10.92 mmol, 75%].  IR [neat]/cm-1:  3081 (C=C), 3063 (C=C), 2955 (CH), 2846 

(CH), 1731 (C=O),1645 (C=C),1437 (CH3).
1
H NMR (400 MHz,CDCl3) δ ppm: 7.32 

(d, 1H, J = 16 Hz, (HC=CHCOOCH3, major product), 6.86 (d, 1H, J=16 Hz, (-

HC=CHCOOCH3, major product), 5.92 (d, 1H, 12 Hz, (-HC=CHCOOCH3, minor 

product), 5.87 (d, 1H, 16 Hz, (HC=CHCOOCH3, major product), 4.16 (q, 4H, 7Hz, 
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(2COOCH2CH3)2), 3.66 (s, 3H, (COOCH3), 2.18 [m, 2H, (-C(CH2 CH2CH2CH2CH3)), 

1.99 (m, 2H, (-C(CH2 CH2CH2CH2CH3), 1.75-1.35 (m, 10H, (-C(CH2 

CH2CH2CH2CH3), 2(COOCH2CH3), 0.83 (t, 3H, 7Hz, (C(CH2 CH2CH2CH2CH3). 13C 

NMR (100 MHz, CDCl3) δ: 169.4 (COOCH2CH3), 166.3 (HC=CHCOOCH3), 144.4 

(HC=CHCOOCH3), 122.4 (HC=CHCOOCH3), 120.6 (HC=CHCOOCH3), 124.6 

(HC=CHCOOCH3), 61.9 (COOCH2CH3)2), 59.7(COOCH3), 51.8 

(C(CH2CH2CH2CH2CH3)), 35.3 (C(CH2CH2CH2CH2CH3)), 23.8 (-

C(CH2CH2CH2CH2CH3), 22.2 (-C(CH2CH2CH2CH2CH3), 14.0 (-

C(CH2CH2CH2CH2CH3)). HRMS-ESI– m/z 337.1601 (MNa+, 100%), C16H26NaO6, 

theoretical 337.1622,  315.1750 (MH+, 18%), C16H27O6, theoretical 315.1802. 

6.6.4 (E/Z)-4-Phenyl-1-Carbomethoxy-3,3-dicarbethoxybutene (148d) 

                            

Into a round bottomed flask was added diethyl 2-benzylmalonate (7.62g, 30.46 

mmol, 1.0 eq.), potassium carbonate (4.21 g, 30.46 mmol, 1.0 eq.), CH3CN (30 mL), 

methyl 3-bromoacrylate (5.0 g, 30.48 mmol, 1 eq.), tetrabutylammonium bromide 

(10 mol %) and refluxed at 85 oC for16 hours. The reaction mixture was left to cool, 

water (30 mL) was added and extracted with diethyl ether (3 x 20 mL) and washed 

with hydrochloric acid (1 M). The yellow coloured oil was dried over magnesium 

sulphate, filtered and concentrated in vacuo. The oil was further purified by filtering 

through a Buchner funnel loaded with silica gel with ethyl acetate/petroleum ether 

as mobile phase in a ratio of 7:8 to obtain a colourless oil (9.16 g, 27.43 mmol, 90%]. 

IR (Neat)/cm-1-3087 (C=C), 3063 (C=C), 2983 (CH), 2954 (CH),1731 (C=O),1646 

(C=C),1604 (C=C).  
1
H NMR (400MHz, CDCl3), 7.26-7.22 (m, 5H, (CH2Ph), 7.17 (d, 

1H, 16 Hz, (HC=CHCOOCH3), major product), 6.95 (d,1H, 12 Hz, 

(HC=CHCOOCH3), minor product), 5.98 (d, 1H 12 Hz, (HC=CHCOOCH3), minor 

product), 5.89 (d, 1H, 16 Hz, (HC=CHCOOCH3), major product), 4.15 (q, 4H, 7 Hz, 

(COOCH2CH3)2), 3,74 (s, 3H, (COOCH3)), 3.38 (s, 2H, CH2, benzylic, (CH2Ph), 1.20 

(t, 6H,7 Hz, (COOCH2CH3)2).
13

C NMR (400MHz, CDCl3) δ: 168.9 
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(HC=CHCOOCH3), 166.1 (COOCH2CH3)2), 144.4 (HC=CHCOOCH3), 138.9 

(HC=CHCOOCH3), 134.7 (HC=CHCOOCH3), 129.5 ((CH2Ph), 128.1 (CH2Ph), 

127.0 (CH2Ph), 122.6 (CH2Ph), 62.1 (COOCH2CH3)2), 51.7 (COOCH3), 42.0 (-

C(CH2Ph), 39.2((CH2Ph), 13.9 (COOCH2CH3)2). HRMS-ESI: m/z (relative 

abundance), 357.1307 (MNa, 100%), C18H22NaO6, theoretical 357.1314, 335.1492 

(MH, 3%), C18H23O6, theoretical 335.1492. 

6.6.5 (E/Z)-Dimethyl-1-methyltridec-1-ene-1,3,3-tricarboxylate (148e’) 

                    

Into a round bottomed flask was added dimethyl 2-decylmalonate (3.50 g, 12.87 

mmol, 1.0 eq.), methyl 3-bromoacrylate (2.00g, 12.18 mmol, 1.0 eq.), potassium 

carbonate (2.02 g, 14.62 mmol, 1.2 eq.), CH3CN (30 ml) and tetrabutylammonium 

bromide (10 mol%) and refluxed at 85 oC for 16 hours. The reaction mixture was 

allowed to cool; water (20 ml) was added and extracted with ether (2 x 25ml), dried 

over magnesium sulphate, filtered and concentrated in vacuo. The yellow coloured 

oil was filtered over a Buchner funnel loaded with silica gel and eluted using; 

EtOAc/Petroleum ether (40-60oC), in a ratio 7:8 to obtain a pale-yellow oil [2.91 g, 

10.92 mmol, 69%]. IR (Neat)/cm-3087 (C=C), 3063 (C=C), 2983 (CH), 2954 (CH), 

1731 (C=O),1646 (C=C), 1604 (C=C). 
1
H NMR (400 MHz, CDCl3) δ: 7.28 (d, 1H, 16 

Hz, (HC=CHCOOCH3), major product), 6.84 (d, 1H, 12 Hz, (HC=CHCOOCH3), 

minor product), 5.92 (d, 1H, 12 Hz, (HC=CHCOOCH3), minor product), 5.83 (d, 1H, 

16 Hz, (HC=CHCOOCH3), major product), 3.67 (s, 9H, (COOCH3)2, 

HC=CHCOOCH3), 2.38 (apt. 2H, (-C(CH3(CH2)7CH2CH2), 1.54 (m, 2H, (-

C(CH3(CH2)7CH2CH2)), 1.29-1.12, (br, m, 14H, (-C(CH3(CH2)7CH2CH2)), 0.87 (t, 3H, 

7Hz, (-C(CH3(CH2)7CH2CH2). 
13

C NMR (100MHz, CDCl3) δ: 169.9 

(HC=CHCOOCH3), 165.3 (COOCH3)2), 144.1 (HC=CHCOOCH3), 134.5 

(HC=CHCOOCH3), 131.2 (HC=CHCOOCH3), 122.5 (CH=CHCOOCH3), 60.1 

(COOCH3)2), 51.7 (C(CH3(CH2)7CH2CH2)), 33.9 (CH3(CH2)7CH2CH2)), 29.6 

(CH3(CH2)7CH2CH2)), 28.2 (CH3(CH2)7CH2CH2), 27.4 (CH3(CH2)7CH2CH2), 22.7 
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(CH3(CH2)7CH2CH2), 14.1 (CH3(CH2)7CH2CH2). HRMS-ESI: m/z (relative 

abundance), 379.2095 (MNa, 100%), C19H32NaO6, theoretical 379.2097.    

6.6.6 (E/Z)-Diethyl-1-methyltridec-1-ene-1,3,3-tricarboxylate (148e) 

 

Into a round bottomed flask was added diethyl 2-decylmalonate (1.14 g, 3.70 mmol, 

1.0 eq.), methyl propiolate (280.0 mg, 3.33 mmol, 1.0 eq.), potassium carbonate 

(1.29 g, 9.35 mmol, 2.46 eq.), CH3CN (20 ml) and tetrabutylammonium bromide (10 

mol%) and refluxed at 70 oC for 16 hours. The reaction mixture was allowed to cool, 

water (100 ml) was added and extracted with ether (2 x 100 mL), and the ether 

phase was washed with hydrochloric acid (100 mL), decanted and dried over 

magnesium sulphate, filtered and concentrated in vacuo. The yellow coloured oil 

was filtered through a Buchner funnel loaded with silica gel and eluted using; 

EtOAc/Petroleum ether (40-60oC), in a ratio 5:35 to obtain a pale-yellow oil [1.14 g, 

3.20 mmol, 96 %]. IR (Neat)/cm-1: 3087 (C=C), 3063 (C=C), 2983 (CH), 2954 (CH), 

1731 (C=O),1646 (C=C), 1604 (C=C). 
1
H NMR (400 MHz, CDCl3) δ: 7.28 (d, 1H, 16 

Hz, (HC=CHCOOCH3), major product), 6.84 (d, 1H, 12 Hz, (HC=CHCOOCH3), 

minor product), 5.92 (d, 1H, 12 Hz, (HC=CHCOOCH3), minor product), 5.83 (d, 1H, 

16 Hz, (HC=CHCOOCH3), major product), 4.14 (q, 4H, 2COOCH2CH3), 3.67 (s, 3H, 

CH=CHCOOCH3), 2.38 (apt. 2H, (-C(CH3(CH2)7CH2CH2), 1.54 (m, 2H, (-

C(CH3(CH2)7CH2CH2)), 1.29-1.12, (br, m, 14H, (-C(CH3(CH2)7CH2CH2)), 0.87 (t, 3H, 

7Hz, (-C(CH3(CH2)7CH2CH2). 
13

C NMR (100MHz, CDCl3) δ: 169.9 

(HC=CHCOOCH3), 165.3 (COOCH3)2), 144.1 (HC=CHCOOCH3), 134.5 

(HC=CHCOOCH3), 131.2 (HC=CHCOOCH3), 122.5 (CH=CHCOOCH3), 60.1 

(COOCH2CH3)2), 58.8 (CH=CHCOOCH3), 51.7 (C(CH3(CH2)7CH2CH2)), 33.9 

(CH3(CH2)7CH2CH2)), 29.6 (CH3(CH2)7CH2CH2)), 28.2 (CH3(CH2)7CH2CH2), 27.4 

(CH3(CH2)7CH2CH2), 22.7 (CH3(CH2)7CH2CH2), 14.1 (CH3(CH2)7CH2CH2). HRMS-

ESI: m/z (relative abundance) C19H32NaO6, 379.2095 (MNa-Et, 100%), theoretical 

378.2018.    
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6.7 Sodium Alkyl Glutaconate Salt 

6.7.1 Sodium 1,5-Diethoxy-2,4-bis[ethoxycarbonyl]-1,5-dioxopent-3-

en-2-ide (155i)211, 213 

 

Into an oven-dried Schlenk tube was added sodium hydride (4.50 g, 187.3 mmol, 

3.0 eq.) was attached to a vacuum line and evacuated thrice and the NaH was 

washed with pentane (2x 20ml). Diethylmalonate(10.0g, 62.43mmol, 2.0 eq.), 

chloroform (3.73 g,31.21 mmol,1.0 eq.), and ethanol (80 mL) was added and 

refluxed for 1 hour and filtered while hot to obtain a red solution that was 

concentrated in vacuum and recrystallized from ethanol to obtain bright yellow 

powder [6.50 g, 18.45 mmol, 59%], the yield is based on chloroform. Melting point 

269-270oC. 
1
H NMR (400 MHz DMSO-d6) δ: 7.98 (s, 1H, 

((COOCH2CH3)2CNaCH=C(COOCH2CH3)2), 3.91 (q, 8H, 7Hz, 

((COOCH2CH3)2CNaCH=C(COOCH2CH3)2), 4CH2), 1.08 (t,12H,7Hz, 4CH3 

((COOCH2CH3)2CNaCH=C(COOCH2CH3)2)).
13

C NMR (DMSO-

d6,100MHz)δ:170.2 (d,-CH=C(COOCH2CH3)2), 168.4 (COOCH2CH3)2), 146.1 (-

CNaCH=C(COOCH2CH3)2), 94.3 (-CNaCH=C(COOCH2CH3)2), 60.0 (d, 

(COOCH2CH3)2),14.6(d,((COOCH2CH3)2). HRMS-ESI- m/z (relative abundance): 

353.1206 (MH, 100%), C15H22NaO8, theoretical 353.1207. 

6.7.2 Sodium 1,1,3,3-tetracarbomethoxypropene-1,1,3,3-tricarboxylate 

(155j) 

 

In an oven dried Schlenk tube was added sodium hydride (4.50g, 187.29 mmol, 

3.0 eq.) and attached to a vacuum line and evacuated thrice with nitrogen. Then 
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washed with pentane (2 x 20 mL), and diethyl malonate (10.0g, 62.43 mmol, 2.0 

eq.), chloroform (3.73 g, 31.21mmol, 1.0 eq.) and methanol (30 ml) were added via 

syringe and the mixture was refluxed for 1 hour.  The mixture was filtered while still 

hot to remove sodium chloride a by-product of the reaction. The reddish solution 

was concentrated in vacuum and recrystallized from ethanol to obtain bright yellow 

powder (6.50 g, 18.45 mmol, 59%), the yield is based on chloroform. Melting point: 

250-252 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ: 7.98(s,1H, 

(COOCH3)2C(Na)CH=C(CO2CH3)2), 3.91(s, 12H, 7Hz, 

(COOCH3)2C(Na)CH=C(CO2CH3)2). 
13

C NMR (100 MHz, DMSO-d6,) δ: 170.2 

(COOCH3)2C(Na)CH=C(CO2CH3)2), 168.4 (COOCH3)2,) 147.1 (-

CH=C(CO2CH3)2), 94.3 (-C(Na)CH=C(CO2CH3)2), 60.0 (COOCH3), 58.2 

((COOCH3)2C(Na)CH=C(CO2CH3)2). HRMS-ESI- 297.0583 (MH, 100%), 

C11H14NaO8, theoretical 297.0581. 

6.7.3 4-phenylbut-1-ene-1,1,3,3-tetracarbethoxybutene (156)211-213 

 

Into a round bottomed flask was added 1,1,3,3-tetracarbethoxypropene (3.0 g, 8.52 

mmol, 1.0 eq.), benzyl chloride(1.40 g,11.05 mmol,1.3 eq.) and ethanol (20 mL) 

and refluxed at 83 oC for 48 hours to obtain whitish suspension which was 

concentrated on vacuo to remove ethanol and recrystallized from ethanol to give 

colourless solid(2.15g, 5.12 mmol, 60 %). Melting point: 78 
o
C (Literature, 191-193 78 

oC). 
1
H NMR (400 MHz, DMSO-d6) δ: 7.39 (d, 1H,4J = 2Hz, olefinic proton, H-2), 

7.21-7.08 (m, 5H, PhH), 4.21(m,8H, (COOCH2CH3)2C(PhCH2)CH=C(COOCH2CH3)2), 

3.52(d,2H,2Hz, CH2, ((COOEt)2C(PhCH2)CH=C(COOEt)2),), 1.27 (m,12H, 

4CH3(2(COOCH2CH3)2),). 
13

C NMR (100 MHz, DMSO-d6), 168.2 (CO2Et)2), 164.6 

((CO2Et)2), 163.5 (CH=C(CO2Et)2),143.1 (CH=C(CO2Et)2), 134.9 ((PhCH2)), 130.0 

(PhCH2), 128.3 (PhCH2), 127.3 (PhCH2), 62.2 (COOCH2CH3)2), 61.7 

(COOEt)2C(PhCH2)), 41.4 (PhCH2), 13.9 (COOCH2CH3)2). HRMS-ESI: (MNa, 
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100%), C22H28NaO8, theoretical 443.1676. 421.1867 (MH, 3%), C22H29O8, 

theoretical 421.1857. 

6.8 Synthesis of Substituted Glutaconic acid 

6.8.1 2-Methylglutaconic acid (141a)238 

                     

Into a round bottomed flask was added 3,3-diethyl-1-methylbutene-1,3,3-

tricarboxylate (2.50 g, 9.69 mmol, 1.0 eq.) in ethanol (20 mL), aqueous potassium 

hydroxide (50%) and refluxed at 110 oC for four hours while monitoring the reaction 

progress by TLC. The reaction mixture was allowed to cool to room temperature and 

deionised water (100 mL) was added then extracted with ethyl acetate (2 x 100 mL) 

to remove all non-acidic organic components. The aqueous phase was acidified to 

pH 1 with 1 M hydrochloric acid (100 mL) and re-extracted with ethyl acetate (2 x 

100 mL), dried over MgSO4, filtered and concentrated in vacuo to obtain an oily solid 

(1.28 g, 8.86 mmol, 91%). IR (ATR)/cm-13100-2888, 1703, 1665, 1643, 1432, 1397, 

1371, 1301, 1273, 1217, 1141, 1094, 1048. 1H NMR (400 MHz, CD3OD) δ: 6.93 (tq, 

7 Hz, 1 Hz, 1H), 3.26 (dq, 7 Hz, 1 Hz, 1H), 1.97 (s, 3H, CH3). 13C NMR (100 MHz, 

CD3OD) δ: 174.0 (HOOCCH2CH=CH(CH3)), 169.7 

(HOOCCH2CH=CH(CH3)COOH), 147.3 (HOOCCH2CH=CH(CH3)), 133.9 

(HOOCCH2CH=CH(CH3)COOH), 130.1 (HOOCCH2CH=CH(CH3)), 121.9 

(HOOCCH2CH=CH(CH3)COOH), 33.3 (HOOCCH2CH=CH), 19.4 

(HOOCCH2CH=CH(CH3)COOH). 13C NMR DEPT-135o: (100 MHz, CD3OD) δ: 

147.3 (HOOCCH2CH=CH(CH3)), 134.0 (HOOCCH2CH=CH(CH3)COOH), 121.9 

(HOOCCH2CH=CH(CH3)), -33.3 (HOOCCH2CH=CH(CH3)), 19.4 

(HOOCCH2CH=CH(CH3)). HRMS-ESI: m/z (relative abundance); 167.0136 (MNa+, 

100%), C6H8NaO4, theoretical 167.0320. 
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6.8.2 2-(2’-Propenyl) glutaconic acid (141b) 

 

Into a round bottomed flask was added 1-carbomethoxy-3,3-dicarbethoxypentene 

(2.20 g,8.03 mmol, 1.0 eq.) in ethanol (20 mL), aqueous potassium hydroxide (50%) 

and refluxed at 110 oC for four hours while monitoring the reaction progress by TLC. 

The reaction mixture was allowed to cool to room temperature and deionised water 

(100 mL) was added then extracted with ethyl acetate (2 x 100 mL) to remove all 

non-acidic organic components. The aqueous phase was acidified to pH1 with 1 M 

hydrochloric acid (100 mL) and re-extracted with ethyl acetate (2 x 100 mL), dried 

with MgSO4, filtered and concentrated in vacuo to obtain an oily solid (1.35 g, 99%). 

ATIR (neat)/cm-1 3100-2876, 2628, 1713, 1676, 1638, 1428, 1381, 1309, 1269, 

1206, 1122, 1060. 1H NMR (400 MHz, (CD3)2CO) δ: 7.05 (t, 1H, 7 Hz), 5.80 (dddd, 

1H, 17 Hz, 12 Hz, 6 Hz, 2 Hz, CH=CH2), 5.02 (dd, 1H, 17 Hz, 2 Hz, CH=CH2 ), 4.94 

(dd, 12 Hz, 2 Hz, CH=CH2), 3.29 (d, 2H, 7 Hz, 2 Hz, CH2), 3.08 (d, 1H, 6 Hz, CH2). 

13C NMR (100 MHz, (CD3)2CO) δ: 171.7, 168.2, 136.3, 135.9, 132.7, 115.5, 33.8, 

and 31.4. HRMS-ESI: m/z (relative abundance): 193.0435 (MNa, 100%), 

C8H10NaO4, theoretical 193.0477, 171.0652 (MH, 15%), C8H11O4, theoretical 

171.0657. 

6.8.3 2-Pentylglutaconic acid (141c) 

 

Into a round bottomed flask was added 1-carbomethoxy-3,3-dicarbethoxyoctene 

(2.75 g, 8.75 mmol, 1.0 eq.), KOH (5g, 89.29 mmol 10.20 eq.) in 10ml of water and 

ethanol (20 ml) and refluxed for 8 hours then acidified with hydrochloric acid until 

a pH of 1 then refluxed for a further 1 hour to obtain a dark oil. Quenched with water 

and extracted with diethyl ether (2 x20 ml), dried over MgSO4, filtered and 

concentrated to obtain dark oil. A Buchner flask was loaded with silica gel and the 

dark oil was added and eluted using ethyl acetate-petroleum ether (40-60 
o
C), 6/9 
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oily solid [1.75 g, 8.49mmol, 97%]. ATIR/neat/cm-1: 3100-2917 {br, OH}, 2616 

(CH), 1683 [C=O], 1638 (C=C), 1409 (CH bending), 1354, 1316 [C-O bending]. 
1
H 

NMR (400MHz, CD3OD) δ: 7.45 (t, 17 Hz, 1H, CH=C), 6.91(d, 17Hz, 1H, CH=CH, 

minor product), 2.38 (m, 2H, CH2(C4H9)), 1.83 (m,2H, CH2 CH2(C3H7)), 1.26 (m, 

4H, (CH2)2CH2CH2CH3), 0.85 (t, 3H, (CH2)2CH2CH2CH3).
13

C NMR (100MHz, 

CD3OD) δ: 172 (COOH), 160.6 (COOH), 134.9 (COOHCH2CH=C(C5H11)COOH), 

132.2 (COOHCH2CH=C(C5H11)COOH), 51.8 ((COOHCH(C5H11)CH=CCOOH), 

32.0 (CH2(C4H9), 29.4 (CH2 CH2(C3H7)),  27.4 ((CH2)2CH2CH2CH3)), 22.9 

((CH2)2CH2CH2CH3)), 13.9 ((CH2)2CH2CH2CH3)). HRMS-ESI- m/z (relative 

abundance): 223.0941 (MNa, 100%), C10H16NaO4, theoretical 223.0946, 

195.0711(MNa+-Et, 22%). 

6.8.4. 2-Benzylglutaconicacid (141d)214-215, 211 

 

Into a round bottomed flask was added 4-phenyl-1-carbomethoxy-3,3-

dicarbethoxybutene (2.75 g, 8.75mmol, 1.0 mmol), KOH (5 g, 89.29 mmol 10.20 

eq.) in 10 ml of water and ethanol (20 ml) and refluxed for 4 hours then acidified with 

hydrochloric acid until a pH of 1 then refluxed for a further 1 hour to obtain a dark 

oil. Quenched with water and extracted with diethyl ether (2 x 30 ml), dried over 

magnesium sulphate, filtered and concentrated to obtain dark oil. A Buchner flask 

was loaded with silica gel and the dark oil was added and eluted using ethyl acetate-

petroleum ether (40-60 
o
C), 6/9 (1.75g, 8.49 mmol, 97 %). Melting point-142-144 

o
C 

(Literature melting point 139 oC, 151-153 oC192-193). IR (neat) cm-1: 3391.07-2500 

{br, OH}, 1716.75 [C=O], 1375.33 [C-O]. 
1
H NMR (400 MHz, CD3OD) δ: 7.35-7.24 

(m, 5H, PhH). 7.03 (t, 1H, 7Hz, H-3), 3.65 (s, 2H, PhCH2), 3.53 (d, 2H, 7Hz, 

CH2COOH).  
13

C NMR (100 MHz, CD3OD) δ: 171.1 (CH2C=C(CH2Ph)COOH), 167.7 

(HOOCCH2C=C(CH2Ph), 139.5 (CH2C=C(CH2Ph)COOH)), 135.7 

(CH2C=C(CH2Ph)COOH), 133.3 (CH2C=C(CH2Ph)), 130.2 (CH2C=C(CH2Ph)), 

128.4 (CH2C=C(CH2Ph)), 126.0 (CH2C=C(CH2Ph)), 33.4 (HOOCCH2C=C(CH2Ph), 



 

167 

 

32.1 (CH2, (CH2C=C(CH2Ph)). HRMS-ESI- 243.0619 (MNa, 100%), C12H12NaO4, 

theoretical 243.0623. 

6.8.5 2-Decylglutaconicacid (141e) 

 

Into a round bottomed flask was added 3,3-dimethyl-1-methyltridec-1-ene-1,3,3-

tricarboxylate (1.92 g, 5.01 mmol, 1.0 eq.) in ethanol (20 mL), aqueous potassium 

hydroxide (50%) and refluxed for 100 oC for four hours while monitoring by TLC.  

The reaction mixture was kept cooling to ambient temperature and deionised water 

(50 mL) was added and subsequently extracted first with ethyl acetate (2x 30 mL) 

to remove all non-acidic organic impurities. The aqueous phase which contains the 

desired compound as the sodium salt was acidified to pH1 with 1M hydrochloric acid 

(50 mL) and re-extracted with ethyl acetate (2x 50 mL), dried with MgSO4, filtered 

and concentrated in vacuo to obtain off-white solid (947.7 mg,3.51mmol,70%). 

Melting point: 80-82 oC. IR (ATR)/cm1: 3100-2859, 1680, 1606, 1405, 1268, 1207, 

1106. 
1
H NMR (400 MHz, CD3OD, δ): 6.89 (apt. 14Hz,1H, 

CH2CH=C(CH2CH2(CH2)7CH3), major product), 5.85 (d, 1H,14Hz, 

CH(CH2CH2(CH2)7CH3)CH=CH, trace product), 3.22(m,2H, 

CH2CH=C(CH2CH2(CH2)7CH3)), 2.28 (m,2H, CH2CH=C(CH2CH2(CH2)7CH3), 1.80 

(m, 2H, CH2CH=C(CH2CH2(CH2)7CH3), 1.26(m, 14H, 

CH2CH=C(CH2CH2(CH2)7CH3), 0.88 (t, 3H, 7Hz, CH2CH=C(CH2CH2(CH2)7CH3). 

13
C NMR (100MHz, CD3OD) δ: 169.5(C=O), 161.7 (C=O), 144.4 (C=C), 129.2 

(C=C), 45.5 (CH2), 33.6 (CH2), 32.5 (CH2),30.2 (CH2), 29.5 (C=O), 28.8 (CH2), 27.5 

(CH2), 25.3 (CH2), 22.5 (CH2), 14.2 (CH3). HRMS-ESI: m/z (relative abundance), 

293.1726 (MNa, 21%, C15H26NaO4), theoretical 293.1729. UV(EtOH) (λmax, ε) 

284nm, 246 Lmol-1cm-1. Elemental Calculated for C15H26O4.CH3OH, C 63.550, H 

10.000; Found C 64.008, H9.471. 
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6.9 Synthesis of 3-Alkyl-6-chloro-2-pyrone 

6.9.1 6-Chloro-2-pyrone (128’)211 

 

To a thick-walled flask was added glutaconic acid (739 g, 2.74 mmol, 1.0 eq.), 

phosphorus trichloride (10 mL) at 0 oC then heated to 100 oC for 15 minutes in a 

sealed tube.  The reaction mixture was left to cool, tried using cold finger since the 

compound sublimes on heating but failed. 
1
H NMR (400 MHz, CDCl3) δ ppm: 7.30 

(dd, 1H, 9Hz, 8Hz), 6.22 (dd, 1H, 8Hz,1H), 6.33 (dd,1H,9Hz,1Hz).
13

C NMR(100.6 

MHz) δ ppm: 160.5 (C-2 of 2-pyrone), 150.3 (C-6 of 2-pyrone), 144.1 (C-4 of 2-

pyrone), 113.0 (C-3 of 2-pyrone), 104.0 (C-5 of 2-pyrone). HRMS-ESI, (M-Cl),95. 

6.9.2 6-Chloro-3-methyl-2-pyrone (128a/129a)238 

 

In a thick-walled tube was added 3-methylglutaconicacid (1.20 g, 8.34 mmol, 1 

equiv.) and acetyl chloride (15 mL) was heated at 100 o C for two days. Allowed to 

cool, then evaporated to remove the excess acetyl chloride, added ether and 

washed with saturated sodium bicarbonate until alkaline to litmus, decanted and 

concentrated the ether phase to obtain the product as a mixture of the 6-chloro-3-

methyl-2-pyrone (128a) and 6-chloro-5-methyl-2-pyrone (129a) as a brown powder 

(738.3 mg, 62%).  

Characterization for 129a 

   

Melting Point: 37-39 oC. ATIR (neat)/cm: 3115, 2955, 2926, 1714, 1635, 1538, 

1438, 1376, 1328, 1280, 1224, 1085.
1
H NMR (400MHz, CDCl3) δ: 7.09 (dq, 7 Hz, 

1 Hz, 1H), 6.11 (d, 7 Hz, 1H), 2.08 (s, 3H, CH3). 
13

C NMR (100 MHz, CDCl3) δ: 
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162.2 (C-2 of 2-pyrone), 147.9 (C-6 of 2-pyrone), 140.2 (C-4 of 2-pyrone), 123.2 

(C-3 of 2-pyrone), 104.3 (C-5 of pyrone), 16.4 (CH3).  

Characterization for mixture of 129a 

 

1
H NMR (400 MHz, CDCl3) δ: 7.24 (d, 10 Hz, 1H), 6.21 (d, 10 Hz, 1H, minor 

product, 33f), 2.08 (s, 3H, CH3).13C NMR (100 MHz, CDCl3) δ: 162.2 (C-2 of 2-

pyrone), 147.7 (C-6 of 2pyrone), 140.2 (C-4 of 2-pyrone), 113.4 (C-3 of 2-pyrone), 

16.8 (CH3). ATIR (neat)/cm:  3005, 2953, 2852, 1698, 1632, 1553, 1465, 1414, 

1377, 1334, 1260, 1191, 1083.  

6.9.3 6-Chloro-3-(2’-propenyl)-2-pyrone (128b/129b) 

 

Into a thick-walled tube was added 3-methyl glutaconic acid (1.30 g, 7.65 mmol, 1 

eq.) and acetyl chloride (30 mL) and heated at 100 o C for two days. Allowed to 

cool, then evaporated to remove excess acetyl chloride, added ether and added 

saturated sodium bicarbonate until alkaline to litmus, decanted, dried over 

magnesium sulphate, filtered and concentrated the ether phase to obtain tan oil.  

Purified using flash CC over silica gel wet loaded as 10% water (w/w) with 5% 

ether/n-hexane to obtain two products 6-chloro-3-propylidene-2-pyrone (128b) as 

a pale-yellow oil (268.0 mg, 21%) and 6-chloro-5-methyl-2-pyrone (129b) as 

orange oil (66.10 mg, 5%). 
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Characterization for 128b 

 

IR (Neat)/cm:3038, 2956, 2928, 1730, 1633, 1548, 1415, 1336, 1200, 1070. 
1
H 

NMR (400 MHz, CDCl3) δ: 7.08 (dt, 7 Hz, 1 Hz, 1H), 6.16 (d, 7 Hz, 1H), 5.84 (m, 

1H), 5.17 (br, s, 1H), 5.14 (d, 6 Hz, 1H), 3.16 (d, 7 Hz, 2H, CH2). 
13

C NMR (100 

MHz, CDCl3) δ: 161.5 (C-2 of 2-pyrone), 147.3 (C-6 of 2-pyrone), 140.0 (C-4 of 2-

pyrone), 133.4 (C-3 of 2-pyrone), 125.4 (HC=CH2), 118.4 (HC=CH2), 104.4 (C-5 of 

2-pyrone), 34.1 (CH2).  

Characterization for 129b 

 

IR (Neat)/cm-1:3080, 3038, 2980, 2909, 1698, 1650,1553, 1458, 1415, 1281, 1200. 

1
H NMR (400 MHz, CDCl3) δ: 7.24 (d, 9 Hz, 1H), 6.21 (d, 9 Hz, 1H), 5.82-5.71 (m, 

1H), 5.15-5.05 (m, 2H, =CH2), 3.16 (s, 3H, CH3). 
13

C NMR (100 MHz, CDCl3) δ: 

160.6 (C-2 of 2-pyrone), 147.0 (C-6 of 2-pyrone), 136.5 (C-4 of 2-pyrone), 133.2 

(C-3 of 2-pyrone), 117.9 (HC=CH2), 115.8 (HC=CH2), 113.7 (C-5 of 2-pyrone), 34.0 

(CH2).  

6.9.4 6-Chloro-3-n-pentyl-2-pyrone (128c/129c) 

 

Into a thick-walled glass tube was added 4-pentylglutaconic acid (3.35 g, 16.73 

mmol, 1 eq.) and acetyl chloride (15 mL) and refluxed at 100 oC for 72 hours. 

Allowed to cool to ambient temperature and concentrated in vacuo. To the dark 

coloured oil was added ether and the lower aqueous phase was made alkaline to 

litmus paper on addition of saturated sodium bicarbonate (50 mL) and decanted, 

dried over magnesium sulphate, filtered and concentrated in vacuo. Purification of 

the crude by flash column chromatography (CC) gave the titled product as orange 
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oil (770.3 mg, 3.84 mmol, 22%). The silica gel for the CC was wet loaded as 10% 

water (w/w) and eluted with 5% ether/n-hexane. Rf: 0.41(5% diethyl ether/n-

hexane). This compound fluorescence under ultraviolet light at long wavelength. 

Characterization for 128c 

 

IR (Neat)/cm:  2955, 2927, 2858, 1732, 1634, 1552, 1466, 1378, 1336, 1194, 1115. 

1
H NMR (400 MHz, CDCl3) δ: 7.03 (dt, 1H, 7 Hz, 1 Hz, Pyrone H4), 6.14 (d, 1H, 7 

Hz, Pyrone H5), 2.40 (m, 2H, CH2CH2CH2CH2CH3), 1.21 (m, 6H, 

CH2CH2CH2CH2CH3) and 0.81 (t, 3H,7 Hz, CH2CH2CH2CH2CH3). 
13

C NMR (100 

MHz, CDCl3) δ: 161.8 (C=O, C-2, pyrone), 146.7 (C-6 of 2-pyrone), 139.4 (C-3 of 

2-pyrone), 127.3 (C-4 of 2-pyrone), 104.2 (C-5 of 2-pyrone), 31.4 

(CH2CH2CH2CH2CH3), 30.3 (CH2CH2CH2CH2CH3), 27.5 

(CH2CH2CH2CH2CH3),22.4 (CH2CH2CH2CH2CH3),14.0 (CH2CH2CH2CH2CH3). 

HRMS-EI: m/z (relative abundance) 201.0604 (MH+, 100%), C10H13ClO2, 

theoretical 201.0682, 202.0577 (M+2, 35%) theoretical 202.0575. UV (λmax) 302 

nm, (ε 5400 Lmol-1cm-1) in PhH. Elemental Anal. Calc. for C10H13ClO2, Found C 

62.670, H7.856. 

Characterization for 129c 

 

IR (Neat)/cm:  2956, 2927, 2858, 1698, 1633, 1608, 1552, 1457, 1417, 1379, 1336, 

1168, 1116, 1068. 
1
H NMR (400 MHz, CDCl3) δ: 7.03 (dt, 1H, 7 Hz, 1 Hz, Pyrone 

H4), 6.14 (d, 1H, 7 Hz, Pyrone H5), 2.40 (m, 2H, CH2CH2CH2CH2CH3), 1.21 (m, 

6H, CH2CH2CH2CH2CH3) and 0.81 (t, 3H,7 Hz, CH2CH2CH2CH2CH3). 
13

C NMR 

(100 MHz, CDCl3) δ: 161.8 (C=O, C-2, pyrone), 146.7 (C-6 of 2-pyrone), 139.4 (C-

3 of 2-pyrone), 127.3 (C-4 of 2-pyrone),104.2 (C-5 of 2-pyrone), 31.4 

(CH2CH2CH2CH2CH3), 30.3 (CH2CH2CH2CH2CH3), 27.5 (CH2CH2CH2CH2CH3), 

22.4 (CH2CH2CH2CH2CH3),14.0 (CH2CH2CH2CH2CH3). HRMS-EI: 200.0604 (MH, 
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100%), C10H13ClO2, 202.0577 (M+2, 35) theoretical 202.0575. UV (λmax) 302 nm, 

(ε 5400 Lmol-1cm-1) in PhH. Elemental Anal. Calc. for C10H13ClO2, Found C 

62.670, H7.856. 

6.9.5 3-Benzyl-6-chloro-2-pyrone (128d/129d)212-215 

 

Into a thick-walled flask was added 4-benzylpent-2-enedioic acid (1.26 g, 5.72 

mmol, 1.0 eq.) was added acetyl chloride (30 ml) and refluxed at 100 oC for 2 days 

in a sealed tube. Allowed to cool to ambient temperature and concentrated in 

vacuo. To the dark coloured oil was added ether and the aqueous phase was made 

alkaline to litmus paper on addition of saturated sodium bicarbonate (50 mL) and 

decanted, dried over magnesium sulphate, filtered and concentrated in vacuo. 

Purification of the crude by flash column chromatography (CC) gave the titled 

product as a white powder (348.1mg,28%) and a pale-yellow powder (53.7 mg, 

4%) of the 5-benzyl-6-chloro-2-pyrone with melting point 50-51 oC (literature 50-51 

oC,193).The silica gel for the CC was wet loaded as 10% water (w/w) and eluted 

with 5% ether/n-hexane. This compound fluorescence under ultraviolet light at long 

wavelength.   

Characterization data for 128d 

 

Rf 0.45 in EtOAc/Petroleum ether 7/8. Melting Point- 71-72oC (literature 71-72 oC). 

IR (ATR)/cm-1: 3084, 3061, 2982, 2952, 1730,1637, 1602, 1546, 1494, 1453, 1431, 

1169, 1075, 992, 809.  
1
H NMR (400 MHz, CDCl3) δ: 7.40- 7.25 (m, 5H, PhH), 6.87 

(dt, 1H, 7.0 Hz, 1.0 Hz, H-4 of pyrone), 6.11 (d, 1H, 7.0 Hz, H-5 of pyrone), 3.73 (s, 

2H). 
13

C NMR (100 MHz, CDCl3) δ: 161.6 (C-2 of 2-pyrone), 147.3 (C-6 of 2-pyrone), 

140.2 (C-4 of 2-pyrone), 137.3 (C-3 of 2-pyrone), 130.2 (Ph),129.3 (Ph),128.6 
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(Ph),128.8 (Ph),127.0 (Ph),126.8(Ph),104.3(C-5 of 2-pyrone),36.1(PhCH2 of 

benzylic group). HRMS-ESI: 243.0179 (MNa, 100%), C12H9ClNaO2, theoretical 

243.0189.  

Characterization data for 129d 

 

Rf [0.45 in EtOAc/Petroleum ether 7/8]. Melting Point- 50-51 oC (literature 50-51 oC). 

IR (ATR)/cm-1: 3027,2934, 2918, 1698 (very intense),1602, 1583, 1550, 1494, 

1454, 1438, 1420,1327, 1272, 1246, 1193, 1079, 1029, 930. 
1
H NMR (400 MHz, 

CDCl3) δ: 7.40- 7.25 (m, 5H, PhH), 6.87 (dt, 1H, 7.0 Hz, 1.0 Hz, H-4 of pyrone), 6.11 

(d, 1H, 7.0 Hz, H-5 of pyrone), 3.73 (s, 2H). 
13

C NMR (100 MHz, CDCl3) δ: 161.6 

(C-2 of 2-pyrone), 147.3 (C-6 of 2-pyrone), 140.2 (C-4 of 2-pyrone), 137.3 (C-3 of 

2-pyrone), 130.2 (Ph),129.3 (Ph),128.6 (Ph),128.8 (Ph),127.0 

(Ph),126.8(Ph),104.3(C-5 of 2-pyrone),36.1(PhCH2 of benzylic group). HRMS-ESI: 

243.0179 (MNa, 100%), C12H9ClNaO2, theoretical 243.0189. 

6.9.6 6-Chloro-3-decyl-2-pyrone (128e/129e) 

 

Into a thick-walled tube was added 4-decylglutaconic acid (739 g, 2.74 mmol, 1.0 

eq.) was added acetyl chloride (10 mL) and refluxed at 100 oC for three days. The 

reaction mixture was allowed to cool; water (20 mL) was added and extracted 

with diethyl ether (2 x 20 mL), dried over magnesium sulphate, filtered and 

concentrated in vacuum to obtain tan oil. The tan oil was column chromatographed 

using 5% diethyl ether/n-hexane over silica gel loaded with 10 % water to obtain a 

white solid (244 mg, 33%) for 128e and pale-yellow solid (44.3 mg, 6%) for 129e.  
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Characterization for 128e 

 

Rf: 0.28 in 5% diethyl ether/n-hexane. Melting point 37-39 
o
C and this compound 

fluorescence at long wavelength. IR (Neat)/cm-1: 2953, 2916, 2852, 1720, 1632, 

1554, 1471, 1422, 1329, 1191, 1085, 1062, 1046, 1026.
1
H NMR [400 MHz, CDCl3] 

∂: 7.04 (dt, 1H, 8Hz, 1Hz), 6.13 (d, 1H, 8Hz), 2.40 (apt, 2H, 7 Hz), 1.53 (m, 2H), 

1.25 (m, 14H), 0.85 (t, 3H, 7Hz).
13

C NMR (100 MHz, CDCl3) δ: 161.7 (C-2 of 2-

pyrone), 146.8 (C-6 of 2-pyrone), 139.3 (C-4 of 2-pyrone), 132.2(C-3 of 2-pyrone), 

104.1 (C-5 of 2-pyrone), 31.9 (CH2), 30.4 (CH2), 29.2 (CH2), 27.8 (CH2), 22.7 (CH2), 

14.2 (CH2). HRMS-ESI: m/z (relative abundance): 293.1280 (MNa, 100%)+, 

C15H23ClNaO2, theoretical 293.1284. UV λmax PhH, ε): 304 nm, 6540 Lmol-1cm-

1. Elemental Anal Calc. for C15H23ClO2.C6H14, C 70.66, H 10.45; Found C 70.20, 

H 9.75.  

Characterization for 129e 

 

IR (Neat)/cm-1: 2916, 2850, 1720 (shoulder, weak), 1632 (more intense), 1468, 

1430, 1385, 1267, 1212, 1151, 1212, 1151, 1110, 891. 
1
H NMR [400 MHz, CDCl3] 

∂: 7.24 (d, 1H, 9 Hz, 1H), 6.21 (d, 1H, 9Hz), 2.40 (apt, 2H, 7 Hz), 1.53 (m, 2H), 1.25 

(m, 14H), 0.85 (t, 3H, 7Hz).
13

C NMR (100MHz, CDCl3) δ: 161.7 (C-2 of 2-pyrone), 

146.8 (C-6 of 2-pyrone), 139.3 (C-4 of 2-pyrone), 132.2(C-3 of 2-pyrone), 104.1 

(C-5 of 2-pyrone), 31.9 (CH2), 30.4 (CH2), 29.2 (CH2), 27.8 (CH2), 22.7 (CH2), 14.2 

(CH2).   HRMS-ESI: m/z (relative abundance),293.1280 (MNa, C15H23ClNaO2), 

theoretical 293.1284. UV λmax PhH, ε): 304 nm, 6540 Lmol-1cm-1. Elemental 

Anal: Calc. for C15H23ClO2.C6H14, C 70.66, H 10.45; Found C 70.196, H 9.754. 
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6.10 Syntheses of 6-(Phenylethynyl)-5-alkyl-2-Pyrone 

6.10.1 5-Methyl-6-(phenylethynyl)-2-pyrone (131a) 

                           

Into an oven-dried Schlenk tube was added 6-chloro-3-decyl-2-pyrone (144 mg, 

1.0 mmol, 1 eq.), DABCO (286.6 mg, 2.5 eq.), Cs2CO3 (162.9 mg, 0.5 eq.), 

PdCl2(PPh3)2 (35.05 mg, 5 mol%), CuI (9.5 mg, 5 mol%) and XPhos (19.07 mg, 4 

mol%) was attached to a vacuum line and evacuated thrice. Degassed and dried 

THF (15 ml) was added and Phenyl acetylene (306.0 mg, 3.0 mmol, 3.0 eq.) was 

added slowly and stirred under nitrogen at 60 o C for 24 hours.  Allowed to cool and 

filtered through celite and washed with DCM, concentrated in vacuum and purified 

using 10% DCM/ether; 1:9 to obtain tan oil (101.7 mg) and on preparative TLC with 

5%DCM/ether obtained a yellow solid (84.8 mg, 40%). MP: 118-121 oC. IR 

(ATR)/cm-1:3056, 2916, 2204, 1710, 1624, 1530, 1442, 1420, 1383, 1332, 1266, 

1211, 1181, 1091. 1H NMR (400 MHz, CDCl3) δ: 7.52 (dd, 2H, 8 Hz, 2 Hz, ArH), 

7.43-7.34 (m, 3H, ArH), 7.23 (d, 1H, 9.50 Hz), 6.26 (d, 1H, 9.50 Hz), 2.19 (s, 3H, 

CH3). 13C NMR (100 MHz, CDCl3) δ: 161.4, 146.4, 141.8, 131.9, 129.9, 128.6, 

121.1, 118.1, 116.7, 98.8, 80.8, 16.3. HRMS-ESI: m/z (relative abundance):   

236.0832 (MH+, 25%)  C16H12O2, theoretical 236.0837; 259.0732 (MNa+, 100%) 

C16H12NaO2, theoretical 259.0735. 

6.10.2 5-Allyl-6-(phenylethynyl)-2-pyrone (131b) 

 

Into an oven-dried Schlenk tube was added 6-chloro-3-(2ˈ-propenyl)-2-pyrone 

(165.4 mg, 0.97 mmol, 1eq.), DABCO (317 mg, 2eq.), Cs2CO3 (207.0 mg, 1eq.), 

PdCl2(PPh3)2 (36.30 mg, 5 mol%) and CuI (9.50 mg, 5 mol%) and XPhos (19.07 

mg, 4 mol%) was attached to a vacuum line and evacuated thrice. Degassed and 
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dried THF (15 mL) was added and phenyl acetylene (306 mg, 3.0 mmol, 2 eq.) was 

added slowly and stirred under nitrogen at 60 o C for 24 hours.  Allowed to cool and 

filtered through celite and washed with DCM, concentrated in vacuum and purified 

using 10% EtOAc/n-hexane: 2 ml acetic acid to obtain tan oil (80.60 mg, 36%). Rf 

0.33 (10% EtOAc/n-hexane: 2 ml acetic acid). MP 84-86 oC. IR (neat)/cm: 3079, 

2906, 2207, 1716, 1639, 1613, 1523, 1444, 1430, 1416, 1334, 1260, 1215, 1100, 

1059, 997, 924, 896. 1H NMR (400 MHz, CDCl3) δ: 7.54-7.30 (m, 5H, ArH), 7.24 

(d, 1H), 6.30 (d, 1H, 9 Hz), 5.84 (br, m, 1H), 5.18-5.14 (br, s, 2H), 3.30 (d, 2H, CH2). 

13C NMR (100 MHz, CDCl3) δ: 161.2, 145.5, 142.2, 134.1, 132.0, 128.7, 120.9, 

117.9, 116.9, 98.7, 80.5, 34.7. 13C DEPT-135oC NMR (100 MHz, CDCl3) δ: 145.50, 

134.1, 132.0, 130, 128.7, -118.1, 120.9, 116.9, +34.6 HRMS-ESI- m/z (relative 

abundance): 211.0747 (MH+, 48%) theoretical 211.0754, 233.0566 (MNa+, 100%) 

theoretical 233.0566.  

6.10.3 6-[Phenylethynyl]-5-n-pentyl-2-pyrone (131c) 

 

Into an oven-dried Schlenk tube was added PdCl2(PPh3)2 (40.10 mg, 5.72 mol %), 

CuI (43.90 mg, 5 mol %), DABCO (285.5 mg, 2.5 eq.), Cs2CO3 (165.8 mg, 0.5 eq.)  

XPhos (19.07 mg, 4 mol %) and attached to a vacuum line and evacuated thrice 

with nitrogen.6-Chloro-3-pentyl-2-pyrone (183.6 mg, 0.92 mmol, 1.0 eq.), was 

poured into a round bottomed flask and dried and degassed THF (10 mL) was 

added and degassed for 1 hour. The degassed pyrone mixture was added via a 

syringe and phenylacetylene (306 mg, 3.0 mmol, 3.3 eq.) was added via a syringe 

and stirred under nitrogen at 60 
o
C for 24 hours. There action was monitored by 

TLC at 3 hours and after 24 hours and it indicated the formation of a product.  The 

reaction mixture was left to cool and filtered through celite, washed with 

dichloromethane and concentrated in vacuum. Preparative TLC of the crude using 

2% DCM/ether gave the product as tan oil (120.5 mg, 45%). IR (neat)/cm-1: 3057, 

2955, 2926, 2857, 2204, 1720, 1618, 1528, 1489, 1441, 1419, 1377, 1332, 1261, 

1185, 1100, 904, 808. IH NMR (400 MHz, CDCl3) δ: 7.61-7.27 (m, 5H, ArH), 7.22 
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(d, 9 Hz, 1H), 6.35 (d, 9 Hz, 1H), 2.48 (t, CH2, 2H), 1.47-1.13 (br, 6H, 3CH2), 0.95 

(t, 7 Hz, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ: 161.0, 147.6, 141.9, 137.9, 135.9, 

132.0, 126.5, 121.9, 116.2, 81.8, 92.5, 31.3, 30.4, 29.2, 22.6, 14.2. 13C DEPT-135 

oC NMR (100 MHz, CDCl3) δ: 141.9, 135.9, 132.0, 128.6, 121.9, 116.2, -31.3, -

30.4, -29.2, -22.6, +14.2. HRMS-ESI; m/z (relative abundance): 289.1196 (MNa+, 

80%) theoretical 289.1199 C18H18NaO2. 

6.10.4 6-[Phenylethynyl]-2-pyrone (131d) 

 

                      

Into an oven-dried Schlenk tube was added PdCl2(PPh3)2 (23.5 mg, 5 mol%), CuI 

(30.5 mg, 5 mol%), XPhos (44.6 mg, 4 mol%), 6-chloro-3-benzyl-2-pyrone (153.7 

mg, 0.68 mmol,1.0 eq.), DABCO (153.0 mg, 2.0 eq.) and Cs2CO3 (0.5 eq.) and 

attached to the vacuum manifold. Dried and degassed THF (40 mL) and 

phenylacetylene (208.6 mg, 2.05 mmol, 3 eq.) was added via a syringe and stirred 

under nitrogen for 24 hours at 35 
o
C. Allowed to cool and filtered through celite, 

washed with dichloromethane. It was then concentrated in vacuum. Purification was 

by flashy column chromatography using 14% EtOAc/n-hexane to obtain the product 

as a tan solid (142.1 mg, 61%). MP 108-110 oC. IR (ATR)/cm-1: 3057 (w, C=CH), 

3057, 3023, 2961, 2923 (w, CH), 2851 (w, CH), 2202 (w, ), 1722 (s, C=O), 1619 

(m, C=C), 1527 (m, C=C), 1491 (w, CH), 1439 (w, CH), 1331, 1260 (w, CH), 1151 

(w, C-O), 1095, 1080, 1019. 1H NMR (400 MHz, CDCl3) δ: 7.53-7.49 (m, 2H, ArH), 

7.43-7.29 (m, 5H, ArH), 7.28-7.20 (m, 3H, ArH), 6.87 (dt, 1H, 7 Hz, 1 Hz, 2-pyrone 

H), 6.37 (d, 1H, 7Hz), 3.81 (br, s, 2H, benzylic CH2). 13C NMR (400 MHz, CDCl3) δ:  

161.3 (C=O), 145.4 (C=C), 142.4 (C=C), 138.1 (C=C), 132.0 (C=C), 130.0 (C=C), 

128.8 (C=C), 127.1 (C=C), 123.3 (C=C), 122.4 (C=C), 120.9 (C=C), 116.9 (C=C), 

98.7 ( ), 82.6 ( ), 36.12 (CH2, Benzylic CH2). 13C DEPT NMR (400 MHz, 

CDCl3) δ:  145.4 (C=C), 132.0 (C=C), 128.8 (C=C), 127.1 (C=C), 116.9 (C=C), -36.1 
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(CH2, Benzylic CH2). HRMS-ESI: m/z (relative abundance) 309.0884 (MNa, 100%), 

C20H14NaO2, 287.0992 (MH, 100%), C20H15O2, theoretical 287.0992.  

6.10.5 5-Decyl-6-(phenylethynyl)-2-pyrone (131e) 

 

Into an oven-dried Schlenk tube was added 6-chloro-3-decyl-2-pyrone (270 mg, 

1.0mmol, 1eq.), DABCO (225.4 mg, 2eq.), Cs2CO3 (325.8 mg, 1eq.), PdCl2(PPh3)2 

(35.05 mg, 5 mol%) and CuI (9.5 mg, 5 mol%) was attached to a vacuum line and 

evacuated thrice. Degassed and dried THF (15 mL) was added and Phenyl 

acetylene (204 mg, 2.0 mmol, 2eq.) was added slowly and stirred under nitrogen 

for 3 hours and then at 60 o C for 24 hours.  Allowed to cool and filtered through 

celite and washed with DCM, concentrated in vacuum and purified using 10% 

EtOAc/n-hexane: 2 mL acetic acid to obtain tan oil (176.1 mg, 0.5 mmol, 53%). Rf 

of 0.13. IR (ATR, Neat)/cm: 3057 (C=C), 2923, 2852, 2205 ( ), 1731 (C=O), 

1620, 1529 (C=C), 1489 (C-C), 1444, 1102 (C-O), 902, 826. 1H NMR (400 MHz, 

CDCl3) δ: 7.50 (m, 2H, ArH), 7.37 (m, 3H, ArH), 7.24 (d, 1H, 7Hz, 2-Pyrone H), 

6.32 (d, 1H, 7Hz, 2-Pyrone H), 2.51 (apt, 2H, CH2), 1.56 (br, 2H, CH2), 1.19 (br, 

14H, 7CH2), 0.85 (t, CH3, 7 Hz). 13C NMR (100 MHz, CDCl3) δ: 161.5 (C=O), 145.6 

(C=C), 141.9 (C=C), 132.0 (C=C), 129.9 (C=C), 128.4 (C=C), 123.6 (C=C), 121.1 

(C=C), 116.9 (C=C), 98.3 ( ), 80.8 ( ), 32.0 (CH2), 30.4 (CH2), 29.7 (CH2), 

29.4 (CH2), 29.1 (CH2), 22.7 (CH2), 14.2 (CH3). 13C NMR DEPT-135o: 145.7 (C=C), 

131.9 (C=C), 129.9 (C=C), 128.7 (C=C), 116.9 (C=C), -32.0 (CH2), -30.4 (CH2), -

29.7 (CH2), -29.6 (CH2), -29.4 (CH2), -29.4 (CH2), -29.1 (CH2), -22.7 (CH2), 14.2 

(CH3). HRMS-EI: 336.2085 (MH, 100%, C23H28O2). Elemental analysis: 

calculated C 82.10, H 8.39, and Found: C 81.72, H 8.19. 
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6.10.7 5-Benzyl-6-(pyridin-3’-ylethynyl)-2-pyrone (131d’) 

 

Into an oven-dried Schlenk was added PdCl2(PPh3)2 (31.90 mg, 5 mol%), DABCO 

(204.1 mg, 2eq), CombiPhos (28.51mg, 4 mol%), CuI (8.65 mg, 5mol%) was 

attached to a vacuum manifold and evacuated thrice. Degassed and dried THF 

was added to 3-benzyl-6-chloro-2-pyrone (208 mg, 0.95 mmol, 1eq.) and further 

degassed for 30 minutes. The 2-pyrone solution was added to the Schlenk tube via 

a syringe and stirred at room temperature for 2 hours and at 35 oC for 22 hours. 

Filtered through celite and concentrated in vacuo. Purified through silica gel using 

50% EtOAc/n-hexane: 2 mL acetic acid to obtain brown solid (70.5 mg, 0.24 mmol, 

27%). Melting point: 129-132 oC. IR (ATR, Neat)/cm: 3052, 3008 (C=C), 2930, 

2206 ( ), 1724 (C=O), 1615, 1528 (C=C), 1490 (C-C), 1450, 1403, 1336, 1274, 

1184, 1152, 1105 (C-O), 1081, 1021, 955. 1H NMR (400 MHz, CDCl3) δ: 7.81 (d, 

1H, 8Hz), 7.65 (dd, 1H, 8.0 Hz, 2.0 Hz), 7.54 (apt, 1H, 8.0 Hz), 7.45 (dd, 1H, 8.0 

Hz, 2.0 Hz), 7.36-7.30 (2H, m, ArH), 7.26-7.19 (m, 3H, ArH), 7.16 (d, 1H, 7.0 Hz, 

2-pyrone H), 6.32 (d, 1H, 7.0 Hz, 2-pyrone H), 3.87 (s, 2H, CH2, PhCH2). 13C NMR 

(100 MHz, CDCl3) δ: 160.8 (C=O), 152.2 (HC=N), 149.9 (C=C), 145.3 (C=C), 141.4 

(C=C), 139.2 (C=C), 137.7 (C=C), 132.3 (C=C), 129.1 (PhH), 128.7/128.6 (PhH), 

127.3 (PhH), 123.0 (PhH), 117.9 (C=C), 94.7 ( ), 83.9 ( ), 36.3 (CH2).13C 

NMR DEPT-135o: (100 MHz, CDCl3): 152.2 (C=N), 149.6 (C=C), 145.2 (C=C), 

139.2 (C=C), 132.2 (C=C), 129.1 (C=C), 128.7 (C=C), 127.3 (C=C), 117.9 (C=C), 

-36.31 (PhCH2). HRMS-ESI: m/z 288.1019 (MH+, 36%) C19H14NO2, theoretical 

288.1025, 310.0838 (MNa+, 100%) C19H13NNaO2, theoretical 310.0844. UV-vis 

(λmax, CHCl3): 344 nm (εmax, 12,000 L/mol/cm), 266 nm (εmax, 16,000 L/mol/dm3).  
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6.10.8 5-Decyl-6-(pyridine-3-ethynyl)-2-pyrone (131e’) 

             

Into an oven dried Schlenk tube was added 6-chloro-3-decyl-2-pyrone (179.5 mg, 

0.66mmol, 1eq.), DABCO (168.4 mg, 2eq.), Cs2CO3 (286.7.8 mg, 0.5 eq.), 

PdCl2(PPh3)2 (38.05 mg, 5 mol%) and CuI (28.5 mg, 15 mol%) was attached to a 

vacuum line and evacuated thrice. Degassed and dried THF (15 mL) was added 

and 3-ethynylpyridine (137.0 mg, 2.0 mmol, 2eq.) was added slowly and stirred 

under nitrogen for 3 hours and then at 35 o C for 24 hours.  Allowed to cool and 

filtered through celite and washed with DCM, concentrated in vacuum. Purified 

using silica gel using 29% EtOAc/n-hexane: 0.02 mL acetic acid to obtain tan oil 

(79.4 mg, 36%). IR (ATR, Neat)/cm: 3081 (C=C), 2923, 2853, 2209 ( ), 1733 

(C=O), 1622, 1530 (C=C), 1464 (C-C), 1408, 1260, 1189, 1160, 1102, 1021, 902. 

1H NMR (400 MHz, CDCl3) δ: 8.72 (br, 1H), 8.59 (dd, 5 Hz, 2 Hz, 1H), 7.79 (dt, 8 

Hz, 2 Hz, 1H), 7.31 (dd, 8 Hz, 5 Hz, 1 Hz), 7.24 (d, 8 Hz, 1H, 2-pyrone), 6.34 (d, 8 

Hz, 1H, 2-pyrone), 2.51 (t, 7 Hz, 2H, CH2 of C10H21), 1.55 (m, br, 2H), 1.35-1.15 

(br, 14H, 7CH2 of C10H21), 0.82 (t, 7 Hz, CH3 of C10H21).13C NMR (400 MHz, CDCl3) 

δ:161.03 (C=O), 152.33, 149.91, 140.93 124.29, 123.36, 118.53, 117.58, 94.45, 

83.74, 31.92, 30.39, 29.63, 29.35, 29.04, 22.72, 14.17. 13C NMR DEPT-135o (100 

MHz, CDCl3) δ: 152.33, 149.91, 123.36, 117.58, -31.92, -30.39, -29.63, -29.35, -

29.04, -22.72, 14.17. HRMS-EI: m/z (relative abundance): 360.1930 (MNa+, 100%) 

C22H27NaNO2, theoretical 360.1938; 338.2100 (MH+, 26%), C22H28NO2, theoretical 

338.2120. 
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13C-LABELLED SYNTHESIS 

6.11 Synthesis of 13C-Labelled 2-Alkylmalonate 

6.11.1 Diethyl 2-benzylmalonate-13C-1,3 (164a) 

 

Into a round-bottomed flask was added potassium carbonate (1.06 g, 7.7 mmol, 

2.5 eq.), acetonitrile (20 mL), [13C-1,3]diethyl malonate (500 g, 3.08 mmol, 1.0 eq.), 

and benzyl chloride (491.1 mg, 3.39 mmol, 1.1 eq.), TBAB (102.9 mg, 0.308 mmol, 

10 mol%) to afford pale yellow oil(768.8 mg, 99%).
1
H NMR (400 MHz, CDCl3) δ: 

7.16-7.00 (m, 5H, PhH), 4.41(q, 4H, 7Hz, CH(COOCH2CH3)2), 3.51(t, 1H, 8Hz, 

CH(COOCH2CH3)2), 3.10 (d, 2H, J = 8Hz, benzylic CH2Ph), 1.21 (t, 7Hz, 6H, 

COOCH2CH3). 
13

C NMR (100 MHz, CDCl3) δ: 170.7,168.7 (13COOCH2CH3)2), 

138.1, 136.5 (Ph), 130.2 (Ph), 128.8 (Ph), 128.4 (Ph), 128.2 (Ph), 126.9/126.7 (Ph), 

61.3 (COOCH2CH3)2), 53.5 (p, 55 Hz, 27 Hz), 38.9 (CH2Ph),13.7 (CH3). HRMS-ESI: 

m/z 275.1163 (MNa+, 44%) C14H18NaO4, theoretical 274.1136. 
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6.11.2 Diethyl2-decylmalonate-13C-1,3 (164b) 

 

Same procedure as the unlabelled analogue. Into a round-bottomed flask was 

added potassium carbonate (1.08 g, 7.82 mmol, 2.5 eq.), acetonitrile (15 mL), [13C-

1,3]diethyl malonate (500 mg, 3.08 mmol, 1.0 eq.), 1-bromodecane (690 mg, 3.12 

mmol, 1.0 eq.) and TBAB (102.9 mg, 10 mol%) to afford the product as a yellow oil 

(936 mg, 99%). 
1
H-NMR (400MHz, CDCl3)δ: 4.15 (4 H, dq, 7 Hz), 3.27(1 H, p, 8 

HZ),3.25), 1.84 (2 H, br), 1.73 (m, 2H, CH2CH2(CH2)7CH3), 1.12 (m, 14H, -(CH2)7- 

), 0.74 (t, 3H,CH2)9CH3), 1.23 (br, m, 22H, 8CH2+2(COOCH2CH3), 0.84 (3 H, t, 7 

Hz). 
13

C NMR (100 MHz, CDCl3) δ: 172.1, 169.9 (13C=O), 166.6, 61.2 (p, 3 Hz, 1 

.40 Hz, COOCH2CH3), 52.1 (CH), 31.9 (CH2), 29.2 (CH2), 27.3 (CH2), 22.7 (CH2), 

14.1 (CH3).  HRMS-EI: m/z (relative abundance); 273.2007 (MH+-Et) theoretical 

273.2021, 228 (M-CO2Et), 162 (M-C10H21). 

6.12 Synthesis of 13C-Labelled Glutaconate Ester 

6.12.1 (E/Z)-4-Phenyl-1-carbomethoxy-3,3-dicarbethoxybutene-13C-3,3 

(165a) 

 

Into a round bottomed flask was added Diethyl 2-benzylmalonate (726.8 mg, 2.88 

mmol, 1.0 eq.), potassium carbonate (993.6 mg, 7.20 mmol, 2.5 eq.), CH3CN (20 

mL), methyl propiolate (242 mg, 3.17 mmol, 0.91 eq.), TBAB (96.19 mg, 0.288 

mmol, 10 mol %). The crude oil was purified by filtering through a Buchner funnel 

loaded with silica gel and eluted with ethyl acetate/petroleum ether 5/35 to obtain 

a colourless oil (841.8 mg, 96 %].  1H NMR [400MHz, CDCl3], 7.20-7.10 (m, 5H, 

(CH2Ph), 7.20 (d, 1H, 16 Hz, (HC=CHCOOCH3), major product), 6.66 (d,1H, 12Hz, 
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(HC=CHCOOCH3), minor product), 5.98 (d, 1H 12Hz, (HC=CHCOOCH3), minor 

product), 5.89 (d, 1H, 16Hz, (HC=CHCOOCH3), major product), 4.15 (q, 4H, 7 Hz, 

(COOCH2CH3)2), 3,74 (s, 3H, (COOCH3)), 3.38 (s, 2H, CH2, benzylic, (CH2Ph), 

1.20 (t, 6H,7 Hz, (COOCH2CH3)2).
13

C NMR (100MHz, CDCl3) δ: 168.9 

(HC=CHCOOCH3), 166.1 (COOCH2CH3)2),144.4 (HC=CHCOOCH3), 135.0 

(HC=CHCOOCH3), 134.7 (HC=CHCOOCH3), 129.5 ((CH2Ph), 128.1 (CH2Ph), 

127.0 (CH2Ph), 122.6 (CH2Ph), 62.1 (COOCH2CH3)2), 51.7 (COOCH3), 42.0 (-

C(CH2Ph), 39.2((CH2Ph), 13.9 (COOCH2CH3)2). HRMS-ESI: m/z 359.1380 (MNa+, 

100%) C16
13C2H22NaO6, theoretical 359.1381; 337.1561 (MH+, 38%) 

C16
13C2H23O6, theoretical 337.1562. 

 

6.12.2 (E/Z)-Diethyl-1-methyltridec-1-ene-1,3,3-tricarboxylate-13C-3,3 

(165b) 

Diethyl 2-decylmalonate (997.7 mg, 3.30 mmol, 1.0 eq.), methyl 3-iodoacrylate 

(700.4 mg, 3.30 mmol, 1.0 eq.), potassium carbonate (1.53 g, 11.09 mmol, 3.36 

eq.), CH3CN (20 mL) and TBAB (119.1 mg, 0.37 mmol,10mol%) and refluxed at 85 

o
C for 24 hours. The yellow coloured oil was filtered through a Buchner funnel loaded 

with silica gel and eluted using; EtOAc/Petroleum ether (40-60 oC), in a ratio 5:35 

to obtain a pale-yellow oil [1.11 g, 2.88 mmol, 92%]. 
1
H NMR (400 MHz, CDCl3) δ: 

7.32 (1 H, dt, J12 = 16 Hz, H-1, (E)-major product), 6.87 (d, 1H, J12 = 12 Hz, H-1, (z)-

minor product), 5.93 (1 H, d, 1H, J12 = 12 Hz, H-2, (z)-minor product), 5.86 (1 H, d, 

J12 = 16 Hz, H-2, (E)-major product), 4.10-4.16 (4 H, q, J12 = 7 Hz, 2COOCH2CH3), 

3.70 (3 H, s, COOCH3), 2.38 (apt. 2H, CH3(CH2)7CH2CH2), 1.54 (2 H, p, 

CH3(CH2)7CH2CH2), 1.29-1.12, (22 H, br s, CH3(CH2)8CH2+2(COOCH2CH3)), 0.84 

(3 H, t, 7Hz, (-CH3(CH2)7CH2CH2). 
13

C NMR (100MHz, CDCl3) δ: 172.0, 169.6 (d, 8 

Hz, COOCH3), 169.3 (13COOCH2CH3)2), 145 (t, 2 Hz), 144.4 (t, 2 Hz, C=C), 122.4 

(t, 3 Hz, HC=CH), 120.6 (t, 3 Hz, CH=CH), 60.1 (COOCH2CH3)2), 58.8 (COOCH3), 
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51.7 (Ct) 33.9 (CH3(CH2)7CH2CH2)), 29.6 (CH3(CH2)7CH2CH2)), 28.2 

(CH3(CH2)7CH2CH2), 27.4 (CH3(CH2)7CH2CH2), 22.7 (CH3(CH2)7CH2CH2), 14.1 

(CH3(CH2)7CH2CH2). HRMS-ESI: m/z 409.2470 (MNa+, 100%) C19
13C2H32O6 

theoretical 409.2477. 

6.13 Synthesis of 13C-Enriched Glutaconic acid 

6.13.1 2-Benzylglutaconic acid-13C-1(166a) 

 

4-Phenyl-1-carbomethoxy-3,3-dicarbethoxybutene [841.8 mg, 2.51mmol, 1.0 

mmol], KOH (1.71 g, 30.50 mmol 10.20eq.) in 5 ml of water and ethanol (20 mL) 

and refluxed at 120 oC for 4 hours.  Work up and concentration afforded the product 

as a white solid (415.0 mg,75%).
1
H NMR (400 MHz, CD3OD) δ: 7.35-7.24 (m, 5H, 

PhH). 7.03 (t, 1H, 7Hz, H-3), 3.65 (s, 2H, PhCH2), 3.53 (d, 2H, 7Hz, CH2COOH).  

13
C NMR (100 MHz, CD3OD) δ: 168.1 (COOH), 164.2 (HOOC), 146.2 (C=C), 139.4 

(C=C), 128.46 (Ph), 127.4 (Ph)), 125.1 (Ph), 122.1 (Ph), 46.2 (CH2C=C), 38.2 (CH2, 

((CH2Ph). HRMS-ESI- m/z 244.0658 (MNa+, 43%) C11
13CH12NaO4, theoretical 

244.0667. 

6.13.2 4-Decylglutaconic acid-13C-1 (166b) 

 

 

3,3-Dimethyl-1-methyltridec-1-ene-1,3,3-tricarboxylate (1.02 g, 2.64 mmol, 1.0 eq.) 

in ethanol (20 mL), potassium hydroxide (1.51 g, 26.93 mmol, 10.20 eq.) and 

refluxed for 100 oC for four hours. The reaction mixture was left to cool and 

extracted into aqueous phase and the acidified with hydrochloric acid (100 mL, 1M) 
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to afford the product as an off-white solid (712.4 mg, quant). 1H NMR (400 MHz, 

CD3OD, δ): 6.88 (1 H, m, 14Hz,CH=C, major product), 5.85(1 H, d, 13 Hz, CH=CH, 

trace product),3.23(1 H, 7 Hz, CH2CH=C),1.45-1.09(19 H, br, m, 

CH=C(CH2CH2(CH2)7CH3),0.81(3 H, t, J12 = 7Hz, CH2CH2(CH2)7CH3). 
13

C NMR 

(100 MHz, CD3OD) δ: 169.5 (C=O), 161.7 (C=O), 144.4 (C=C), 129.2 (C=C), 45.5 

(CH2), 33.6 (CH2), 32.5 (CH2),30.2 (CH2),29.5 (C=O),28.8 (CH2),27.5 (CH2),25.3 

(CH2),22.5 (CH2),14.2 (CH3).H R MS-ESI, m/z 293.1726 (MNa+, 21%) 

C14
13CH26NaO4, theoretical 294.1762. 

6.14 Synthesis of 13C 6-Chloro-2-pyrone 

6.14.1 3-Benzyl-6-chloro-2-pyrone-13C-2/13C-6 (167a/168a) 

 

In a thick-walled flask was added 2-benzylpent-2-enedioic acid (1.26 g, 5.72 mmol, 

1.0 eq.) and acetyl chloride (30 mL) and refluxed at 100 oC for 2 days in a sealed 

tube. Purification of the crude by flash column chromatography (CC) gave the titled 

product as a white powder (348.1mg,28%) and a pale-yellow powder (53.7 mg, 

4%) of the 5-benzyl-6-chloro-2-pyrone with melting point 50-51 oC (literature 50-51 

oC,174). 3-Benzyl-6-chloro-2-pyrone-13C-2-Rf 0.45 in EtOAc/Petroleum ether 7/8. 

1H NMR(400 MHz, CDCl3) δ: 7.31 (t, 2H, 8 Hz, Ph), 7.21 (m, 2H, PhH), 6.87 (ddt, 

1 H, JH-H = 7.0 Hz, J13
C-H = 11.6 Hz, JH-H =1.0 Hz, H-4), 6.14 (d, 1 H, JH-H = 7.0 Hz, 

H-5), 3.73 (d, 2 H, J13
C-H = 4 Hz, CH2Ph). 13C NMR (100 MHz, CDCl3) δ: 161.8 (s, 

J13
C-H = 71.34 Hz, C-2 of 2-pyrone), 147.5 (d, Jc-c = 4 Hz, C-6 of 2-pyrone), 140.9 

(d, 4 Hz,  C-4  of 2-pyrone), 138.1 (d, 2 Hz, Ph), 130.5 (Ph),129.6 (Ph),129.2 (Ph), 

128.7 (Ph),127.3  (Ph),127.1 (d, J13
C-H 72.07 Hz, C-3 of 2-pyrone),104.8(d, Jc-c = 

6 Hz, C-5 of 2-pyrone),36.6(d, JC-H = 4 Hz, PhCH2 of benzylic group). MS-ESI: m/z 

(% relative intensity), 244.0218 (MNa+, 100%), theoretical 244.0222; 222.0400 
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(MH+, 33%) theoretical 222.0403. 5-benzyl-6-chloro-2-pyrone13C-6-
1
H NMR (400 

MHz, CDCl3) δ: 7.40- 7.25 (5 H, m, PhH), 7.16 (1 H, d, J12 = 9 Hz, H-4), 6.21 (1 H, 

d, J12 = 9 Hz, H-5), 3.79 (2 H, s, CH2Ph). 
13

C NMR (100 MHz, CDCl3) δ: 161.2 (d, 

C-2 of 2-pyrone), 147.30 (d, JC-C = 2 Hz, C-4 of 2-pyrone),146.8 (s, JC-C = 86.76 Hz, 

C-6 of 2-pyrone), 139.2 (Ph), 137.8 (Ph), 132.3 (Ph), 129.1 (d, JC-C = 5 Hz), 128.7 (d, 

JC-C = 12 Hz), 127.2 (Ph),126.1 (Ph),128 (Ph),127.2 (Ph), 115.2 (d, JC-C = 86.61 Hz, 

C-5 of 2-pyrone), 113.9 (d, JC-C = 2 Hz, C-3 of 2-pyrone), 38.1 (d, J13
C-H = 2 Hz, PhCH2 

of benzylic group). HRMS-ESI- m/z (relative intensity), 244.0223 (MNa+, 47%) 

theoretical 244.0222; 222.0402 (MH+, 27%) theoretical 222.0403. 

6.14.2 6-Chloro-3-decyl-2-pyrone-13C-2/13C-6 (167b/168b) 

 

 

Into a thick-walled flask was added 4-decylglutaconic acid (739 g, 2.74 mmol, 1.0 

eq.), and excess acetyl chloride (10 mL) and the mixture was refluxedat100 oC for 

two days. The reaction mixture was concentrated and water (20 mL) was added 

and neutralized with 10% NaOH and extracted with ether (2x50 mL), dried over 

magnesium sulphate, filtered and concentrated in vacuo. The tan oil was column 

chromatographed using 5% diethyl ether/n-hexane over silica gel loaded with 10 

% water to obtain a white solid (244 mg, 33%) and pale-yellow solid (44.3 mg, 6%). 

6-Chloro-3-decyl-2-pyrone13C-2-Rf 0.28 in 5% diethyl ether/n-hexane. 1H NMR 

[400MHz, CDCl3] ∂: 7.04 (1H, ddt, 7 Hz, 5 Hz, 1Hz), 6.13 (1H, d, 1H, J13 = 7Hz, H-

5), 2.40 (2 H, m), 1.53 (2 H, p, J12 = 15 Hz, J12 = 7 Hz), 1.25 (14 H, br m, 7CH2), 

0.85 (3 H, t, 7Hz).13C NMR (100MHz, CDCl3) δ: 161.7 (s, J13C-H = 70.5 Hz C-2 of 

2-pyrone), 146.7(d, 4 Hz, C-6 of 2-pyrone), 139.4 (d, 2 Hz, C-4 of 2-pyrone), 

127.3(d, J13C-H = 70.5 Hz, C-3 of 2-pyrone), 104.2 (d, j = 5 Hz, C-5 of 2-pyrone), 

31.97 (CH2), 30.41 (CH2), 29.28 (CH2), 27.85 (CH2), 22.76 (CH2), 14.22 (CH2).   6-

Cloro-5-decyl-2-pyrone-13C-6-1HNMR [400 MHz, CDCl3] ∂: 7.24 (dd, 1 H, 9 Hz, 4 

Hz), 6.21 (1 H, dd, 9 Hz, 2 Hz), 2.40 (2 H, q, 7 Hz), 1.53 (2 H, br, CH2), 1.25 (14 
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H, br s, 7CH2), 0.85 (3H, t, J12 = 7Hz,).13C NMR (100 MHz, CDCl3) δ: 161.9 (s, JC-

C = 86.26 Hz, C-2 of 2-pyrone), 147.1 (d, 2Hz, C-4 of 2-pyrone), 146.0 (s, J13C-H 

= 86.2 Hz, C-6 of 2-pyrone), 116.0 (d, J13C-H = 86.2 Hz, C-5 2-pyrone), 113.5 (d, 

4 Hz, C-3 of 2-pyrone), 31.9 (CH2), 30.4 (CH2), 29.2 (CH2), 27.8 (CH2), 22.7 (CH2), 

14.2 (CH2). HRMS-ESI: m/z (% relative intensity), 272.1491 (MH+, 100%) 

theoretical 272.1498, 294.1306 (MNa+,21%) theoretical 294.1318. The protiated 

peak due to 37Cl, is 24% of the protiated molecular ion peak. 

6.15 5-Decyl-6-(phenylethynyl)-2-pyrone-13C-6  

6.15.1 (13C-6)-5-Benzyl-6-(phenylethynyl)-2-pyrone (169a) 

 

 

Into an oven-dried Schlenk tube was added PdCl2(PPh3)2 (46.8mg,5 mol%), CuI 

[30.5mg,5mol%], XPhos (44.6 mg, 4mol%), 6-chloro-3-benzyl-2-

pyrone(153.7mg,0.68 mmol,1.0eq.), and DABCO (153.0 mg, 2.0 eq.) and Cs2CO3 

(0.5 eq.), degassed/dried THF (3 mL) and phenyl acetylene (38.6 mg, 2.05 mmol, 3 

eq.) and stirred at room temperature. The reaction mixture was filtered through celite 

and washed with DCM and concentrated in vacuum. The crude product was purified 

was by flashy column chromatography using dichloromethane to obtain the product 

as a tan solid (142.1 mg, 61%). IR(ATR)/cm-1: 3056 (w, C=CH), 2922 (w, CH), 2851 

(w, CH), 2201 (w, ), 1719 (s, C=O), 1600 (m, C=C), 1527 (m, C=C), 1490 (w, 

CH), 1438 (w, CH), 1330 (w, CH), 1271 (w, C-O). 1H NMR (400 MHz, CD2Cl2) δ: 

7.58 (dd, 2 H, 8 Hz, 2 Hz, ArH), 7.43 (m, 3H, ArH), 7.33 (m, 2H, ArH), 7.27 (br, d, 3 

H, ArH, 7.6 Hz), 7.19 (dd, 1H, 9.80 Hz, 2 Hz, H-4), 6.27 (d, 1H, 9.80 Hz, 2 Hz, H-3), 

3.92 (d, 2H,  7.40 Hz, PhCH2). 13C NMR (100 MHz, CDCl3) δ:  161.3 (C=O), 154.2 

(C=C), 145.3 (C=C), 142.8 (s, J13C-13C = 79.07 Hz, C=C, C-6, enriched carbon), 

138.8 (d, 3.0 Hz, C=C), 131.9 (d, 1.40 Hz, C=C), 130.0 (C=C), 128.8 (C=C), 128.6 

(C=C), 126.9 (C=C), 122.3 (d, J13C-13C = 79.7 Hz,  C-5, C=C), 120.8 (d, 2.5 Hz, 
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C=C), 117.5 (d, 5.4 Hz, C=C), 98.6 (d, 19.40Hz, ), 80.78 (d, 116.4 Hz, ), 

36.7 (CH2, Benzylic CH2). 13C DEPT 135o NMR (100 MHz, CDCl3) δ:  145.4 (C=C), 

132.0 (C=C), 128.8 (C=C), 127.1 (C=C), 116.9 (C=C), -36.1 (CH2, Benzylic CH2). 

HRMS-ESI: m/z 309.0884 (MNa+, 100%) theoretical 309.0891. 

6.15.2 5-Decyl-6-(phenylethynyl)-2-pyrone-13C-6 (169b) 

 

 

Into an oven-dried Schlenk tube was added 6-chloro-3-decyl-2-pyrone (50.40 mg, 

0.1845 mmol, 1eq.), DABCO (109 mg, 2eq.), Cs2CO3 (60.11 mg, 0.5eq.), 

PdCl2(PPh3)2 (20 mg, 5 mol%), XPhos (3.52 mg, 4 mol%), and CuI (10 mg, 5 mol%) 

was attached to a vacuum line and evacuated thrice. Degassed and dried THF (10 

mL) was added and phenyl acetylene (56.60 mg, 3.0 mmol, 2eq.) was added slowly 

and stirred under nitrogen for 24 hours. The crude product was purified by flash CC 

using 10% EtOAc/n-hexane: 2 ml acetic acid to obtain tan oil (43.30 mg, 69%). 1H 

NMR (400 MHz, CDCl3) δ: 7.53 (2 H, dt, 8.0 Hz, 2 Hz, ArH), 7.42-7.35 (3 H, m, 

ArH), 7.25 (1 H, dd, 9.50 Hz, 7.5 Hz, H-4), 6.27 (1 H, d, 9.50 Hz, 1.0 Hz, H-3), 2.52 

(2 H, t, 7Hz, CH2), 1.53 (2 H, br, CH2), 1.36-1.17 (14 H, br s, 7CH2), 0.84 (3 H, t, 7 

Hz, CH3). 13C NMR (100 MHz, CDCl3) δ: 161.5 (d, 2 Hz, C=O), 155 (s), 154.1 (d, 

28.59Hz), 145 (s), 141.8 (s, 13C-C-H = 77.94 Hz, 13C-6), 131.9 (C=C), 129.9 (C=C), 

128.6 (C=C), 123.5 (d, J13C-C-H = 77.63 Hz, C-5), 121.1 (d, 2 Hz), 116.8 (d, 5.50 

z), 98.2 (s, ), 81.3 (d, J = 50 Hz, ), 31.9 (CH2), 30.3 (CH2), 29.6 

(CH2), 29.4 (CH2), 29.0 (CH2), 22.7 (CH2), 14.2 (CH3). 13C DEPT-135o: 145.7 

(C=C), 131.9 (C=C), 129.9 (C=C), 128.7 (C=C), 116.9 (C=C), -32.0 (CH2), -30.4 

(CH2), -29.7 (CH2), -29.6 (CH2), -29.4 (CH2), -29.4 (CH2), -29.1 (CH2), -22.7 (CH2), 

14.2 (CH3). HRMS-EI, m/z 338.2187 (MH+, 73%) theoretical 338.2201, 360.2033 

(MNa+, 100%) theoretical 360.2021. (MH+ + 1) and (MNa++1) peaks indicate a 

99.8% enrichment on the C-6 carbon, so this optimized procedure leads to the 
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synthesis of 13C-isotopically labelled 2-pyrone compounds with an enrichment 

required for NMR assays. 

6.16 Experimental Procedure for Protein binding Studies 

6.16.1 Binding specificity by STD experiment 

STD experiments were carried out on a series of samples over 5 minutes. These 

samples reflected solutions that contained 10 µM trypsin, a serine protease, 10% D 

2 O. A total volume of 750 µl was used for each sample and phosphate buffer, 50mM 

pH 6.4, added such that there was a final DMSO concentration of 2% v/v. STD 

measurements were then made on a Bruker 700 MHz Avance spectrometer with 5 

mm triple resonance cryoprobe. These 1H NMR spectra were acquired at 25 ºC with 

a delay time of 10 µs using the Bruker STDDFFESGP.3 pulse program. In the on-

resonance experiment, irradiation was applied to protein resonances (-0.6 ppm), 

whereas in the off-resonance experiment, the irradiation point is shifted to 30 ppm, 

such that no NMR resonances are perturbed. A total saturation time of 2 seconds 

and a suppression of water signal for 20 ms was employed. The contrasting 

WaterLOGSY experiment was completed on one sample for comparison purposes. 

It involves the selective perturbation of the bulk water magnetization (between 4.6 

and 4.7 ppm) for time 1.5 seconds.   

         6.16.2 STD experiment of 3-methyl-6-chloro-2-pyrone, 128a. 

A simple STD binding experiment was conducted by adding trypsin, from bovine 

pancreas, purchased from Sigma Aldrich UK. Each sample contained 10 µM of the 

protein, 3-methyl-6-chloro-2-pyrone at a 115 µM concentration and 11.07% D2O. A 

total volume of 542 µL was used for each sample that was made up with phosphate 

buffer 60 µL pH 6.4, containing DMSO at a level 2.21 %.   

6.16.3 STD experiment of 3/5-benzyl-6-chloro-2-pyrone, 128/129d. 

An analogous sample of 3-benzyl-6-chloro-2-pyrone at a 116 µM final           

concentration was prepared in H2O/D2O as solvent.   
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6.16.4 STD experiment of 3/5-decyl-6-chloro-2-pyrone, 128/129e. 

An analogous sample of 3-decyl-6-chloro-2-pyrone at 115 µM final concentration 

was prepared in H2O/D2O as solvent.   

6.16.5 STD experiment of 3/5-decyl-6-chloro-2-pyrone-13C-2, 167/168b. 

An analogous sample of 3-methyl-6-chloro-2-pyrone at a 115 µM final concentration 

was prepared in H2O/D2O as solvent.  

         6.16.6 STD experiment of 3-benzyl-6-chloro-2-pyrone-13C-2, 167/168a. 

An analogous sample of 3-methyl-6-chloro-2-pyrone at a 115 µM final concentration 

was prepared in H2O/D2O as solvent.   

6.17 Experimental Procedure for Signal Enhancement studies 

6.17.1 General procedures: The hydrogenation catalyst used here is 

[Rh(COD)(PPh2)2C3H6]BF4. Solutions of the rhodium catalyst (ca. 5.55 mM; ca. 2.5 

mg of catalyst in 500 µL of deuterated solvent) in a Young’s tap topped NMR tubes 

were added to a ca. 4-fold excess of the test compounds (ca. 3 mg; ca. 0.31 M) and 

then reacted with para-H2 (3-3.5 atm.) at room temperature.   

6.17.2 NMR spectroscopy: All standard NMR spectra were recorded on Jeol 400 

spectrometers, unless otherwise stated, in NMR tubes fitted with Young’s tap. All 1H 

and 13C chemical shifts are reported in ppm (δ) relative to tetramethylsilane and 

referenced using the chemical shifts of residual protio solvent resonances (CDCl3, 

δ 5.30). Using the shake and drop method. NMR spectra were recorded on a Bruker 

WH-400 spectrometer operating at 400 MHz for 1H and 100 MHz for 13C.  
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Appendix 1: X-ray crystallographic data for compounds 128d and 169d. 

Table 11: Summary of X-ray structure for 128d and 169d 

Identification code 169d(ijsf1707) 128d(ijsf1702) 

Empirical Formula C20H14O2 C12H9ClO2 

Formula weight 286.31  220.64  

Temperature/K 109.95(10)  110.05(10)  

Crystal System monoclinic  orthorhombic  

Space group P21/c  Pca21 

a/Å 10.2099(4)  13.27321(11)  

b/Å 10.9983(4)  6.11486(5)  

c/Å 13.5108(5)  25.2027(2)  

α/o 90  90  

β/o 106.713(4)  90  

γ/o 90  90  

Volume/Å3 1453.06(10)  2045.55(3)  

Z 4  8  

ᴩcalc mg/mm2 1.309  1.433  

Mm/mm-1 0.665  3.102  

F (000) 600.0  912.0  

Crystal Size/mm3 0.217 × 0.143 

× 0.08  

0.352 × 0.18 × 

0.123  

Radiation CuKα (λ = 

1.54184)  

CuKα (λ = 

1.54184)  
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2ᶿrange for data collection 9.044 to 

134.142  

7.014 to 

142.352  

Index Ranges -9 ≤ h ≤ 12, -9 

≤ k ≤ 13, -16 ≤ 

l ≤ 15  

-16 ≤ h ≤ 15, -7 

≤ k ≤ 7, -30 ≤ l 

≤ 25  

Reflections collected 4900  9992  

Independent Reflections 2584 [Rint = 

0.0174, Rsigma 

= 0.0266]  

3227 [Rint = 

0.0142, Rsigma 

= 0.0125]  

Data/restraints/parameters 2584/0/199  3227/1/271  

Goodness-of-fit on F2 1.035  1.074  

Final R indexes [I≥2δ (I)] R1 = 0.0354, 

wR2 = 0.0865  

R1 = 0.0218, 

wR2 = 0.0595  

Final R indexes [all data] R1 = 0.0435, 

wR2 = 0.0921  

R1 = 0.0218, 

wR2 = 0.0596 
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Appendix 2: 1H and 13C NMR data 
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Appendix 3: ATIR  Spectra data for compounds 

 

   ATIR for 2-decyl glutaconic acid 141e. 

 

 

2-methylglutaconic acid 141a. 
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               ATIR for 2-allyl glutaconic acid 141b. 
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ATIR for compound 128c. 

 

                   ATIR for compound 128b. 

 

ATIR for compound 129b. 
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                         FTIR for compound 131b. 

 

               ATIR for compound 128c. 
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 ATIR for compound 131b. 

 

ATIR for compound 364f2. 
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ATIR for compound 365f2. 

 

 

  ATIR for compound 419f1. 
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ATIR for compound 419f2. 

 

 

 ATIR for compound 432f1 
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   ATIR for compound 432f2. 

 

 

  ATIR for compound 432f2. 



 

230 

 

 

 

     ATIR for compound 131a. 

 

      ATIR for compound 128c. 
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       ATIR for compound 169a. 

 

           ATIR for compound 421f1. 
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Abbreviations 

ABC Adenosine Triphosphate Multi-drug resistance Family 

ADMET-absorption, distribution, metabolism, excretion and toxicology 

AIDS-Acquired Immune Deficiency Syndrome 

ALTADENA-adiabatic longitudinal transport after dissociation engenders 

nuclear alignment  

AMR-Antimicrobial Resistance 

Anti-TB-Anti-tuberculosis 

ATIR-Attenuated transformed infrared 

ADR-Adverse drug reactions 

1AUJ- Bovine pancreatic protein, trypsin 

BBB-Blood brain barrier 

BDPA-Bis(Diphenylene)-2-phenylallyl 

BLI-Bioluminescent imaging 

CADD-computer-aided drug design 

CC-Column chromatography 

CDC-Centre for Disease control and Prevention 

CDKR-Concentration-dependent killing rate 

CHEMBL- ChEMBL is the welcome trust website for bioactive compounds 

CLSI-Clinical and Laboratory Standards Institute 

COSY- Correlation spectroscopy 

CYP-Cytochrome P450 

CS-Chemical shift 
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CT-Computed Tomography 

CTRC-Chymotrypsin-C 

DBSI-Drug-based similarity index 

DBS-Drug-based similarity 

DDI- Drug-drug interactions 

DFT-Density functional theory 

D-DNP-Dissolution dynamic nuclear polarization 

DprE1-decaprenylphosphory D-ribose epimerase 

E2- Elimination bimolecular 

ETA-Ethionamide 

EtaR- Ethionamide receptor 

ESCs-Extended Spectrum Cephalosporin 

ERO-Electrocyclic ring opening 

ERC-electrocyclic ring closure 

FBDD- Fragment-based drug discovery 

FDA-American Food and drug administration 

18F-fluoro-DOPA-18Fluoro dopamine neurotransmitter 

ΔG- Change in free energy 

HDAC -histone deacetylase 

HIA-human intestinal absorption 

HIV-Human Immune Deficiency Virus 

hNMR-hyperpolarized NMR 
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h-PHIP-hydrogenative para-hydrogen induced polarization 

HSQC-heteronuclear single quantum correlation 

HTS- High Throughput Screening 

Hz-Hertz 

IGC50-Growth inhibitory concentration when 50% of the bacteria is inhibited. 

IR-Infrared  

LE-Ligand efficiency 

LDA-Lithium diisopropylamide 

LBDS-Ligand-based drug screening 

MFS- Major Facilitator Family 

MI-Molecular Imaging LB- Lubia broth 

MRI-Magnetic Resonance Imaging 

MIC-Minimum inhibitory concentration 

MICAD-Molecular imaging and contrast agents’ database 

MMP-Matched molecular pairs 

MDR-Multi-Drug Resistant 

MRS-Magnetic Resonance Spectroscopy 

MRSA-methicillin resistant Staphylococcus aureus 

M. tuberculosis-Mycobacterium tuberculosis 

MDR-TB-multi-drug resistant tuberculosis 

MS-ESI-Mass spectrometry by electron spray 

MS-EI-Mass Spectrometry by electron ionization 
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MW-Molecular weight 

N. gonorrhoeae- Neisseria gonorrhoea 

NIR- Near infrared 

NIRF-Near infrared fluorescent tag 

NMR- Nuclear Magnetic Resistance 

NP-Natural products 

NOE-Nuclear overhauser effect 

NOESY-Nuclear overhauser spectroscopy 

OPSY-Only parahydrogen Spectroscopy 

OD-Optical density 

PASADENA- para-hydrogen and synthesis allow dramatically enhanced 

nuclear  

PET-Positron Emission Tomography 

PDT-Photodynamic therapy 

P-gp-P-glycoproteins 

PHIP-parahydrogen induced polarization 

PPB-Plasma protein binding 

PPM-parts per million 

PS-Photosensitizer 

P-type ATPase- Copper-transporting P-type ATPase 

PTMS-Post-translational modification 

QSTR-Quantitative Structure Toxicity relationship 

QSAR-Quantitative structure-activity relationship 
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REDOR NMR- Rotational-echo double resonance 

RND-Resistance-nodulation-division family 

SAR- Structure-activity relationship 

SARS-Severe Acute Respiratory Syndrome 

SABRE- Signal amplification by reversible exchange 

SBDS-Structure-based drug screening 

S. aureus- Staphylococcus aureus 

SMR-Small Multi-drug resistance Family 

SPECT-Single Photon Emission Computed Tomography 

STD- Saturation transfer difference NMR 

STE-Stimulation edited echo 

STI-Sexually transmitted Infection 

SN2- Substitution Bimolecular 

ssNMR- Solid State NMR 

T1-Longitundinal Relaxation Rate 

T2-Spin-spin Relaxation Rate 

TB-Tuberculosis 

TBAB=Tetrabutylammonium bromide 

THF-Tetrahydrofuran 

TINS-target immobilized NMR screening 

TP-Tetrahymena pyriformis toxicity 

1D-one dimensional 
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2D-two-dimensional  

3D-Three Dimension 

4H4F-Human chymotrypsin-C 

1QZQ- Human tyrosyl-DNA phosphodiesterase enzyme 

1MU9-human tyrosyl-DNA phosphodiesterase 

2E5C-Muscleblind-like protein 1 

5TVP- human tyrosyl-DNA phosphodiesterase 2 

2MZ2-Cannabinoid Receptor 1 

3SN6-Beta-2 adrenergic G-protein receptor 

5FIJ- HTH-type transcription regulator 

VRE-Vancomycin resistant Enterococcus 

XDR-Extensively Drug Resistant  

ZA- Zymonic acid 
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