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scale in-vivo PK study on the two most promising candidates from chapter 1, 

alongside the original drug candidate. This would have allowed for the generation of 

drug and prodrug concentration data in both the lung and blood, at multiple time 

points. Unfortunately, despite funding this research, the project was deemed ‘Non-

essential’ and GSK was unable to perform any PK analysis. Ultimately, the research 

was dramatically scaled down and performed by an external company across multiple 

studies, which, due to funding difficulties, lead to a drastic reduction in the research 

results and quality. In addition, it was not possible to determine the potency of the 

chosen drug molecule or final prodrug which entered the PK study and thus use of the 

phrase ‘inactive prodrug’ is assumed. 
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Chapter 2: Due to synthetic difficulties and reduced research time, chapter 2 was 

terminated early. Prior to the pandemic, it was agreed that a second DMPK industrial 

placement at GSK would take place based on the development of intracellular PI3K 

prodrugs. Unfortunately, GSK was unable to accommodate for a second placement 

due to the ongoing COVID restrictions, and thus the decision to close the chapter early 

was taken, due to the unobtainability of DMPK data for any compounds produced. 

Due to the dramatic loss of time, the opportunity to undertake any mechanistic studies 

within cells was also lost. 

 

Chapter 3: Due to the dramatic loss of time, chapter 3 was heavily reduced. Chapter 3 

was intended to be a collaboration with fellow student, Paulyna Magaña Gomez, 

focussing on the confocal microscopy of a range of dibasic fluorescent probes. This 

work would have incorporated several iterations of chemical synthesis followed by 

subsequent confocal microscopy. In addition, a series of cellular assays were intended 

to investigate the transporter protein substrate potential of the synthesised probes. 

Unfortunately, only one round of synthesis and subsequent confocal microscopy was 

achieved, in a heavily reduced manner to that what was intended.  
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Abstract 

 

In the time of a global respiratory pandemic, there has never been a more pertinent 

time to improve the current medications responsible for relieving the symptoms of 

respiratory diseases such as COPD and Asthma. Administration of drugs directly to 

the site of action through the pulmonary drug delivery route can give significant 

benefits over other traditional routes of administration i.e. oral. Avoidance of first pass 

metabolism in the liver, reduced drug dosage and significant reduction of compound 

exposure to other organs, ultimately leading to fewer side effects, are all benefits of 

the pulmonary delivery route. However, rapid drug elimination from lung tissue into 

the pulmonary vein, combined with the pan antagonistic nature of receptor antagonists 

and heavy presence of muscarinic receptors in other tissues, often leads to increased 

side effects in other organs, such as the heart. 

 

Aims: The aim of this thesis was to design and evaluate a novel, self-activating, 

dibasic prodrug system as a possible method of achieving sustained delivery post 

inhalation. Evaluation of the method of increased lung tissue retention would then be 

explored using confocal microscopy to probe the lysosomal trapping potential of 

dibasic compounds. This system, if successful would represent a remarkable 

achievement in that the prodrug design could be developed to suit a wide range of 

chemical structures, and thus has the potential improve the inhaled PK profile of a 

wide variety of inhaled pharmaceuticals and thus massively expedite the development 

of novel-long acting treatments. 
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Chapter 1: Outlines the advantages of inhaled administration as a route for targeted 

drug delivery. In addition, it details the common mechanisms for achieving sustained 

drug delivery to the lung, alongside describing the pertinent need for new long acting 

muscarinic receptor antagonists in order to improve the current prevention and 

treatment of breathing difficulties in COPD and asthmatic patients. 

 

Chapter 2: Describes the use of prodrug systems as mechanisms for improving drug 

delivery. In addition, it follows the development and implementation of a novel 

cleavable prodrug system from initial design stages, through to final in-vivo PK 

studies, as a method of efficaciously delivering an active muscarinic agent over a 

sustained period in attempt to increase the duration of action of an existing muscarinic 

receptor drug. It outlines the discovery of compound 24 as a novel, dibasic, pH-

sensitive, self-cleaving, muscarinic prodrug capable of withstanding enzymatic 

cleavage in order to liberate an active muscarinic receptor antagonist at a sustained 

rate over 24 hours. The subsequent in-vivo pharmacokinetic studies demonstrate that 

when inhaled independently, over 99% of the active drug was eliminated from the 

lung tissue within 3 hours, but when delivered as a prodrug, sustained prodrug 

activation meant that the drug was present in the lung at a pharmaceutically relevant 

concentration for over 24 hours, with no detected exposure of the drug to blood 

plasma. 

 

Chapter 3: Develops further the prodrug system introduced in chapter 1, this time 

focusing on an intracellular PI3K δ target. It follows an attempt to improve an 

intermediate drug candidate which suffered from poor physiochemical properties and 
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thus did not progress to clinical trials. Included is the design and attempted synthesis 

of a series of prodrugs, which based on the results of chapter 1, would be interesting 

candidates for an in-vivo PK study to determine their duration of action relative to the 

parent drug candidates, and thus feasibility as sustained release delivery agents. 

 

Chapter 4: Investigates how the dibasic moiety of the prodrug design affects the 

distribution of the prodrug in lung tissue. By taking a lysosome-targeting fluorescent 

probe, replacing the functionality responsible for its lysosome targeting nature with 

the dibasic prodrug moiety, a distribution comparison can be created. This chapter 

attempted to visualise the effect of incorporating a dibasic moiety into the prodrug 

design on the distribution and organelle sequestration.  

 

Conclusion: A dibasic, self-activating prodrug (Compound 24) has been created 

which displays a much-increased lung tissue retention relative to the parent drug 

(Compound 1). Post intratracheal dosing, sustained release of 1 from 24 resulted in a 

high, pharmaceutically relevant concentration of 1 in the lung tissue for over 24 hours 

all from a single dose. Thus, the unique approach of using a prodrug system which 

incorporates lung tissue retentive chemical moieties to extend the lung residency time 

of a muscarinic antagonist has been successful. Further studies will determine whether 

an extended pharmacodynamic response has also been achieved and will help to 

elucidate the mechanism of lung retention.  
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1.1 The Pulmonary Drug Delivery Route 

From ancient hieroglyphs depicting the Egyptians inhaling ‘medicinal vapours’ 

around 3500 years ago1; the introduction of the first metered dose inhaler in 1956,2 or 

the revolutionary development of the first inhaled insulin treatment, Exubera, in 

2006,3 the pharmaceutical industry has seen a significant growth in the interest of drug 

administration via pulmonary delivery route. The lungs have become an increasingly 

attractive organ for drug administration and thus the pulmonary delivery route is now 

widely regarded as the most efficient method of treatment for diseases such as chronic 

obstructive pulmonary disease (COPD), asthma and respiratory tract infections. 

 

1.1.1 Structure of the Lungs 

The airways are comprised of the trachea, bronchi and bronchioles which form a 

complex tree-like structure reducing in size until reaching the sac-like alveoli which 

act as a vast gaseous exchange surface, much like that of the leaves on a tree.1 As the 

airway size decreases, the surface area increases greatly, with the alveoli having a 

surface of over 100m2.4 This huge exchange surface allows for the rapid exchange of 

gas molecules during respiration and when targeted during drug administration, leads 

to the rapid absorption of drug molecules resulting in a quick, high drug concentration 

in the surrounding tissue.  
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Figure 1: Structure of Mammalian Lungs, Taken from Feng et al5  

 
 

In order to enter systemic circulation, gases during respiration or drug formulations 

inhaled during drug administration must first cross the lung epithelium. Epithelium 

acts as the main barrier between the internal and external environment of the body, 

and as the lung is traversed, epithelial cell type differs greatly with each tissue, (Figure 

2).  

 

Figure 2: Epithelium Composition Throughout the Lungs, Taken from Camelo et al6  

 
 

The trachea and large bronchi are lined with a pseudostratified array of columnar cells, 

predominantly ciliated cells which are interspersed with goblet and undifferentiated 
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basal cells.7 The main functions of these cells are to transport air to the gaseous 

exchange surface in the alveoli, and to protect the lungs from debris during inhalation. 

The goblet cells secrete a thick substance called mucus, which consists of negatively 

charged mucins and inorganic salts suspended in water.8 Mucus traps any debris 

particulates which enter the lung during inhalation and then ciliated cells direct the 

mucus up the trachea where it is then swallowed and eliminated.9 The small bronchi 

and bronchioles largely consist of a cuboidal array of ciliated cells and club cells 

(Clara cells) which metabolise toxic compounds inhaled during respiration such as 

hydrocarbons, naphthalene, and components of tobacco smoke: a particular problem 

in eastern cities, in which a high percentage of the population smoke.10 Finally, the 

squamous epithelium of the alveoli consists of type I cells (ATI) which facilitate 

gaseous exchange and cuboidal type II cells (ATII) which secrete pulmonary 

surfactant. 11 

 

Both the airways and alveoli have lung lining fluids in order to help aid the function 

of the epithelium. The upper airways have a biphasic, viscoelastic mucus layer which 

consists of water and mucin produced by goblet cells, which acts a preventative barrier 

for inhaled particulates.12 The alveoli contains a layer of isotonic fluid containing 

mainly macrophages with low levels of plasma proteins approximately (10%).13 It is 

coated by the lung surfactant secreted by type II pneumocytes which acts as a 

solubilising agent for small particulates which arrive at the alveoli, with any insoluble 

particles such as silica, viruses or asbestos being engulfed and destroyed by 

macrophages, protecting the integrity of the gaseous exchange surface.11,14 In addition, 

by lowering the surface tension of the alveoli, the lung surfactant prevents the alveoli 

from collapsing during respiration.15,16 
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1.1.2 Drug Administration via the Pulmonary System 

Drug delivery via the pulmonary system is the administration of aerosolized drug 

molecules to the lower airways via inhalation through the nose or mouth. Depending 

on the treatment, administration takes place using one of three devices: nebulisers, 

pressurised metered dose inhalers (pMDI) or dry powder inhalers (DPI).  

 

1.1.2.1 Drug Administration Devices 

One of the main problems with drug administration via inhalation is the improper use 

of the delivery device by the patient, due to poor training. Nebulisers use compressed 

air or ultrasound to deliver an aqueous drug solution/suspension aerosolised into 1-5 

μM droplets. Due to the cumbersome equipment and noise generated, are commonly 

used by elderly and immobile patients, who would otherwise have difficulties using 

an inhaler.17 pMDI’s are pressurised gaseous formulations of a drug delivered as an 

aerosol through gas evaporation, and are the most common form of delivery device. 

They deliver approximately 20-100 μL per actuation and rely on good patient 

coordination between device activation and inhalation to achieve an appropriate dose.2 

DPI’s deliver a dry powder drug formulation, aerosolised by patient inhalation into 1-

5 μm particles.18 These devices rely less on a patient’s ability to coordinate breathing 

alongside device activation, and tend to have greater chemical stability of the solid 

formulation.19 In general, drug administration via any of these devices is still relatively 

poor, with only 20% of the administered dose being deposited in the lungs.20 This is 

due to high deposition of the drug in the oro-pharynx which leads to a large portion of 

the dose (circa 80%) being swallowed instead of inhaled. If the drug has any oral 

bioavailability then this presents further issues in relation to observed side effects.21 
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Once successfully administered to the lungs via one of the above devices, a drug 

molecule must then embark on a complex journey through the lungs and relevant 

tissues in order to reach its biological target. Depending on the location of the 

receptors required for a pharmacological response, different drugs require different 

areas of the lungs to be targeted. As previously mentioned, the differing cell epithelial 

types alongside the presence of lung lining fluids, and the reducing size of the lung 

regions presents a challenge for drug administration. In order for an inhaled drug to 

be quickly absorbed into systemic circulation, the ideal target is the lung alveoli where 

the exchange surface is greatest, lung surfactant is present to help solubilise 

particulates and where the contact with blood vessels is at its maximum.22 However, 

the requirement of drug particulates to be <3 μm in size means that most commonly, 

the formulated drug molecule is unable to reach the alveoli, and the drug is deposited 

in the bronchi and bronchioles.23 

 

Drug administration to the bronchi and bronchioles is not without its own challenges 

however, depending on the mucus binding potential of a drug, mucocillary clearance 

could greatly increase the rate of drug elimination from the lung, preventing a high 

portion of the drug from reaching its biological target.24 In general, the ability of a 

drug formulation to be successfully delivered to the lung results from a combination 

of the patient’s anatomy, inhalation device and technique and the aerodynamic 

diameter of the drug particle.  

 

Due to the convoluted structure of the lungs, and the various metabolic and 

elimination mechanisms present in the lungs, improving the efficacy of drug delivery 
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relies on having an appreciable understanding of the structure of the lungs and the 

targeted receptor and indeed incorporating this into the design and formulation of the 

drug itself.  

 

1.1.2.2 Drug Absorption Post Inhalation 

Once inhaled and deposited to the appropriate section of the lung, the drug molecule 

must then embark on a cellular journey in order to reach its intended target and exhibit 

a pharmacological response. Usually, the drug molecule will need to be absorbed 

across the epithelial cell membrane in order to enter the lung tissue, and various 

mechanisms are present to facilitate this translocation. The lipophilicity (log P) of the 

drug plays a key role in its ability to penetrate through the cell plasma membrane by 

simple transcellular diffusion, in which drug molecules passively diffuse into cells 

following their concentration gradient.25 If a compound’s lipophilicity is too high 

(>5), it is likely the compound will be insoluble in aqueous media and too hydrophobic 

to cross the cell membrane, if lipophilicity is too low (<1) the compound will be 

unable to pass through the hydrophobic region of the membrane. For inhaled drugs 

the desired log p value is between 1.7-2.5. 26 In addition, it is important to also control 

the Log D value of the compound, as the degree of ionisation will directly affect its 

ability to cross hydrophobic components of the cell membrane (Table 1). 
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Table 1: Comparison of Lipophilicity with Drug-Like Properties, Taken from Stocks et al27 

Lipophilicity 

(Log D7.4) 

Common Impact on Drug-Like 

Properties 
Common Impact In-vivo 

<1 

High solubility 

Low permeability 

Low metabolism 

Low volume of 

distribution 

Low absorption and 

bioavailability 

Possible renal clearance 

1-3 

Moderate solubility 

Moderate permeability 

Low metabolism 

Balanced volume of 

distribution 

Potential for good 

absorption and 

bioavailability 

3-5 

Low solubility 

High permeability 

Moderate to high metabolism 

Variable oral absorption 

>5 

Poor Solubility 

High Permeability 

High Metabolism 

Very high volume of 

distribution 

Poor oral absorption 

 

Simple transcellular diffusion is not the only option for drug absorption however. 

Molecules which are unable to permeate the lipid bilayer may enter tissue via 

paracellular transportation through intercellular junctions, or through transporter 

mediated processes. 

 

1.1.2.2.1 Membrane Transport Systems 

Besides the more common transcellular diffusion of molecules through the plasma 

membrane into lung tissue, various carrier mediated transport mechanisms occur.28 

Several transporter proteins such as organic cationic transporter (OCT)29 and peptide 

transporter (PEPT)30 have been identified as possible transporters responsible for the 

active uptake of basic (drug like) molecules into the lung epithelial cells.  
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1.1.2.2.1.1 Organic Cationic Transporters  

Organic cation transporters (OCTs) are membrane-bound solute carrier proteins 

responsible for the translocation of both endogenous and exogenous cationic 

substances across the plasma membrane into cells. Owing to their inherent permanent 

positive charge and resultant hydrophilicity, highly cationic organic molecules are 

unable to cross the cell membrane via passive diffusion.31 Instead, mammalian cells 

have evolved to contain complex transport systems including OCT 1-3 from the solute 

carrier family SLC 22. These carrier proteins utilise the plasma membrane’s 

permanent negative potential (-40 to -90mV), as generated by diffusional K+ ions, to 

actively uptake electrogenic organic cations. This process allows for OC intracellular 

concentrations of up to 10-15 times that of extracellular concentrations.32  

 

Mukherjee et al and Koepsell et al determined that OCT’s are very strongly expressed 

in lung epithelium, particularly in the case of asthma patients with epithelial damage 

and thus play a crucial role in cell uptake of organic cations such as drug molecules 

which are cationic at physiological pH.33,34 Whilst there are only a few known OCT 

substrates, these happen to include formoterol, tiotropium bromide and ipratropium 

bromide, displaying the associative potential that inhaled bronchodilators can have for 

OCTs.35 

 

1.1.2.2.1.2 Peptide Transporters 

In addition to OCTs, peptide transporters PEPT1 and PEPT2 are proton coupled solute 

carrier proteins responsible for the facilitated uptake of peptidomimetic substrates 

including dipeptide and tripeptide species with a broad substrate specificity.36,37 
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PEPT1 has mainly been located in the intestinal and bile duct tissue and is commonly 

targeted for use by oral (pro)drugs, 38 whilst PEPT2 is highly expressed in the 

bronchial and tracheal epithelial amongst other tissues.39 PEPT2 possesses an almost 

15x higher substrate affinity compared to PEPT1, transporting over 8000 tripeptides 

and 400 dipeptides. Substrate structures have been highly explored for PEPT2, and 

several key observations have been made and summarised by Biegal et al in 2005 

(Table 2).40  

 

A free α-amino group able to bind to a histidine residue on the peptides recognition 

site is important for affinity as N/C terminal groups play important roles in recognition 

of the substrate.41–43 A peptide bond is not essential for substrate recognition as several 

replacements have been successfully trialled with maintained affinity.44  Amino acid 

side chains with large aromatic groups or bulky hydrophobic groups such as aliphatic 

chains lead to high PEPT2 affinity.45,46  Finally, PEPT2 affinity relies on the 3D 

structure of the substrate, and it has been observed (although not fully understood) 

that use of D-chiral amino acids in di/tripeptides and prodrugs leads to a loss of 

affinity, with the order of affinity in dipeptides being LL>LD>DL>>DD.47–49 
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Table 2: Summary of PEPT2 Substrate Requirements 

Structural Characteristic Example Effect 

Free N-Terminus Group 

 

Important for substrate 

affinity/recognition 

Peptide Bond 

 

Not essential for recognition 

Amino Acid Side Chain 

 

Bulky/Aromatic R groups have 

higher substrate affinity 

Chirality 

 

Chirality effects 3D structure, 

altering affinity 

LL>LD>DL>>DD 

 

1.1.3 Limitations of Pulmonary Drug Delivery  

As previously mentioned, current advances in the development of new inhaled 

therapeutic agents are often stalled due to the lack of pharmacokinetic knowledge of 

the drug candidate, causing a bottleneck within the drug discovery process. In addition 

to poor therapy adherence, one pertinent issue with inhaled drug delivery is poor lung 

retention of the inhaled compound. This mainly arises due to the highly lipophilic 

nature of inhaled drug candidates which ensures they are able to readily cross the 

plasma membrane and enter the lung tissue. Unfortunately, this also means that the 

compound is freely able to diffuse out of the lung tissue and into the adjacent 

pulmonary vein. This results in an inhaled drug PK profile with a quick high 

concentration of compound in the lung which rapidly reduces, followed by a 

subsequent high concentration in the blood which is maintained for a much longer 

period dependant on the drugs plasma stability (Figure 3). 
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Figure 3: Inhaled PK Profile for Salmeterol, Formoterol and Tertbutaline, Taken from Hendrickx et al50 

 

Drug plasma (circles) and lung concentrations (diamonds) after IT and IV administration to rats. Plasma 

concentrations are red (IT) or orange (IV) and corresponding lung concentrations are either blue (IT) or green 

(IV) 

 

This data shows that with short acting compounds Salmeterol, Formoterol and 

Terbutaline less than 1% of the initial dose remains after a few hours, and hence their 

pharmaceutical effect is short lived. The preffered PK profile is that of long acting 

compounds Indacaterol, Tiotropium Bromide and AZD3199 (discussed in more detail 

later), where after 24 hours a considerable amount of drug remains in the lung tissue, 

and the concentration in the blood does not exceed unwanted levels (Figure 4). 

 

Figure 4: Inhaled PK Profile for Indacaterol, Tiotropium and AZD3199, Taken from Hendrickx et al50 

 
Drug plasma (circles) and lung concentrations (diamonds) after IT and IV administration to rats. Plasma 

concentrations are red (IT) or orange (IV) and corresponding lung concentrations are either blue (IT) or 

green (IV) 
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To reduce the number of failed compounds and thus expedite the drug development 

process, one must be able to accurately predict the behaviour of the compound in its 

biological environment. This allows for improved critical analysis of in vitro and in 

silico data such that an accurate in vivo prediction can be made, relating all observed 

PK data to the structure and physiochemical properties of the compound.  

 

1.1.3.1 Characterising Lung Retention 

In response to the observation that poor lung retention can stall the development of 

novel inhaled therapeutics, several attempts have been made to characterise and 

improve the lung retention of inhaled compounds. 

 

In 2018, Bäckstrom et al51 sought to uncover the regional and histological distribution 

of isotopically-labelled salmeterol post inhalation through mass spec imaging (MSI). 

Their work established that inhaled salmeterol was homogenously distributed in the 

alveolar and bronchiolar regions at the 5-minute time point but was more 

preferentially retained in the bronchioles from the 15-minute time point onwards, 

indicating that lung retention occurs in the bronchioles. When analysing at a cellular 

level, they found that salmeterol retention in bronchial structures could be correlated 

to high drug concentrations in the bronchial epithelium, and cited non-specific binding 

and lysosomal trapping as possible causes. 

 

In 2020, Hamm et al followed up this research with a further ex-vivo analysis of the 

spatial lung distribution of salmeterol, salbutamol and fluticasone propionate (FP) 

post IV or IT administration to identify the targeting within lung substructures of drugs 
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with very different physiological properties.52 There results demonstrated that inhaled 

salbutamol and salmeterol concentrated within the bronchial regions with good 

retention after 30 mins, whilst FP, owing to its increased hydrophobicity, was 

distributed throughout the whole lung tissue with good retention also. Interestingly 

when administered systemically, the distribution patterns for salbutamol and 

salmeterol were reversed, with an observed high concentration in the peripheral 

alveolar regions but with reduced lung retention after 30 mins. FP concentrations in 

the distal alveolar regions were reportedly higher when administered systemically but 

with poorer retention.  

 

In summary, these two studies demonstrate the application of high-resolution mass 

spectrometry imaging in elucidating the tissue distribution of inhaled compounds. 

They also highlight the importance of incorporating considerations regarding the 

intended targeted tissue and route of administration into drug formulation designs. 

 

1.1.3.2 Strategies for Improving Lung Retention 

As previously mentioned, Bäckstrom et al cited non-specific binding and lysosomal 

trapping as possible causes for the increased lung retention of salmeterol in lung 

epithelium. Optimising compounds to increase their propensity for these interactions 

are just two of many methods employed by medicinal chemists to increase the lung 

retention and thus duration of action of inhaled therapeutics.  
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1.1.3.2.1 Improving Non-Specific Binding 

Non-specific tissue binding is described as the binding affinity of a drug molecule to 

sites other than the target receptor including binding to proteins, plasma, and tissue 

and is a major factor that affects both the pharmacokinetic and pharmacodynamic 

profile of the drug molecule.53 Binding may occur through Van der Waals or dipole-

dipole interactions, or in the case of charged drug molecules, the electrostatic potential 

of cationic moieties provides an opportunity for the drug to interact with negatively 

charged species such as mucins or phospholipids.54 Once bound, the drug-protein 

complex is then usually too large to pass out of the extracellular space, or for the ligand 

to interact with the target receptor, and thus it is the unbound, free ligand that is able 

to exhibit the intended pharmacological response.55 Binding is however normally 

reversible and thus the bound and unbound fraction of the drug exist in equilibrium, 

the position of which is dictated by the binding kinetics of the drug to the protein. 

 

When considering inhaled administration, increased non-specific binding can have 

positive effects on the pharmacokinetic profile of a drug when trying to reduce the 

volume of distribution and localise the drug molecule to one specific area of the lung. 

By binding to various components in the lung such as mucus or phospholipids, the 

percentage of drug which passes through the epithelium is reduced, resulting in an 

increased drug residency within the lung tissue. Providing the drug being administered 

is highly potent such that only a low concentration is required for pharmacological 

activity, then an increased non-specific binding could provide a drug depot from 

which sustained release of the active drug could be achieved.56 
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This is indeed what was observed by Valotis et al when they compared the in-vitro 

receptor and lung tissue binding affinities of novel inhaled glucocorticoid flucticasone 

furoate (FF), to similar steroids flucticasone propionate (FP) and mometasone furoate 

(MF) (Figure5).57 

 

Figure 5: Structure of Flucticasone Furoate, Flucticasone Propionate and Mometasone Furoate 

 
 

Though only differing by subtle changes in chemical structure, FF demonstrated an 

increased receptor affinity alongside the highest lung tissue binding affinity of the 

three compounds and thus was predicted to display the most controlled rate of 

distribution from lung tissue into systemic circulation in-vivo. Indeed, this hypothesis 

was confirmed by Salter et al, who demonstrated that a high cellular accumulation of 

FF alongside a slow rate of receptor dissociation lead to a pharmacokinetic profile 

indicative of a sustained pharmacological response.58 

 

This study represents the potential of improved tissue binding as a mechanism for 

improving lung retention. By optimising the compound structure such that tissue 
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binding potential is increased, it is possible to create a depot of bound drug in close 

proximity to the target receptor. Of course, this method requires an understanding of 

the intended receptor, the receptors proximity to the targeted tissue, and site of 

deposition of the drug post inhalation, and thus it can be a difficult to achieve 

improved pharmacology from this method alone. 

 

1.1.3.2.2 Optimising Basicity 

The acid-base properties of a drug compound have direct consequences on the PK 

characteristics of the drug, by influencing physiochemical properties such as protein 

binding, membrane permeability, lipophilicity and solubility. As previously 

mentioned, protein binding can be an important characteristic in determining the 

retention of the drug in the desired tissue as well as determining the percentage of 

unbound ‘free’ drug available to interact with the target receptor. In most cases, 

protein binding between a drug molecule and phospholipids is electrostatic, the 

phosphate groups present in the plasma membrane are negatively charged and thus 

there is potential for electrostatic interaction with positive cations. At physiological 

pH (7.4), basic groups with a pKa >7 will be protonated and thus cationic. However, 

in the absence of transporter proteins such as OCT’s, protonated species will have a 

reduced ability to cross plasma membranes due their inherent hydrophilicity and thus 

if not carefully managed, the absorption and thus distribution of the drug could be 

negatively impacted. This is especially relevant for intracellular targets. 

 

In 2012, Cooper et al reviewed how the extent of basicity can affect both absorption 

and lung retention of inhaled compounds.59 They demonstrated how when 
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administered, dibasic compounds display an increased retention in the lung compared 

to monobasic compounds, which they suggested was a result of reduced rate of 

absorption, due to reduced membrane permeability (Figure6). 

 

Figure 6: Comparison of the Lung Retention of a Monobasic and Dibasic Compound post IV or IT 

Administration, Taken from Cooper et al59 

 
  

This relationship was explored further, when they explored how the ion class of a 

range of drugs affected the lung duration following intratracheal dosing in rats 

(Figure7). Their results demonstrated how dibasic compounds had a far superior lung 

retention relative to monobasic, acidic, zwitterionic and neutral compounds.  
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Figure 7: Comparison of Acidity/Basicity on Lung Retention taken from Cooper et al59 

 

 

They rationalised that this increase in retention could be due to lysosomal trapping of 

the dibasic compounds, preventing elimination of the drug into systemic circulation.  

 

1.1.3.2.2.1 Lysosomal Trapping 

Lysosomes are acidic, membrane bound organelles, which are responsible for 

apoptosis, phospholipid turnover, autophagy and the breakdown of endogenous waste 

products.60 Optimal activity of the digestive enzymes held within lysosomes is 

maintained due to the acidity of the lysosomal lumen, in which an internal pH of 4-5 

is maintained due to the lysosomal proton pump, V-H+-ATPase.61 This proton pump 

actively pumps hydrogen ions against their concentration gradient from the cell 

cytosol into the lumen.   
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1.1.3.2.2.2 Mechanism of Lysosomal Trapping 

Lysosomes are in abundance in tissues such as the liver, lung, kidney and spleen, and 

present an opportunity for sequestration of lipophilic and amphiphilic weakly basic 

compounds based on their physiochemical properties, in a process known as 

lysosomal trapping.62 There are various mechanisms by which compounds can be 

compartmentalised by lysosomes, however the greatest volume of lysosomal trapping 

occurs due to the passive diffusion of neutral molecules through the plasma 

membrane.63 At physiological pH (7.2-7.4), lipophilic drug compounds containing a 

basic protonatable group, such as amines with a pKa > 7, will be only partially 

protonated and thus the neutral component will be capable of crossing the cell 

membrane and cytosol, diffusing into the lysosome via simple passive diffusion, 

acting as a sink for basic drugs (Figure 8).64–66  

 

Figure 8: Lysosomal Trapping of Neutral Amines 

 

 
 

Once inside the lysosome, the acidic environment will protonate the drug, restricting 

its ability to cross back through the cell membrane due to the membrane’s integral 

hydrophobic nature.67 Depending on the concentration of basic amine, the internal pH 

of the lysosome will begin to rise as the increasing base concentration exceeds that of 

Extracellular Medium 

(pH 6.8) 
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proton uptake. Depending on the stability of the compound in this environment, the 

neutral component of unbound active drug molecules may either diffuse back out of 

the lysosome and bind to their target receptor or decompose due to the lysosome’s 

highly metabolic enzymatic environment. 

 

This concept presents an opportunity for increasing the lung retention of poorly 

retained and highly potent inhaled drug candidates. If the structure and resulting 

physiochemical properties could be altered such that the potency of a drug candidate 

was maintained whilst the opportunity for lysosomal sequestration was increased, then 

perhaps a novel long acting inhaled therapy could be achieved. It is clear therefore 

that optimising basicity can be an important factor in increasing the tissue retention of 

administered drugs, but must be carefully managed depending on the desired terminal 

location of the drug. This is especially relevant for inhaled compounds which must 

cross the epithelial cells in order to enter the lung tissue. 

 

1.1.3.2.3 Optimising Lipophilicity  

As previously mentioned, lipophilicity is an important physiochemical property with 

the ability of affecting multiple pharmacokinetic ‘ADME’ properties. Optimising 

lipophilicity in combination with the incorporation of a dibasic pharmacophore into 

candidate design can drive lung retention either through association with acidic 

phospholipids, or through lysosomal trapping.59,60,68,69 In particular, Stocks et al used 

this hypothesis as the basis for achieving sustained duration of action when creating a 

range of lipophilic, dibasic, ultralong acting, β2 agonists.70 They aimed to determine 

whether the compounds could display a short onset of action alongside the retention 
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of a once-a-day profile, whilst reducing observed side effects through monitoring of 

the blood plasma potassium concentrations post IT administration, as precursor for 

hypokalaemia. The study built on previous work which had demonstrated how 

incorporation of a second basic component increases membrane partitioning resulting 

in increased duration of action.71,72  

 

They took their previous β2 scaffold and made structural modifications such to 

introduce a second basic moiety from the amide group (Scheme 1). Gratifyingly, after 

several rounds of quantitative structure-activity relationship (QSAR) exploration, 

their work yielded AZD 3199 as a novel, selective β2 agonist. They noted that after 

incorporation of the dibasic pharmacophore, binding selectivity for β2 had reached 

greater than 1000-fold higher than for β1/β3, as well as high selectivity over α-

adrenoceptor and D2 dopamine receptor. AZD 3199 was found to have similar or 

improved onset time compared to existing β2 therapies indacaterol, formoterol and 

salmeterol. Interestingly, onset time was increased proportional to lipophilicity for 

monobasic compounds, whilst a much-reduced onset time was achieved for dibasic 

compounds with similar lipophilicities. In Addition, AZD 3199 achieved plasma 

terminal half-lives greater than 11 hours in rats, guinea pigs, and dogs, and resulted in 

a much smaller reduction in plasma potassium, signalling less observed side effects 

than previous efforts. 
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Scheme 1: Evolution of Previous β2 Scaffold to Discovery of AZD3199 

 
 

Further to this, in 2017, Perry et al followed a similar approach in the design and 

synthesis of novel dibasic, PI3K antagonists for inhaled delivery. PI3 kinases 

(discussed in more detail in Chapter 2), are intracellular receptors often targeted for 

symptom relief of inflammatory responses such as those present in asthma and COPD 

patients. Interestingly, Perry et al demonstrated how lipophilicity and basicity directly 

affected the lung retention and cell absorption (Figure 9).73  
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Figure 9: Dibasic Compound Evaluation, Reproduced from Perry et al73 

 

Cmpd 

PI3K 

δ 

pIC50
a 

PI3K 

β 

pIC50
a 

PI3K 

δ cell 

pIC50 

LogD CLogP 
pKa 

B1b 

pKa 

B2b 

Lung 

t1/2 

Residual 

Dose at 

24 h (%) 

a 9.2 7.7 7.9 0.6 2.7 9.6 4.7 4.2 0.1 

b 9.3 7.2 8.0 0.5 2.7 9.5 6.5 23.2 4.8 

c 9.2 7.3 8.6 2.1 4.8 9.8 8.0 12.0 3.3 

d 9.1 7.0 9.0 2.5 3.5 8.4 5.4 4.5 0.2 

e 8.8 6.6 7.9 1.1 2.6 7.3 6.0 8.7 3.5 

f 9.2 7.1 8.9 1.7 4.2 9.7 6.8 9.9 2.8 

g 9.1 7.2 8.7 2.0 3.8 9.0 7.0 10.9 5.2 

h 9.1 6.6 8.9 1.4 3.8 8.0 4.0 0.0 0.0 

i 9.2 7.9 8.5 3.2 6.1 8.8 7.5 13.0 3.3 

j 8.9 6.9 8.3 1.5 4.4 8.5 5.7 5.9 0.8 

k 8.9 7.1 8.2 1.5 4.3 8.9 6.3 7.6 3.9 

l 9.3 7.8 8.7 2.2 5.1 9.1 7.0 17.6 7.4 

apIC50 values for PI3Kα and γ not shown; these were consistently low (α ≤ 6.2, γ ≤ 6.7) All biological values are 

means of ≥3 replicates. 
bB1 and B2 are defined as the first and second base (left to right) in the structures as drawn above 

 

Initially, it was seen that compound a and b displayed very different retention profiles, 

with b having a much higher percentage remaining in the lung after 24 hours (4.8% 
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and 0.1% for b and a respectively) and a more favourable base-driven PK profile 

(Figure 10). 

 

Figure 10: Rat ITPK Time course of selected examples, Taken from Perry et al73 

 

 

With the uncertainty of why b and not a had led to an increased lung retention, they 

turned their attention to the exact basicities of each amine in the dibases. They found 

that the second amine in each structure had very different pKa values (4.7 and 6.5 for 

a and b respectively). They then investigated further by synthesising analogues c-l 

and discovered that second basic pKa was indeed the most important factor 

determining compound half-life and thus lung retention (see a, h, j). It was clear that 

until the second basic pKa was at least 6, there would be little to no residual compound 

remaining in the lung. When the pKa is less than 6, changes in lipophilicity had little 

effect on the lung retention (see a vs h; d vs j). Conversely, increasing the pKa beyond 

6 increases the lung retention, albeit in a less definable pattern.  

 

Interestingly, the pKa of the first base displayed no effect on the lung retention for the 

rage of pKa used in this study (7.3-9.6), whilst lipophilicity, as shown through Log D 
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values, displayed no effect on the residual dose remaining, it did contribute to the half-

life of the compound (see c) (Figure 11). 

 

Figure 11: Comparison of Physiochemical Properties and Lung Retention, taken from Perry et al73 

 
 

The last study they performed was a comparison of cell potency and enzyme inhibition 

as a consequence of compound lipophilicity. They concluded that if a compounds 

lipophilicity (Log D) is greater than 1.6 then a compound which exhibits good PI3K 

enzyme inhibition will also attain good cell half-life. 

 

These results were rationalised using the lysosomal trapping model as method of 

sequestering dibases (based on their lipophilicity and thus membrane permeability of 

the neutral compound) creating a di-cationic species. The half-life therefore is driven 

by the pKa of the terminal amine which determines the percentages of mono- and di-

cationic species, and thus sequestering potential due to organic cation transportation. 
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Based on this work, there are some clear observations that should be considered when 

designing dibasic compounds for an inhaled administration: Lipophilicity should be 

monitored to achieve a value of between 1.7-2.5, whilst the pKa of basic amines 

should be maximised to ensure a favourable IT-PK time course. 

 

1.1.3.2.4 PEG linkers 

Another interesting method for increasing the lung residency time is the synthesis of 

high molecular weight drug-polymer conjugates through conjugation of a drug 

molecule to polymers such as polyethylene glycol (PEG) using a linker which is 

bioactivated to the release the drug in-situ.74 This approach extends the lung residency 

by increasing the hydrophilicity and thus aqueous solubility of the drug, and delaying 

the lung absorption of the molecule due to its size, requiring a slower, paracellular 

route of epithelial absorption.75  

 

In 2009, Gursahani et al studied the how the size of the PEG conjugate effected the 

rate of permeability and thus lung retention of a range of fluorescently tagged polymer 

conjugates.76 Their results demonstrated that without any PEG conjugate, the half-life 

of the sodium fluorescein was incredibly poor at 0.52 hours, but that this could be 

increased through PEG conjugation from 2.36 hours in a 0.55 kDa conjugate to 12.02 

hours for a 5 kDa polymer. This result certified the relationship that larger molecular 

weight PEG polymer conjugates could achieve extended lung residency times and 

formed the basis for various PEGylated drug conjugates for inhaled delivery.77–79 
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1.1.3.2.5 Organic Ion-Pairing 

The use of ion-pairing is an established method of improving pharmacokinetic 

properties, and has found significant application in topical80, ocular81 and oral82 routes 

of delivery. Ion-pairing is the electrostatic association of counterions to charged drug 

molecules, as a method of overcoming physiochemical properties and improving 

absorption across cellular membranes.83 Once administered, the increased proportion 

of drug molecules able to cross the plasma membrane as ion pairs can improve the 

pharmacological activity of the drug, meaning lower doses can be administered, 

resulting in less systemic exposure and fewer adverse effects.  

 

Interestingly, the opposite result can be achieved by creating hydrophilic organic ion-

pairs with reduced rates of absorption to achieve an increased residency time, although 

this has yet to be extensively explored in the literature. Indeed, this hypothesis was 

demonstrated by Dutton et al, in which a series of organic, salbutamol ion-pairs were 

created and evaluated to determine their rate of transport across respiratory epithelium 

in Calu-3 human bronchial cells (Figure 12).84  
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Figure 12: Structures of Salbutamol (A) and Ion-Pair Partners (B-E), Taken from Dutton et al84 

 
 

By selecting ion-pairs with differing molecular weights, lipophilicity and polar surface 

areas, they were able to extensively compare how different physiological properties 

would affect the cellular absorption of salbutamol. Their results demonstrated that 

formation of salbutamol ion-pairs significantly impaired cell permeability relative to 

the free base, and suggested the increase in polar surface as the cause of reduced 

membrane permeability. This result supported previous literature that observed a 

reduced Calu-3 epithelial cell permeability for salbutamol sulfate compared with the 

free base.85 

 

As previously mentioned, application of organic ion-pairing to inhaled delivery is still 

under-researched and further investigation is required to determine whether extended 

pharmacological activity post inhalation of ion-pair formulations can be achieved.  

 

1.1.3.2.6 Inorganic Ion Coupling  

One similar alternative to organic ion-pairing, is the coordination of a drug molecule 

to metal centres such as Ca2+, Mg2+, Zn2+ or Al3+, forming complexes which vary in 
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stoichiometry and molecular weight. As with organic ion-pairing, these large, 

charged, complexes possess slower rates of epithelial absorption and thus display 

potential for increasing lung residency times of inhaled therapeutics. Across two 

studies, Lamy et al and Brillault et al have demonstrated that by inhaling an 

aerosolized nanoparticle formulation of an 80% copper complex of the antibiotic 

ciprofloxacin, it is possible to retard the cellular absorption across lung epithelium, 

increasing the lung residency of ciprofloxacin compared to direct administration.86,87 

Gratifyingly, the efficacy of ciprofloxacin-copper complex against two pseudomonas 

aeruginosa strains was determined to match that of free ciprofloxacin, but use of the 

copper complex meant that higher lung concentrations were achievable, without an 

increased toxicity or occurrence of side effects.88 

 

1.1.3.2.7 Drug Carriers  

The use of drug carriers to aid the delivery of inhaled therapeutics shows promise  

within sustained drug release. Through encapsulation of the drug molecule within 

large carrier structures such as micelles, polymeric nanoparticles and liposomes etc, 

the pharmacokinetic properties of the drug at the intended delivery site can be 

improved. Release of the drug from the carrier is dependent on the rate of diffusion of 

the drug through the carrier matrix and the rate of degradation of the carrier itself, and 

thus through careful design of the carrier, and the therapeutic goal, a sustained rate of 

release of the active drug can be achieved.  

 

Although presenting opportunity for improved drug characteristics, liposomes are the 

only sustained release carrier systems for inhaled administration to reach clinical 
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trials. Liposomes encapsulate drug molecules inside lipid bilayers, the composition 

and thus permeability of which drives their sustained release potential, by restricting 

the diffusion of the drug from the carrier. They have demonstrated their potential with 

a wide range of inhaled therapeutics including, bronchodilators for COPD treatment89, 

immunosuppressants90 and various antibiotics91. 

 

1.1.3.2.8 Insolubility  

A final method employed in the delivery of inhaled therapeutics is to exploit low 

aqueous solubility as mechanism of increasing lung retention. By reducing the 

solubility of the inhaled agent, the rate of absorption across the epithelial membrane 

is reduced due to the requirement of the drug to be in solution for transcellular 

absorption. This method has found application in the administration of estradiol as a 

hormone replacement therapy. Owing to its low aqueous solubility, estradiol was 

originally administered as a subcutaneous injection as an aqueous suspension. 

However, through inhalation of large porous particle formulations of estradiol,  Wang 

et al were able to exploit the low solubility of estradiol as a method of sustained 

delivery, and were able to produce elevated systemic concentrations for up to 5 days 

post inhalation.92 

 

Unfortunately, inhalation of insoluble particles is not always a practical solution for 

increasing the duration of action of inhaled therapeutics. Deposition of insoluble drug 

molecules in the lungs while extending duration of action, can often lead to increased 

airway inflammation causing side effects such as breathing difficulties and severe 

exacerbation.93 For patients with breathing difficulties, such as asthma and COPD 
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patients, in which inhalation is quickest method of symptom relief, provoking an 

inflammatory response in the airways can be counter intuitive. 

 

1.2 Chronic Obstructive Pulmonary Disease and Asthma  

Drug administration through inhalation is employed in the treatment of chronic 

obstructive pulmonary disease (COPD) and Asthma. COPD is defined as a 

preventable, progressive disease state caused by limited air flow to the lungs as an 

inflammatory response to gases and particulates such as those encountered while 

smoking.94 Smoking is the main prevalent risk factor, with 20% of all smokers having 

COPD, with this number raising to 50% for lifelong smokers. In 2015,  the Global 

Burden of Disease Study found that COPD was responsible for over 5% of deaths that 

year, totalling almost 3.2 million people, and predicted COPD to become the fourth 

highest cause of death by 2030.95  

 

In addition to a persistent cough, the other major symptom of COPD is shortness of 

breath caused by a combination of obstructive bronchiolitis and emphysema.96 

Collectively these conditions cause the degradation of the walls of the alveoli resulting 

in a reduced surface area for gas exchange and thus poor airflow and shortness of 

breath. In addition to this, inflammatory responses from neutrophils and macrophages 

caused by inhalation of irritants causes a narrowing of the airways preventing a 

patient’s ability to breathe out. 97 
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In contrast, asthma is defined as chronic inflammation caused by airway 

hyperresponsiveness affecting over 300 million people worldwide, and results in 

breathlessness, wheezing and coughing, particularly in the early morning or late at 

night.98,99 Some of the main causes of asthma is hyperresponsiveness to allergens such 

as dust, animal fur and pollen.100 Whilst exacerbations can be severe, and in a small 

percentage of cases, fatal, the reactions can be reversible with effect symptom 

management/prevention. 

 

1.2.1 COPD and Asthma Treatment 

The most prevalent treatment for the management of COPD and asthma symptoms is 

the inhalation of bronchodilators (sometimes in combination with glucocorticoids) to 

remove resistance in the airways by targeting receptors responsible for the dilation of 

the bronchi and bronchioles.101 Bronchodilators are broken down into three main types 

of prescribed medication; short, long and ultra-long acting β2 adrenoceptor agonists, 

short and long acting anticholinergics, and the phosphodiesterase inhibitor, 

theophylline, the former options usually being taken in combination with anti-

inflammatory glucocorticoid steroids. 

 

1.2.1.1 β2 Adrenoceptors 

β2 adrenergic receptor agonists mimic the natural receptor ligand epinephrine (Figure 

13) causing an increased production of cAMP, stimulating muscle relaxation in the 

bronchi.102  
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Figure 13: Structure of Epinephrine 

 

 

Targeting of the β2 adrenoceptors is the most effective bronchodilation method as they 

are natural agonists for the dilation of smooth airway muscle, and are located along 

the entire bronchial tree.103 Short acting β2 agonists (SABA) are used to provide 

temporary, quick relief from asthma symptoms and flare ups by relieving 

bronchospasms. These typically take effect in under 20 minutes, and the effect lasts 

for around 4-6 hours.  

 

Figure 14: Structure of Salbutamol 

 
 

First marketed in the UK in 1969,104 salbutamol (Figure 14) is the most commonly 

prescribed SABA and was listed as the 10th most prescribed drug in the US in 2016.105 

Although it can be synthesised stereospecifically, Salbutamol is sold as a racemic 

mixture due to the complementary effects of each enantiomer. The (R)-(-)-enantiomer 

(Figure 15 A) is required for the pharmacologic activity, whilst the (S)-(+)-

enantiomer (Figure 15 B) blocks metabolism pathways which lead to the elimination 

of the active (R) enantiomer. However, due to its slow metabolism, an accumulation 

of the (S) enantiomer often occurs, leading to an inflammatory response.106–109 
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Figure 15: Structures of A) (R)-(-)-Salbutamol and B) (S)-(+)-Salbutamol 

 
 

Long acting β2 agonists (LABA’s) are taken routinely, ahead of flare ups in order to 

prevent and control bronchospasms: they do not help with an in-progress flare up. 

Although much longer acting, these are still taken at least twice a day, often alongside 

an inhaled steroid, to provide airway constriction relief for up to 12 hours. Although 

both salmeterol and formoterol (Figure 16), are under the same classification, they 

function in completely different ways due to their differing physiochemical 

properties.110  

 

Figure 16: Structures of Salmeterol and Formoterol 

 
 

Due to formoterol’s higher aqueous solubility and only moderate lipophilicity (2.2 for 

formoterol compared to 4.2 for salmeterol)111,112, it often concentrates in extracellular 

space, possibly relying on the action of transporters to ensure a rapid delivery to the 

β2 adrenoceptor present on the surface of smooth muscle. Salmeterol however is 
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highly lipophilic and only sparsely water soluble meaning a much slower onset of 

action is observed, but cell uptake occurs passively without the need for active 

transport.103 

 

In contrast to salbutamol, where its’ aqueous solubility ensures a rapid elimination 

from lung tissue, the lipophilicity of formoterol and salmeterol allows for their storage 

within cell membranes, acting as an agonist source for the β2 receptors.113 Formoterol 

acts as a full agonist due to the additional side chain methoxy group which completely 

changes the shape of the receptor when binding. Salmeterol however only partially 

changes the receptor shape leading to inefficient signal transduction. 

 

Indacaterol (Figure 17) was introduced to the market in 2009 as the first once daily 

inhaled ultra LABA. Early research found it to have quick onset of bronchodilatory 

action of under 5 minutes, which was then sustained over 24 hours, all from a single 

300 μg dose.114  

 

Figure 17: Structure of Indacaterol 

 
 

Developing new ultra LABA’s is of current research interest with the intent of 

eliminating the need for dosing more than once per day in attempt to reduce the 
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observed side effects, such as inflammation, alterations to patients’ blood pressure and 

heartrate, headaches and tremors115.  

 

1.2.1.2 Anticholinergics 

Muscarinic receptors are acetylcholine receptors, which together with G-proteins, 

form G protein-coupled-receptor (GPCR) complexes in neuronal cell 

membranes.116,117 Consisting of 7 transmembrane regions, these metabotropic 

receptors use G-proteins as their signalling method: acetylcholine is the natural 

agonist ligand, binding to the receptor, causing the G-protein to initiate an information 

cascade within the cell.118,119 Split into 5 isoforms (M1-M5) with different regulatory 

roles (Table 3), knockout-mice studies have shown the M3 isoform to be primarily 

involved in airway smooth muscle contraction such as that observed in chronic 

obstructive pulmonary disease (COPD).120–122 

 

Table 3: Distribution and Cardiovascular Effect of Muscarinic Receptors, summarised from Saternos et 

al123  

Receptor 
Main Tissue 

Distribution 
Cardiovascular Effect 

M1 
Brain, prostate, 

salivary gland 

Heart: Increases contractile force and heart rate. 

Vasculature: Vasodilation and 

Vasoconstriction. 

M2 
Gallbladder, heart 

muscle, lung 

Heart: Regulates pacemaker, atrioventricular 

conduction, contractile force. 

Vasculature: Vasodilation. 

M3 
Salivary gland, 

lung, bladder 

Heart: Dilation of coronary artery, regulates 

heart rate and repolarization, activation of 

survival pathways. 

Vasculature: Vasodilation, Vasoconstriction 

and endothelial barrier function. 

M4 Spleen 
Heart: Atrial neurotransmitter release, 

regulation of K+ channels. 

M5 
Brain, placenta, 

testis 
N/A 
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There are two types of muscarinic receptor antagonists currently available, termed 

short acting and long acting muscarinic receptor antagonists (SAMA and LAMA 

respectively).124 Ipratropium bromide (Figure 18) is the most widely prescribed 

SAMA and acts by non-selectively blocking all muscarinic receptors. Onset of action 

is typically observed after 1 minute, reaching peak activity after about 1 hour and 

lasting on average 3-6 hours.125,126 As shown above, the non-specific blocking of all 

muscarinic receptors can invoke a wide ranging pharmacological response in a wide 

variety of tissues and thus depending on the drug stability in the blood, occurrence of 

side effects is expected.127 

 

Despite providing quick relief from Asthma and COPD symptoms, less than 10% of 

the inhaled dose reaches the lung tissue at which point it is able to exhibit a short lived 

pharmaceutical response.128 Unfortunately, due to short lived receptor antagonism, 

ipratropium bromide exhibits a high volume of secondary tissue distribution (3 and 15 

l kg−1) post absorption into the pulmonary vein, and exhibits high stability in both rat 

blood and urine (21-24 hours and 6-8 hours respectively).129 The high potency and 

poor pharmacokinetics of ipratropium bromide provide ample opportunity for 

secondary pharmacology and thus patients regularly experience multiple side effects 

including heartburn, pain when urinating, fast or pounding heartbeat and chest pain. 

 

Figure 18: Structure of Ipratropium Bromide and Tiotropium Bromide 
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Tiotropium bromide was the first LAMA licensed for use in 2005, its prolonged 

pharmacodynamic response is a consequence of its kinetic selectivity for M1 and M3 

receptors, with the latter providing an extended reversing of vagally induced 

bronchoconstriction.130 Tiotropium was found to be approximately 20 times more 

potent than ipratropium bromide, achieving sustained bronchodilation for over 24 

hours from an equipotent dose. Unfortunately, as with ipratropium bromide, high oral 

bioavailability alongside short-lived lung tissue residency results in maximal plasma 

concentration within just 5 minutes of inhalation of a single dose, and a plasma half-

life (t1/2) of 5-6 days.131 Fortunately, high receptor off rates for the M3 receptor and a 

much-increased potency relative to ipratropium bromide meant that a much lower 

dosage was required (40μg – 2mg vs 10-18 μg)132, and thus concerns regarding plasma 

stability are much reduced. Despite the reduced dosage and improved bronchodilatory 

response, significant side effects are observed including unstable or life-threatening 

arrhythmia or heart failure regarding hospitalisation.  

 

Indeed, this has been the focus of recent literature surrounding the use of tiotropium 

bromide. Several groups have noted the increased risk of mortality associated with the 

use of the tiotropium Respimat inhaler,133,134 including Bateman et al, who attributed  

the increased risk of cardiovascular mortality to the devices ability to create a ‘fine 

mist’, which could lead to higher than accounted for concentrations, although  further 

investigation is required.135 Although tiotropium has yet to be withdrawn, its potential 

withdrawal highlights the pertinent need for novel long acting muscarinic receptor 

antagonists with improved safety profiles. 
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Aclidinium bromide is a relatively new LAMA, having only been approved in 2012.136 

Pharmacologically, aclidinium achieves its long acting response (t1/2 =29 h for 

aclidinium vs t1/2= 64 h for tiotropium) in a similar way to tiotropium, having an 

extended, but inferior, dissociation time from M3 receptors versus other receptor 

isoforms.137 Interestingly, association of aclidinium with M3 receptors matched that 

of ipratropium, meaning that onset of action was much quicker than tiotropium 

achieving bronchodilation in just 10 minutes from an equipotent dose (versus up to 30 

minutes for tiotropium).138,139 Aclidinium also demonstrates a much shorter plasma 

stability half-life of between 1 and 3 hours, but despite this, demonstrates identical 

side effects to tiotropium, with severe arrhythmia causing widespread concern. 

Studies are currently underway to determine its superiority over tiotropium. 

 

1.2.1.2.1 Development of New Long-Acting Anticholinergics  

Unfortunately, despite past successes in the development of anticholinergics, new 

long acting treatments are not forthcoming due to the difficulties of inhaled delivery 

in combination with high muscarinic receptor expression in surrounding tissue. Most 

muscarinic receptor antagonists are non-selective and as such, when they are 

eliminated into the pulmonary vein, high plasma stability can often result in the 

delivery of the drug directly to the M2 receptors in the heart leading to severe side 

effects. It is clear the high expression of all muscarinic isoforms throughout the lungs 

and heart makes it difficult to achieve the desired pharmacological activity without 

the prevalence of severe side effects. Even if a completely selective M3 receptor 

antagonist was discovered, plasma stability could ensure that cardiac side effects are 

still observed. Instead a drug delivery approach which either reduces the amount of 
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active drug entering the blood, or reduces/eliminates its pharmacological potential in 

the blood may be required. 

 

1.2.1.3 Theophylline 

Although its mechanism of action is not completely understood, theophylline has been 

one of the most prescribed drugs in the treatment of Asthma and COPD since its 

discovery over 80 years ago (Figure 19).140  

 

 

Figure 19: Structure of Theophylline 

 
 

When administered (orally or intravenously) in high concentrations, theophylline acts 

as a bronchodilator by inhibiting phosphodiester enzymes, causing an increase in 

intracellular cAMP and ultimately instigating smooth muscle relaxation.141 In low 

doses, theophylline also exhibits mild anti-inflammatory responses due to multiple 

mediator inhibition although this response is inferior when compared with the use of 

inhaled corticoid steroids.142 Unfortunately, the requirement of high concentrations to 

achieve pharmacological activity leads to a high prevalence of severe side effects and 

has resulted in theophylline becoming a third-line treatment, with β2 agonists much 

more effective as bronchodilators, and inhaled corticoid steroids being superior anti-

inflammatory agents.  
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1.2.1.4 Glucocorticoids 

Glucocorticoids are steroid hormones which bind to the glucocorticoid receptor 

reducing the effects of the inflammatory immune response.143 Upon binding, the 

receptor complex translocates into the cell nucleus where it binds to the promoter 

region causing the regulation of lipocortin-1, which ultimately results in an anti-

inflammatory response.144,145 When nebulised and inhaled using MDI’s, 

glucocorticoids alongside bronchodilators are recommended for the management of 

acute exacerbations caused by COPD as they have been found to improve the lung 

function and oxygenation, whilst also reducing the occurrence of treatment failure, 

relapse risk and hospitalization length.146 Two of the most commonly prescribed 

glucocorticoids include beclomethasone and budesonide (Figure 20).  

 

Figure 20: Structure of Beclomethasone and Budesonide 

 
 

Unfortunately, as glucocorticoids do not offer symptom relief and are simply 

administered to prevent worsening exacerbation severity, adherence to strict dosing 

regimens is usually very poor (circa 30%).147,148 This leads to over-reliance of β2
-

agonists for symptom relief which unfortunately increases a patient’s chance of more 

severe exacerbations and ultimately death.149 Recent clinical studies have investigated 

the potential of as-needed combined β2
 agonists with glucocorticoids such as 

budesonide-formoterol. Across two studies, it was found that when used as needed, 



AYRE (2021)   
 

58 | P a g e  

budesonide-formoterol was just as effective at preventing severe exacerbations as 

twice daily budesonide maintenance therapy but at approximately 70% of the dose, 

with a much higher dosing regimen adherence.150,151 

 

1.3 Background Work Supporting this Thesis 

Some recent work within the Stock’s group aimed to apply the concept of extended 

lung residency due to incorporation of a dibasic pharmacophore by applying it to the 

design of a novel long acting muscarinic receptor antagonist. By taking a known active 

muscarinic receptor antagonist (1) and creating quaternary (2), dibasic (3, 4) and basic 

quaternary (5, 6) analogues, they were able to compare lung retention post 

intratracheal dosing in rats (Figure 21, Table 4). Their aim was to create an analogue 

which maintained potency and selectivity but lead to an increased duration of action 

due to increased membrane binding and acidic organelle sequestering potential.  

 

To understand the effects observed, the compounds’ stability in rat lung homogenate 

and blood plasma were studied post IT dosing. The following compounds (A-F) were 

synthesized, and the results compared to those of clinically used anticholinergics 

tiotropium bromide, ipratropium bromide and glycopyrrolate.152 In addition, to test 

the hypothesis further, a small range of  PI3 kinase inhibitors analogues were prepared 

(H-I)  as dibasic analogues of G, to again examine the lung retention with and without 

a dibasic group in another therapeutically useful series of compounds.  

 

Their data demonstrated that dibasic (C, E, H-I) and quarternary (B, D, F) compounds 

have an increased lung retention and plasma stability over their monobasic equivalents 

(A, G). Unfortunately, for the muscarinic compounds, whilst these modifications 
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improved the compound’s lung retention, any modification to the original potent 

monobase, led to pharmaceutically inactive compounds due to the binding 

requirements of the alcohol and heterocyclic amine in the receptor. Whilst this proved 

that the extended lung retention can be a physicochemical consequence of the dibasic 

nature of the compounds rather than a receptor-mediated process, it unfortunately 

meant that no significant direct improvement could be made to the compound that 

would both maintain potency and selectivity whilst increasing the lung retention. In 

addition, insolubility of compounds (A-I) in the aqueous dosing media created 

uncertainty as to the amount of inhaled compound that was administered. 
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Figure 21: Structures of Compounds (1-9), Ipratropium and Tiotropium Bromide and Glycopyrrolate 

-Performed by D. Speed 

 
Table 4: PK Data for Compounds (1-9), Ipratropium and Tiotropium Bromide and Glycopyrrolate 

Compound Type cLogDa LogD cLogPa 
Rat Lung 

T1/2 (hr)
b 

Rat Plasma 

T1/2 (hr)
c 

A Basic 2.11 1.69 2.67 1 0.3 

B Quat -1.49 -0.65 -1.49 13 7 

C Dibasic 0.37 0.47 3.78 19 9 

D 
Quat-

Basic 
-3.23 -2.23 -0.38 42 4 

E Dibasic 1.89 2.01 4.7 27 3 

F 
Quat-

Basic 
-1.26 -1.71 0.6 69 16 

G Basic 1.58 ND 3.65 28 0 

H Dibase 1.44 ND 3.77 66 2.2 

I Dibase -0.45 ND 3.91 67 1.9 

Tiotropium Quat -1.76 ND -1.76 10 ND 

Ipratropium Quat -1.82 ND -1.82 6 ND 

a Calculated using Marvin Sketch 
b Terminal half-life after intratracheal dosing in rats (n=2);  
c Plasma half-life after intratracheal dosing (n=2)  

N/D – Not Determined.  
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This work supported the hypothesis for the work presented in this thesis. Since an 

improved PK profile without the loss of potency could not be achieved by direct 

chemical derivatisation, it is hypothesised that a prodrug system could resolve these 

issues. By chemically attaching an active muscarinic antagonist to a dibasic, 

potentially lung tissue retentive moiety via a cleavable linker (Figure 22), the 

application of a prodrug sustained delivery system is evaluated.  

 

Figure 22: Cleavable Prodrug Concept 

 

Prodrug design concept. Directly inhaled drug compounds distribute into lung tissue where they are poorly 

retained, leading to a high clearance and subsequent high blood/systemic concentration. The prodrug hypothesis 

would result in a longer lung tissue residence time due to increased propensity for plasma membrane binding and 

acid organelle sequestration. The prodrug would then activate in-situ to release the drug at a controlled rate. Non-

toxic breakdown products resulting from activation would then be cleared from the lung by diffusion into the blood. 

  

It is hoped that the incorporation of the dibasic moiety would optimise the prodrug 

towards an increased propensity for non-specific binding and lysosomal trapping, such 

that a high lung tissue retention for the prodrug at the intended muscarinic site action 

would be achieved. Controlled activation of the cleavable linker would then release 

the active drug in-situ directly at the site of action, such that an extended duration of 

pharmacological activity is achieved, alongside a final PK profile comparable to that 

of tiotropium or AZD3199. 
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Thesis Aims and Objectives 

Herein, this thesis aims to test the hypothesis that incorporation of a potent muscarinic 

antagonist into a dibasic chemical prodrug scaffold can achieve a sustained drug lung 

residency time post intratracheal administration. If successful, this system should be 

adapted to incorporate a drug candidate with an intracellular receptor target to assess 

the applicability of the prodrug system to intracellular targets. Finally, through 

evaluation of the prodrug’s physiochemical properties alongside the determination of 

it’s in-vitro and in-vivo pharmacokinetic profile, this thesis also aims to elucidate the 

mechanism by which any basicity driven, lung retention is obtained. 

 

 

In order to test these hypotheses, the following objectives must be completed: 

1. A prodrug success criterion must be created in order to identify key objectives and 

requirements of the prodrug system. 

2. A chemical series of prodrugs must then be designed, synthesised and evaluated in 

a range of in-vitro DMPK stability and binding assays in order to accurately 

determine the suitability of the prodrug system. 

3. Ultimately, if a successful candidate is identified, the final prodrug must then be 

evaluated in an in-vivo PK study to determine whether the initial aim of increasing 

lung residency has been achieved. 

4. Adapt the prodrug design to incorporate a drug with an intracellular target 

5. Following successful in-vivo PK results, a series of cell-based confocal microscopy 

assays should be undertaken to elucidate the mechanism of lung retention. 
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2. Design and Synthesis of Novel 

Muscarinic Receptor Antagonist 

Prodrugs 
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2.1 Introduction 

2.1.1 Prodrug Techniques 

Absorption, distribution and metabolism are amongst just some of the variables which 

can be improved through use of a prodrug strategy. Prodrugs are inactive forms of a 

pharmaceutical agent which, upon administration activate to release an active agent.153 

Prodrugs are highly regarded as an important technique of delivering targeted 

therapeutics, with prodrugs making up almost 10% of all currently marketed 

medicines, and 20% of all small molecules approved by the Food and Drug 

Administration (FDA) in the past 20 years.154 Use of a prodrug strategy allows for the 

development of ‘ADME’ properties to avoid unfavourable drug characteristics which 

may reduce the PK/PD properties. Additionally, prodrugs may be employed to 

increase selectivity and thus efficacy or to reduce systemic side effects, by creating an 

inactive species which becomes bio-activated to generate the active drug in a much-

reduced concentration than if the drug were directly administered. Hence, use of pro-

drugging strategies are becoming more common when overcoming problematic drug 

candidates with poor PK profiles. 

 

2.1.2 Prodrug Design  

Depending on the rationale for pro-drugging and the ADME property being optimised, 

the prodrug design can vary considerably. A common approach is to include a 

chemically or enzymatically unstable component which degrades in-vivo liberating 

the active drug.155 These prodrugs tend to have a linker or synthetic handle between 

the promoiety and active component which spontaneously cleaves in an appropriate 

biological/chemical environment. Other prodrugs are chemically stable until 
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biological oxidation or reduction reactions take place, and these are termed bio-

precursors.156  

 

2.1.2.1 Administration 

Improving drug administration by improving physiochemical properties such as 

solubility is a common motif in many prodrug systems. Incorporation of polarizable 

or ionizable groups such as amino acids or phosphates into the prodrug design can 

lead to an increased aqueous solubility relative to the parent drug.157 This strategy is 

demonstrated in the development of the prodrug, tedizolid phosphate. Incorporation 

of the phosphate moiety on the free hydroxyl group led to the prodrug having both an 

increased aqueous solubility and potency of between 4-16 times that of the original 

drug, allowing for its use as an orally administered drug (Scheme 2).158 Incorporation 

of ionizable amino acid esters to compensate poor aqueous solubility leads to a similar 

outcome, however high amide stability can sometimes lead to incomplete enzyme 

bioconversion in-vivo resulting in a reduced bioavailability.159,160  

 

Scheme 2: Metabolism of tedizolid sodium phosphate to Tedizolid by phosphatase activity 

 

 

2.1.2.2 Permeability 

Despite the risk of poor enzyme bioconversion, amino ester prodrugs can increase the 

permeability of the prodrug relative to the parent. This is because transport of the drug 

through the plasma membrane often relies on the use of transporter proteins.161 As 
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previously discussed, transporters such as OCTs and peptide transporters play a vital 

role in the distribution of peptidic drug molecules, and thus, by increasing a 

compounds affinity for these proteins through incorporation of amino acid/dipeptide 

moieties, one can increase the permeability and thus distribution of a (pro)drug 

candidate. Beauchamp et al used this method in the development of ester prodrug 

valacyclovir, a herpes virus treatment.162 By using the L-valyl ester of acyclovir 

(Scheme 3), they found the bioavailability to be 20 to 35% better than the parent drug 

due to increased uptake by peptide transporter PEPT1.163 

 

Scheme 3: Structures of Acyclovir and Valacyclovir 

 
 

In addition, masking polarizable groups such as carboxyl groups with an ester 

alternative can lead to increased membrane permeability and distribution. This was 

achieved in the development of hepatitis C prodrug sofosbuvir. The strongly polar, 

negatively charged phosphate group in the parent drug was masked creating a prodrug 

with increased absorption upon oral administration, which was quickly converted to 

the active monophosphate during metabolism before being phosphorylated further 

(Scheme 4). 164 
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Scheme 4: Structures of sofosbuvir and its active metabolite 

 
 

2.1.2.3 Distribution 

The distribution of a drug upon administration can be altered through employment of 

a prodrug strategy. Prodrugs can be designed to target/accumulate in tissues which the 

parent drug would otherwise not associate with. A common example of this is the 

development of the dopamine anti-Parkinson’s prodrug, Levodopa (Scheme 5). 

Dopamine is a neurotransmitter which is unable to cross the blood-brain barrier due 

to its inherent hydrophilicity.165 Use of an amino acid analogue of dopamine creates a 

prodrug which is a substrate for a brain amino acid transporter proteins, and upon 

decarboxylation causes dopamine accumulation in otherwise unreachable 

dopaminergic nerves.159,166 

 

Scheme 5: Structure of Dopamine and it’s Prodrug Levodopa 
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2.1.2.4 Metabolism 

Concealing functional groups through development of a prodrug can lead to increased 

stability towards first pass metabolism. This is because the prodrug itself can be 

designed to be slowly metabolised instead of its concealed active component. This 

results in a higher concentration of the active drug reaching the desired location. In 

the case of terbutaline, conversion of its phenol moieties to more stable carbamate 

groups, creates a prodrug (bambuterol) with an increased resilience to metabolism and 

longer lung residency (Scheme 6).167,168 This prodrug strategy has converted a 

multiple daily dosed drug into a once daily administered prodrug with reduced side 

effects.169 

 

Scheme 6: Structure of terbutaline and bambuterol 

 
 

 

2.1.3 Sustained Release Prodrug Systems 

An interesting application of prodrug systems is the development of slow or sustained 

release systems. These aim to lower the dosage requirements of the initial drug to 

reduce both the administration frequency and occurrence/severity of adverse side 

effects present in higher drug concentrations. Typically, these systems involve the 

derivatisation of drug candidates into highly amphiphilic alky derivatives which then 

self-assemble into highly soluble micellar structures with internalised hydrophobic 
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compartments containing drug molecules. Micelle formation possess many 

advantages including increased gastrointestinal absorption and reduced metabolic 

degradation which leads to a sustained release of the active drug over time, and thus 

a prolonged plasma half-life concentration.170 Recently this idea has been utilised in 

the development of a paclitaxel acyl ester prodrug for use in cancer treatment (Scheme 

7). Micelle assembly of this prodrug led to a sustained release delivery system with 

increased plasma duration for a more effective, sustained delivery of paclitaxel over 

24 hours.171 

 

Scheme 7: Structure of paclitaxel and its prodrug paclitaxel-Pax7’C6 

 
 

Other forms of sustained release prodrugs include the use of amino acids as pro-

moieties which are hydrolysed at a sustained rate to release the drug over an extended 

period of time. Lisdexamfetamine dimesylate (LDX) is a lysine prodrug of D-

amphetamine used in the treatment of Attention Deficit/Hyperactivity Disorder 

(ADHD) as a psychostimulant (Scheme 8).172  
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Scheme 8: Structure of D-amphetamine and its prodrug Lisdexamphetamine Dimesylate 

 
 

LDX is a sustained release prodrug, absorbed by PEPT1 and other amino acid 

transporters, designed to be chemically stable until enzymatically cleaved in red blood 

cells.173 Through use of this prodrug approach, the otherwise rapidly metabolised D-

amphetamine was converted into a once-daily administered prodrug with extended 

duration of action of almost 24 hours. This resulted in no abuse potential for the final 

prodrug and fewer observed side effects due to the lower administered dose.174  

 

Xiaowan Zheng et al175 applied a similar prodrug approach in their development of 

sustained release prodrugs of niacin and ketoprofen to improve parent drug 

availability (Scheme 9).  

 

Scheme 9: Structure of Niacin and Ketoprofen Chenodeoxycholate Lysine Linked Prodrugs 
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Through conjugation of the parent drug to a known bile acid (Chenodeoxycholate) via 

an enzyme hydrolysable linker, they managed to target the apical sodium-dependent 

bile acid transporter (ASDT) as a mechanism for improving the cellular uptake of the 

original parent drug, and avoiding extensive first pass metabolism. The prodrugs were 

then slowly cleaved via enzymatic amide hydrolysis during enterohepatic circulation, 

increasing the cell residency time of the drug.  

 

2.1.4 Prodrug application to inhaled administration 

 

Application of prodrug strategies to inhaled delivery provides further opportunity to 

improve the pharmacokinetic profile of the parent drug. Administration of drugs 

directly to the site of action through the pulmonary drug delivery route can give 

significant benefits over other traditional routes of administration: most of which 

generally rely on obtaining a high plasma concentration of the drug for distribution to 

the site of action. As well as the administration of the drug directly to the target lung, 

further benefits arise through the avoidance of first pass metabolism in the liver, 

reduced drug dosage and thus significant reduction of compound exposure to other 

organs, ultimately leading to fewer side effects due to less competing secondary 

pharmacology away from the intended site of action.  

 

As previously mentioned, budesonide is a glucocorticoid with rapid absorption into 

systemic circulation post inhalation, routinely prescribed to asthma patients as a 

method of severe exacerbation prevention.176 Whilst effective, budesonide exhibits a 

short elimination half-life from the lung tissue (2-3.6 hours) and thus is usually 
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prescribed as a twice daily inhaled medication. Unfortunately, adherence to the dosing 

schedule is usually poor,177 especially in older patients, and thus in 2019 Waters et al 

investigated the potential of dextran-budesonide ester conjugates as slow release 

prodrugs in attempt to reduce the dosing schedule (Figure 23).178 

 

Figure 23: Structure of Budesonide and Dextran-Budesonide Conjugates 

 
 

As oral agents, dextranase enzymes located in microflora present in the colon are 

known to hydrolyse the conjugates, rapidly releasing budesonide.179 However, as 

inhaled agents, the lack of dextranase enzymes in the lung results in only a slow 

chemical activation of the prodrug conjugate, meaning a much slower release profile 

is exhibited. This, in combination with increased hydrophobicity and molecular 

weight lead to a much slower absorbance across the plasma membrane, and allowed 

for a depot of inactive prodrug to be created in-situ from which the active budesonide 

was slowly generated.  
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Treprostinil is another example of an inhaled therapeutic which has benefitted from 

improved pharmacokinetic properties upon employment of a prodrug strategy. Owing 

to its short half-life (4.6 Hours)180, and thus requirement of constant 

infusion/dosing,181 treprostinil suffers from exacerbated side effects when 

administered as a pulmonary vasodilator. In order to alleviate the issue, Chapman et 

al sought to apply a prodrug strategy to in order to increase the drug half-life, and 

reduce the dosing frequency/side effects severity (Figure 24).182  

 

Figure 24: Structure of Treprostinil and its Prodrug Treprostinil Palmitil 

 
 

Various esters were synthesised, with longer alkyl chains prodrugs providing the 

slowest rate of conversion to treprostinil.183 It was observed that by inhaling the 

prodrug treprostinil palmitil, a formylated liquid nanoparticle, as a nebulised 

suspension, it was possible to achieve a PK profile in which the concentration of 

trepostinil remained high in the lungs, with minimal exposure to blood plasma.184  

 

A similar ester prodrug approach was applied to the inhaled corticosteroid ciclesonide 

for the treatment of pulmonary asthma (Scheme 10).185 When inhaled using an MDI, 

esterases present in the upper airways convert ciclesonide into the active metabolite 
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des-ciclesonide which demonstrates a 100x higher receptor binding affinity than 

ciclesonide.186,187 

 

Scheme 10: Structure of Prodrug Ciclesonide and its Active Metabolite des-Ciclesonide 

 
 

Despite the recent advances in prodrug systems designed for inhaled administration, 

there is still a considerable lack of sustained release prodrug systems capable of 

increasing the duration of action of existing asthma and COPD treatments. As 

previously mentioned, it is also clear that there is a pertinent need for new, long acting, 

muscarinic anticholinergics /bronchodilators, and thus application of a prodrug system 

based upon the inherent lung retention of dibasic compounds may offer a method of 

converting current short-acting drugs into longer acting treatments.  

 

  



AYRE (2021)   
 

75 | P a g e  

2.2 Aims 

 

The aims of this first chapter were to investigate the potential of a novel prodrug 

system to efficaciously deliver an active muscarinic M3 receptor antagonist over a 

sustained period. In order to have a longer duration of action relative to the parent 

drug, the prodrug would incorporate a dibasic component to increase the propensity 

of both membrane retention and lysosomal trapping. 

 

In order to achieve a sustained delivery with reduced side effects, the final prodrug 

must adhere to the following requirements: 

• The prodrug must be pharmaceutically inactive. 

• The prodrug must display an increased aqueous solubility such that the insolubility 

dosing issues witnessed in Figure 21 were removed. 

• The prodrug must have a high blood stability (> 4 hours) in order to reduce systemic 

exposure to the active drug. 

• The prodrug must be pH-dependently cleaved, i.e. slowly cleaved (t1/2 > 6 hours) 

in slightly acidic to neutral conditions (pH 6-7) whilst stable (t1/2 > 10 hours) at 

lower pH (pH <6). This pH dependency would ensure that a controlled release of 

the prodrug at the targeted tissue is achieved through sustained in-situ chemical 

release of the active drug.  

• The prodrug system should also be easily amenable to a wide range of drug 

candidates. i.e. have a chemical structure which is adaptable to different 

chemotypes.   
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2.3 Results and Discussion 

2.3.1 Design and Synthesis of Prodrug Scaffold. 

As previously discussed, general prodrug designs incorporate an active therapeutic 

agent often tethered by a linker group to a promoiety. When applied to this system, it 

was decided that an active muscarinic receptor antagonist would be tethered to a 

potentially lung tissue retentive, dibasic moiety via a pH-sensitive, cleavable linker 

(Figure 22). It is theorised that by improving the lung residency time of the drug, this 

prodrug system could have the capacity to turn a short acting therapeutic into a much 

longer acting therapeutic through an extended IT-PK profile similar to AZD3199. 

 

2.3.1.1 Muscarinic Drug Selection 

As previously discussed, the recent calls for the withdrawal of tiotropium bromide, 

alongside a pressing need for novel long acting muscarinic receptor antagonists with 

improved PK profiles, solidified the decision to incorporate a muscarinic receptor 

antagonist into the prodrug design. The first step in prodrug design was to select and 

synthesize a suitable muscarinic receptor antagonist which although highly potent, 

suffered from poor lung retention and thus was rapidly cleared from the lung. Based 

on previous work within the Stocks group, a compound with similar chemical 

structure to compound A (page 56) was identified based on the results of various 

potency and quantitative structure-activity-relationship studies performed  initially by 

TeJani-Butt et al188 in 1990 then further explored by Rong Xu et al189 in 1998. 

 

Initial drug development studies sought to examine the improved anticholinergic 

response observed by N-substituted benzilate esters of quinuclidine and piperidine. 
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TeJani-Butt et al found that small alkyl or aralkyl substitutions onto the nitrogen atom 

of the piperidyl ring improved the inhibitory constant, Ki, almost 100-fold, citing a 

small hydrophobic pocket adjacent to the piperidinyl nitrogen as the source of the 

increased affinity. 

 

Table 5: Structure Activity Relationship of Inhibitory Constant Ki for Benzilate Esters of Piperidine, 

Reproduced from TeJani-Butt et al 

 

R Ki (nM) 

H 2.0 ± 0.2 

Me 0.3 ± 0.01 

Et 0.5 ± 0.08 

n-Pr 36.0 ± 8 

i-Pr 8.0 ± 2 

CH2C6H5 0.2 ± 0.06 

CH2C6H4NO2 13.0 ± 6 

CH2C6H4F 3.0 ± 1.0 

(CH2)2C6H5 8.0 ± 2.7 

(CH2)2C6H4NO2 15 ± 2.7 

 

Later, in 1998, Rong Xu et al sought to improve the antimuscarinic activity and 

M2/M3 selectivity of a range of piperidinyl esters (Table 6).  
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Table 6: Physiochemical and Pharmacological Data for N-methylpiperidinyl esters, reproduced from Rong 

Xu et al189 

 
R pEC50(M2)

a pEC50(M3)
b pEC50(M3) - pEC50(M2) 

NPA 4.40 5.65 1.25 

NPP 5.86 7.32 1.46 

NDPA 6.81 7.03 0.22 

NDPP 7.87 7.96 0.09 

NB 7.58 8.52 0.94 

NCPA 7.20 7.61 0.41 

R pEC50(M2)
a pEC50(M3)

b pEC50(M3) - pEC50(M2) 

NCPP 7.92 8.97 1.05 

NCPG 9.07 9.22 0.15 

NM 2.48 4.47 1.99 

a) The receptor inhibition is expressed as -logEC50 (±S.E)  for n= 9-12 determinations, in which the EC50 is the 

concentration required for 50% inhibition of the ACh-induced contraction of the norepinephrine-induced 

precontracted endothelium-denuded rabbit aortic rings. The muscarinic receptors in the denuded endothelium 

have been proposed to belong to the M2 subtype190. 

b) The receptor inhibition is expressed as -logEC50 (±S.E)  for n= 5-6 determinations, in which the EC50 is the 

concentration required for 50% inhibition of the ACh-induced contraction of the phenylephrine induced 

precontracted endothelium (intact) of rat aortic rings. The muscarinic receptors in the intact endothelium have 

been proposed to belong to the M3 subtype191. 

 

Their results demonstrated the dependency of lipophilicity on antimuscarinic activity, 

as NDPP was almost 1000 times more potent than NPA at the muscarinic M2 

receptorand 100 times more potent at M3. Replacing the methyl group in NDPP with 

the hydroxy group in NB increased both the potency and selectivity of the drug at the 

M3 receptor whilst also improving the drug solubility. Increasing the lipophilicity 

further (NCPA, NCPP and NCPG) was found to have no further improvement on the 
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potency or selectivity; whilst substitution of the bulky phenyl groups for a methyl 

group (NM) drastically increased the selectivity but reduced the potency 1000-fold.  

 

From both of these studies, the free amino analogue (Figure 26) was chosen as the 

active drug component as it was highly potent, (Ki 2.0 ± 0.2)188,  synthetically 

achievable without the need for chiral synthesis and contained functionality which 

allowed for prodrug synthesis. As previously discussed, the steric hinderance 

surrounding the alcohol group meant that acylation and subsequent prodrug creation 

would not be possible and hence the amine was identified as an appropriate handle for 

prodrug development. In addition, due to the widely recognised binding requirement 

of a basic amine for high affinity, any acylation at this point would remove any 

pharmacological activity creating an inactive prodrug species.192,193 

 

Figure 26: Structure of the Active Muscarinic Drug 

 

 

 

2.3.1.2 Linker Group Design 

The linker component of the prodrug is perhaps the most important part of the prodrug 

design. If the linker breaks down too quickly, then the original active drug will be 

released too rapidly before the prodrug system is able to achieve an increase in lung 

retention. Instead, the linker group should be pH activated such that the speed at which 
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the linker group collapses can be controlled by the external pH, ensuring that the 

prodrug is able to accumulate within lung tissue (through either membrane binding or 

accumulation within acidic organelles).  

 

The use of pH sensitive, cleavable linkers has been previously employed in drug 

delivery systems, including the use of: acetals194, imines195, carbamates196, β-

thiopropionates197, orthoesters198 and trityls199, amongst others (Figure 27). However, 

the majority of these linkers decompose rapidly at low pH and are therefore utilised 

to release the drug in one quick burst. 

 

Figure 27 : pH Sensitive Linkers 

 
 

Based on unpublished work within the Stocks’ group, a carbamate linker group 

(derived from on 2-chloroethyl chloroformate) was chosen. The use of 2-chloroethyl 

chloroformate is important as it allows dibasic amino acid moieties to be coupled to 

the linker group using silver (I) oxide coupling at the chlorine atom (Scheme 11).   
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Scheme 11: Development of Prodrug Scaffold 

 

 

Importantly, the combination of the carbamate linker group and a dibasic (amino) 

group allows the cleavage of the linker group to be pH activated. This is because 

activation of the linker group depends on the availability of a neutral amine group to 

instigate the cleavage of the prodrug (see 2.3.2.1.1 Monobasic Prodrug Cleavage 

Mechanism). Thus, by controlling the pKa of the amine group, it is possible to create 

a prodrug scaffold which is stable at a lower pH. 

 

For this muscarinic prodrug system in which the target receptor for the active drug is 

located on the plasma membrane, membrane binding is perhaps the most important 

way of increasing lung residency, as a high membrane binding would ensure a release 

of active drug in close proximity to the target receptor. This meant that the prodrug 

must display an appropriate stability in the extracellular medium (approx. pH 7) to 

ensure a slow activation, allowing the prodrug concentration to build.  This is 

especially relevant, as the lung pH of COPD and asthma patients is made more acidic 

due to the increased presence of carbon dioxide and thus carbonic acid resulting from 

the damage caused from the inflammatory response to particulates.200,201  

 

Furthermore, it was also important that the breakdown products from the linker were 

non-toxic, and rapidly cleared from the lung. The use of the carbamate linker meant 

Dibasic 
Amino 
Acid 
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that only carbon dioxide and ethanal would be produced as by products from 

activation of the prodrugs, both of which are naturally occurring. Whilst the presence 

of aldehydes is a cause for concern due to their carcinogenic properties202, it should 

be noted that the incredibly low dose of the administered prodrug ensured that the 

concentration of ethanal would be negligible compared to that which is consumed 

during moderate alcohol consumption. 

 

2.3.1.3 Dibasic Amino Acid Design 

By selecting/synthesising dibasic amino acids, it was possible to create an overall 

dibasic species. Utilisation of amino acids in the dibasic moiety, not only optimises 

the prodrug as potential substrates for peptide transporters, thus increasing the cell 

permeability of the prodrug, but also ensures that any breakdown products are non-

toxic due to the natural occurrence of amino acids in human biology. 

 

2.3.1.3.1 Potential Prodrug Cleavage Mechanism 

In order to aid the design of dibasic amino acids, it was first necessary to discover how 

factors such as pKa and chemical structure would influence the cleavage of the 

prodrug. When covalently linked to an amino acid, the ester group of the linker would 

be susceptible to nucleophilic attack, triggering activation of the prodrug. There are 

two possible mechanisms by which this could occur; direct nucleophilic attack from 

the neutral component of the deprotected terminal amine forming a strained lactam 

structure (Scheme 12A), or through anchimeric water delivery from the same 

respective amine, yielding the original amino acid (Scheme 12 B).  
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Scheme 12: Suggested prodrug cleavage mechanisms 

 
 

Anchimeric assistance or neighbouring group participation (NGP), is defined as the 

interaction between a neighbouring, non-conjugated sigma or pi bond within the 

parent molecule to a reaction centre within the same molecule.203 In this prodrug 

system, the neutral portion of the terminal amine is able to coordinate to a water 

molecule, anchoring it in close proximity to the reactive ester carbonyl, aiding its 

attack.  The requirements and conditions for each possible mechanism were unknown 

and needed to be investigated in order to fully understand the prodrug activation.  

 

Both cleavage mechanisms are inherently pH dependant due to the requirement of a 

neutral amine to direct the cleavage. It was therefore important to ensure the final pKa 

of the basic components were close to physiological pH (7.4), to ensure the presence 

of neutral amine and to achieve high lung retention based on Perry et al’s criteria (See 

Section 1.7). This also presents a method of cleavage rate control, as the smaller the 
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percentage of neutral amine, the less amine available to cleave the molecule, and thus 

by controlling the pKa of the amine it is possible to reduce the rate at which the 

prodrug cleaves. Further to amine pKa, it was also theorized that by using a dibasic 

amino acid which places a large amount of steric bulk next to the reacting partners, a 

slower cleavage rate would also be achieved due to steric hinderance, and thus a 

second method of controlling the cleavage rate would be introduced (Figure 28). 

 

Figure 28: Potential Rate Controlling Factors 

 
 

2.3.2 Synthesis and Evaluation of Monobasic Prodrugs 

In order to determine the variables and optimum conditions for a sustained prodrug 

breakdown, a small library of monobasic prodrugs was first synthesized. This allowed 

a structure activity relationship (SAR)-like analysis to be performed to discover how 

the pH, pKa, amine position and substitution, and steric bulk should be balanced to 

ensure an appropriate rate of prodrug activation.  

 

The decomposition of the deprotected prodrugs in phosphate buffer at 37°C was 

monitored by LCMS to determine the half-life of the prodrug. Cleavage was stalled 

by addition of acetic acid to the LCMS sample, and the sample frozen until 

characterization. This preliminary method was recognised as being limited in terms of 

Amine pKa 
- Controls percentage 

of neutral amine 

available to activate 

the prodrug 
Steric Hinderance 
- Blocks attack at the ester 

group, preventing activation 
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its accuracy, as the acid quench only partly slowed the cleavage. By freezing the 

samples, cleavage was prevented, however the LCMS samples were not cooled whilst 

inside the LCMS, and did need to be in solution (not frozen) in order to be tested and 

hence a degree of inaccuracy was introduced depending on machine availability.  

 

Although subject to some inaccuracy, for this stage of the prodrug design, the results 

achieved gave a rank order to determine which parameters were more important to 

achieve a delayed drug release. This data was then used to aid the design of dibasic 

prodrugs, which would then be tested more rigorously, in triplicate using a high 

throughput temperature controlled system, calibrated to an internal standard.  

 

2.3.2.1 Amine Position 

The first parameter explored was the position of the amine, and how this might affect 

the rate and mechanism by which the prodrug cleaves (Table 7). 

 

Table 7: Exploration of Amine Position on Stability 

 

Compound Buffer T1/2 (Hr) pH 6.5 a cpKa b 

3 0.52 7.1 

4 7.31 9.3 

5 0.07 10.1 

6 <0.01 10.2 
a Buffer stability was determined using Biological Assay Procedure 3 using pH 6.5 phosphate buffer solution as 

the reaction matrix. 

b Predicted using Marvin Sketch 
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Sequentially moving the amino group one carbon further away from the ester group 

(3-6) raises basicity of the nitrogen and hence the calculated pKa rises to a predicted 

value of 10.2. It was expected that, as the pKa rose and thus the degree of amine 

protonation increased, the rate of cleavage should decrease. This trend was observed 

by the α- and β-substituted prodrugs (3 and 4 respectively), but was not continued in 

the γ- and δ-substituted prodrugs (5 and 6 respectively). The fact that the cleavage rate 

was increased for these prodrugs suggested that a change in cleavage mechanism had 

occurred.  

 

2.3.2.1.1 Monobasic Prodrug Cleavage Mechanism 

It was predicted that the shorter, α and β positioned amine prodrugs (3-4) would cleave 

via an intramolecular water delivery mechanism due to the unfavourable, strained 3- 

and 4-membered lactams that would form in the case of an intramolecular nucleophilic 

attack of the amine. The final cleavage products from this reaction would be that of 

the original carboxylic acid, the free drug, ethanal and carbon dioxide.  

 

In the case of γ and δ positioned amines (5-6), it is thought that the unfavourable 7- 

and 8- membered transition states that would be present through anchimeric 

assistance, coupled with the reacting groups being positioned further apart, results in 

an intramolecular nucleophilic attack rather than an anchimeric-assisted delivery of 

water. This intramolecular reaction would be thermodynamically driven as the final 

amide is of lower energy than the ester and comprises of an unstrained ring structure. 

A change in reaction mechanism results in different cleavage products meaning that a 

5- or 6- membered lactam would be formed instead of the original carboxylic acid. 
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Due to the fact that it was only possible to analyse the cleavage products once the 

prodrug had fully cleaved, one possibility that was considered when debating the 

reaction mechanism, was whether a strained α or β lactam in an abundance of water 

would be able to ring open and reform the original carboxylic acid. If this were 

possible then the reaction may appear concerted, following an anchimeric delivery 

mechanism, when in fact it was an intramolecular nucleophilic attack but then the 

intermediate heterocycle formed by this was unstable under the cleavage conditions 

and thus the cyclic lactam reopened to form the original amino acid. 

 

To test this hypothesis, a sample of the beta lactam (azitidin-2-one) was placed into 

the equivalent deuterated cleavage conditions, and the NMR spectra monitored 

overtime. The corresponding amino acid (3-aminopropanoic acid) was then 

subsequently added to the cleavage products to see if the NMR peaks for each species 

overlapped (Figure 29). The results of this showed that the spectra did not change 

over time, nor did the amino acid NMR peaks align with the lactam peaks proving that 

this species is not present during the cleavage of the prodrugs. 

 

Figure 29: NMR Spectra of azitidin-2-one with and without 3-aminopropanoic acid 

 

(ppm) 
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In order to test this hypothesis further, the synthesis of a range of α-δ ether containing 

prodrugs was attempted, to compare their stabilities to the equivalent amine analogues 

(Scheme 13). This would have provided further evidence for anchimeric water 

delivery, as the alkylated oxygen would be able to deliver the water molecule, but 

wouldn’t be able to participate in a nucleophilic attack. Unfortunately, during the 

silver-oxide assisted coupling, the oxygen atom coordinates to the silver precipitating 

out of the reaction, and no prodrug was observed. Due to the reactive electrophilic 

nature of the linker, any reaction involving a nucleophile could not be attempted and 

thus it was not possible to synthesize this range of prodrugs. 

 

Scheme 13: Attempted Synthesis of Ether Prodrugs 

 
 

2.3.2.2 Amine Alkylation 

With the cleavage mechanism investigated, attention turned to how alkylation of the 

amine would affect the rate of cleavage (Table 8). It was expected that alkylation of 

the terminal amine would have a less pronounced effect on pKa than the position of 

the amine. Instead, addition of steric bulk may hinder the anchimeric assistance and 

delay activation of the prodrug. 
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Table 8: Exploration of Amine Substitution on Stability 

 

Compound Buffer Stability pH 6.5 T1/2 (hr) a cpKa b 

7 0.39 6.44 

8 3.53 6.57 

9 0.14 7.45 
a Buffer stability was determined using Biological Assay Procedure 3 using pH 6.5 phosphate buffer solution as 

the reaction matrix. 

b Predicted using Marvin Sketch 

 

 

As expected, direct mono N-alkylation (7) reduced the pKa of the amine which 

dramatically increased the cleavage rate (compared to 3). Dialkylation (8), whilst 

again reducing the pKa, lead to a slower cleavage rate presumably for increased steric 

reasons and loss of H-bond donor properties. The use of proline (9) caused the 

cleavage rate to increase rapidly despite raising the pKa. This was rationalised due to 

Thorpe-Ingold effects which pushes the two reactive components together to relieve 

steric strain (Figure 30).204,205 

 

Figure 30: Thorpe-Ingold effect exerted by the proline side chain 

 
 

Reacting groups 

pushed closer 

together 
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2.3.2.3 C-1 Substitution 

As previously mentioned, the size of the amino acid R group is another method by 

which the rate of prodrug activation can be controlled. By placing a large sterically 

hindering group next to the carbonyl group, attack at this carbon would be sterically 

hindered and thus it was important to investigate how the size of the C-1 side chain 

affects its potential to sterically hinder nucleophilic attack of the carbonyl (Table 9).  

 

 

Table 9: Exploration of C-1 Substitution on Stability 

 

Compound Buffer T1/2 (hr) pH 6.5a cpKa b 

10 1.71 7.3 

11 3.05 7.6 

12 2.93 7.4 

13 5.09 7.4 

14 15.84 7.5 

15 12.16 7.2 

16 13.92 7.5 
a Buffer stability was determined using Biological Assay Procedure 3 using pH 6.5 phosphate buffer solution as 

the reaction matrix. 

b Predicted using Marvin Sketch 
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This data demonstrated how bulkier amino acid side chains slow the cleavage of the 

prodrug by sterically hindering the delivery of water. This resulted in slower cleavage 

rates in prodrugs (10-16) compared to 3.  

  

2.3.3 Synthesis and Evaluation of Dibasic Prodrugs 

From the monobasic prodrug cleavage data, it was clear that there were two possible 

design approaches when designing dibasic amino acids. One route was to have an α-

positioned amino acid with a large bulky side group to reduce the rate of cleavage, 

while the other approach had a β-positioned amino acid which would rely on the 

higher amine pKa to reduce cleavage rate. Once incorporated, these α and β amino 

groups could then be derivatised to contain a second basic component, in which the 

cleavage mechanism relies solely on anchimeric assistance (Table 10) 
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Table 10: Exploration of Dibasic Prodrug Stability and Binding (performed at GSK) 

 

Cmpd 
Buffer T1/2 

 (hr) pH 6.5 a 

Buffer T1/2  

 (hr) pH 7.4 a 

cpKab 

B1 

cpKab 

B2 

Rat Lung 

Homogenate 

T1/2 (hr)c 

pH 6.8 

Rat Blood   

T1/2 (hr)d 

pH 7.2 

Rat Lung 

Homogenate 

Binding 

 (% Free)e 

1 (Drug) - - 10.0 - Stable Stable 18.3 ± 1.70 

17 3.9 ± 0.05 1.1 ± 0.02 7.4 10.1 -f -f -f 

18 29.1 ± 1.49 5.9 ± 0.13 9.4 10.2 3.1 ± 0.38 0.3 ± 0.02 -f 

19 7.9 ± 1.28 1.8 ± 0.02 10 7.4 -f -f -f 

20 11.1 ± 1.39 1.9 ± 0.08 9.8 10.5 3.5 ± 0.15 0.1 ± 0.00 -f 

21 9.7 ± 1.11 1.8 ± 0.06 7.9 10.3 -f -f -f 

22 54.5 ± 3.16 44.8 ± 0.88 8.4 10.1 0.6 ± 0.04 -f -f 

23 186 ± 0.79 67 ± 0.23 8.4 10.1 2.5 ± 0.07 0.2 ± 0.01 -f 

24 58.6 ± 4.91 36.6 ± 1.70 8.4 10.1 25.4 ± 1.94 7.0 ± 0.82 0.5 ± 0.10 

25 17.6 ± 1.26 8.7 ± 0.69 8.4 10.1 0.8 ± 0.08 -f -f 

26 14.4 ± 1.68 4.4 ± 0.39 8.4 10.1 0.6 ± 0.09 -f -f 

27 8.7 ± 1.06 1.8 ± 0.20 8.4 10.1 3.4 ± 0.08 0.6 ± 0.07 -f 

28 4.9 ± 0.06 0.9 ± 0.04 10.1 8.5 -f -f -f 

29 102.2 ± 3.86 11.5 ± 0.73 10.1 9.0 0.7 ± 0.21 -f -f 

a) Buffer stability was determined in triplicate at 37°C using Biological Assay Procedure 2 using pH 6.5 or 7.4 

phosphate buffer solution as the reaction matrix. The mean determined value is displayed ± standard deviation. 

Quantified using mass spec analysis quantifying against internal standards Labetalol and Reserpine. 

b) Predicted using Marvin Sketch 
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c) Rat lung homogenate stability was determined in triplicate at 37°C, using Biological Assay Procedure 2 using 

a 1 in 4 aqueous dilution of rat lung homogenate as the reaction matrix. The mean determined value is displayed 

± standard deviation. Quantified using mass spec analysis quantifying against internal standards Labetalol and 

Reserpine. 

d) Rat blood stability was determined in triplicate at 37°C using Biological Assay Procedure 2 using rat blood as 

the reaction matrix. The mean determined value is displayed. Quantified using mass spec analysis quantifying 

against internal standards Labetalol and Reserpine. 

e) Rat lung homogenate Binding was determined in triplicate at 37°C, using a 1 in 4 aqueous dilution using 

Biological Assay Procedure 3 using a 1 in 4 aqueous dilution of rat lung homogenate as the reaction matrix. 

The mean determined value is displayed. Quantified using mass spec analysis quantifying against internal 

standards Labetalol and Reserpine. 

f) Not determined as previous biological stability was unacceptable. 

 

 

2.3.3.1 Biological Evaluation: 

The compounds were tested systematically for their phosphate buffer, rat lung 

homogenate and rat blood stability and rat lung homogenate binding. 

 

2.3.3.1.1 Phosphate Buffer Solution Stability Determination: 

The buffer stability was determined to provide the maximum possible stability the 

prodrugs would have in the complete absence of enzymatic activity, i.e. the cleavage 

rate due to self-activation due to the prodrugs’ intrinsic chemical instability. This was 

tested in triplicate at 37°C at both pH 6.5 and 7.4, representing the estimated 

(averaged) temperature and pH of the lung lining fluid and blood respectively.  

 

Compounds 17 and 18 displayed the same trend as was witnessed for the monobasic 

prodrugs, with the α-amino group giving a much faster cleavage rate than the β-amino 

prodrug. The derivatised β-amino compounds (19-21) showed similar results to that 

of sarcosine (7) in the initial monobasic prodrug tests, in that alkylation on the terminal 

nitrogen lowered the pKa of the amine resulting in a reduced cleavage rate.  
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Unfortunately, as the mono-amino acid prodrugs (17-21) did not have a sufficient 

stability profile to progress further, an alternative strategy was sourced. In order to 

incorporate a sterically hindered α-positioned amino group, a series of dibasic 

dipeptides were created. The sterically hindered ester group would then have 

increased resilience to nucleophilic attack, and thus the prodrug cleavage would 

depend less on the terminal amine pKa, and more on the steric bulk blocking the 

cyclisation. This is because cleavage would now take place via an intramolecular 

diketopiperazine (DKP) formation mechanism (Scheme 14), in which the 

intramolecular cyclisation would occur via the nucleophilic attack of the primary 

amine of the first amino acid to the ester. This would create a 6-membered 

diketopiperazine, the formation of which would be more heavily influenced by steric 

hindrance rather than by the pKa of the nucleophilic amine. 

 

Scheme 14: Dipeptide Breakdown into DKP 

 
 

Due to the dibasic requirements of the prodrug, lysine was used as one of the amino 

acids in the dipeptides, as this would provide the second dibasic component. These 

prodrugs (22-29) were found to have a range of stabilities in phosphate buffer. As 
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previously witnessed, the bulkier the C-1 group the lower the rate of cleavage, and 

hence the rate increases from compound 28 which has a relatively small -substituent, 

to the highly hindered tertiary butyl group in compound 24 (Figure 31).  

 

Figure 31: Rate Determining C-1 Steric Hinderance  

 
 

Both compound 22, 28 and 29 demonstrated an increased buffer stability due to the 

formation of an unfavourable 7 membered DKP- like species, however 29 also had 

the added effect of the higher amine pKa which hindered cleavage further.  

 

The most interesting results came from 24 and 27. In order to increase chemical 

stability and reduce internal steric clashes, diketopiperazines place both R groups in 

pseudo-equatorial positions resulting in a boat shape configuration (Figure 

32A).206,207  

 

Figure 32: Diketopiperazine Low Energy Conformation; A) Boat Conformation with Natural Isomers, B) 

Boat Conformation with Unnatural Isomers C) Chair Conformation with Balanced Dipoles 

 

Ester group 

blocked by 

C-1 Steric 

Bulk 
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For this reason, it was hypothesized that by inverting the stereochemistry of one of the 

amino acids in the dipeptide, a destabilising steric clash would be formed (Figure 

32B) which would make the DKP less likely to form, thus increasing the stability of 

the prodrug.  However, when the stability was tested in compounds 24 and 27, the 

prodrug stability in aqueous buffer did not improve relative to compounds 23 and 26. 

This could be explained by a shift in the DKP structure to a more chair-like 

conformation in order to reduce the steric clash between the hydrogen atom and the R 

group, and to balance the two carbonyl dipoles which would be uneven in the boat 

conformation for the L, L-dipeptide (Figure 32C). 

 

2.3.3.1.2 Rat Lung Homogenate Stability Determination: 

The next stability to be determined was the prodrug stability in rat lung homogenate. 

This would be the first stability determination to incorporate enzymatic activity into 

the stability estimate. Due to the nature of lung homogenate, it is only an estimated 

averaged representation of the enzymatic environment within lung tissue, as creating 

the lung homogenate breaks down membranes of compartmentalized cells and 

organelles when the organ is ground. This removes enzymes from their natural 

working environment and instead averages out their concentration, distribution and 

activity. In addition, the lung homogenate must be diluted 1 in 4 with water in order 

to be able to sample the matrix. It is therefore likely that the stability value obtained 

from this experiment is an overestimation of the true metabolic stability. Fortunately, 

it provided sufficient data to estimate the prodrug stability due to enzymatic cleavage, 

before advancing to a more accurate in-vivo analysis. 
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Based on the phosphate stability studies and the prediction that enzymatic activity will 

increase the cleavage rate, the only compounds that proceeded to rat lung homogenate 

studies were compounds 18, 20, 22-27 and 29. Wistar Han rat lung homogenate was 

prepared according to Biological Assay Procedure 2, and the pH (at a dilution of 1 to 

4 in water) was experimentally determined to be 6.8.  

 

The results demonstrated that most of the prodrugs were indeed subjected to a high 

level of enzymatic metabolism, with the dipeptide prodrugs (22-29) being hydrolysed 

to a greater extent relative to the β-amino prodrugs (18-21). The other clear conclusion 

to be drawn from the lung homogenate stability results was that compounds 24 and 27 

in which the chirality of one of the amino acids was inverted from their natural isomer 

(23 and 26 respectively), were much more stable relative to their natural isomer 

matched pair. It is thought that by inverting the chirality, enzymatic cleavage at either 

the ester or amide bond has been prevented, possibly through removal of the 

compounds recognition for the enzymes’ active site. This could also explain the lack 

of enzymatic breakdown for compounds 18 and 20. These compounds also contain 

unnatural amino acids which are less likely to be recognised by enzymes, reducing 

their susceptibility to enzymatic cleavage.  

 

2.3.3.1.3 Enzymatic Cleavage Pathway 

In order to fully understand the enzymatic cleavage that was present (or absent) for 

compounds 23 and 24, the lung homogenate stability assay was repeated and the mass 

spec tuned to detect the intermediate mono-basic species produced if the terminal 

lysine residue was removed due to peptidic amide bond hydrolysis (Figure 33). 
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Figure 33: Example Dipeptide Enzymatic Pathway 

 
 

It was concluded that if an enzyme had cleaved the amide bond then there should be 

a high concentration of the monobasic, tertiary butyl intermediate (15). Theoretically 

this would have poor lung tissue retention due to the loss of the second basic centre, 

and thus would be eliminated from the lung tissue. The results demonstrated that the 

prodrug with natural chirality (23) was subject to high enzymatic amide bond 

hydrolysis, creating a high concentration of monobasic intermediate (15) (Figure 34). 

The unnatural isomer (24) did not display any enzymatic amide hydrolysis, thus 

explaining the increased prodrug stability observed in rat lung homogenate (Figure 

35)  
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Figure 34: Prodrug Cleavage Graphs for Compound 23 
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Analysis of route of cleavage for compounds 23 in rat lung homogenate demonstrating different hydrolysis routes. 

Enzymatic cleavage of the natural isomer of prodrug 23 (red) into the monobasic intermediate 15 (green) followed 

by further chemical cleavage into the parent drug 1 (blue). Compounds were incubated into n=3 Wistar Han rat 

lung homogenate, at a nominal concentration of 1500 ng/mL and breakdown followed over 1500 min using MS/MS 

analysis against authenticated samples. Lower Limit of Quantification (LLOQs): 1 (20 ng/mL); 15 (0.2 ng/mL); 

23 (2 ng/mL) and Data processed using GraphPad PRISM V7.02. 
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Figure 35: Prodrug Cleavage Graphs for Compound 24 
 

Analysis of route of cleavage for the unnatural amino acid prodrug 24 (red), as indicated by the lack of detection 

of intermediate 15ii (green). Instead only chemical cleavage of 24 into parent drug 1 (blue) is detected. Compounds 

were incubated into n=3 Wistar Han rat lung homogenate, at a nominal concentration of 1500 ng/mL and 

breakdown followed over 1500 min using MS/MS analysis against authenticated samples. Lower Limit of 

Quantification (LLOQs): 1 (20 ng/mL); 24 (2 ng/mL) and 15ii (1 ng/mL). Data processed using GraphPad PRISM 

V7.02. 

 

2.3.3.1.4 Rat Blood Stability Determination: 

Rat blood from Wistar Han rats was taken and used undiluted to test the stability of 

compounds 18, 20, 23, 24 and 27. The results achieved were consistent with the 

hypothesis that the increase in pH from rat lung homogenate to rat blood (6.8 and 7.4 

respectively) and the higher concentration of enzymes (in their optimum working 

environment) would lead to a decrease in the prodrug stability. Indeed, most 

compounds cleaved very rapidly, with compound 24 being the only exception, with a 

half-life of 7 hours due to increased enzymatic stability. This value for compound 24 
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is encouraging as it would mean that any inactive prodrug which leaves the lung tissue 

would not instantly decompose to the active drug, instead it will remain as the inactive 

prodrug thus potentially preventing side effects caused by any secondary 

pharmacology of the active drug in other target organs, such as the heart. 

 

2.3.3.1.5 Binding Determination 

In order to determine the compounds tissue affinity, the prodrug must display 

considerable stability in rat lung homogenate. To comply with the GSK standard assay 

procedure, the incubation period in this experiment is a minimum of 4 hours and thus 

only prodrugs which displayed a blood stability considerably greater than 4 hours 

could be tested. For this reason, only compound 24 and the parent drug (1) were able 

to be tested in the rat lung homogenate binding assays.  

 

As previously discussed, the value achieved from the binding assays gives an 

estimated value of the amount of unbound drug available to interact with the target 

receptor. For a muscarinic prodrug where the target muscarinic M3 receptor is 

membrane bound and a high lung retention is desired, a high lung homogenate binding 

fraction for the prodrug is required. This increases the possibility that the prodrug will 

bind to the lung tissue and slowly activate to release the active drug in close proximity 

to muscarinic M3 receptors.  

 

It should be noted once again that the lung homogenate binding assay is a ‘best case 

scenario’ value as homogenising and diluting a rat lung causes all internalised 

compartments and pH’s to be averaged such that the resulting pH is more or less acidic 
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than would be expected. As previously mentioned, pH within the lung can vary 

however, the experimentally determined pH of rat lung homogenate was found to be 

6.8. Since the electrostatic binding of a compound to a phospholipid bilayer is known 

to depend on the extent of ionisation, the determined in-vitro binding value may be an 

over estimation for the cell membrane as the compound could be less ionised in-vivo. 

 

The binding value determined for compound (24) indicates that the prodrug is very 

highly bound in lung homogenate (99.5% bound), supporting the hypothesis that a 

dibasic compound can exhibit increased high lung retention. Pleasingly the parent 

drug is less highly bound, with approximately 18% of the compound unbound to 

interact with the target receptor. 

 

2.3.3.1.6 Pharmacokinetic Studies – Performed by Signature Discoveries 

From the results of the in-vitro stability and binding assays, it was clear that there were 

several compounds which could proceed to an in-vivo pharmacokinetic study. 

Compounds 18, 20, 24 and 27 all possessed interesting lung homogenate stabilities, 

with compound 24 being of particular interest due to the observed lack of enzymatic 

cleavage. As the increased stability of compound 24 had led to full characterisation of 

its binding parameters and demonstration of higher stability in rat blood, this 

compound was chosen to undergo an in-vivo pharmacokinetic study.  

 

When designing the pharmacokinetic study (See below), it was important to ensure 

that the dosing concentration was high enough to allow for detection of the drug and 

prodrug at the terminal time point. For this reason, the compounds were dosed at a 
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high concentration of 0.2 mg/Kg. In the initial PK studies (see page 56) the 

compounds had suffered from poor solubility in the dosing media, however the 

prodrug dosed in this study (24) was fully soluble, demonstrating an immediate 

advantage of the prodrug system as a poor drug physiochemical property such as 

aqueous insolubility, can easily be overcome to aid delivery. This alleviates a common 

problem exhibited during inhaled administration, as insolubility can often cause 

inflammation of the airway, which usually results in more severe exacerbations. 

 

2.3.3.1.6.1 Pharmacokinetic Study Design – Drug (1)  

Compound (1) was dosed intratracheally into three Sprague Dawley rats at a 

concentration of 0.2 mg/kg in ethanol: pH 6.5 Phosphate Buffered Saline (5:95). 

Blood samples were taken via the cannulated jugular vein at, 0.5, 1, and 3-hour time 

points, and the concentration of drug measured. At 3 hours, the rats were terminated 

and the lungs harvested to allow quantification of the remaining lung concentration at 

3 hours. 

 

2.3.3.1.6.2 Pharmacokinetic Study Results – Drug (1) 

The concentration of the drug in the blood was below the lower level of quantification 

for all time points and thus was not detected. At 3 hours, the percentage of 

administered drug remaining in the lung was 0.33% (±0.06), meaning that >99% of 

the administered dose was eliminated from the lung within the first 3 hours after 

administration, disregarding any oral bioavailability from active drug being 

swallowed. This result demonstrates the very poor lung retention of compound 1, 

which could be translated to a very short observed pharmacodynamic duration of 
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action. The average concentration of active drug in the lung at 3 hours was determined 

to be 137 ±31 ng/g of homogenised lung tissue (0.44 ± 0.1 μM). Pleasingly, this data 

demonstrates the poor PK profile associated with short acting muscarinic receptor 

antagonists, in which a large percentage of the initial dose is eliminated without being 

able to exhibit a pharmacologic effect. In addition, the potential high concentration of 

active drug that enters the blood within the first 3 hours demonstrates the potential for 

unwanted secondary pharmacology away for the lung, causing observed side effects 

such as increased heart rate etc. 

 

 

2.3.3.1.6.3 Pharmacokinetic Study Design – Prodrug (24) 

Compound 24 was dosed intratracheally into three Sprague Dawley rats at a 

concentration of 0.2 mg/kg in ethanol: pH 6.5 Phosphate Buffered Saline (5:95). 

Blood samples were then taken via the cannulated Jugular vein at 0.25, 0.5, 1, 2, 3, 5, 

8, and 24-hour time points, and the concentration of drug and prodrug measured. At 

24 hours, the rats were terminated and the lungs harvested allowing for the 

determination of terminal total lung concentrations of drug and prodrug. 

 

2.3.3.1.6.4 Pharmacokinetic Study Results – Prodrug (24) 

At time points up to and including 2 hours, the prodrug was detected in the blood at 

very low concentrations (approximately 2 ng/mL). After 2 hours, the prodrug was not 

detected in blood (below the LLOQ) 

 

The active drug (1) was not detected in the blood at any point following IT 

administration of (24). At 24 hours, 54.27 ± 3.28 % of the administered dose remained 
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in the lung corresponding to a total lung concentration of 20000 ± 611 ng/g of 

homogenised lung tissue (40.0 ± 1.8 μM) whilst the active drug (1) concentration was 

determined to be 361 ± 31 ng/g of homogenised lung tissue (1.16 ± 0.1 μM) (Table 

11). 

 

Table 11: Pharmacokinetic Study Results Summary 

Study Compound 

Estimated 

Initial Lung 

Tissue 

Concentration 

(μM) 

Measured 

Final Lung 

Tissue 

Concentration 

(μM) 

% 

Remaining 

at Tend 

Drug 1 (Drug) 
151.88 ± 2.61 

(t= 0) 

0.44 ± 0.10 

(t= 3 hrs) 

0.033 ± 0.06 % 

(t= 3 hrs) 

Prodrug 

1 (Drug) 
0 

(t= 0) 

1.16 ± 0.10 

(t= 24 hrs) 
- 

24 (Prodrug) 
73.8 ± 1.27 

(t= 0) 

40.0 ± 1.8 

(t= 24 hrs) 

54 ± 3.28 % 

(t= 24 hrs) 

Measured across two PK studies, one focusing on prodrug stability and elimination rate 

from lung tissue and one focusing on drug elimination rate from lung tissue. n=3 rats in 

each case. Initial lung tissue concentration is an estimate based on the mass of the rat 

and dosing concentration. It does not account for any swallowed dose. Measured final 

lung tissue concentrations calculated using the experimentally determined mass of 

species (drug/prodrug) at each time point. 

 

Pleasingly, this result demonstrated the hypothesis that the application of a sustained 

release, dibasic, prodrug system could prolong the presence of active drug (1) in the 

lung tissue, relative to direct delivery of the active drug. When administered 

independently, the drug had a poor lung retention, which resulted in a short lived, low 

drug lung tissue concentration. However, when administered as a prodrug, the active 

drug was present in the lung tissue, at a pharmaceutically relevant concentration, for 

in excess of 24 hours. This achievement gives hope that a sustained pharmaceutical 

response could also be achieved, although this would require further investigation. 
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2.3.3.1.6.5 Limitations of the Pharmacokinetic Studies 

 

Although the presence of active muscarinic drug (1) in the lung tissue has been 

increased, this study does not guarantee an increased antimuscarinic effect. 

Unfortunately, the process of homogenising lung tissue in order to quantify 

drug/prodrug concentration levels prevents any determination of the drug/prodrug 

localisation, and thus further cellular studies are required to help quantify the increase 

in lung retention, specifically the mechanism of lung retention (membrane binding or 

lysosomal trapping for example), as well as a PD study to determine the 

pharmacological consequence of an increased drug lung residency.  

 

Another crucial limitation of this PK study is the uncertainty of when the 

concentration of active drug in the lung tissue would reach pharmaceutically relevant 

levels, as lung tissue concentration data was only collectable at 24 hours. In addition, 

as a consequence of only determining the lung concentrations of drug and prodrug at 

the terminal time point of 24 hours, it is not certain whether the high drug 

concentration witnessed at 24 hours is due to the slow release prodrug mechanism, or 

whether it is a consequence of the lung homogenisation process.  

 

2.3.3.1.6.6 Conclusions and Future Work Based on the Pharmacokinetic Studies 

Pleasingly, the work in these PK studies has proved the hypothesis that the lung 

residency time of an inhaled muscarinic antagonist can be increased through 

implementation of a dibasic prodrug system.  Despite this, a prodrug half-life of 

approximately 12 hours does not fit the profile of a once a day inhaled treatment. It is 
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clear that this prodrug is too stable and would lead to increasing concentrations of both 

the drug and prodrug in the lung. As COPD is a progressive disease requiring 

consistent symptom management, use of this prodrug system in its current form could 

quickly lead to potentially toxic levels of the drug and prodrug in the lung tissue and 

blood.  

 

Pleasingly, the simple design of the prodrug system, and easily amendable nature of 

the dibasic dipeptide, means that a prodrug with a more appropriate half-life is easy 

to develop. Based on the in-vitro assay results, it is possible to estimate the in-vivo 

stability of a prodrug.  With the knowledge of how R-chiral amino acids have shown 

persistent enzymatic stability, alongside the observed stability of unnatural amino 

acids, a further range of prodrugs could be synthesised. It is hoped that these would 

achieve stability half-lives consistent with a once a day dosing schedule. 

 

2.3.4 Chemical Synthesis: 

All α- and β-amino compounds prepared from methyl benzilate are portrayed in 

Scheme 15 - Scheme18.  

 

The prodrugs were all synthesized via the same initial synthesis, with the 

derivatisation taking place in the later stages. Methyl benzilate 28 is first trans-

esterified using catalytic amount of sodium, forming the piperidine species 1a. 

Standard HCl boc-deprotection gave compound 1. Subsequent reaction with ace-

chloride attaches the linker group 2. The linker can then be coupled with derivatised 

amino acids using silver oxide and tetra-n-butylammonium bromide to form the 

desired prodrug (3-29).  



AYRE (2021)   
 

108 | P a g e  

 

Scheme 15: Synthesis of compounds (3-17) 

 
a) 1. tert-butyl 4-hydroxypiperidine-1-carboxylate, Na, NEt3, C7H16, 60°C; b). HCl, DCM; c) Ace 

Chloride, N-methylmorpholine, DCM, -10°C; d) RCOOH, Ag2O, NBu4Br, PhMe, 65°C; 
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Scheme 16: Synthesis of β-amino Compounds (18-20) 

 

a) RCOOH, Ag2O, NBu4Br; b) 1. 10% Pd/C, H2, MeOH; 2. Boc2O, NEt3, DCM; c) HCl, DCM; 
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Scheme 17: Synthesis of Dipeptide Compounds (23-29) 

 
a) RCOOH, HATU, DMAP, DIPEA, DCM; b) 4N HCl, DCM; c)1. 10% Pd/C, H2, MeOH; 2. Boc2O, NEt3, 

DCM;   

 

To synthesise compounds (33-35), 32 was reductively aminated with a variety of 

piperidinones (33i-35i) using picoline borane to produce a range of protected esters 

amino esters. The carboxylic acid was then deprotected with LiOH, generating the boc 

protected dibasic acids. These were then able to undergo silver oxide coupling as per 

the other carboxylic acids. 
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Scheme 18: Synthesis of Functionalised Carboxylic Acids (33-35) 

 
a) i)Picoline Borane, MeOH, AcOH, Na2SO4 ii) Boc2O, NEt3, DCM; b) LiOH, MeOH 
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2.4 Chapter Conclusion 

This chapter focussed on thesis objectives 1-3 (see Thesis Aims and Objectives). The 

first objective was to create a clear success criterion for the in-vitro DMPK studies. It 

was decided that the prodrug would need to possess a high chemical and enzymatic 

stability (t1/2 >6 hours) in order to ensure that the release of the drug in the lung tissue 

was controlled and not spontaneous. It was also crucial that the prodrug possessed a 

high blood stability (t1/2 = >4 hours) such that if any prodrug was delivered to the 

blood, the active drug would not be released and thus the concern of secondary 

pharmacology thus cardiac side effects was resolved. 

 

In order to achieve this objective, a prodrug system which exploited the reported 

inherent lung retention of dibasic compounds was designed and developed, such that 

increased basicity was used as a mechanism for increasing the lung retention of a 

muscarinic receptor antagonist. 

 

Key prodrug characteristics that would lead to an appropriate prodrug cleavage rate 

were first identified and evaluated in order to examine the prodrug stability and 

cleavage mechanism. Once identified using a range of easily synthesised monobasic 

prodrugs, these characteristics were then developed and incorporated into the design 

of a range of dibasic prodrugs. These prodrugs were then systematically tested for 

their stability and binding in phosphate buffer, rat lung homogenate and rat blood. 

Two candidates (24 and 27) displayed pleasing stability and binding values and 

ultimately, as its homogenate and blood stability matched the success criterion, 24 

was chosen to progress further into an in-vivo pharmacokinetic study. 
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Scheme 19: Compound 31 Summary 

 

Cmpd Buffer T1/2 

(hr) pH 6.5 
Buffer T1/2 

(hr) pH 7.4 

Rat Lung 

Homogenate T1/2 

(hr) pH 6.8 

Rat Blood   T1/2 

(hr) pH 7.2 

Rat Lung 

Homogenate Binding 

(% Free)e 

24 58.6 ± 4.91 36.6 ± 1.70 25.4 ± 1.94 7.0 ± 0.82 0.5 ± 0.1 

 

The in-vivo pharmacokinetic study aimed to measure the presence of the prodrug and 

active muscarinic drug in rat lung tissue and blood at several timepoints following 

intratracheal dosing. It was theorised that when the prodrug was administered, the 

concentration of active drug in the blood would be substantially lower than when the 

drug is directly administered. This reduction in drug blood concentration would then 

be correlated to a potential decrease in observed side effects through reduction of 

secondary pharmacology away from the intended site of action 

 

Pleasingly, the PK data demonstrated that 24 hours after IT administration of 

compound 24, 54 ± 3.28 % of the prodrug remained in the lung tissue, alongside an 

active drug lung tissue concentration of 1.16 ± 0.10μM. The drug was not detected at 

any time point in the blood, and when dosed independently, demonstrated an 

incredibly poor lung retention of less than 3 hours. This result has proven the 

hypothesis that application of a dibasic prodrug system to an otherwise poorly 

retentive muscarinic M3 inhibitor, can increase the lung retention of the active drug 

whilst maintaining a possibly therapeutically relevant lung tissue concentration of the 

active drug. Although further investigation is required to fully quantify the release 

profile post IT dosing, this result presents a remarkable step forward in the 
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development of novel long acting muscarinic receptor antagonists. In the next chapter, 

focus turns to developing a similar prodrug system for use with intracellular PI3K 

receptors. 

 

2.5 Future Work 

As previously mentioned, although the PK data provides a remarkable starting point 

for improving the lung retention of an inhaled drug candidate, further exploration is 

required in order to understand the release profile of the drug. In order to acquire this 

data, it may be beneficial to run a shorter PK study on a compound which demonstrates 

a shorter chemical stability, such as compound 27 (Scheme 20). 

 

Scheme 20: Compound 34 Summary 

 

Compound Buffer T1/2 (hr) 

pH 6.5 
Buffer T1/2 (hr) 

pH 7.4 

Rat Lung 

Homogenate T1/2 (hr) pH 

6.8 

Rat Blood   T1/2 

(hr) pH 7.2 

27 8.7 ± 1.06 1.8 ± 0.20 3.4 ± 0.08 0.6 ± 0.07 

 

The PK study in this case would cover a smaller timescale, with more frequent 

collection of lung and blood drug/prodrug concentration data in order to give a better 

representation of the drug release profile into lung tissue and blood plasma. This could 

also help to elucidate whether the lung homogenisation process contributes to the 

cleavage of the prodrug.  
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Whilst this PK study would help to understand the release profile of the drug, 27 does 

not possess the desired requirements as set out in the success criterion; Both the 

homogenate and rat blood stability values are too low. Whilst the reduced homogenate 

stability would eliminate the possibility of the lung tissue concentration of (pro)drug 

reaching toxic levels, after 12 hours and thus almost 4 half-lives, the concentration of 

the drug released from the prodrug may not reach the therapeutic requirements and 

thus this prodrug may not fit a once a day dosing schedule. Ultimately this cannot not 

be fully predicted, and hence an in-vivo PD study would be required to determine the 

longevity of the pharmaceutical response. 

 

Finally, whilst the work in this chapter suffices as proof of concept for the prodrug 

lung retention rationale, it provides no certainty as to the mechanism of increased lung 

retention. Whilst the high lung homogenate binding value of the prodrug suggests a 

high level of retention within the lung tissue, the destructive nature of the assay 

procedure creates uncertainty as to where the prodrug may bind. Ultimately this 

location needs to be discovered in order to accurately determine whether the prodrug 

system is able to achieve a prolonged pharmaceutical response, alongside increased 

lung tissue retention.  

  

In order to understand the mechanism of lung retention, the prodrug structure could 

be altered to include a biomarker such as a radio label or fluorescent marker, then the 

distribution of the prodrug within the lung could be accurately visualised.  
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3. Design and Synthesis of Novel PI3K 

Prodrugs 
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3.1 Introduction 

3.1.1 Phosphoinositide 3-kinase 

Phosphoinositide 3-kinase (PI3K) is a family of intracellular lipid kinase, signal 

transducing enzymes responsible for phosphorylation of the 3-OH group of the 

inositol ring of cell membrane phosphatidylinositol (PI).208 Broadly, these enzymes 

are responsible for cell signaling, survival, activation, differentiation and senescence 

and are divided into three main subclasses (Class I, II and III), with Class I being 

further divided into Class I A and B.209  

 

3.1.1.1 Class I PI3Ks 

Distinguished because of their modified approach to receptor transduction pathway 

regulation, Class IA and IB PI3-kinases exist as heterodimers consisting of a 

homologous regulatory subunit (p50α/p55α/p85α/ p85β/ p55γ for IA or p101/p84 for 

1B) bound to a catalytic subunit (p110 α/β/δ for IA or p110/p101 γ for IB) and are 

termed PI3K α-δ respectively depending on which catalytic subunit is present.210 They 

exist as soluble enzymes which, when activated by tyrosine receptor kinases (Class 

1A) or GPCRs (Class IB), favourably change conformation and relocate to the cell 

membrane to catalyse the phosphorylation of phosphatidylinositol 4,5- bisphosphate 

(PI(4,5)P2) into phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3; PIP3) (Scheme 

21).211 Expression of the Class I PI3Ks varies amongst isoforms, with PI3K α and β 

being expressed ubiquitously amongst cells and γ and δ being restricted predominantly 

to leukocytes.212,213 
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Scheme 21: Phosphorylation reactions performed by Class I-III PI3Ks 
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3.1.1.2 Class II and III PI3Ks 

In comparison to Class I, Class II and III have been relatively understudied, and thus 

their structure and function is still largely to be determined. Class II PI3Ks consist of 

only a single catalytic isoform (C2α/C2β/C2γ), with no regulatory protein present, 

whilst the structure of class III PI3Ks is thought to consist of a single catalytic subunit 

(Vps34) bound to a protein kinase (Vps15 or p150).214,215  Both classes are known to 

either catalyse the phosphorylation of PI into PIP3 (Class II and III) or 

phosphatidylinositol 4 phosphate (PI4P) into phosphatidylinositol 3,4- bisphosphate 

(PI(3,4)P2) (Class II), although the exact catalytic mechanism for class II is not yet 

clear.216 

 

3.1.2 PI3K Inhibition 

Inhibition of the PI3K receptors relies on the ability of a drug candidate to 

competitively bind to the receptor active site, blocking the natural ligand ATP, and 

preventing a biological response.217 Fortunately, the increased acknowledgment of the 

role of PI3K receptors in various cell processes has resulted in the publication of 

numerous crystal structures for each isoform, allowing the requirements for isoform 

selectivity to be identified. 

 

Since the work detailed in this chapter focuses on only PI3K δ inhibitors, only these 

shall be discussed, and thus from here onwards the term PI3K will refer only to the δ 

isoform unless stated otherwise. 
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In 2010 Berndt et al published some of the first PI3K crystal structures co-crystalized 

alongside various selective and non-selective inhibitors, as well as offering structural 

advice for obtaining isoform selectivity.218 The crystal structures demonstrated that a 

highly selective δ-inhibitor non-covalently binds to 4 different regions termed 

‘specificity pocket’, ‘hinge binding region’, ‘affinity pocket’ and ‘hydrophobic region 

II’ (Figure 36). 

 

Figure 36: PI3K δ Binding Pocket 

 

 

They also suggested that inhibitor structure usually follows one of three designs based 

on their competitive binding (Error! Reference source not found. ‘Propeller’ shaped 

inhibitors adopt such a conformation that causes the kinase to change conformation, 

opening the hydrophobic ‘specificity pocket’ (commonly referred to as the 

‘tryptophan shelf’) which is otherwise inaccessible. These tend to be highly δ-specific 

inhibitors. ‘Flat’ inhibitors tend to be pan antagonistic and do not offer any 

accessibility to or interaction with the ‘tryptophan shelf’. Finally, ‘distorted propeller’ 
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shaped inhibitors are mostly δ-selective and bind in a similar way to the ‘propeller’ 

shaped inhibitors, but without the conformation change leading to the opening of the 

‘specificity pocket’. 

 

Figure 37: Examples of Propeller and Flat Shaped PI3K Inhibitors 

 
 

3.1.3 PI3K Involvement in COPD Treatment 

As previously discussed, COPD is characterised as a chronic lung inflammatory 

response to exogenous particulates which results in narrowing of the airways and thus 

increased difficulty in breathing. Inflammation is a coordinated response to pathogens 

or damaged cells such as those caused or accelerated by smoking. Upon initiation of 

an inflammatory response, either an acute or chronic response can be initiated which 

ultimately results in activation and deployment of immune cells such as leukocytes to 

the site of infection.219  In addition, increased activity of PI3K and its downstream 

mediators during airway remodelling affects the normal function of airway epithelial 

cells, leading to heightened inflammatory immune responses, characteristic of 

COPD.220,221 
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Due to the high expression of  PI3K in lung epithelial cells, alongside high expression 

of γ and δ in leukocytes, and their role in the cell signalling cascade involved in an 

inflammatory response, targeting of these isoforms represents an opportunity to 

improve symptom relief in asthma and COPD patients.222,223 Indeed, this hypothesis 

was first proven by Lee et al in 2006 who demonstrated that IC87114, a selective 

PI3Kγ and δ inhibitor (Figure 38), limited the recruitment of chemokines responsible 

for the development and maintenance of asthma, supressing an inflammatory response 

in lung tissue.224,225 

 

Figure 38: Structure of IC87114 

 
 

Since 2006, the development of selective PI3K inhibitors has significantly improved, 

with numerous compounds having recently gained FDA approval including 

umbralisib and idelalisib (Figure 39) as lung cancer therapies and Nemiralisib 

(Scheme 22) as an inhaled COPD treatment. 
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Figure 39: Structures of Umbralisib and Idelalisib 

 
 

3.1.3 Development of Nemiralisib and GSK22927675  

In 2015, GSK published their discovery of 2 novel PI3K δ inhibitors (GSK2269557, 

now known as Nemiralisib and GSK292767), identified from an SAR investigation 

from a lead compound identified through a cross-kinase screen for potential novel 

COPD treatments (Scheme22).226 

 

Scheme 22: Structures of Lead Compound 1 and New Clinical Candidates, Nemiralisib and GSK2292767 
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Their aim was to develop lead compound A into an inhaled, highly selective (>100-

fold for PI3K δ against the other isoforms), highly potent (pIC50 >9) inhibitor with a 

moderate to high clearance and low bioavailability of the oral component. Initial SAR 

investigation aimed at replacing the 4-pyridyl ring with similar substituents (Scheme 

23). They found that removal of the ortho hetero-atom resulted in a 10-fold reduction 

in potency, possibly due to loss of an internal hydrogen bond required to maintain 

planarity. Ultimately, a thiazole moiety (B) was selected as it displayed an 

approximate 10-fold increase in δ-selectivity whilst maintaining potency. 

 

Scheme 23: 4-Position Amide Development 

 
 

They chose to temporarily settle with the thiazole moiety and turned their focus to 

the 6-position, trialling various heterocycles in attempt to develop potency and 

selectivity (Scheme 24).  
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Scheme 24: 6-Position Heterocycle Development 

 
 

Any monocyclic replacements were met with large drop-offs in potency and any 

bicyclic indole or indazole replacements were also unfruitful with very little 

improvement observed. 

 

Since no further improvement could be made at the 6-position, they instead trialled 

various thiazole substitutions in order to utilise all space in the binding pocket 

(Scheme 25). They found that adding a second heterocycle on to the methyl group led 

to an increase in potency whilst also enhancing selectivity. A range of cyclic 

substitutions were made with very little difference in selectivity and potency, and thus 

ultimately, they chose to incorporate a basic (D) and dibasic (C) component to the 

compound in order to improve its lipophilicity and basicity: two important 

physiochemical properties for inhaled candidates. 
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Scheme 25: Heteroarylamide Development 

 
 

With the knowledge of how optimization of the heteroarylamide moiety can improve 

both the potency and selectively, they decided to try and reduce the molecular weight 

of the compound through further optimisation of the amide moiety, ensuring to retain 

the planarity of the molecule (Scheme 26). They tested a range of heterocyclic 

replacements for the amide group and found that the amide hydrogen bond donor was 

not required for potency, and hence removal of the amide maintained the high intrinsic 

clearance required.  
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Scheme 26: Amide Replacement 

 
 

Ultimately an oxazole moiety (B’) was found to possess the best characteristics and 

hence they decided to combine the oxazole moiety with the previously tested 

lipophilic, basic component creating their first final candidate, Nemiralisib. The 

second candidate was created in order to find a compound with an improved hERG 

binding result. hERG is a gene which codes for the α subunit of potassium ion 

channels ultimately contribute to the electrical activity in the heart. Blockage of this 

potassium ion channel by drugs can lead to potentially fatal disorders, and thus drug 

development programs routinely test for hERG biding as a method of estimating drug 

toxicology. 

 

Due to the highly explored hERG pharmacophore, and knowledge of how controlled 

amine pKa and lipophilicity denote the hERG binding activity, they embarked upon 

further SAR to covert compound (D) into final candidate GSK2292767.227 

Replacement of the indole with a sulfonyl-pyridyl moiety (E), followed by 
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substitution of the thiazole with an oxazole moiety (GSK2292767), yielded the second 

clinical candidate with improved hERG binding profile, high potency and selectivity, 

and thus both Nemiralisib and GSK2292767 proceeded to clinical trials 

 

Scheme 27: Amide Replacement 

 
 

Interestingly, compound E was found to be almost equally potent and selective as final 

candidate GSK2292767, however poorer aqueous solubility meant that it was unable 

to progress to clinical trials (solubilities of 114 vs 182 μg/mL for E and GSK2292767 

respectively) due to the airway inflammation potential when dosing insoluble 

compounds. 

  

This highlights a crucial flaw of the typical SAR drug development processes, as 

highly potent compounds which have gone through several rounds of structural 

development and testing are ultimately discarded due to one poor physiochemical 
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property. Fortunately, compound E proved to be a viable target for prodrugging, with 

the knowledge that poor aqueous solubility can be overcome, such that problems with 

absorption, distribution and elimination can be avoided.  

 

Utilisation of the compound as the active drug component for pro-drugging as per the 

design in chapter one, could provide an alternative route to creating a long acting, anti-

inflammatory PI3K inhibitor for the treatment of COPD. Herein this chapter attempts 

to apply the prodrug concept developed in chapter 1 to drug molecules which target 

intracellular receptors but which exhibit poor ADME properties such that their 

advancement to clinical trials is prevented. 
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3.2 Aims 

 

The aims of this chapter were to build on the success of chapter 1 by modifying the 

structure of the prodrug system such to determine whether the prodrug design would 

be applicable to intracellular targets. PI3K δ had been identified as an appropriate 

intracellular target due to its role in COPD airway inflammatory responses, and thus 

a highly potent and selective PI3K δ compound was to be identified and chosen as the 

active drug component. Once synthesised, the PI3K prodrug system must incorporate 

all of the DMPK stability and binding requirements from the previous chapter. 
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3.3 Results and Discussion 

 

3.3.1 PI3K Prodrug Design 

 

As PI3K δ receptors are intracellular, the focus on this chapter would be on the ability 

of the created prodrugs to enter the lung epithelial tissue cells and be sequestered 

inside acidic organelles such as lysosomes. This would create a depot in which the 

prodrugs would slowly activate to release the active component, which can then 

diffuse out of the organelle to interact with the target receptor. Membrane binding 

would be less of an important factor in this chapter, as binding to the external cell 

membranes would not allow for an appropriate pharmacological response. 

 

As per chapter 1, compound E was to be incorporated into a similar prodrug design in 

which a dibasic dipeptide species is formed (Figure 40). The indazole nitrogen was 

identified as a possible handle from which to create a prodrug as acylation at this point 

will prevent the drug from creating essential hinge binding interactions with the 

receptor, thus removing the pharmacology and rendering the prodrug inactive. Four 

prodrug designs were considered; mono-peptidic prodrugs with (Figure 40 C) and 

without (Figure 40 A) the linker unit and di-peptidic prodrugs with (Figure 40 D) 

and without (Figure 40 B) the linker unit.  

 

  



AYRE (2021)   
 

132 | P a g e  

Figure 40: PI3K Prodrug Designs 

 
 

Since compound E already contained a basic nitrogen, it was not necessary for the 

prodrug component to be dibasic, and instead focus was on steric requirements for a 

slow cleaving prodrug with high enzymatic stability. The presence of an initial basic 

site would also allow for single amino acids to be trialled which would cleave through 

an anchimeric water delivery mechanism similar to compounds 2 and 3 (Chapter 

2.3.2.1) 

 

As seen in the previous chapter, the cleavage rate of these prodrugs will vary 

considerably depending on the activation mechanism. Prodrugs of type B and D would 

be expected to cleave slower than A and C due to the complex diketopiperazine 

cyclisation mechanism involved in the drug elimination, and the increased opportunity 

to control the drug release. In addition, from the SAR-like exploration in chapter 1, it 

was clear that several structural features should be incorporated into the design of the 

PI3K prodrug; highly sterically hindering amino acid R groups should be used to 

ensure a slow DKP formation and thus slow prodrug activation, R-chiral amino acids 
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should be used for the first amino acid in the dipeptide chain to provide enzymatic 

stability and the whole molecule should be dibasic to increase the possibility of cation 

transportation/lysosomal trapping. Organic cation transportation may be a more 

essential factor for the PI3K prodrugs, as the final target receptor is intracellular, rather 

than membrane bound and thus cell penetration is key to achieving pharmacology. 

 

3.3.2 Model Cleavage Studies 

Before beginning synthesis on compound E, it was important to check that the 

indazole nitrogen was indeed a suitable handle to use for prodrug development, and 

thus prove prodrug design applicability. A series of indazole dipeptides in the absence 

of the linker group were created (Table 12) to test both the suitability of the indazole 

nitrogen and to also discover how the steric bulk of each amino acid in the dipeptide 

affected the activation rate. If indazole elimination is possible without the linker unit, 

then smaller molecular weight prodrugs could be created, which eliminate to give 

fewer side products, and require less synthesis overall. The stability of the model 

prodrugs was then determined according to Biological Assay procedure 3, as in 

chapter 1. 
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Table 12: Cleavage results for model indazole prodrugs 

 

Compound 
Amino Acid 1 

(AA1) 

Amino Acid 2 

(AA2) 

Terminal 

cpKaa 

pH 6.5 

Phosphate 

Buffer T1/2
b (Hr) 

36 Glycine Glycine 7.84 0.4 

37 Glycine Alanine 8.09 0.3 

38 Glycine 
2 Amino 

Isobutyric Acid 
8.34 <48 

39 Glycine Valine 8.21 19.9 

40 Glycine t-Leucine 7.93 44.9 

41 Glycine β-Alanine 9.12 9.9 

42 Alanine Glycine 7.84 <0.1 

43 
2 Amino 

Isobutyric Acid 
Glycine 7.84 <0.1 

44 Valine Glycine 7.84 0.6 

45 t-Leucine Glycine 7.84 <48 

46 β-Alanine Glycine 8.14 <48 
a Predicted using Marvin Sketch 

b Tested according to biological assay procedure 3 

 

The results demonstrated that the indazole nitrogen was indeed an acceptable leaving 

group to allow the breakdown of the prodrug. The cleavage data followed similar 

trends to those witnessed in chapter one, such that activation depended heavily on 

steric bulk and terminal amine pKa, with Thorpe-Ingold interactions causing 

predictable outliers (42 and 43). Compounds 36-41 demonstrated once again how the 

pKa of the terminal amine can significantly decrease the rate of cyclisation by 

reducing the percentage of neutral amine present at pH 6.5, whilst compounds 42-46 

demonstrated how the size of the steric bulk caused by the amino acid R group can 

also prevent activation at the carbamate. Interestingly, this data demonstrated how 

Thorpe-Ingold effects which increase the rate of cyclisation can be overcome by 

increasing the amount of steric bulk (Figure 41). 
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Figure 41: Comparison of Thorpe-Ingold Effects 

 
 

In order to achieve an acceptable stability profile for the prodrug, it was clear that 

several combinations of amino acids could be used, and providing the first amino acid 

is of unnatural chirality, the stability should also translate to enzymatic stability in-

vivo. 

 

This model cleavage study also highlighted an improvement to the prodrug system, as 

the increased leaving group ability of the indazole meant that the linker group could 

be omitted. This means that less breakdown products would be observed but crucially 

it meant that the release of ethanal is avoided, preventing any possible side effects 

observed with intracellular aldehydes.228 Because of this observation only prodrugs of 

type (Figure 41 A) and (Figure 41 B) were considered for synthesis. 

 

3.3.3 Prodrug Synthesis  

A small amount of final compound E (1g) was supplied from GSK, and thus before 

embarking on a lengthy drug synthesis, the viability of the compound as a prodrug 

was trialled. Acylation of the indazole nitrogen proved instantly problematic due to 

the competing analogous reaction at the sulphonamide (Figure 42). 
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Figure 42: Competing Points of Acylation 

 
 

LCMS analysis of the reaction material found 4 separate peaks; 10% remaining 

starting material, 15% monoacylation (presumably indazole), 15% monoacylation at 

a second site (presumably sulphonamide) and a final 60% of diacylation. 

Unfortunately, Separation of these peaks was impossible due to their overlapping 

chromatography and HPLC retention time. This highlighted an important synthetic 

obstacle as it meant that prodrug synthesis must be completed before the addition of 

the sulphonamide moiety, removing any opportunity for competing acylation. This 

itself provides further complication as the prodrug moiety is susceptible to 

nucleophilic attack and thus is not stable in all reaction conditions and hence it was 

uncertain how stable the dipeptides would be in the final Suzuki reaction. 

 

3.3.4 Synthesis of Compound E 

Unfortunately, very few intermediates were available from GSK and thus it was 

necessary to synthesise the final PI3K inhibitor. The full retrosynthetic analysis can 

be seen below (Scheme 28): 
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Scheme 28: Retrosynthetic Analysis of Compound E 

 

 

To synthesis compound E, three core components were required; the acid chloride 

thiazole, the pinacol boronic ester and the core indazole heterocycle. However, based 

on the results of the trial reactions, the forward synthesis was to be modified such that 

the prodrug moiety was in place before the Suzuki reaction, in attempt to reduce over-

acylation. 

 

The first step to synthesise the acid chloride was a Hantzsch thiazole formation using 

bromo-pyruvic acid (47) and α-Amino-2-thioxoethyl pivalate (48). Under reflux 

conditions using ethanol as a solvent, the ethyl ester product (49) is produced in high 

yield (Scheme 29).  
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Scheme 29: Synthesis of compound 49 

 
a) EtOH, rf, 24 hr, 68% 

 

Subsequent treatment of 49 with potassium carbonate at 100°C quickly afforded the 

deprotected thiazole (49a) which after work up and separation using amino-

functionalised silica, was converted to di-chloro compound (50) using thionyl chloride 

(Scheme 30). 

 

Scheme 30: Synthesis of compounds 49a and 50 

 
a) i) K2CO3, MeOH, H2O, 100°C, 15 min; ii) 2N HCl, 92%; b) SOCl2, CHCl3 DMF, 2 Hr, quantitative yield; 

 

The Sulfonyl pyridine moiety was synthesised from commercially available 5-bromo-

2-(methyloxy)-3-pyridinamine, using dioxaborolane and potassium acetate in 1,4-

dioxane under palladium catalysis to create the pinacol boronate ester (54). The 

pinacol ester was then sulfonated using methanesulphonyl chloride at 20°C overnight 

to yield the final sulphonamide Suzuki coupling partner 55 (Scheme 31). 
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Scheme 31: Synthesis of compound 54 and 55 

 
a) Pinacolborane, AcOK, Pd(dppf)Cl2·CH2Cl2, 1,4-Dioxane, 80°C, 2 Hr, N2, 97%; b) MeSO2Cl, Py, 20°C, 18 

Hr, 63%; 

 

The core indazole heterocycle component 52a was synthesised from commercially 

available 6-bromo-1H-indazol-4-amine, using tosyl chloride to protect the indazole 

nitrogen (Scheme 32).  

 

Scheme 32: Synthesis of compound 52a 

 
a) NaH, Tosyl Chloride, DMF, 0°C, 24 Hr, 51%; 

 

With the three components of the final drug synthesised, the next step was to couple 

the aniline and acid chloride to create amide 57. Unfortunately, it was at this step 

where the synthesis failed. Despite following a published patent229, the aniline 

appeared to be too unreactive to displace the chlorine atom, and the acid chloride 

simply degraded to the methyl ester without reacting. Several attempts were made 

following the published methodology to no avail, with only starting indazole and the 

methyl ester of the thiazole present after several hours (Scheme 33). 
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Scheme 33: Unsuccessful Amide Coupling  

 
a) Dry DCM, pyridine or DIPEA, -10°C, N2 

 

Further attempts were then made to couple the aniline with the more stable thiazole 

acid (58) using various amide coupling methods (Scheme 34). Unfortunately, the 

aniline nitrogen did not participate in the reaction and only starting materials were 

detectable after several hours. 

 

Scheme 34: Unsuccessful Amide Coupling  

 
a) HATU, DMAP, DIPEA, DCM, 40°C 

 

In attempt to reduce the electron withdrawing effect exerted by the tosyl group, it was 

decided that the first amino acid in the final dipeptide would replace the tosyl group 

in hope to raise the nucleophilicity of the aniline nitrogen (Scheme 35) 
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Scheme 35: Unsuccessful Amide Coupling 

 
a) Dry DCM, pyridine or DIPEA, -10°C, N2, b) HATU, DMAP, DIPEA, DCM, 40°C; c) PyBrOP, DMAP, 

DIPEA, DCM, 40°C; d) CDI, DCM, 40°C; e) BEP, DIPEA, DMF; 

 

Unfortunately, as the aniline was still unreactive under these conditions, it was 

hypothesized that if the Suzuki partners were swapped, and the bromine was 

substituted for the boronic ester then it could further increase the nucleophilicity of 

the aniline, by removing the deactivating bromine atom (Scheme 36). 
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Scheme 36: Boronic Ester Synthesis 

 
a) 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane, KOAc, Pd(dppf).CH2Cl2, Dioxane, N2, 100°C, 7hr, 71%; 

 

 

Replacement of the bromine with the pinacol boronic ester was easily achieved (64), 

reaching 71% yield in 7 hours. Unfortunately, this substitution did not mitigate the 

low reactivity of the aniline, and subsequent coupling reactions remained unsuccessful 

(Scheme 37).  

 

Scheme 37: Attempted Amide Bond Formation 

 
a) Dry DCM, pyridine or DIPEA, -10°C, N2, b) HATU, DMAP, DIPEA, DCM, 40°C; c) BEP, NMI, DMF 

 

With the purpose of this prodrug series being to simply test the applicability of the 

developed prodrug system to an intracellular receptor, it was decided that due to the 

difficult synthesis and over-reaction of the final drug compound, an alternative drug 

candidate would be identified.  
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3.3.5 Identification of New Drug Candidates  

Although high specific PI3K δ/γ isoform activity is required for a pharmacological 

response against asthma and COPD symptoms, it is not required to test this drug 

delivery hypothesis, and thus the search for a drug candidate was expanded to include 

less selective PI3K inhibitors. By doing so, two suitable candidates were identified 

which could be incorporated into the prodrug design; PI3K δ-selective Compound F 

(Figure 43) and the pan PI3K inhibitor Pictilisib (Figure 45). 

 

Figure 43: Identification of Compound F 

 

Physiochemical Property Compound F 

pIC50 9.1 

Selectivity 

δ/α: 3981 

δ/β: 398 

δ/γ: 1995 

MWt 540.7 

 

3.3.6. Discovery of Compound F 

Schwehm et al230 discovered compound F during their search for new molecular 

scaffolds adaptable to parallel synthesis. Their work underpinned evidence that a 

substituted heterocycle fused to a nitrogen containing heterocycle was prominent in 

the scaffold of many successful drug molecules. They wanted to investigate the effect 

of geometric cis/trans isomerism, dihedral angle and chirality in 1,2,4 substituted 

triazole rings in effort to discover novel clinical candidates for DPP4 serine protease 

inhibitors, CCR5 antagonists and PI3 kinases inhibitors. Their SAR investigation 
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throughout the various domains lead to the discovery of Compound F as a highly 

potent and selective PI3K δ inhibitor, with physiochemical properties suitable for 

inhaled delivery.  

 

In order to establish whether compound F was a suitable candidate, the chemistry of 

the indole moiety had to be investigated to determine its leaving group ability in the 

prodrug breakdown mechanism. As per the previous model system, indole was 

selected as a model for the drug component, and various prodrug syntheses were 

attempted (Scheme 38). Unfortunately, due to the differing reactivities of indole (66) 

compared to indazole, acylation of the basic nitrogen was unachievable. 

 

Scheme 38: Attempted Synthesis of Model Indole Prodrugs 

 
a) Boc-Gly-OH, HATU, DMAP, DIPEA, DCM; b) 1-chloroethyl chloroformate, 4-methylmorpholine, DCM, -

10°C; 

 

In attempt to overcome the reactivity difference, indoline was used as a replacement, 

with the hypothesis that this could be reduced back to indole at a later point in the 

synthesis (Scheme 39).  
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Scheme 39: Attempted Synthesis of Model Indoline Prodrugs 

 
(a) Boc-Gly-OH, HATU, DMAP, DIPEA, DCM, 95%; (b) 1-chloroethyl chloroformate, 4-methylmorpholine, 

DCM, -10°C, 96%; 

 

Due to the different reactivity of the indoline, and the increased acidity and 

nucleophilicity of the nitrogen, the synthesis was much more fruitful, yielding both 

prodrug precursors in high yields. The next steps proceeded as per the previous 

chapter, with the dibasic moieties being created using simple Silver (I) Oxide and 

HATU coupling. Unfortunately, reduction of the indoline derivatives back to indole 

was unsuccessful using manganese (IV) oxide, and due to the high sensitivity of the 

self-cleaving prodrug, there were few alternatives available (Scheme  40).  

 

Scheme 40: Reduction of Indoline Prodrugs 

 
(a) MnO2, DCM, 16 hr. 

 

For this reason, Compound F was deemed to be an inappropriate candidate from 

which to prodrug, and instead, a similar less potent and less selective alternative was 

found in the form of Compound G (Figure 44). 
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Figure 44: Identification of Compound G 

 

Physiochemical 

Property 
Compound F Compound G 

pIC50 9.1 ± 0.0 8.5 ± 0.4 

Selectivity 

δ/α: 3981 

δ/β: 398 

δ/γ: 1995 

δ/α: 501 

δ/β: 398 

δ/γ: 398 

MWt 540.7 541.7 

 

Although less selective than compound F, the indazole moiety of compound G would 

provide a suitable handle from which to build prodrugs, similar to that of the original 

GSK compound, and previous modelling could be used to help design the prodrug 

with the most suitable stability. 

 

3.3.7. Synthesis of Compound G 

The diastereo-synthesis of compound G, as described by Schwehm et al, follows an 

adapted procedure originally devised by Catalano et al (Scheme 41).231 Ethyl 4-

oxopiperidine-1-carboxylate (74) is first alkylated following azo-enolate conditions 

using pyrrolidine and ethyl acrylate. Aqueous work up restores the carbonyl, yielding 

the ester (75) in quantitative yield. This is then cyclised through reductive amination 

using sodium triacetoxyborohydride forming the unsaturated, diasterioisomeric bi-

cyclic structures (76 and 76a). Unfortunately, cyclisation through this method creates 

a roughly 60:40 inseparable cis to trans mixture which sharply reduces the yield. Use 
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of Lawesson’s reagent to create thio-amides (77 and 78) gratifyingly creates a pair of 

partially separable diastereomers from which, various hydrazides such as aceto-

hydrazide can be used to generate the triazole ring (79). Deprotection of the piperidine 

ring yields the final amine (80) in poor yield, which can then be reductively aminated 

with the commercially available aldehyde to produce pyrimidine (81). Finally, 

standard Suzuki coupling achieves Compound G.  

 

Scheme 41: Literature Synthesis of Compound G 

 
a) i) Pyrrolidine, Tol, 170°C, 1 hr; ii) Ethyl acrylate, Tol, 130°C, 16 hr; iii) H2O, 80°C, 0.5 hr; b) NH3/MeOH, 

picoline borane, AcOH, MeOH Na2SO4, 40°C 16 hr; c) Lawesson’s, DCM, 16 hr; d) Acetohydrazide, Tol, 

130°C, 16 hr; e) KOH, water/ethanol, 120 °C, 20 h; f) Aldehyde, picoline borane, AcOH, MeOH Na2SO4, 40°C; 

g) Boronic acid, Na2CO3, (PPh3)2PdCl2, EtOH, H2O. 
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3.3.7.1 Route Optimisation 

With only the more active cis isomer being required for prodrug synthesis, a revised 

diastereoselective synthesis was devised and trialled. Immediately, the ethyl 

carbamate protecting group was replaced for the more accessible Boc group, reducing 

deprotection time from 20 hours to around 90 mins, and greatly increasing the yield. 

It was found that the first step did not require 16 hours as stated in the literature, but 

instead would produce the same outcome under the same conditions in only 4 hours. 

Unfortunately, the poor yield produced in step 2 during cyclisation, and the difficulty 

of separating cis/trans isomers, proved to be less easily improved. It was thought that 

the poor yield could be due to reaction of the iminium cation with excess ammonia, 

yielding an enamine, similar to the previous step. The enamine would then not react 

with the picoline borane as intended, but would instead participate in its own 

cyclisation reaction forming an unsaturated bicyclic structure (Scheme 42).  

 

Scheme 42: Cyclisation of 83 
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When analysing the products of the original reductive amination this hypothesis was 

confirmed: Over fifty percent of the reaction products were found to be the cyclic 

alkene, with the remaining products found to be a 60:40 mixture of the cis/trans 

isomers. To improve the synthesis, the picoline borane was omitted in order to 

promote alkene synthesis, with the intention that stereoselective catalytic 

hydrogenation of the alkene would lead to only the cis isomer. Unfortunately, upon 

hydrogenation, a 75:25 mixture of cis/trans isomers was produced. This meant that 

the initial conversion of the imine to the enamine was not regioselective and 

deprotonation by the excess ammonia had occurred on both sides of the carbonyl 

(Scheme 43).  

 

Scheme 43: Possible Reductive Amination Cyclisation Routes 

 
a) NH3/MeOH, 40°C, AcOH, MeOH Na2SO4, 16 hr; b) H2, Pd/C, 2 hr 

 

In order to improve the regioselectivity, higher temperatures up to 120°C were used 

to push the cis/trans ratio to a maximum of 95:5. This also reduced reaction time to 

only 3 hours, and meant that separation of the diastereoisomers was much simpler as 
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there was less of the other diastereoisomers. The final steps remained the same as in 

the literature, but with HCl used to deprotect the amine instead of KOH. The final 

diastereoselective synthesis was used to produce compound G in an improved total 

yield of 9% compared to the original 3% (Scheme 44). 

 

Scheme 44: Final Synthesis of Compound G 

 
a) i) Pyrrolidine, Tol, 170°C, 1 hr; ii) Ethyl acrylate, Tol, 130°C, 16 hr; iii) H2O, 80°C, 0.5 hr; b) 

NH3/MeOH, AcOH, MeOH Na2SO4, 130°C; c) H2, Pd/C, 4 hr;     d) Lawesson’s, DCM, 16 hr; e) 

Acetohydrazide, Tol, 130°C, 16 hr; f) HCl, DCM 1.5 hr; g) Aldehyde, picoline borane, AcOH, MeOH 

Na2SO4, 40°C; h) Boronic acid, Na2CO3, (PPh3)2PdCl2, EtOH, H2O. 

 

3.3.8. Synthesis of Compound G Prodrugs 

With compound G synthesised in good yield, dibasic prodrug synthesis could take 

place. Following the same rationale as with the GSK compound, it was decided that 
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the use of the Ace Chloride linker should be avoided to circumvent any unnecessary 

diasteroisomer synthesis and to reduce the amount of cleavage products. As 

compound G already contained a basic component, the dipeptide did not need be itself 

dibasic, and instead focus could be turned to achieving the best combination of amino 

acids which had the appropriate steric bulk to achieve the most desirable half-life. 

 

From the results of the initial indazole modelling, it was clear that two amino acids 

with a high degree of steric bulk would create a dipeptide with the slowest 

diketopiperazine formation, ultimately leading to the slowest release of drug (Scheme 

45). By ensuring that the first amino acid was of unnatural chirality, the peptide would 

also have enzymatic stability as discovered in chapter 1.  

  

Scheme 45: Intended Synthesis of Compound 71 Prodrugs 

 
a) RCOOH, HATU, DMAP, DIPEA, DCM, 3 hr; b) i) TFA, DCM, 0.5 hr, ii) RCOOH, HATU, DMAP, 

DIPEA, DCM, 3 hr. 

 

Unfortunately, although crude LCMS analysis showed good conversion of starting 

material to the mono peptide prodrug, any attempt at purification resulted in isolation 

of starting material in near quantitative yield. Several attempts were made but each 

purification attempt lead to the degradation of the mono peptidic product. Even when 

purification was avoided and the crude product taken further, amine deprotection to 

insert the second amino acid led to the breakdown of the mono-peptide. In order to 
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determine whether this instability was a common feature of all conjugated indazole 

moieties, or whether this was only a feature of this particular compound, the same 

synthetic strategy was applied to the less selective inhibitor, Pictilisib. 

 

3.3.9. Identification of Pictilisib 

In 2008, Genetech published the discovery of a novel pan PI3K α/δ inhibitor 

(Pictilisib) which displayed potency of 3 nM at both isoforms (Figure 45). 

 

Figure 45: Identification of Pictilisib 

 

Physiochemical Property Pictilisib 

pIC50 8.52 

Selectivity 

α/δ: 1 

α/β: 11 

α/γ: 25 

MWt 513.64 

 

Recently published work within the Stocks’ group had utilised the indazole group of 

Pictilisib as a handle for synthesising a cleavable codrug, and thus demonstrated 

pleasing stability when linked to other scaffolds.232garcgarces 
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3.3.10 Synthesis of Pictilisib  

The synthesis of Pictilisib was achieved through the reductive amination of 1-

(methylsulfonyl)piperazine with 2-chloro-4-morpholinothieno[3,2-d] pyrimidine-6-

carbaldehyde (93) using picoline borane yielding tertiary amine 94, followed by 

Suzuki coupling with (1H-indazol-4-yl) boronic acid (Scheme 46). All starting 

materials in this synthesis are commercially available and thus pictilisib was achieved 

quickly in high yield. 

 

Scheme 46: Synthesis of Pictilisib 

 
a) 1-(methylsulfonyl)piperazine, 45°C, picoline borane, MeOH, AcOH, 3 hr; b) (1H-indazol-4-yl) boronic 

acid, 2N Na2CO3, Pd(PPh3)3Cl2, EtOH, H2O, 125°C, 5 hr 

 

3.3.11 Synthesis of Pictilisib Prodrugs 

Following pictilisib synthesis, prodrug synthesis was attempted analogous to 

Compound 71 and the previous GSK compound. Unfortunately, once again, despite 

reaction monitoring depicting a clean conversion to the mono-peptide, only the 

original starting material in quantitative yield was isolated (Scheme 47). This result 

has certified that a conjugated indazole moiety is not an appropriate linker for prodrug 

derivatisation and thus another suitable handle was required. 
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Scheme 47: Synthesis of Pictilisib Prodrugs 

 
a) RCOOH, HATU, DMAP, DIPEA, DCM, 3 hr; 

 

3.4 Reflections from Failed Prodrug Synthesis 

 

It is clear, that after 2 failed attempts to design a prodrug system based off of an 

indazole moiety, that this synthetic handle is not suitable. It is therefore necessary to 

begin searching for drug candidates with different chemical functionalities. It is 

known from chapter 2 that the current linker system works well with primary or 

secondary amines, creating a carbamate linker. It is therefore possible that alcohols 

would react in the same way to create carbonate linkers (Scheme 48), which would 

possess the same breakdown functionality.  

 

Scheme 48: Use of Alcohol Groups to Create Carbonate Linkers 
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This hypothesis should first be tested in a simple model system, as per the indazole 

moiety, to prove that the alcohol group provides a good leaving group for activation 

to occur. It is also worthwhile to test whether direct carbamate synthesis using 

carboxylic acids is possible, in attempt to eliminate the need for the linker system 

(Scheme 49). 

 

Scheme 49: Hypothesis to Test the Linker Group Requirement 
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3.5 Chapter Conclusion 

This chapter aimed to complete thesis objective 4 (see Thesis Aims and Objectives), 

by developing the prodrug approach from in chapter 2 to an intracellular receptor 

inhibitor to determine the effectiveness of the prodrug system to efficaciously deliver 

an active agent at a sustained rate to an intracellular target. In chapter 2 the high lung 

homogenate binding value observed highlighted the potential of the prodrug to bind 

in close proximity to the M3 receptor. This meant it was possible that a prolonged 

pharmaceutical activity could be achieved. For PI3K δ, the target receptor is not 

membrane bound but instead intracellular. This means that binding to the outside of 

the cell may might not be crucial to providing a prolonged pharmacodynamic 

response. Instead, affinity for transmembrane transport proteins such as OCT’s and 

PEPT2 may be crucial to obtaining high intracellular concentrations of the prodrug, 

with lysosomal trapping important to maintaining this intracellular concentration, 

resulting in increased lung retention.  

In order to test this hypothesis, it was first necessary to identify a suitable drug 

candidate. PI3K δ inhibitors were chosen due to their pharmacological potential in the 

treatment of COPD and asthma, and typical utilisation of the pulmonary delivery route 

as a method of drug administration.  

 

An initial drug candidate (E) was selected due to its high potency (pIC50 10.0), poor 

physiochemical properties and potential for characteristic improvement through 

application of a prodrug system. The indazole moiety present in compound E provided 

an opportunity for structural development to incorporate the prodrug system. A model 

system consisting of dipeptide indazole prodrugs were created to investigate the 

requirements of the dipeptide for sustained release due to internal cyclisation. As 
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witnessed in chapter 2, increased amino acid steric bulk lead to delayed DKP 

formation, this time with greater effect due to the ability to alter both amino acid side 

groups in the dipeptide. 

 

Unfortunately, due to synthetic difficulties, and problems with over-acylation, the 

initial drug candidate (E) was deemed to be inappropriate for this prodrug system, and 

thus alternative candidates where required. Compound F from Schwemn et al was 

identified as having a similar potency (pIC50 9.1) and selectivity, but incorporated an 

indole moiety rather than an indazole moiety. Construction of a model indole 

dipeptide system, analogous to the indazole model was attempted to test the suitability 

of the indole as a prodrug construction handle. Unfortunately, due to the differing 

reactivities of indole and indazole, synthesis was unsuccessful and compound G was 

also deemed inappropriate as the active component of the prodrug system. 

Compound G, also discovered by Schwemn et al was identified as being a structurally 

similar to compound F but with an indazole moiety in place of the indole and with a 

slightly decreased potency (pIC50 8.5) and selectivity for PI3K δ. Unfortunately, 

prodrug synthesis was once again unsuccessful, but this time due to the instability of 

the acylated indazole upon purification. Reaction monitoring displayed good 

conversion to the final product, but purification only yielded the original indazole in 

high yield. In order to determine whether this instability was a common feature of all 

indazole moieties, the same prodrug synthesis was applied to a new drug compound, 

Pictilisib. Pictilisib is a pan (α/δ) PI3K inhibitor, again with decreased potency (pIC50 

8.52) and selectivity. It was selected due to its easy synthesis, and due to its use in 

similar work performed within the Stocks group. The short synthesis allowed for a 
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quick comparison as to stability of acylated indazoles. Unfortunately, isolation of the 

prodrug was once again unachievable and thus confirmed that an indazole moiety was 

not an acceptable handle for prodrug synthesis. 

 

Unfortunately, this chapter was not able to satisfy thesis objective 4, in that the 

prodrug system previously developed in chapter 2 was not adapted to incorporate a 

drug with an intracellular target. It is clear that the both the synthetic handle on a drug 

molecule from which to develop the prodrug, as well as the linker system itself needs 

to be re-thought in order to further develop the prodrug system. 

 

3.6 Future Work 

 

Despite being unable to use the indazole nitrogen as an acceptable linker to create a 

prodrug, this prodrug system still has the potential to increase the lung retention of an 

inhaled intracellular drug candidate. Therefore, it is necessary to continue searching 

for an appropriate drug candidate which incorporates a more stable handle from which 

to link the prodrug. From the results of the SAR approach in chapter 2 alongside the 

attempted prodrug synthesis in chapter 3, it is clear that an appropriate handle for the 

prodrug system is one that is not conjugated into an aromatic system, such as an 

aliphatic secondary amine or alcohol.  

 

Once a successful candidate has been indentified, and the prodrug system has been 

developed, subsequent in-vitro/in-vivo analysis alongside a series of cellular assays 

would be required to determine the membrane penetration and localisation of the 
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prodrug within the lung epithelial cells. These cellular assays could be designed such 

that OCT or PEPT transporters are over expressed in the cell line. Incubation of these 

cells with the prodrug in the presence and absence of transporter inhibitors would then 

demonstrate the substrate potential of the prodrug, and thus indicate potential 

membrane permeation.  Ultimately this work would conclude with an in-vivo PD study 

to determine if a prolonged pharmacological response is achieved. 
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4. Quantification of the Lysosomal 

Trapping Potential of Dibasic Prodrugs 
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4.1 Introduction 

4.1.1 Lysosomal Trapping of Basic Drugs 

Lysosomes perform key roles in metabolism due to their highly acidic lumen which 

contains various metabolic enzymes responsible for the breakdown of biomolecules 

including peptides, nucleic acids and carbohydrates.233,234 As previously mentioned, 

the high distribution of cationic, amphiphilic drug molecules arises due to a 

combination of their potential to be substrates for organic cation transporters, 

facilitating their distribution into cells, and for their potential to be sequestered within 

acidic organelles.235 Whilst lysosomal trapping can have a positive influence on the 

drug’s pharmacokinetics, increasing the tissue retention of the administered drug for 

example, it is also possible for lysosomal trapping to cause a negative 

pharmacodynamic response, due to interference with the lysosomes natural metabolic 

processes.236 

 

Uptake of weakly basic drug molecules into the acidic compartment of the lysosome 

will raise the internal pH such that it becomes sub-optimal for metabolic proteases, 

affecting the lysosomes’ normal function.237,238 Although this process can have wide 

ranging complications for the cell, the system is in equilibrium thus has the potential 

to be self-regulating. By increasing the pH of the lysosome’s internal environment, 

the proportion of cationic species will be reduced which will encourage the basic drug 

molecules to leave the lysosomes, once again lowering the internal pH to optimum 

levels. This equilibrium is of course driven by various factors including the pKa of the 

administered drug and thus the sequestering potential, as well as the drug dosage and 

cellular elimination rate. 
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In addition, the presence of high intracellular concentrations of certain cationic 

amphiphilic drugs is known to induce phospholipidosis, a process in which 

phospholipids excessively accumulate in tissues such as the lung or liver.239 It is 

hypothesised that this process can occur due to changes in the metabolic environment 

of the lysosome, preventing phospholipid breakdown, or through the binding of drug 

molecules to the phospholipids, creating a stable drug-phospholipid complex, which 

enzymes cannot metabolise.240 

 

Although both of these processes can be reversed naturally, their potential to 

encourage inflammation, histological changes and toxicity, certifies the need to 

quantify or visualise the uptake of cationic amphiphilic drugs, especially when 

attempting to exploit lysosomal trapping as a mechanism of sustained delivery. 

 

4.1.2 Predicting/Quantifying Lysosomal Uptake/Trapping 

Various methods have been employed to quantify the lysosomal accumulation of basic 

drugs, and determine the effect that this can have on the natural function of the 

lysosome. 

 

The use of radio-labelled drugs to determine lysosomotropism in tissue slices of 

various organs is an established method of monitoring intracellular concentrations of 

various species. In 1995, Daniel et al recorded the contribution of lysosomal trapping 

to the cellular uptake of basic drug desipramine and dibasic drug chloroquine in the 

presence and absence of lysosomal inhibitors (Figure 46).241 
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Figure 46: Structures of Desipramine and Chloroquine 

 
 

Their results demonstrated that drug uptake within lung tissue was much higher than 

other tissues, corresponding to the tissue with highest concentration of alveolar 

macrophages, due to their high concentration in lysosomes. In addition, their results 

showed that uptake of desipramine was less dependent on the size of the lysosomal 

compartment within the tissue than chloroquine. Uptake of desipramine remained 

relatively constant among all tissue, but varied widely for chloroquine, with the 

highest uptake observed in tissues with the biggest lysosomal compartment. The 

uptake of chloroquine was most affected by the presence of lysosomal inhibitors 

NH4Cl, NaF, and Monensin, which prevent a pH difference between the cytosol and 

internal lysosomal environment by raising the pH of the latter, such that sequestration 

does not occur.  

 

This ex-vivo analysis highlighted the increased propensity for lysosomal trapping of 

dibasic compounds, to which Daniel et al suggested increased cellular transportation 

due to increased binding to pulmonary surfactant and increased alveolar macrophage 

presence.   
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More recently, this methodology was expanded upon by Bäcktröm et al, to determine 

whether a new methodology of agarose filled lung tissue slices could accurately 

predict the in-vivo PK profile of a range of inhaled β-adrenergic compounds.
242

 Lung 

tissue slices preloaded with drug compound were incubated in buffer solution, in the 

presence and absence of lysosomal trapping inhibitor monensin and the concentration 

of drug compound at various time points monitored by tandem LC-Mass 

Spectrometry. They found that their new method supplied in-vitro data which closely 

aligned with that of previous in-vivo data, and demonstrated the importance of 

lysosomal trapping as a mechanism for retention of inhaled β-adrenergic compounds, 

as retention of all compounds fell in the presence of lysosomal trapping inhibitor, 

monensin (Figure 47). 

 

Figure 47: Kinetic Profiles of Inhaled β-Adrenergic Compounds, Taken from Bäckström et al. 

 
Solid lines represent new in-vitro data from their new methodology, dashed lines new in-vitro data in the 

presence of monensin, dotted lines represent previous in-vivo data after IT delivery. 

 

Whilst variations of the lung slice methodology are able to determine the propensity 

of a basic drug for lysosomal trapping, the invasive method of homogenising lung 

tissue in order sample the concentrations at various time points leads to ambiguity 
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surrounding the location of the compound. The most accessible method of visualising 

drug compounds inside specific organelles in real time, without the destruction of the 

tissue/organelle involves the use of fluorescence microscopy.  

 

4.1.3 Lysosome Visualisation using Fluorescence Microscopy  

Fluorescence microscopes irradiate fluorophores with a specific wavelength of light, 

exciting an electron from its ground state energy level into an excited state.243 This 

excited electron then rapidly loses energy through collisions or molecular vibrations 

etc, before relaxing to its ground state level.244 Upon relaxation, the remaining excess 

energy is released as an emission of a photon of light (fluorescence). This fluorescence 

is of lower energy and higher wavelength than the emission source, and is detected by 

the microscope. The difference between the excitation and emission wavelengths is 

known as the stokes’ shift, and allows the microscope to filter out the excitation 

wavelengths, and focus solely on emission from the fluorophore. 

 

Through careful design of fluorescent probes various intracellular structures can be 

detected, with the visualisation of lysosomes depending on the probe’s ability to 

selectively accumulate within the organelle. Unfortunately, the highly digestive nature 

of these organelles makes it incredibly difficult to create probes which are able to 

survive in this metabolic environment long enough for fluorescence quantification.  

 

Despite this, there has been varying success in creating lysosomal probes, with the 

most common lysosome targeting probes including LysotrackerTM (Invitrogen) and 

Neutral Red (Figure 48).245,246 
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Figure 48: Structure of Lysotracker™ Deep Red and Neutral Red 

 
 

In both of these examples, the probe is sequestered within lysosomes with varying 

degrees of specificity. Lysotracker is a boron difluoride species, modified with various 

scaffold additions in order to fine-tune the conjugated system and thus control the 

fluorescence excitation and emission wavelengths depending on the desired colour.247 

Lysosomal sequestration follows the same principle as with cationic amphiphilic 

drugs, in that the basicity of the tertiary amine allows for protonation and sequestration 

within lysosomes. 

 

Neutral red is a phenazine containing heterocycle with excitation and emission 

wavelengths of roughly 540nm and 621nm respectively (in DMSO).248 Cellular 

uptake of neutral red is driven through the molecule’s high cell permeation through 

passive diffusion, and sequestration is driven though electrostatic binding to 

phosphate groups within the lysosomal matrix, although this is non-specific to all 

acidic organelles.249 

 

In addition to Lysotracker Deep RedTM and Neutral Red, various fluorescent probes 

have been developed to monitor intracellular ion concentrations, some of which have 

found applications for visualising lysosomes. 
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4.1.4 Intracellular Ion Concentration Monitoring  

Ion regulation is a fundamental principle behind homeostasis, with the asymmetric 

maintenance of intracellular and extracellular ion concentrations critical for most 

biological functions.250 It is therefore highly desirable to be able to easily monitor 

various ion concentrations across different organelles to help elucidate the biological 

importance of ion concentration in disease progression.251 The use of fluorescent 

probes and confocal microscopy is an established method for organelle visualization 

in the surveillance of intracellular ion concentrations as a method of early disease 

detection.252 Development of organelle specific fluorescent probes is often difficult 

due to the wide ranging structures and physiochemical properties required of the probe 

to be able to specifically localize in only one organelle type. The requirement of the 

probe to also specifically bind only one ion type further complicates this process. 

 

4.1.4.1 Development of 1,8-Napthalimide Probes 

Whilst both Lysotracker Deep RedTM and Neutral Red have lysosomal targeting 

properties, they have no capacity to help visualise intracellular ion concentrations as 

they remain permanently fluorescent once incubated into cells. In order to detect 

intracellular ion concentrations, a range of 1,8- Napthalimide probes have recently 

been discovered as novel fluorescent probes with ‘switch functionality’ capable of 

triggering the fluorescence upon detection of a particular analyte.253,254 These include 

‘NP’255 which is capable of detecting intracellular peroxy-nitrite, Lyso-NINO256 

which is capable of detecting lysosomal nitric oxide, and Lyso-NHS257 which is 

capable of detecting lysosomal hydrogen sulfide (Figure 50). 
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Figure 49: Structure of TP, Lyso-NINO and Lyso NHS 

 
 

4.1.4.3 Development of Lyso-NHS  

In 2013, Tianyu Liu et al published their discovery of the first 1,8-napthalimide 

containing compound (Lyso-NHS) which bio-activates in the presence of intracellular 

H2S to release a fluorescent probe capable of visualising lysosomal H2S 

concentrations.257 

 

H2S is an important gasotransmitter molecule responsible for regulation of various 

biological systems including the relaxation of smooth muscle in the cardiovascular 

system.258 The complete role of H2S in living systems in not entirely understood and 

thus being able to visualise various concentrations in different tissue types is an 

important step for biological H2S elucidation. The development of Lyso-NHS was 

unique in that it required only a simple synthesis and a short incubation period, 

allowing visualisation to take place in just minutes, as opposed to several hours for 

previously discovered probes (Lysotracker Deep RedTM etc).259 In addition, the design 

of Lyso NHS meant that it could be used to specifically monitor ion concentrations 

within lysosomes. 
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4.1.4.2 1,8-Napthalimide Probes Design  

Despite their differing analyte detection capabilities and lysosomal sequestration 

abilities, TP, Lyso-NINO and Lyso-NHS have very similar structural motifs; a 1,8-

napthalimide heterocyclic core with high fluorescence potential, a fluorescence 

triggering group sensitive to a particular analyte, and a tissue localising group which 

determines the localisation of the probe within the cell (Figure 50). 

 

Figure 50: Design of Lyso NHS 

 
 

Uniquely, Lyso-NHS was designed such that the compound is non-fluorescent until 

exposed to H2S, at which point the ether group connecting the two aromatic 

components is susceptible to nucleophilic attack from the sulfur, which triggers the 

release of the fluorescent phenol compound (Scheme 48).   

 

 

  

Lysosome-targeting group 

Fluorescent 1,8-napthalimide 

Fluorophore 

H2S Sensitive dinitrophenol 
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Scheme 48: Activation of Lyso-NHS 

 
 

Both Lyso-NHS and its phenol derivative are readily cell permeable and stable at 

physiological and lysosomal pH, while the inherent basicity of the morpholine group 

ensures they are sequestered within lysosomes after only short incubation period, 

allowing for lysosomal visualisation with confocal microscopy. When incubated 

alongside known lysosomal probe, neutral red, the fluorescent patterns of neutral red 

and the phenol derivative of Lyso-NHS aligned, proving the probe’s capability to 

visualise acidic organelles, including lysosomes (Figure 51). 

 

Figure 51: Colocalization of 95 and Neutral Red in MCF-7 Cells taken from Tianyu Liu et al257 

 

a) Localisation of 5μM 95 incubated for 10 mins at 37°C (Channel 1: λex =450 nm, λem =520-560 nm)  

b) Localisation of 5μM Neutral Red incubated for 10 mins at 37°C (Channel 2: λex =559 nm, λem =565-610 nm)  

c) Merged images of A and B, scale bars 20 μm 
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4.1.5 Application of Lyso-NHS to Lysosome Visualisation 

Chapter 2 saw the creation of various dibasic prodrugs with the hypothesis that the 

inclusion of a dibasic moiety would optimise the prodrug such to increase the 

molecule’s propensity for lysosomal trapping. The short synthesis, simple structure 

and adaptable design of the phenol derivative of Lyso-NHS makes it an attractive 

probe to help elucidate the role of the dibasic component in increasing lung retention. 

Through modification of the chemical scaffold, such to replace the lysosomal 

targeting morpholine group with variations of the dibasic moiety from chapter 2, it is 

possible to determine whether the lysosomal targeting nature of the compound, is 

retained, or even improved. This analysis would then help to conclude whether the 

prodrug system created in chapter 2 would likely lead to high lysosomal sequestration 

as expected. 
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4.2 Aims 

This chapter aims to address thesis objective 5 (see Thesis Aims and Objectives) and 

elucidate the increased lung retention witnessed upon pro-drugging of a muscarinic 

receptor antagonist in chapter 2. As previously mentioned, incorporation of a dibasic 

component into the prodrug structure can increase the propensity for membrane 

binding, lysosomal trapping and for OCT transportation. Thus, by synthesising, basic, 

dibasic and non-basic analogues of a recently discovered, lysosome-targeting, 

fluorescent probe 95 (Scheme 48), it is possible to relate the propensity for lysosomal 

trapping and membrane binding to the basicity (ion class) of the probe, by comparing 

the fluorescence distribution patterns. It is hoped that this cellular assay and 

subsequent confocal microscopy is able to visualise the increase in lung retention 

when the basicity of a compound is increased.  
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4.3 Results and Discussion 

 

4.3.1 Experimental Lysosomotropism Determination 

It has been established in chapter 1 and 2 that dibasic compounds can exhibit multiple 

mechanisms by which lung retention can be observed. For this reason, it was decided 

that fluorescence microscopy was an acceptable experimental technique to be able to 

differentiate between the two. Through adaptation of the Lyso-NHS probe to include 

dibasic functionality, subsequent confocal microscopy would be able to visualise the 

cellular distribution of the probe. If the majority of the compound remained at the cell 

membrane, it would indicate that membrane/non-specific binding could be 

responsible for the increased lung retention. If the majority of the compound enters 

the cell, and accumulates in areas identical to the lysosomal targeting control probe, 

then it would be clear that lysosomal trapping is the mechanism by which lung 

retention occurs. In reality, when considering specific cationic and peptidic transporter 

proteins, the end result is likely to be a mixture of the two mechanisms and kinetics 

may denote which mechanism is most likely to occur first or which mechanism may 

predominate. Ultimately, this relationship needs to be discovered. 

 

Once a clear relationship between probe basicity and lysosomal trapping has been 

determined visually using fluorescence microscopy, there are additional 

lysosomotropism experiments that can be performed on compounds in chapter 2, 

including compound 24, to be able to measure the extent of lysosomal trapping. By 

incubation of compound 24 with and without lysosomal trapping inhibitor monensin, 

it is possible to measure the cellular uptake and retention in the presence and absence 

of lysosome sequestration. The difference in cellular concentration between these two 
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experiments will yield a quantitative value for the lysosomal trapping potential. This 

method is well established in the literature260, however, as previously mentioned, 

competition between the two mechanisms must first be elucidated using confocal 

microscopy. 

 

4.3.2 Adaptation of the 1,8-Napthalimide Probe 

As previously mentioned, the original design of the 1,8-napthalimide fluorescent 

probe incorporated a cleavable aryl-ether bond which bio-activated in the presence of 

intracellular concentrations of H2S (Scheme 1). When the two aryl groups are 

conjugated, the molecule displayed minute, background levels of fluorescence, but 

when separated, the napthalimide containing phenol demonstrated much higher, 

quantifiable levels of fluorescence. Since there was no significant reason to design or 

synthesize a non-fluorescent probe, the dinitro-benzene component was omitted, and 

the lysosome targeting morpholine group of the fluorescent phenol compound (95) 

was replaced with a handle to which dibasic amino acids could be coupled (Scheme 

49). 
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Scheme 49: Adaptation of 95 

 
 

By replacing the morpholine group with an acylated piperidine group, the basic centre 

is removed and thus any base-driven lysosomal trapping from the scaffold is 

prevented. The piperidine could then be selectively acylated to incorporate a dibasic 

or neutral component in order to determine how basicity affects the distribution of the 

fluorescent component. 

 

4.3.3 Fluorescent Probe Synthesis 

To synthesize the fluorescent probe (95), 4-bromo-1,8-naphthalic anhydride (96) is 

first coupled with 4-(2-aminoethyl)-morpholine to create the imide species 97. The 

bromine was then substituted for a methoxy group 98, before being hydrolysed to the 

highly fluorescent phenol 95 (Scheme 50).   
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Scheme 50: Synthesis of 95 

 
a) EtOH, 70°C, 8 Hr; b) MeOH, K2CO3, 60°C, 16 Hr; c) HI, 130°C, 6 Hr 

 

Synthesis of the dibasic and neutral analogue probes followed a similar approach, 

using tert-butyl 4-(2-aminoethyl) piperidine-1-carboxylate (96) to create the imide 99 

(Scheme 51). As per the previous synthesis, the bromine was then substituted for the 

methoxy group 100, before being hydrolysed to the phenol 101. The amine was then 

deprotected (102) and coupled with various amino acids to create a range of dibasic 

and neutral fluorescent probes (103-106). 
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Scheme 51: Synthesis of 103-106 

 
a) EtOH, 70°C, 8 Hr; b) MeOH, K2CO3, 60°C, 16 Hr; c) HI, 130°C, 6 Hr; d) 4N HCl, 2 Hr; e) Amino 

Acid, HATU, DMAP, DMAP, DIPEA, DCM 2Hr; 

 

A small series of ‘pro-drugged’ probes containing either a neutral or dibasic moiety 

was synthesised. The original linker group from the muscarinic prodrug series was 

omitted in order to increase the chemical stability of these compounds in aqueous cell 

based assays.  
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4.3.2.1 Fluorescent Probe Prodrug Stability 

Due to the omission of the cleavable linker group, and high stability of the amide 

bond, all of the synthesised probe prodrugs achieved the minimum stability 

requirement of 24 hours without any observed breakdown in pH 6.5 PBS. This ensured 

that the probes would be chemically stable throughout any in-vitro assays, including 

cell incubation as a solution in aqueous media. 

 

4.3.4 Fluorescent Probe Prodrug Characterisation 

From the original literature, the phenolic naphthalene (95) demonstrated an excitation 

and emission maxima at 450 and 555 nm respectively. Despite containing the same 

fluorophore, it was important to determine the excitation and emission wavelengths 

for the prodrugs using a fluorescence spectrophotometer, with samples being prepared 

as per Biological Assay Procedure 6. 

 

Pleasingly all of the synthesised probes possessed excitation and emission 

wavelengths identical to Lyso NHS (Table 13), meaning they could easily be 

visualised alongside the control probe, Lysotracker Deep RedTM (excitation and 

emission wavelengths 540 and 627 respectively) using confocal microscopy. 

Lysotracker Deep RedTM was chosen as a control probe instead of neutral red due to 

its reported specificity for lysosomal targeting, rather than targeting all acidic 

organelles as with neutral red. 
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4.3.3.1 pH Dependent Fluorescence 

Due to the highly acidic lysosomal environment, it was important to understand any 

effect that decreasing pH may have upon the fluorescence emission intensity at 

555nm. The emission spectra of all of the synthesized probes was determined at 

multiple pH levels using a fluorescence spectrophotometer, with samples prepared as 

per Biological Assay Procedure 6. 

 

All of the probes demonstrated a pH dependent fluorescence, with fluorescence 

intensity at 555nm increasing with increasing pH (Table 13). Lyso NHS displayed 

slightly higher fluorescence levels than the synthesised probes, however all probes 

were fluorescent at lysosomal pH (4-6) and thus were ideal candidates for lysosomal 

visualisation. Tianyu Liu et al hypothesised that the pH dependence on the 

fluorescence maxima is due to the acidity of the phenol, where its deprotonation 

increases the electron donation into the pi-system, resulting in an increased 

fluorescence. 

 

  



AYRE (2021)   
 

180 | P a g e  

Table 13: Fluorescence Characterisation Data for Synthesised Probes 

Compound 

Excitation 

Wavelength 

(nm) 

Emission 

Wavelength 

(nm) 

pH Dependent 

Fluorescence  

pH IF555 

95 450 555 

3 29.43 

4 17.93 

5 32.93 

6 73.16 

7 121.66 

103 450 555 

3 0.93 

4 2.63 

5 10.85 

6 33.89 

7 58.21 

104 450 555 

3 0.23 

4 1.48 

5 3.95 

6 12.75 

7 23.25 

105 450 555 

3 0.17 

4 2.23 

5 7.51 

6 22.41 

7 32.99 

106 450 555 

3 0.86 

4 4.93 

5 10.36 

6 28.59 

7 39.43 

IF555 – Fluorescence intensity at 555 nm 

 

 

4.3.3.2 Cytotoxicity – performed by Paulyna Magaña Gomez 

With the knowledge that all the synthesised probes were chemically stable and highly 

fluorescent across all intracellular pH levels, the next step was to determine the 

cytotoxicity values associated with the probes to ensure that the cells would be able 

to tolerate the compounds. 

 

The cytotoxicity of the four novel probes (103-106), in addition to the original 

morpholine containing probe (95) was determined using a standard MTT assay as 
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described in Biological Assay Procedure 7 and 9, and the cell viability measured at 

0.5 hour and 20.5 hours. The results of this assay demonstrated a high level of 

tolerability of the cells for the probes at 0.5 hours and modestly reduced tolerability 

after 20.5 hours. Uniquely, compound 104 maintained a high level of cell metabolic 

activity at both incubation durations. Considering a desired incubation time of only 

30 minutes for the confocal microscopy assay, this MTT assay demonstrated a good 

level of tolerability of the cells for the probes, meaning that subsequent confocal 

microscopy could be performed (Table 14). 

 

Table 14: Cytotoxicity Data for Compounds (95, 103-106) – Performed by Paulyna Magaña Gomez 

Compound 95 103 104 105 106 

Cell 

Metabolic 

Activity 

t=0.5 Hour 

95 ± 8 % 93 ± 3% 96 ± 8% 105 ± 3% 90 ± 7% 

Cell 

Metabolic 

Activity 

t=20.5 

Hour 

73 ± 15% 70 ± 9% 95 ± 3% 74 ± 10% 78 ± 6% 

 

4.3.3.3 Confocal Microscopy – Performed by Paulyna Magaña Gomez 

With minimal cytotoxicity confirmed, the synthesised probes were then incubated 

alongside the control probe, to confirm their cellular distribution. Each probe was 

incubated into Calu-3 cells for 30 minutes at 5 μM concentrations alongside the 

control probe, Lysotracker Deep RedTM, at a concentration of 50 nm. Subsequent 

confocal microscopy was then used to visualise the cells as outlined in Biological 

Assay Procedures 7 and 9 (Figure 52). Each of the 3 (di)basic probes (104-106) 

displayed similar cellular distribution patterns, with localised regions of high 

fluorescence, but at a much lower intensity and resolution to the control probe. The 
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neutral probe (103) appeared to be more ubiquitously expressed throughout the cell, 

however due to the poor image quality, this cannot be confirmed.  

 

Unfortunately, when incubated alongside compounds 95 and 103-104, it was observed 

that Lysotracker Deep RedTM was unable to specifically accumulate within lysosomes. 

Instead, Lysotracker Deep RedTM is distributed ubiquitously throughout the cell, with 

the exception of the nucleus. This means that no clear conclusion as to the location of 

compounds 103-106 could be drawn as the control probe was ineffective. Initially, it 

was hypothesised that the short incubation time of 30 mins was insufficient for the 

Lysotracker Deep RedTM to be sequestered within lysosomes and instead a longer 

incubation period of 2 hours should be trialled to allow for full sequestration.  

 

Unfortunately, when the incubation period was increased to 2 hours (data not shown), 

no significant improvement was made. It was then theorised that sub-optimal cell 

washing, had resulted in poor quality confocal images. Thus, the confocal imagery 

was repeated following a 30-minute incubation period which used a more thorough 

cell washing procedure (Figure 53). 
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Figure 52: Confocal Imagery of the Lysosomal Probes 

Compound 

No: 
Probe 

Lysotracker Deep 

RedTM 

Pseudo 

Transmission 

Detection 

95 

   

103 

   

104 

   

105 

  

 

106 

   

Confocal laser scanner microscopy images of Calu-3 cells exposed to Compound 1 for 30 min. a
 Synthesised 

probe, 5 µM, Ex: 488 nm; b Lysotracker Deep RedTM, 50 nM, Ex: 633 nm; c Pseudo transmission detection. 

Scale bar: 10 µm 
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Figure 53: Confocal Imagery of the Lysosomal Probes 

Compound 

No: 
Probe 

Lysotracker Deep 

RedTM 

Pseudo 

Transmission 

Detection 

95 

 

 

 

103 

 

 

 

104 

 

  

105 

 

  

106 

 
 

 

Confocal laser scanner microscopy images of Calu-3 cells exposed to Compound 1 for 30 min. a
 Synthesised 

probe, 5 µM, Ex: 488 nm; b Lysotracker Deep RedTM, 50 nM, Ex: 633 nm; c Pseudo transmission detection. 

Scale bar: 10 µm 
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Gratifyingly, the improved cell washing procedure resulted in a clearer depiction of 

the distribution of the Lysotracker Deep RedTM control, meaning that it was able to 

display selective lysosomal targeting and thus act as a control probe for compounds 

95 and 103-106.  

 

Compounds 95, 105 and 106 displayed much lower fluorescence than that of 

compounds 103 and 104, which could indicate a reduced cellular uptake. Compound 

103 (the neutral analogue) exhibited a larger volume of distribution throughout the 

cell, with little similarity to the control probe, whilst compound 104 (the lysine 

containing dibasic analogue) exhibited high fluorescence in small localised regions 

within the cell which aligned with the control probe, indicating that this compound 

had selectively accumulated within lysosomes. Compounds 95 and 105 appeared to 

faintly show similar distribution patterns to the control probe, however, owing to a 

reduced fluorescence, it is impossible to accurately confirm the cellular distribution 

of compounds 95, 105 and 106, and thus further studies would be required. 

 

As all of the synthesised probes contained the same fluorophore and demonstrated 

similar fluorescence intensities at the required pH, it is theorized that any difference 

in the observed fluorescence could be a consequence of reduced cellular uptake, and 

thus compounds with slower/hindered cellular uptake would have a lower cellular 

concentration and thus lower fluorescence intensity. Interestingly, the compound 

which demonstrated the lowest fluorescence (106), and thus could be subject to the 

poorest cellular uptake contains the same dibasic moiety as compound 24 (Chapter 2) 

which evaded enzymatic degradation. It is possible that the use of the unnatural amino 
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acid in the dibasic moiety has once again resulted in the evasion of natural cellular 

processes. If this hypothesis were correct it could have far reaching consequences for 

use of this prodrug system when targeting intracellular receptors such as PI3K. It is 

likely that whilst a basicity driven, increased lung retention through membrane 

binding is possible, an increased pharmacological activity is not possible due to the 

compounds inability to reach the target receptor.  

 

To test this hypothesis, the natural chirality analogue of 106 should be synthesised 

alongside a wider range of basic, dibasic and neutral probes. This would help to create 

a clearer picture as to why the fluorescence was reduced for compounds 105 and 106. 

As mentioned in chapter 2, once a suitable range of compounds has been created and 

demonstrate higher levels of fluorescence, these cellular assays could be repeated in 

cell line which is over expressed in OCT or PEPT2 transporters, in the presence and 

absence of transporter inhibitors. If the fluorescence intensity in reduced inside the 

cell, it could indicate that transporter proteins were responsible for the update of the 

basic/dibasic probes. 
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4.4 Chapter Conclusion 

This chapter aimed to address thesis objective 5 (see Thesis Aims and Objectives) 

by attempting to elucidate the cellular uptake and distribution of dibasic compounds, 

when compared to neutral or basic analogues, with fluorescent microscopy chosen as 

a simple and effective method of quantification. By identifying a recently discovered, 

lysosome targeting, fluorescent probe, it was possible to amend the structure such that 

its lysosome targeting nature was removed and replaced by neutral, basic and dibasic 

scaffolds. The hypothesis was that the lysosome targeting nature should be restored in 

the (di)basic analogues, if lysosomal trapping is driven by basicity. This series of 

fluorescent probes were then screened for their fluorescence parameters and cellular 

toxicity, before being incubated into Calu-3 cells alongside known lysosomal probe 

Lysotracker Red and visualised using confocal microscopy.  

 

Initially, the images generated were of poor quality due to inadequate cell washing 

procedures. Fortunately, once a more thorough procedure was implemented, confocal 

images with interesting results were obtained. Lyso NHS appeared to be much less 

fluorescent than documented in the literature, whilst the neutral and dibasic probes 

displayed various results. Unfortunately, the impact of COVID-19 alongside practical 

difficulties with cell washing meant that no full conclusion as to the distribution of 

probes could be made. It is clear that a much wider range of analogues are required of 

which need to be screened at higher excitation intensity. It is also necessary to 

visualise the cells at various time points to see how the fluorescence changes, as it is 

not clear if the assay incubation period was long enough for the compound to fully 

distribute.  
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4.5 Future Work 

Unfortunately, due to the impact of COVID-19, the research within this chapter was 

adversely affected and thus completion of the intended aims was not achieved. Due to 

the poor resolution/low fluorescence for compounds 95, 105 and 106 it is impossible 

to determine whether the increase in basicity of the compounds 104-106 led to an 

increase in lysosomal trapping. As previously mentioned, further studies which fully 

explore the relationship between basicity and lysosomal uptake, alongside the 

relationship between cellular uptake mechanism and dibasic structure are required to 

fully understand these results. 

 

In order to confirm whether the unnatural chirality of compound 106 has prevented its 

cellular uptake, synthesis and subsequent cellular distribution studies should be 

performed on the natural analogue (107) (Figure 54). 

 

Figure 54: Compound 107 
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If the fluorescence intensity of 107 was increased relative to 106 then it could confirm 

a reduced cell penetration, possibly due to reduced substrate affinity for OCTs. 

 

This hypothesis could then be confirmed, by repeating the microscopy assay but in 

the presence of OCT inhibitors for the incubation period. This assay would elucidate 

the role of OCTs in the cellular uptake of dibasic compounds, as any loss of 

intracellular fluorescence upon co-incubation alongside an OCT inhibitor would 

indicate a reduced cell penetration for the probe, and suggest the involvement of OCTs 

in the cellular permeation of dibasic compounds.  

 

As previously mentioned, this results from the confocal microscopy assays could then 

be used to determine the direct lysosomotropism potential of the dibasic prodrugs 

synthesised in chapter 2, including compound 24. 
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5. Discussion 
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Inhalation via the pulmonary drug delivery route is an extensively utilised in method 

of drug administration in the treatment of asthma and COPD. Owing to the large 

exchange surface in the lungs, thin epithelial barrier and thus short onset time, 

avoidance of hepatic first class metabolism and lower drug dosage requirements, 

pulmonary drug delivery possesses many advantages over other routes of 

administration. Unfortunately, despite these significant advantages, the mechanical, 

chemical and immunological barriers present throughout the lung tissue result in 

significant loss of the administered dose meaning any inhaled therapeutic needs to be 

incredibly potent to compensate. In addition, the presence of severe side effects as a 

consequence of uncontrolled drug distribution stalls the development of new long 

acting bronchodilators and anticholinergics. In order to combat the high levels of drug 

distribution, several methods designed to stall the drug absorption and thus 

distribution through the plasma membrane have been trialled, with only a small 

percentage ever being granted FDA approval.  

 

For the first time, this thesis attempts to combine concept of prodrugging with the 

reported lung tissue retention of dibasic compounds, to create a novel prodrug system 

which demonstrates high lung tissue retention, but which is pH triggered such that at 

physiological pH (6-7), the prodrug bioactivates to gradually liberate a known, potent, 

muscarinic antagonist, potentially directly at the intended site of action. It is thought 

that the basicity of the scaffold optimises the prodrug towards high electrostatic 

membrane binding alongside acidic organelle sequestration. Together, these 

mechanisms, would be responsible for an increased lung residency of the prodrug 

compared to the parent drug reducing the fraction of dose that is rapidly eliminated, 

which both reduces the dosage requirements and occurrence of cardiac side effects. 
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The controlled release of the active drug would then ensure a slow release of the drug, 

creating a long acting therapeutic in which the administration requirements align with 

a once a day dosing frequency.  

 

In order to create such a novel system, a drug candidate had to be first identified. Due 

to the high expression of M3 receptors throughout the upper airways and the current 

requirement of novel long acting anticholinergics, muscarinic antagonists where 

chosen as the initial drug candidate type. The location of the receptors to the upper 

airways meant that particle size of the administered dose was less of a problem, 

alleviating any concerns that a large molecular prodrug molecule would be too big to 

reach its’ target receptor if they were located deeper into the airways, β2
 adrenoceptors 

for example. In addition, as M3 receptors are membrane bound, it increased the 

possibility that high membrane binding would bind the prodrug in close proximity to 

its target receptor.  

 

In Chapter 2, compound 1 was indentified as a drug candidate with high receptor 

potency and selectivity and which possessed the correct chemical scaffold from which 

a prodrug structure could be created. In addition, it was important to ensure that any 

pharmacological activity was lost upon prodrugging so that the prodrug molecule 

itself did not result in unwanted side effects. Prior chemical development by Stocks et 

al demonstrated loss of potency in similar models and thus compound 1 was the 

perfect candidate.  
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Ultimately the compound 24 was identified as an ideal prodrug which possessed high 

chemical and enzymatic stability to ensure a controlled release of the prodrug over 24 

hours, meaning that a sustained pharmacological response could be achieved. This 

assumption was further supported by the results of the in-vivo PK study in which high 

concentrations of the drug and prodrug were measured at 24 hours, providing further 

justification that a prolonged pharmacological activity could be achieved. 

Unfortunately, the developed prodrug system was in fact too stable that 54% of the 

prodrug remained after 24 hours, which would not align with a once a day dosing 

schedule, due to toxicological concerns of drug accumulation. It is therefore clear that 

this prodrug system needs to be developed further to ensure that the delivery profile 

and dosing schedule align more closely. However, it should not be understated that 

this is still a remarkable achievement in that a novel prodrug system which utilises the 

lung tissue retention of its’ dibasic scaffold, alongside its’ pH triggered chemical 

cleavage has increased the lung retention of a M3 antagonist from less than 30 minutes 

to over 24 hours. This approach is unseen in the literature and thus it is hoped that this 

research will prove to be a new frontier in the development of novel long acting 

treatments to replace the current shortfall of anticholinergics. Further work on this 

chapter would see the use of bronchial lavaging on the lungs used in the DMPK assay, 

this flushing technique would help to estimate the percentage of prodrug dose which 

remains in the bronchial space as a result of membrane or mucus binding. Ultimately, 

this would help to identify the mechanism by which lung retention of compound 24 

has occurred. In addition, mass spectrometry analysis upon the different components 

of lung homogenate post incubation may help to discover in which tissue the prodrug 

is likely to reside, and thus which mechanism is responsible for retention. 
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It is regretful that chapter 3 was unable to produce similar results. After the success of 

chapter 2, it was decided that further development of the prodrug scaffold could 

produce similar lung tissue retention, but this time, optimised for drug candidates with 

intracellular drug targets. PI3K δ receptors are highly expressed in the nuclear 

envelopes of the deeper regions of the lung in inflammatory cells such as leukocytes. 

Inhibition of these receptors provides similar relief to patients suffering with the 

inflammatory responses of severe and progressive COPD. In order to account for the 

deeper location of the receptors within the lung, it was hypothesised that by removing 

the linker system, the molecular weight of the prodrug system could be reduced, and 

thus the particle size of the inhaled formulation could be reduced to allow for deeper 

lung penetration upon inhalation. The cleavage of the molecule would still be caused 

by internal diketopiperazine formation the speed of which could be controlled by the 

size and chirality of the amino acid R groups. Unfortunately, after multiple failed 

attempts, a PI3K prodrug could not be developed as the indazole moiety which was 

first thought to be a suitable chemical handle for prodrugging, was found to be too 

unstable and as such, all prodrugs immediately broke down. It is thought that with 

careful consideration of the chemical scaffold design, a PI3K prodrug is possible, and 

it is hoped that this work will soon be completed. 

 

Finally, chapter 4 attempted to understand why dibasic compounds were lung tissue 

retentive, in order to better understand how this can be further optimised. 

Identification of several cellular assays capable of visualising the absorption and 

distribution of administered compounds was first performed. Ultimately, confocal 

microscopy of a range of fluorescent probes which had been chemically adapted to 

include chemical scaffolds of varying acidity and basicity, began to elucidate the 
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mechanisms by which dibasic compounds are lung tissue retentive. Unfortunately, due 

to time constraints, the work performed in this chapter requires further development 

in order to achieve its initial objectives and thus future work has already been 

considered. Due to the known roles of OCT and PEPT transporter proteins present on 

cellular membranes, it is though that incubation of cell lines over expressed with these 

receptors, alongside known inhibitors of the transporters, could determine their role 

in the cellular uptake of dibasic and dipeptide compounds. A similar assay but using 

lysosomal trapping inhibitors could also help to elucidate the role of acidic organelles 

in the cellular retention of dibasic compounds. 

 

Ultimately, the work performed in this presents a marked step forward in the 

development of novel long acting asthma and COPD treatments. It has presented a 

novel prodrug system as method of increasing lung retention, and has laid the 

foundations for further development and understanding into the mechanism of lung 

retention. It also presents an alternative to traditional drug discovery approaches, as it 

aims to use a prodrug system to improve physiochemical properties which would 

otherwise cause a drug candidate to be disregarded. It is hoped that the work 

completed helps to improve both the development process for the identification of 

novel treatments, as well as provide new areas of development for the identification 

of new long acting asthma and COPD treatments 
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6. Experimental 
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Preamble 

All Commercially available starting materials including solvents were used as 

purchased from regular suppliers such as Fischer Scientific or Fluorochem. Flash 

column chromatography was performed using a Biotage 4 Isolera using puriFlash® 

pre-packed silica columns and a gradient of Ethyl Acetate in (40-60°C) Petroleum 

Ether. Purity of all compounds were performed using a Shimadzu UFLCXR system 

coupled to an Applied Biosystems API2000. pH readings were taken using an eti 8100 

pH meter. TLC analysis was performed using Merck Silica gel (60 Å) plates and 

visualised using UV light. Flash column chromatography was performed using a 

biotage Isolera one system, using pre-packed (25 micron) silica cartridges of various 

sizes and makes. All compounds presented purity levels >95%. 13Carbon and 

1Hydrogen NMR were performed on a Bruker 400 MHz spectrometer in the indicated 

solvent at 21°C and analysed using Topspin/MestReNova software. Chemical shifts 

are recorded in ppm and calibrated against tetramethylsilane and referenced against 

the residual solvent peaks.  Reported yields are not optimised. 

 

LCMS Methods: 

Two columns thermostatted at 40°C were used, Phenomenex Gemini-NX 3mm-110A 

C18, 50x2mm and Phenomenex Luna 3mm (PFP2) 110A, 50x2 mm using a Flow rate 

0.5mL/min and UV detection at 220 and 254nm. The solvent compositions used were 

a gradient of (0.1%) Formic Acid in water (Solvent A) and (0.1%) Formic Acid in 

MeCN (Solvent B) using one of the two following methods: Pre-equilibration run for 

one min at 5% B; then method run: 5 to 98% solvent B in 2min, 98% B for 2min, 98 

to 5% B in 0.5min then 5% for one min, or Pre-equilibration run for one min at 5% B; 
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then method run: 5% B for 0.5min, 10 to 98% solvent B in 8min, 98% B for 2min, 98 

to 5% B in 0.5min then 5% B for one min. 

 

Fluorescent Spectrophotometry Methods:  

Fluorescent spectrophotometry was performed using an Agilent Cary Eclipse 

Fluorescence Spectrophotometer using a medium (600V) PMT voltage scanning a 

designated wavelength range at a rate of 600 nm/min with a 5 nm slit length. 

 

Biological Assay Procedures: 

-All animal studies were ethically reviewed and carried out in accordance with Animals (Scientific 

Procedures) Act 1986 and the GSK Policy on the Care, Welfare and Treatment of Animals 

 

Biological Assay Procedure 1: Phosphate Buffer Creation 

Dipotassium Hydrogen Phosphate (1.742 g, 0.01 mol) was dissolved in water (or D2O) 

(10 mL). Potassium Dihydroen Phosphate (1.361 g, 0.01 mol) was dissolved in water 

(or D2O) (10 mL). To a solution containing Dipotassium Hydrogen Phosphate (2.64 

ml, 0.1M) was added Potassium Dihydroen Phosphate (5.36 ml, 0.1M) to create a PBS 

solution of pH 6.5. The pH was then adjusted as needed with 0.1 M HCl or 0.1 M 

NaOH and the pH monitored using a pH meter. 

 

Biological Assay Procedure 2: - Lung Homogenate Creation 

Whole lung from Wistar Ham rat was taken, weighed (approximately 1.5g) and placed 

into a 15 mL Precellys 24 Dual Evolution homogenising vessel containing ceramic 

beads. The lung was pre-homogenised at 2°C for 5 cycles of 20 seconds at 7400 rpm 

with 30 second intervals. The homogenate was then diluted 4 times by mass with 
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HPLC grade water (approximately 6 mL), and then homogenised 1 further time under 

the same conditions.  

Biological Assay Procedure 3: - Crude Buffer Stability Determination 

Boc-Deprotected prodrug (12.5 mg/mL) in deuterated DMSO (200 μL), and water 

(200 μL) was heated to 37°C. Pre-warmed phosphate buffer solution (37°C , 700 μL) 

was then added and the solution stirred for 24 hours. At predetermined time intervals 

a mass spec sample was taken (50 μL), quenching the solution in acetic acid (150 μL) 

and using their relative UV peak area ratio to determine the half-life. 

 

Biological Assay Procedure 4: - Accurate Stability Determination 

In triplicate, to a 37°C, pre-warmed aliquot of neutral prodrug in DMSO (5 μL, 200 

μg/mL) in a plastic micronic tube in a 96 well plate was added, pre-warmed stability 

assay matrix (995 μL) (phosphate buffer/rat lung homogenate/rat blood). The resultant 

solution (1 mL, 1000 ng/mL) was maintained at 37°C and shaken continuously 

throughout the assay. At pre-determined intervals samples of reaction mixture (20 μL) 

was diluted in internal standard (300 μL, 6.25 ng/mL labetalol in MeCN and 17.5 

ng/mL Reserpine in MeCN), shaken for 10 minutes and centrifuged for a further 20 

minutes. The sample was then submitted for mass-spec analysis, quantifying the 

relative prodrug/drug mass ion peak against that of the internal standard. 

 

  



AYRE (2021)   
 

200 | P a g e  

Biological Assay Procedure 5: - Binding Determination  

Binding assays were determined in RED plates purchased from Thermofisher. Rat 

lung homogenate was either created on the day (see Biological Assay Procedure 2), 

or stored at at least -20°C for a maximum of 1 freeze-thaw cycle. Whole rat blood was 

taken in house and used on day of assay, storing at 4°C if necessary. 

 

RED plates were prepared by placing spiked matrix (100 μL, 1000 ng/mL) [Rat Lung 

Homogenate] prepared in a t-vial into the first 6 red ring chambers. Unspiked matrix 

(100 μL) is added to the final 2 red chambers.  Dialysis buffer (pH 6.5 Phosphate 

Buffered Saline, 300 μL) was added to the top 6 buffer chambers, bottom 2 buffer 

chambers remained empty to calculate recovery. RED plate was sealed with sealant 

tape and masking tape and incubated at 37°C for 4 hours on an orbital shaker. 

 

Once the RED plate was prepared, spiked matrix from original t-vial (20 μL, 1000 

ng/mL) added to a labelled micronic immediately followed by control dialysis buffer 

(20 μL) and internal standard (300 μL, 6.25 ng/mL labetalol in MeCN and 17.5 ng/mL 

Reserpine in MeCN), creating the time 0 sample.  

 

After the 4 hours, the RED plate was removed from the incubator, unsealed and spiked 

matrix from original t-vial (20 μL, 1000 ng/mL) added to a labelled micronic 

immediately followed by control dialysis buffer (20 μL) and internal standard (300 

μL, 6.25 ng/mL labetalol in MeCN and 17.5 ng/mL Reserpine in MeCN), creating the 

time 240 sample. 
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The RED plate was then sampled by removing 20 μL from each well into a labelled 

micronic tube. Incubated control matrix or incubated control PBS (20 μL) was added 

to matrix match as follows:  Incubated control PBS sample (20 μL) was added to 

sample from red ring (20 μL) in a labelled micronic tube in a 96 well plate, or 

incubated control matrix (20 μL) was added to buffer sample from buffer wells (20 

μL) in a labelled micronic tube in a 96 well plate. All samples consist of matrix:PBS 

1:1.  

 

To each micronic tube was added internal standard (300 μL, 6.25 ng/mL labetalol in 

MeCN and 17.5 ng/mL Reserpine in MeCN), and the plate shaken for 10 minutes and 

centrifuged for a further 20 minutes. The plate was then submitted for mass-spec 

analysis, quantifying the relative prodrug/drug mass ion peak against that of the 

internal standard. 

 

Biological Assay Procedure 6: - Fluorescent Spectrophotometry 

To a 200 μL glass cuvette containing PBS (various pH, 180μL, 0.1M) (see Biological 

Assay Procedure 1) was added (Deprotected) fluorescent probe dissolved in DMSO 

(20 μL, 100 μM) creating a final probe sample concentration of 10μM (200 μL). The 

sample was then analysed using fluorescent spectrophotometry. 

 

Biological Assay Procedure 7: Cell Culture 

The human bronchial epithelial Calu-3 cell line (American Type Culture Collection, 

LGC Standards, UK) were cultured in 75-cm2 flasks in Dulbecco′s modified Eagle′s 

medium (DMEM)/nutrient mixture F-12 Ham (Sigma Aldrich) supplemented with 

10% foetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Sigma 
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Aldrich) at 37 °C, 5% CO2 and 95% humidity. Cells were routinely sub-cultured when 

reaching 85-90% confluence using trypsin-EDTA. 

 

Biological Assay Procedure 8: Cell Metabolic Activity Assessment 

Calu-3 cells were seeded at a density of 1 x 104 cells/well into a 96-well plate (tissue 

culture grade, flat bottom) in a final volume of 100 µl/well and incubated overnight 

to allow for cell adherence. Compounds were added at a concentration of 5 µM and 

incubated for 30 min or 20.5 hours at 37 °C and 5% CO2. Cells exposed to the culture 

medium only were used as controls (100% metabolic activity). After incubation, 10 

µl of MTT reagent (final concentration 0.5 mg/ml) was added to each well and the 

plate was then incubated for 4 h in a humidified atmosphere (37 °C and 5% CO2) to 

allow for the reduction of the reagent. Medium was carefully removed and insoluble 

formazan crystals were finally dissolved with 100 µl of DMSO. The cell culture plate 

was placed on an orbital shaker for 15 min to homogenise the solution before 

absorbance was measured at 590 nm. 

 

Biological Assay Procedure 9: Confocal Imaging 

Cells were seeded on ibidi μ-slide 8 well (Ibidi GmbH, Germany) plates at a density 

of 2.0 x 104 cells/well and incubated overnight to allow for cell adherence. Cells were 

washed with phosphate buffered saline (PBS), and subsequently treated for 30 min 

with the compounds and Lysotracker Deep RedTM (ThermoFisher) at 5 µM and 50 

nM, respectively, in serum free cell culture medium. After exposure, cells were gently 

washed twice with PBS and fixed at room temperature with 4% paraformaldehyde 
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(PFA). PFA was washed twice and the slides were stored covered with PBS until 

confocal analysis. 

 

The slides were examined with a Zeiss LSM-510 Meta confocal scanning laser 

microscope (Zeiss, Germany), equipped with a 25 mW argon and a 5 mW helium neon 

lasers, using a Plan Neofluar 40× objective lens (Zeiss, 1.3, oil immersion), using the 

built-in camera. Lysotracker Deep RedTM was observed with a long-pass 633 nm line 

from a helium laser. Compounds were observed with a 488 nm line from an argon 

laser. Images were acquired with LSM-510 v 2.0. Images were processed with FIJI261 
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General Chemistry Procedures: 

 

General Chemistry Procedure 1: Silver oxide assisted carboxylic acid coupling 

 

 

40 (1 eq,) was dissolved in toluene (20 mL). Carboxylic acid (1.2 eq), Silver (I) oxide 

(1.2 eq) and Tetra-n-butylammonium bromide (0.2 eq) were added and the reaction 

heated at 65°C for 8 hours, and then left to stir at room temperature overnight. 

 

TLC analysis deemed the reaction to be complete, at which point the reaction mixture 

was diluted with ethyl acetate (30 mL) and filtered. The solvent was removed under 

vacuum. 

 

General Chemistry Procedure 2: Conversion of Cbz group to Boc group 

 

 

A 100 mL round bottom flask was charged with crude Cbz protected prodrug (1 eq) 

dissolved in MeOH (15 mL). To this was added 20% by weight of 10% Pd/C and the 

flask placed under an atmosphere of hydrogen. This was left to stir for 2.5 hours, 

before the palladium was filtered through a celite pad. The filtrate was concentrated 

and before being redissolved in DCM (15 mL). Boc2O (1.2 eq) and Net3 (3 eq) were 
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added and the solution left to stir for 2 hours. The solution was then concentrated in 

vacuo. 

General Chemistry Procedure 3: Deprotection of Boc Protected Prodrugs 

 

 

 

To a vial containing Boc Protected prodrug (1 eq), 2,2,2-trifluoroacetic acid (1 mL) 

and DCM (1 mL) were added. Nitrogen was flushed over the vial to remove volatiles. 

To the residue, 2N HCl in diethyl ether (2 mL) was added. The solution was 

concentrated under vacuum, without purification to achieve the respective deprotected 

prodrug. 

 

General Chemistry Procedure 4: Synthesis of Dibasic Ester 

 

 

To a solution of monobasic ester (1 eq) in dry methanol (10 mL) was added 

triethylamine (1 eq) and left to stir for 30 minutes. Piperidinone (1 eq), acetic acid (2.5 

mL) and sodium sulfate (0.5 g) were then added and the reaction left to stir overnight. 

Once TLC analysis (5% MeOH in DCM,) showed disappearance of the starting 

material, picoline borane (1 eq) was added and the solution stirred overnight at room 

temperature. 
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The reaction mixture was then azeotroped with toluene and concentrated under 

reduced pressure. The mixture was then redissolved in water and extracted with 

EtOAc (3 x 50 mL). The aqueous layer was then adjusted to pH 14 with aqueous 2N 

sodium hydroxide and extracted a further three times with EtOAc. The organic layers 

were then combined, dried over Na2SO4 and concentrated under reduced pressure.  

 

The mixture was then dissolved in DCM and di-tert-butyl dicarbonate (1.2 eq) and 

triethylamine (3 eq) were added and the resultant solution left to stir overnight. The 

solvent was then removed in vacuo. 

 

General Chemistry Procedure 5: Synthesis of Cyclic Dibasic Carboxylic Acid 

 

 

Dibasic Ester (1 eq) in a mixture of THF (4 mL) and MeOH (2 mL) was added LiOH 

(20 eq) in H2O (2 mL) and the resultant suspension left to stir overnight. 

 

TLC analysis deemed the reaction to be complete and the solvent was removed under 

reduced pressure. The residue was then re-dissolved in H2O (50 mL) and aqueous 2N 

HCl (50 mL) and stirred for 10 minutes. This solution was then extracted with EtOAc 

(3 x 25 mL). The organic layers were then combined, dried over Na2SO4 and 

concentrated under reduced pressure to achieve the crude corresponding acid which 

was used crude. 
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General Chemistry Procedure 6: HATU Coupling 

 

 

To a 100 mL round bottom flask was added, boc-deprotected prodrug (1 eq) dissolved 

in DCM (20 mL), Amino Acid (1.5 eq), HATU (1.5 eq), DMAP (0.5 eq) and DIPEA 

(6 eq). The resulting yellow solution was left to stir at room temperature for 6 hours. 

The reaction was monitored by LCSM, and once complete, the solution was poured 

into a separatory funnel, diluted with DCM (50 mL) and extracted with aqueous 

sodium hydrogen carbonate (3 x 50 mL). The organic layers were combined, dried 

over MgSO4 and concentrated in vacuo.  

 

The resulting residue was then re-dissolved in MeOH (15 mL). To this was added 

20% by weight (of assumed product) of 10% Pd/C and the flask placed under an 

atmosphere of hydrogen. This was left to stir for 2.5 hours, before the palladium was 

filtered through a celite pad. The filtrate was concentrated and before being re-

dissolved in DCM (15 mL). Boc2O (1.2 eq) and NEt3 (3 eq) were added and the 

solution left to stir for 2 hours. The solution was then concentrated in vacuo. 
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General Chemistry Procedure 7: Synthesis of Indazole Mono-Peptide 

 

 

To a stirred solution of Amine (1 eq), in DCM (10 mL) was added Boc Amino Acid 

1 (1.5 eq), HATU (1.5 eq), DMAP (0.1 eq) and DIPEA (6 eq) and the resultant 

solution stirred for 6 hours. TLC analysis deemed the reaction to be complete and the 

solvent was removed in vacuo. The resultant residue was dissolved in DCM (50 mL) 

and extracted with NaHCO3 (3x50 mL). The organic layers were then combined, dried 

with Na2SO4 and concentrated in vacuo.  

 

General Chemistry Procedure 8: Synthesis of Indazole Di-Peptide 

 

 

To a stirred solution of mono-peptide (1 eq), in DCM (10 mL) was added TFA (5 mL) 

and the resulting solution stirred for 10 minutes. The solution was concentrated in 

vacuo and redissolved in DCM (10 mL). To the solution was added Boc Amino Acid 

1 (1.5 eq), HATU (1.5 eq), DMAP (0.1 eq) and DIPEA (6 eq) and the resultant 

solution stirred for 6 hours. TLC analysis deemed the reaction to be complete and the 

solvent was removed in vacuo. The resultant residue was dissolved in DCM (50 mL) 

and extracted with NaHCO3 (3x50 mL). The organic layers were then combined, dried 

with Na2SO4 and concentrated in vacuo.  
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5.1 Chapter 1 

 

tert-Butyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 1a 

 

 

Methyl benzilate (5.0 g, 20 mmol, 1 eq) and t-butyl 4-hydroxy piperidine-1-

carboxylate (3.02 g, 15 mmol, 0.75 eq) were dissolved in hexane (60 mL) and stirred 

at room temperature. Sodium (0.034 g, 1.5 mmol, 0.075 eq) and triethylamine (2.8 

mL) were added. The reaction was then heated to 60 °C for 16 hours. 

 

TLC analysis showed no change and thus the reaction solvent was evaporated. The 

crude mixture was then re-dissolved in 1:6 EtOAc:Hexane and separated using silica 

gel column chromatography using a gradient of 1:6 to 1:4 EtOAc:Hexane to obtain 

the title compound 39i (1.467 g, 17%) as a colourless oil which crystalized to a white 

solid on standing; Rf 0.13 [EtOAc:Hexane (1:10)]; 1H (400 MHz; CDCl3) δ  1.46 [9H, 

s], 1.59-1.68 [2H, m] 1.79- 1.87 [2H, m], 3.31-3.35 [4H, m], 5.28 [1H, bs], 5.15 [1H, 

h, J 4], 7.31-7.48 [10H, m]; 13C DEPT (101 MHz; CDCl3) δ  128.09, 127.39, 72.35, 

40.30, 31.59, 30.13, 28.38, 22.65, 14.20; m/z (ESI; 99%) Calc. for C24H29NO5 = 

411.50 found 412 [M+H]+. 
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Piperidin-4-yl 2-hydroxy-2,2-diphenylacetate 1 

 

 

 

28 (0.801 g, 1.9 mmol, 1 eq) was dissolved in DCM (10 mL) and 4N HCl in dioxane 

(1 mL) and left to stir for 18 hours. A white precipitate formed. Diethyl ether (50 mL) 

was added and the white solid filtered and washed with further portions of diethyl 

ether (2 x 20 mL) to obtain the title compound 1 (0.477 g, 71%) as a white solid; 1H 

(400 MHz; CDCl3) δ  1.91-2.00 [2H, m], 2.17-2.28 [2H, m], 2.71-2.81 [2H, m] 3.07-

3.17 [2H, m], 5.22-5.28 [1H, m], 7.36-7.45 [10H, m], 9.50 [1H, bd, J 50]; 13C DEPT 

(101 MHz; CDCl3) δ  128.16, 127.37, 71.46, 40.58, 30.06. m/z (ESI; 98%) Calc. for 

C19H21NO3 = 311.38 found 312.4 [M+H]+. 
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1-Chloroethyl 4-(2-hydroxy-2,2-diphenylacetoxy) piperidine-1-carboxylate 2 

 

 

1 (0.1 g, 0.288 mmol, 1 eq) was dissolved in dry DCM (10 mL) and cooled to -10°C. 

4-Methylmorpholine (0.105 mL, 0.951 mmol, 3.3 eq) was added followed by 1-

chloroethyl chloroformate (0.034 mL, 0.316 mmol, 1.1 eq). This was left to stir for 2 

hours. 

TLC analysis deemed the reaction to be complete and the reaction solvent was 

removed under vacuum. The residue was re-dissolved in ethyl acetate (10 mL) and 

poured onto 2N HCl (10 mL). This was then extracted with water and then the organic 

layers combined and dried over Na2SO4. This was then filtered, concentrated under 

vacuum and separated using silica gel column chromatography using a gradient of 1:4 

EtOAc:petroleum ether (40:60) to obtain the title compound 2 as a mixture of 

enantiomers (0.477 g, 71%) as a colourless oil; Rf 0.43 [EtOAc:40-60 Petroleum Ether 

(1:3)]; 1H (400 MHz; CDCl3) δ  1.82 [3H, d, J 5]  3.19-3.73 [8H, m], 4.28 [1H, bs], 

5.19 [1H, bs], 6.59 [1H, q, J 5], 7.30-7.48 [10H, m]; 13C DEPT (101 MHz; CDCl3) δ 

128.16, 127.46, 127.38, 71.43, 40.47, 30.12; m/z (ESI; 97%) Calc. for C22H23NO5 = 

417.13 found 418.1 [M+H]+.  
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1-(((tert-Butoxycarbonyl)glycyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 3a 

 

 

This compound was synthesised according to General Chemistry 1 and purified using 

silica gel column chromatography using a gradient of 1:5 EtOAc:(40-60) PET to 

obtain the title compound 3i (21%) as a colourless oil; Rf 0.5 [EtOAc:(40-60) PET 

(2:3)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.83 [1H, q, J 5], 5.21-5.14 [2H, 

m], 3.40-3.80 [2H, m], 3.51-3.36 [2H, m], 3.35-3.20 [2H, m], 1.82-1.68 [5H, m], 1.49 

[3H, d, J 5], 1.45 [9H, s]; 13C DEPT (101 MHz; CDCl3) δ 1.77.76, 169.69, 152.40, 

128.28, 127.96, 127.53, 90.96, 81.19, 70.39, 65.40, 30.15, 29.91, 20.01, 15.67; m/z 

(ESI; 99%) Calc. for C29H36N2O9 = 556.61 found 557.2 [M+H]+ r.t. 2.94.  
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1-(Glycyloxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 3 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 3 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ 

8.10 [2H, bs] 7.46-7.30 [10H, m], 6.86 [1H, q, J 4], 6.30 [2H, bs], 5.16, [1H, bs], 3.92 

[2H, s], 3.51-3.15 [4H, m], 1.91-1.75 [2H, m], 1.74-1.57 [2H, m], 1.47 [3H, d, J 4)]; 

13C (101 MHz, DMSO) δ 172.75, 166.63, 152.39, 143.77, 128.27, 127.95, 127.51, 

90.94, 81.18, 70.36, 65.39, 40.61, 40.45 29.91, 19.98; m/z (ESI; 90%) Calc. for 

C24H28N2O7 = 456.50 found 457.2 [M+H]+ r.t. 2.19. 
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1-((3-((tert-Butoxycarbonyl)amino)propanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenyl 

acetoxy)piperidine-1-carboxylate 4a 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 2:7 EtOAc:(40-

60) PET to obtain the title compound 4i (67%) as a colourless oil; Rf 0.49 [EtOAc:(40-

60) PET (2:3)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.77 [1H, q, J 5], 5.22-

5.09 [1H, m],3.41- 3.27 [6H, m], 2.51 [2H, t, J 6], 1.93-1.75 [2H, m], 1.74-1.61 [2H, 

m], 1.48 [3H, d, J 5], 1.44 [9H, s]; 13C (101 MHz, CDCl3) δ 173.85, 170.67, 152.89, 

141.80, 128.19, 128.16, 127.36, 90.10, 81.04, 79.36, 71.68, 40.45, 36.03, 34.73, 30.04, 

29.80, 28.40, 19.80.; m/z (ESI; 97%) Calc. for C30H38N2O9 = 570.64 found 571.3 

[M+H]+ r.t. 2.99. 
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1-((3-Aminopropanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 4 

 

 

This compound was synthesised according to General Chemistry Procedure 3 obtain 

the title compound 4 [0.012 g, Quantitative] as a white solid; 1H (400 MHz; DMSO) 

δ 7.89 [2H, bs], 7.46-7.30 [10H, m] 6.80 [1H, q, J 5], 5.84 [2H, bs], 5.18 [1H, s], 3.52-

3.20 [6H, m], 2.94-2.82 [2H, m], 1.96-1.78 [2H, m], 1.75-1.57 [2H, m], 1.48 [3H, d, 

J 5]; 13C (101 MHz, DMSO) δ 172.75, 169.20, 152.64, 143.77, 132.07, 129.14, 

128.31, 128.26, 127.99, 127.94, 127.51, 127.41, 90.35, 81.17, 70.39, 38.55, 35.17, 

34.74, 28.83, 15.64; m/z (ESI; 90%) Calc. for C25H30N2O7 = 470.52 found 471.2 

[M+H]+ r.t. 2.20. 
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1-((4-((tert-Butoxycarbonyl)amino)butanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenyl 

acetoxy)piperidine-1-carboxylate 5i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 1:3 

EtOAc:hexane to obtain the title compound 5i (41%) as a colourless oil; Rf 0.34 

[EtOAc:hexane (2:3)]; 1H (400 MHz; CDCl3) δ 7.40 [10H, m], 6.78 [1H, q, J 5], 5.17 

[1H, m], 4.70 [1H, bs], 4.27 [1H, bs], 3.41-2.36 [8H, m], 1.81 [4H, m], 1.68 [2H, m], 

1.48 [3H, d, J 5], 1.45 [9H, s]; 13C (101 MHz, CDCl3) δ 173.86, 171.34, 155.97, 

152.86, 128.18, 128.16, 127.37, 90.08, 81.03, 71.75, 40.43, 39.67, 31.36, 30.02, 28.41, 

25.00, 19.82.; m/z (ESI; 97%) Calc. for C31H40N2O9 = 584.67 found 585.2 [M+H]+ r.t. 

3.01. 
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1-((4-Aminobutanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 5 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 5 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

7.60 [2H, bs], 7.45-7.31- [10H, m], 6.76 [1H, q, J 5], 5.17 [1H, bs], 3.52-3.36 [2H, 

m], 3.33-3.23 [2H, m], 3.21-3.08 [2H, m], 2.56-2.46 [2H, m], 2.11-1.99 [2H, m], 1.92-

1.75 [2H, m], 1.76-1.61 [2H, m],  1.48 [3H, d, J 5]; 13C (101 MHz, DMSO) δ 174.18, 

172.75, 152.70, 143.77, 128.31, 128.27, 128.00, 127.95, 127.51, 127.41, 90.06, 81.17, 

67.92, 38.67, 38.41, 30.92, 30.73, 27.06, 22.96, 22.66, 20.07; m/z (ESI; 98%) Calc. 

for C26H32N2O7 = 484.55 found 485.3 [M+H]+ r.t. 2.24. 
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1-((5-((tert-Butoxycarbonyl)amino)pentanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy) piperidine-1-carboxylate 6i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 1:3 

EtOAc:hexane to obtain the title compound 6i (85%) as a colourless oil; Rf 0.19 

[EtOAc:hexane (1:3)]; 1H (400 MHz; CDCl3) δ 7.50-7.30 [10H, m], 6.78 [1H, q, J 5], 

5.17 [1H, h, J 4], 4.62 [1H, bs], 4.27 [1H, bs], 3.48-3.24 [4H, m], 3.12-3.06 [2H, m], 

2.33 [2H, td J 7 and 4], 1.90-1.79 [2H, m], 1.72-1.60 [4H, m], 1.56-1.49 [2H m], 1.48 

[3H, d, J 5], 1.45 [9H, s]; 13C (101 MHz, CDCl3) δ 173.84, 171.49, 155.99, 152.84, 

141.83, 128.15, 127.36, 89.98, 81.03, 79.15, 71.76, 53.44, 40.44, 40.05, 33.67, 30.04, 

29.82, 29.70, 29.29, 28.42, 21.78, 19.85; m/z (ESI; 97%) Calc. for C32H42N2O9 = 

598.29 found 599.3 [M+H]+ r.t. 3.04. 
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1-((5-Aminopentanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 6 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 6 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

7.68 [2H, bs], 7.45-7.30 [10H, m] 6.77 [1H, q, J 5], 5.17 [1H,s] 3.48-3.37 [2H, m], 

3.33-3.23 [2H, m], 3.13-3.02 [2H, m], 2.43-2.33 [2H, m] 1.92-1.60 [6H m], 1.48 [3H, 

d, J 5]; 13C (101 MHz, DMSO) δ 174.63, 172.60, 158.55, 143.72, 129.18, 128.31, 

128.26, 127.99, 127.94, 127.60, 127.51, 127.41, 81.17, 67.96, 65.39, 38.92, 38.77, 

33.54, 27.03, 26.94, 26.67, 21.89; m/z (ESI; 98%) Calc. for C27H34N2O7 = 498.58 

found 499.3 [M+H]+ r.t. 2.26. 
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1-((N-(tert-Butoxycarbonyl)-N-methylglycyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 7i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 1:2 EtOAc:(40-

60) PET to obtain the title compound 7i (52%) as a colourless oil; Rf 0.34 [EtOAc:(40-

60) PET (2:3)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.82 [1H, q, J 5], 5.20-

5.12 [1H, m], 4.29 [1H, bs], 3.84 [2H, s], 3.50-3.17 [4H, m], 2.91 [3H, s], 1.82-1.65 

[4H, m], 1.46 [12H, s]; 13C (101 MHz, CDCl3) δ 173.85, 168.08, 141.81, 128.16, 

127.36, 90.48, 81.03, 80.22, 71.65, 50.93, 50.08, 40.44, 35.50, 29.82, 28.32, 19.86; 

m/z (ESI; 97%) Calc. for C30H38N2O9 = 570.64 found 571.3 [M+H]+ r.t. 3.05.  
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1-((Methylglycyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 7 

 

 

This compound was synthesised according to General Chemistry Procedure 3 obtain 

the title compound 7 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 7.44-

7.32 [10H, m], 6.86 [1H, q, J 5], 5.19 [1H, m], 4.29 [1H, bs], 3.88 [2H, s], 3.48-3.17 

[4H, m], 2.84 [3H, s], 1.92-1.78 [2H, m], 1.76-1.62 [2H, m], 1.53 [3H, d, J 5]; 13C 

(101 MHz, DMSO) δ 172.75, 172.6, 158.99, 143.77, 143.73, 129.79, 129.17, 129.13, 

128.30, 128.26, 127.98, 127.94, 127.62, 127.51, 127.41, 90.99, 81.18, 70.35, 67.97, 

48.66, 30.14, 19.92 ; m/z (ESI; 94%) Calc. for C25H30N2O7 = 470.52 found 471.4 

[M+H]+ r.t. 2.21. 
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1-((Dimethylglycyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 8 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 100% EtOAc to 

obtain the title compound 8 (43%) as a colourless oil; Rf 0.31 [EtOAc]; 1H (400 MHz; 

CDCl3) δ  7.46-7.30 [10H, m], 6.83 [1H, q, J 5], 5.16 [1H, h, J 4], 3.46-3.23 [4H, m], 

3.20 [2H, s], 2.37 [6H, s],   1.89-1.87 [2H, m], 1.72-1.59 [2H, m], 1.50 [3H, d, J 5]; 

13C DEPT (101 MHz; CDCl3) δ  128.14, 127.36, 90.23, 71.68, 59.96, 45.00, 40.39, 

29.69, 19.83; m/z (ESI; 97%) Calc. for C26H32N2O7 = 484.22 found 485.3 [M+H]+. 
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1-(tert-Butyl) 2-(1-((4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carbonyl)oxy) 

ethyl) pyrrolidine-1,2-dicarboxylate 9i 

 

  

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 1:2 EtOAc:(40-

60) PET to obtain the title compound 9i (67%) as a colourless oil; Rf 0.49 [EtOAc:(40-

60) PET (2:5)]; 1H (400 MHz; CDCl3) δ 7.40-7.29 [10H, m], 6.77 [1H, q, J 5], 5.21-

5.10 [1H, m], 4.29 [1H, bs], 3.59-3.27 [6H, m], 2.17-2.10 [1H, m], 2.01-1.82 [6H, m], 

1.70-1.58 [2H, m], 1.51-1.47 [3H, m], 1.44 [9H, s]; 13C DEPT (101 MHz; CDCl3) δ  

128.12, 127.36, 90.53, 71.76, 71.62, 60.38, 46.29, 30.85, 28.31, 23.45, 19.76; m/z 

(ESI; 99%) Calc. for C27H32N2O9 = 596.22 found 597.2 [M+H]+ r.t. 3.07. 
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1-(Prolyloxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 9 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 9 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

9.05 [1H, bs], 7.40-7.29 [10H, m], 6.72 [1H, q, J 5], 5.06 [1H, s], 4.39 [1H, bs], 4.29 

[1H, bs], 3.97 [1H, s], 3.44-3.30- [3H, m], 2.33-2.16 [1H, m], 2.08-1.69 [6H, m], 1.58-

1.47 [5H, m]; 13C (101 MHz, DMSO) δ 172.75, 170.87, 152.58, 143.77, 128.31, 

128.27, 127.95, 127.51, 91.37, 81.18, 70.32, 59.10, 45.84, 45.75, 28.39, 28.32, 28.28, 

23.58, 23.35, 19.82; m/z (ESI; 99%) Calc. for C27H32N2O7 = 496.56 found 497.3 

[M+H]+ r.t. 2.25. 
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1-(((tert-Butoxycarbonyl)-L-alanyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 10i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 10i (49%)  as a colourless oil; Rf 0.21 

[EtOAc:(40-60) PET (1:5)]; 1H (400 MHz; CDCl3) δ  7.48-7.29 [10H, m], 6.77 [1H, 

q, J 5], 5.21-5.04 [2H, m], 4.30 [2H, m], 3.66 [1H, bs], 3.51-3.16 [4H, m], 1.91-1.77 

[2H, m], 1.72-1.61 [2H, m], 1.51-1.47 [3H, m], 1.36 [3H, dd, J 7 and 11] 1.44 [9H, s]; 

13C (101 MHz; CDCl3) δ 173.84, 171.71, 155.05, 152.72, 141.85, 128.15, 127.38, 

90.68, 81.06, 79.92, 71.65, 49.14, 40.91, 40.44, 29.80, 29.78, 28.32, 18.37, 17.29; m/z 

(ESI; 99%) Calc. for C30H38N2O9 = 570.64 found 571.3 [M+H]+ r.t. 3.01. 
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1-((L-Alanyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

10 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 10 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.25 [2H, bs], 7.48-7.29- [10H, m], 6.71 [1H, q, J 5], 5.06 [1H, bs], 4.14-3.69 [4H, 

m], 3.45-3.14 [2H, m], 1.84-1.70 [2H, m], 1.60-1.44 [5H, m], 1.35 [3H, dd, J 7 and 

11]; 13C (101 MHz; DMSO) δ 172.75, 168.86, 152.50, 143.77, 129.14, 128.31, 128.27, 

127.99, 127.95, 127.62, 127.51, 127.41, 91.14, 81.18, 70.32, 48.28, 48.17, 19.85, 

16.22; m/z (ESI; 99%) Calc. for C25H30N2O7 = 470.52 found 471.2 [M+H]+ r.t. 2.22. 

 

 

  



AYRE (2021)   
 

227 | P a g e  

1-((2-((tert-Butoxycarbonyl)amino)-2-methylpropanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 11i 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 11i (49%)  as a colourless oil; Rf 0.27 

[EtOAc:(40-60) PET (1:5)]; 1H (400 MHz; CDCl3) δ 7.46-7.29 [10H, m], 6.68 [1H, 

q, J 5], 5.16 [1H, m], 5.04 [1H, bs], 3.66 [1H, bs], 3.51-3.20 [4H, m], 1.92-1.77 [2H, 

m], 1.72-1.61 [2H, m], 1.50-1.45 [9H, m], 1.43 [9H, s]; 13C (101 MHz, CDCl3) δ 

173.86, 172.84, 154.47, 152.87, 141.85, 128.15, 127.38, 90.88, 81.05, 79.86, 71.81, 

55.96, 40.91, 40.49, 33.84, 30.05, 28.32, 25.03, 19.72; m/z (ESI; 99%) Calc. for 

C31H40N2O9 = 584.67 found 585.3 [M+H]+. 
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1-((2-Amino-2-methylpropanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 11 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 11 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ 

8.73 [2H, bs], 7.46-7.29 [10H, m], 6.69 [1H, q, J 5], 5.16 [1H, m], 5.05 [1H, bs], 3.53-

3.18 [4H, m], 1.57-1.39 [15H, m], 1.92-1.77 [2H, m], 1.85-1.72 [2H, m]; 13C (101 

MHz, DMSO) δ 173.83, 172.74, 152.50, 143.77, 129.14, 128.26, 127.94, 127.61, 

127.51, 91.38, 81.17, 70.36, 56.21, 30.19, 29.90, 19.73.;m/z (ESI; 99%) Calc. for 

C26H32N2O7 = 484.55 found 485.6 [M+H]+ r.t. 2.25.  
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1-(((S)-2-((tert-Butoxycarbonyl)amino)butanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 12i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 12i (54%)  as a colourless oil; Rf 0.57 

[EtOAc:(40-60) PET (2:5)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.82 [1H, 

q, J 5], 5.16 [1H, bs], 5.07 [1H, bs], 4.32-4.20 [2H, m], 3.52-3.32 [4H, m], 1.90-1.77 

[2H, m], 1.74-1.60 [4H, m], 1.52-1.47 [3H, m], 1.45 [9H, s], 0.96-0.90 [2H, m]; 13C 

(101 MHz; CDCl3) δ 173.85, 171.11, 155.39, 152.67, 141.84, 128.16, 127.38, 90.59, 

81.05, 77.40, 54.39, 43.63, 30.04, 28.32, 23.87, 19.77, 9.38; m/z (ESI; 97%) Calc. for 

C31H40N2O9 = 584.67 found 585.3 [M+H]+ r.t. 3.06 
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1-(((S)-2-Aminobutanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 12 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 12 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ 

8.61 [2H, bs], 7.47-7.30 [10H, m], 6.76 [1H, q, J 5], 5.06 [1H, bs], 4.00 [1H, bs], 3.44-

3.20 [4H, m], 1.89-1.69 [4H, m], 1.57-1.44 [5H, m], 0.96-0.82 [3H, m]; 13C (101 

MHz; CDCl3) δ 172.73, 171.35, 152.44, 143.77, 128.26, 127.94, 127.51, 127.41, 

91.13, 81.17, 65.39, 53.43, 53.19, 23.74, 23.70, 19.88, 19.86, 9.10.;  m/z (ESI; 99%) 

Calc. for C26H32N2O7 = 484.55 found 485.3 [M+H]+ r.t. 2.24. 
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1-(((tert-Butoxycarbonyl)-L-leucyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 13i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 13i (46%)  as a colourless oil; Rf 0.55 

[EtOAc:(40-60) PET (3:10)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.82 [1H, 

q, J 5], 5.17 [1H, bs], 4.93 [1H, bs], 4.35-4.23 [2H, m], 3.52-3.16 [4H, m], 1.89-1.78 

[2H, m], 1.75-1.61 [4H, m], 1.60-1.56 [1H, m],1.52-1.47[3H, m], 1.44 [9H, s], 0.98-

0.91 [6H, m]; 13C (101 MHz; DMSO) δ 171.48, 168.72, 144.67, 130.19, 129.40, 

129.33, 129.05, 128.50, 128.42, 82.22, 62.40, 41.38, 41.17, 40.96, 40.75, 40.55, 40.34, 

40.13, 34.66, 34.15, 27.75, 27.46, 20.82; m/z (ESI; 99%) Calc. for C33H44N2O9 = 

612.72 found 613.3 [M+H]+ r.t. 3.15. 
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1-((L-Leucyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

13 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 13 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.59 [2H, bs] 7.47-7.30 [10H, m], 6.74 [1H, q, J 5], 5.05 [1H, bs], 3.99-3.86[1H, m], 

3.43-3.15 [5H, m], 1.85-1.37 [10H, m], 1.08-0.97 [6H, m]; 13C (101 MHz; DMSO) δ 

172.75, 168.98, 158.90, 143.76, 129.13, 128.30, 128.26, 127.94, 127.52, 127.41, 

117.53, 114.64, 91.15, 81.17, 70.36, 50.91, 50.81, 29.88, 24.20, 24.15, 22.56, 19.80; 

m/z (ESI; 99%) Calc. for C28H36N2O7 = 512.60 found 513.4 [M+H]+ r.t. 2.31. 
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1-(((tert-Butoxycarbonyl)-L-valyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 14i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 14i (41%)  as a colourless oil; Rf 0.50 

[EtOAc:(40-60) PET (1:5)]; 1H (400 MHz; CDCl3) δ 7.47-7.26 [10H, m], 6.62 [1H, 

q, J 5], 5.15 [1H, bs], 5.07 [1H, bs], 4.20 [1H, m], 3.49-3.12 [4H, m], 2.11 [1H, m], 

1.87-1.72 [2H, m], 1.70-1.57 [2H, m], 1.50-1.40 [12H, m], 1.45 [9H, s], 0.98-0.82 

[6H, m]; 13C (101 MHz; CDCl3) δ 173.76, 171.15, 157.58, 155.68, 141.89, 128.10, 

127.36, 120.21, 90.49, 82.35, 81.04, 71.59, 60.38, 29.78, 28.48, 28.30, 20.88; m/z 

(ESI; 96%) Calc. for C32H42N2O9 = 598.69 found 599.0 [M+H]+ r.t. 3.13.  
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1-((L-Valyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

14  

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 14 [Quantitative] as a white solid; 1H (400 MHz; CDCl3 δ 

8.22 [2H, bs], 7.47-7.31 [10H, m], 6.67 [1H, q, J 5], 5.14 [1H, bs], 3.92-3.71 [2H, m], 

3.48-3.16 [4H, m], 3.09-2.89 [1H, m], 1.22-1.92 [2H, m], 1.85-1.66 [2H, m], 1.59-

1.44 [3H, m], 1.00-0.84 [6H, m]; 13C (101 MHz; CDCl3) δ 170.76, 170.43, 166.22, 

143.65, 126.35, 128.29, 128.06, 126.00, 127.47, 127.38, 81.19, 73.60, 65.39, 30.80, 

29.50, 19.80, 19.46; m/z (ESI; 99%) Calc. for C27H34N2O7 = 498.58 found 499.3 

[M+H]+ r.t. 2.29. 
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1-(((tert-butoxycarbonyl)-D-valyl)oxy)ethyl 4-(2-hydroxy-2,2-dipheny lacetoxy) 

piperidine-1-carboxylate 14ii 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 14ii (41%)  as a colourless oil; Rf 0.50 

[EtOAc:(40-60) PET (1:5)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.85 [1H, 

q, J 5], 5.17 [1H, bs], 5.06 [1H, bs], 4.22 [2H, d, J 3], 3.52-3.17- [4H, m], 2.13 [1H, 

m], 1.91-1.77 [2H, m], 1.71-1.59 [2H, m], 1.52-1.47 [3H, m], 1.45 [9H, s], 1.00-0.50 

[6H, ddd, J 3, 7 and 30]; 13C (101 MHz; CDCl3) δ  173.85, 170.75, 155.71, 152.63, 

141.85, 128.15, 127.38, 90.53, 81.06, 79.87, 71.67, 58.26, 40.91, 40.44, 30.07, 29.75, 

28.31, 18.87, 17.30; m/z (ESI; 96%) Calc. for C32H42N2O9 = 598.69 found 599.0 

[M+H]+ r.t. 3.12.  
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1-((D-valyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

14iii  

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 14iii [Quantitative] as a white solid; 1H (400 MHz; DMSO) 

δ 8.24 [2H, bs], 7.47-7.30 [10H, m], 6.77 [1H, q, J 5], 5.04 [1H, bs], 3.92-3.72 [2H, 

m], 3.48-3.16 [4H, m], 3.09-2.89 [1H, m], 1.22-1.93 [2H, m], 1.85-1.66 [2H, m], 1.59-

1.43 [3H, m], 1.00-0.86 [6H, m]; 13C (101 MHz; CDCl3) δ 170.76, 169.43, 166.22, 

143.65, 128.35, 128.29, 128.06, 128.00, 127.47, 127.38, 81.19, 74.60, 65.39, 29.80, 

29.50, 19.80, 18.46; m/z (ESI; 99%) Calc. for C27H34N2O7 = 498.58 found 499.3 

[M+H]+ r.t. 2.27. 
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1-(((S)-2-((tert-Butoxycarbonyl)amino)-3,3-dimethylbutanoyl)oxy)ethyl 4-(2-

hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 15i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 15i (75%)  as a colourless oil; Rf 0.54 

[EtOAc:(40-60) PET (3:10)]; 1H (400 MHz; CDCl3) δ 7.47-7.30 [10H, m], 6.83 [1H, 

q, J 5], 5.14 [1H, bs], 4.22 [1H, d, J 3], 4.15-4.02 [1H, bs], 3.51-3.23 [2H, m], 3.22-

3.07 [1H, m], 1.88-1.72 [2H, m], 1.70-1.52 [2H, m], 1.51-1.40 [14H, m], 0.96 [9H, s]; 

13C (101 MHz; CDCl3) 173.77, 171.17, 157.58, 155.67, 141.87, 137.98, 128.10, 

127.36, 121.11, 90.39, 84.98, 82.42, 62.28, 40.97, 38.60, , 29.67, 29.33, 28.47, 28.38, 

19.88; m/z (ESI; 98%) Calc. for C33H44N2O9 = 612.72 found 613.3 [M+H]+ r.t. 3.13. 
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1-(((S)-2-Amino-3,3-dimethylbutanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy) piperidine-1-carboxylate 15 

 

 

This compound was synthesised according to General Chemistry Procedure 3 obtain 

the title compound 15 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 8.19 

[2H, bs], 7.47-7.29 [10H, m], 6.82 [1H, q, J 5], 5.14 [1H, bs], 3.42-3.10 [4H, m], 3.09-

2.84 [1H, m], 1.85-1.74 [2H, m], 1.85-1.61 [2H, m], 1.57-1.42 [3H, m], 0.97 [9H, s],; 

13C (101 MHz; DMSO) δ  173.76, 170.58, 155.54, 152.81, 141.82, 128.11, 127.31, 

90.36, 81.02, 79.69, 71.76, 66.38, 44.52, 43.46, 30.01, 28.35, 26.40, 17.02; m/z (ESI; 

99%) Calc. for C28H36N2O7 = 512.60 found 513.3 [M+H]+ r.t. 2.31. 
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1-(((R)-2-((tert-Butoxycarbonyl)amino)-3,3-dimethylbutanoyl)oxy)ethyl 4-(2-

hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 15ii 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 15ii (75%)  as a colourless oil; Rf 0.54 

[EtOAc:(40-60) PET (3:10)]; 1H (400 MHz; DMSO) δ 7.47-7.29 [10H, m], 6.85 [1H, 

q, J 5], 5.11 [1H, bs], 4.22 [1H, m], 4.05 [1H, bs], 3.68-3.58 [2H, m], 3.52-3.28 [2H, 

m], 3.17 [1H, m], 1.85-1.74 [2H, m], 1.69-1.56 [2H, m], 1.52-1.45 [3H, m], 1.43 [9H, 

s], 0.97 [9H, s]; 13C (101 MHz; DMSO) δ 171.48, 168.72, 152.25, 144.67, 130.19, 

129.40, 129.33, 129.05, 128.50, 128.42, 94.88, 82.22, 62.40, 41.38, 27.75, 27.46, 

20.82.; m/z (ESI; 98%) Calc. for C33H44N2O9 = 612.72 found 613.3 [M+H]+ r.t. 3.14. 
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1-(((R)-2-Amino-3,3-dimethylbutanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy) piperidine-1-carboxylate 15iii 

 

 

This compound was synthesised according to General Chemistry Procedure 3 obtain 

the title compound 15iii [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 8.19 

[2H, bs], 7.47-7.30 [10H, m], 6.77 [1H, q, J 5], 5.04 [1H, bs], 3.44-3.10 [4H, m], 3.02-

2.86 [1H, m], 1.85-1.74 [2H, m], 1.85-1.61 [2H, m], 1.57-1.42 [3H, m], 1.04-0.91 

[9H, s],; 13C (101 MHz; DMSO) δ  173.76, 170.42, 155.55, 152.81, 141.89, 128.11, 

127.36, 90.37, 81.03, 79.77, 71.72, 66.37, 44.42, 43.86, 30.03, 28.29, 26.42, 17.50; 

m/z (ESI; 99%) Calc. for C28H36N2O7 = 512.60 found 513.3 [M+H]+ r.t. 2.30. 
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1-(((tert-Butoxycarbonyl)-L-isoleucyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 16i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 16i (35%)  as a colourless oil; Rf 0.38 

[EtOAc:(40-60) PET (2:10)]; 1H (400 MHz; CDCl3) δ 7.46-7.31 [10H, m], 6.84 [1H, 

q, J 5], 5.17 [1H, bs], 5.07 [1H, bs], 4.37-4.21 [2H, m], 3.70-3.61 [1H, bs], 3.52-3.13 

[4H, m], 1.78-1.58 [2H, m], 1.57-1.52 [2H, m], 1.51-1.47 [3H, m], 1.43 [9H, s], 0.95-

0.85 [8H, s]; 13C (101 MHz; CDCl3) δ 173.83, 170.66, 155.61, 152.57, 141.86, 128.14, 

127.38, 90.36, 81.05, 79.83, 71.72, 57.75, 40.93, 40.43, 37.92, 29.69, 28.32, 24.97, 

19.86, 15.43, 11.70; m/z (ESI; 97%) Calc. for C33H44N2O9 = 612.72 found 613.7 

[M+H]+ r.t. 3.17. 
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1-((L-Isoleucyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 16  

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 16 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.57 [2H, bs], 7.46-7.31 [10H, m], 6.74 [1H, q, J 5], 5.17 [1H, bs], 5.05 [1H, bs], 3.94 

[1H, bs], 3.42-3.21 [4H, m],  1.95-1.85 [2H, m], 1.84-1.72 [2H, m], 1.60-1.34- [7H, 

m], 0.96-0.75 [6H, s]; 13C (101 MHz; DMSO) δ 172.75, 167.18, 159.05, 143.77, 

129.13, 128.26, 127.94, 127.52, 127.41, 91.10, 81.17, 70.36, 56.35, 36.43, 25.69, 

19.94, 19.82, 14.55, 12.02, 11.98; m/z (ESI; 98%) Calc. for C28H36N2O7 = 512.60 

found 513.2 [M+H]+ r.t 2.32. 
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1-((5-(((benzyloxy)carbonyl)amino)-2-((tert-butoxycarbonyl)amino)pentanoyl)oxy) 

ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 17ii 

 

 

This compound was synthesised according to General Chemistry Procedure 1 to 

obtain the title compound 17ii (83%) as a colourless oil; Rf 0.38 [EtOAc:(40-60) Pet 

Ether (1:5)]; 1H (400 MHz; CDCl3) δ  1.34-1.41 [2H, m], 1.44 [9H, s] 1.47 [3H, d, J 

5], 1.50-1.57 [2H, m], 1.60-1.71 [3H, m], 1.74-1.81 [3H, m], 3.09-2.50 [6H, m], 4.28 

[1H, s], 4.98 [1H, bs], 5.04-5.20 [4H, m], 6.82 [1H, q, J 5], 7.30-7.48 [10H, m]; 13C 

DEPT (101 MHz; CDCl3) δ 128.52, 128.49, 128.15, 128.11, 128.07, 127.37, 90.93, 

71.69, 66.54, 53.22, 53.10, 40.53, 40.47, 33.84, 31.95, 29.73, 28.32, 23.88, 19.75; m/z 

(ESI; 99%) Calc. for C41H50N3O11Cl = 795.31 found 796 (M+H),  
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1-((L-Lysyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

17i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 1 to 

obtain the title compound 17i (75%)  as a colourless oil; Rf 0.57 [EtOAc:(40-60) PET 

(2:10)]; 1H (400 MHz; CDCl3) δ 1.31-1.54 [24H, m], 1.58-1.72 [2H, m], 1.77-1.88 

[2H, m], 3.10-3.47 [5H, m], 4.28 [1H, bs], 5.04-5.20 [4H, m], 5.07 [1H, bs], 6.82 [1H, 

q, J 5], 7.31-7.46 [10H, m]; 13C (101 MHz, DMSO) δ 172.75, 152.29, 143.77, 143.74, 

129.13, 128.26, 127.94, 127.52, 127.41, 91.10, 81.17, 70.36, 56.35, 40.61, 40.45, 

40.40, 40.25, 40.20, 39.99, 39.78, 39.57, 39.36, 36.43, 25.69, 19.94, 19.82, 14.55, 

12.02, 11.98.; m/z (ESI; 99%) Calc. for C38H53N3O11 = 727.85 found 728.4 [M+H]+ 

r.t. 3.11.  
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1-((L-Lysyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

17 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 17 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.65 [2H, bs], 8.03 [2H, bs], 7.46-7.31 [10H, m], 6.74 [1H, q, J 5], 5.05 [1H, bs], 4.06-

3.96 [1H, bs], 3.42-3.15 [4H, m], 2.75-2.65 [2H, m], 1.85-1.71 [4H, m], 1.82-1.28 

[10H, m]; 13C (101 MHz, DMSO) δ 172.76, 168.49, 158.91, 143.77, 129.15, 128.27, 

127.95, 127.51, 91.22, 81.18, 70.31, 51.94, 38.63, 29.65, 29.57, 26.69, 26.63, 21.45, 

19.84; m/z (ESI; 99%) Calc. for C28H37N3O7 = 527.62 found 528.2 [M+H]+ r.t. 1.96. 
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1-(((S)-3,7-bis((tert-butoxycarbonyl)amino)heptanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 18i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 to 

obtain the title compound 18i (75%)  as a colourless oil; Rf 0.52 [EtOAc:(40-60) PET 

(2:10)]; 1H (400 MHz; CDCl3) δ 7.46-7.31 [10H, m], 6.77 [1H, q, J 5], 5.17 [1H, bs], 

5.18 [1H, bs], 4.25 [1H, bs],  3.95-3.82 [1H, m], 3.47-3.37 [2H, m], 3.36-3.25 [2H, 

m], 3.15-3.04 [2H, m], 2.56-2.48 [2H, m], 1.90-1.79 [2H, m], 1.72-1.62 [3H, m], 1.57-

1.30 [30H, m]; 13C (101 MHz; CDCl3) δ 173.84, 156.06, 155.82, 141.82, 128.16, 

127.36, 90.09, 81.03, 78.98, 48.45, 47.35, 40.43, 40.16, 28.45, 28.42, 28.40, 23.22, 

19.82; m/z (ESI; 99%) Calc. for C39H55N3O11 = 741.88 found 742.4 [M+H]+ r.t. 3.12.  
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1-(((S)-3,7-Diaminoheptanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 18 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 18 as a mixture of diasteroisomers [Quantitative] as a white 

solid; 1H (400 MHz; DMSO) δ  1.34-1.46 [5H, m], 1.47-1.68 [7H, m], 1.70-1.82 [2H, 

m], 2.70-2.80 [1H, m], 3.17-3.44 [4H, m], 3.25-3.36 [2H, m], 5.05 [1H, bs], 6.67 [1H, 

q, J 5], 7.31-7.46 [10H, m] 7.98 [2H, bs], 8.21 [2H, bs]; 13C (101 MHz; DMSO) δ 

173.84, 156.06, 155.82, 141.82, 128.16, 127.36, 90.09, 81.03, 78.98, 48.45, 47.35, 

40.43, 40.16, 28.45, 28.42, 28.40, 23.22, 19.82; m/z (ESI; 99%) Calc. for C29H39N3O7 

= 541.65 found 542.4 [M+H]+, r.t. 1.98 

 

 

  



AYRE (2021)   
 

248 | P a g e  

Ethyl 3-((1-benzylpiperidin-4-yl)(tert-butoxycarbonyl)amino)propanoate 34ii 

 

 

 

This compound was synthesised according to General Chemistry Procedure 4 and 

purified using silica gel column chromatography using a gradient of 5-10% EtOAc in 

(40-60) PET [1% NH3] to obtain the title compound 34ii (71%) as a pale yellow oil; 

Rf 0.52 [EtOAc:(40-60) PET (1:5)]; 1H (400 MHz; CDCl3) δ 7.36-7.16 [5H, m], 4.12-

4.04 [2H, q, J 7], 3.46-3.41 [2H, s], 3.37 [1H, m], 2.93-2.84 [2H, m], 2.73-2.66 [1H, 

m], 2.54-2.45 [2H, m], 2.44-2.38 [1H, m], 2.04-1.93, [2H, m], 1.79-1.64 [2H, m], 

1.61-1.53 [2H, m], 1.43 [9H, s], 1.21 [3H, t, J 7]; 13C (101 MHz; CDCl3) δ 171.54, 

155.18, 138.14, 129.10, 128.90, 128.34, 128.16, 127.02, 79.69, 62.89, 61.93, 60.31, 

52.86, 41.17, 35.57, 29.97, 28.41, 14.16; m/z (ESI; 99%) Calc. for C22H34N2O4 = 

390.52 found 391.6 [M+H]+, 413.7 [M+Na]+. 
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3-((1-Benzylpiperidin-4-yl)(tert-butoxycarbonyl)amino)propanoic acid 34 

 

 

This compound was synthesised according to General Chemistry Procedure 5 to 

obtain the title compound 43 which was used without purification; m/z (ESI; 99%) 

Calc. for C20H30N2O4 = 362.47 found 363.5 [M+H]+. 
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1-((3-((1-Benzylpiperidin-4-yl)(tert-butoxycarbonyl)amino)propanoyl)oxy)ethyl 4-

(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 19i 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 33% EtOAc in 

(40-60) PET [1% NH3] to obtain the title compound 19i [65%] as a pale yellow oil; 

Rf 0.37 {35% EtOAc in (30-60) PET [1% NH3]}; 1H (400 MHz; CDCl3) δ 7.46-7.30 

[15H, m], 6.80 [1H, q, J 5], 5.17 [1H, bs], 4.26 [1H, s], 3.51 [2H, s], 3.36-2.47 [4H, 

m], 3.25-2.35 [2H, m], 2.99-2.92 [2H, m], 2.60-2.51 [2H, m], 2.10-2.04 [2H, m], 1.89-

1.78 [3H, m], 1.59-1.78 [6H, m], 1.47 [12H, s]; 13C (101 MHz; CDCl3) δ 173.85, 

169.69, 155.20, 152.74, 141.83, 129.17, 128.27, 128.15, 127.37, 127.14, 89.99, 81.03, 

79.89, 71.77, 62.89, 60.41, 53.13, 40.40, 38.29, 35.41, 30.02, 29.80, 28.46, 19.88; m/z 

(ESI; 96%) Calc. for C42H53N3O9 = 743.90 found 745.2 [M+H]+, r.t. 2.51. 
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1-((3-((1-Benzylpiperidin-4-yl)amino)propanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenyl acetoxy)piperidine-1-carboxylate 19 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 19 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

9.42 [1H, bs] 7.46-7.30 [15H, m] 6.67 [1H, q, J 5], 5.04 [1H, bs], 4.28 [1H,bs], 3.47-

3.34 [4H, m], 3.19-3.10 [2H, m],  3.01-2.90 [1H, m], 2.80 [2H, t, J 7], 2.25 [2H, d, J 

13], 2.03-2.90 [2H, m], 1.82-1.71 [2H, m], 1.56-1.46 [2H, m], 1.42 [3H, d, J 5]; 13C 

(101 MHz; DMSO) δ 172.75, 159.46, 152.61, 143.77, 133.62, 131.98, 131.35, 130.01, 

129.94, 129.24, 129.12, 128.25, 127.93, 127.83, 127.51, 120.47, 117.57, 114.68, 

111.78, 90.40, 81.18, 70.31, 65.38, 59.23, 52.19, 49.89, 46.45, 30.59, 25.72, 20.01; 

m/z (ESI; 99%) Calc. for C37H45N3O7 = 643.78 found 645.5 [M+H]+  r.t. 2.09.  
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Ethyl 3-((tert-butoxycarbonyl)(4-((tert-butoxycarbonyl) amino)cyclohexyl)amino) 

propanoate 35ii 

 

 

This compound was synthesised according to General Chemistry Procedure 4 and 

purified using silica gel column chromatography using a gradient of 10% EtOAc in 

(40-60) PET to obtain the title compound 35ii (93%) as a colourless oil; Rf 0.42 

[EtOAc:(40-60) PET (1:4)]; 1H (400 MHz; CDCl3) δ 4.16-4.05 [2H, m], 3.81-3.78 

[2H, m], 3.42-3.36 [2H, m], 2.55-2.45 [2H, m], 2.05-1.97 [2H, m], 1.89-1.80, [2H, 

m], 1.72-1.63 [2H, m], 1.61-1.46 [2H, m], 1.44-1.38 [18H, s], 1.26-1.20 [3H, m]; 13C 

(101 MHz; CDCl3) δ  171.14, 155.19, 155.08, 79.82, 60.44, 60.35, 53.85, 48.92, 

33.82, 29.30, 28.40, 25.26, 14.15. 
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3-((tert-Butoxycarbonyl)(4-((tert-

butoxycarbonyl)amino)cyclohexyl)amino)propanoic acid 35 

 

 

This compound was synthesised according to General Chemistry Procedure 5 and 

purified using silica gel column chromatography using a gradient of 20-100% EtOAc 

in (40-60) PET(1% AcOH)  obtain the title compound 35 (53%) as a colourless oil; 

Rf 0.42 [EtOAc:(40-60) PET (1:3) (1% AcOH)]; 1H (400 MHz; CDCl3) δ 11.52-10.36 

[1H, m], 3.83-3.63 [2H, m], 3.53-3.00 [2H, m], 2.50 [2H, s], 2.06-2.04 [2H, m], 1.87-

1.74, [2H, m], 1.73-1.61 [2H, m], 1.57-1.47 [2H, m], 1.43 [18H, s]; 13C (101 MHz; 

CDCl3) δ 176.57, 157.75, 155.42, 80.28, 67.59, 53.72, 45.16, 35.07, 29.95, 28.31, 

27.60. 
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1-((3-((tert-Butoxycarbonyl) (4-((tert-butoxycarbonyl)amino)cyclohexyl) amino) 

propanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 

20i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 33% EtOAc in 

(40-60) PET to obtain the title compound 20i (66%) as a colourless oil; Rf 0.47 [30% 

EtOAc in (40-60) PET]; 1H (400 MHz; CDCl3) δ 7.46-7.29 [10H, m], 6.77 [1H, q, J 

5], 5.19-5.12 [1H, bs], 3.51-3.20 [8H, m], 2.63-2.48 [2H, m], 1.82-1.48 [15H, m], 1.44 

[18H, s]; 13C (101 MHz; CDCl3) δ  171.37, 155.38, 155.23, 152.80, 141.81, 128.11, 

127.34, 90.06, 82.74, 81.06, 71.67, 60.47, 58.60, 45.20, 44.18, 33.83, 30.02, 29.86, 

28.41, 25.32, 19.81; m/z (ESI; 99%) Calc. for C41H57N3O11 = 767.92 found 768.4 

[M+H]+ r.t. 3.23. 
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1-((3-((4-Aminocyclohexyl)amino)propanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenyl 

acetoxy)piperidine-1-carboxylate 20 

 

 

This compound was synthesised according to General Chemistry Procedure 3 obtain 

the title compound 20 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ  8.09 

[3H, bs], 7.46-7.29 [10H, m], 6.67 [1H, q, J 5], 5.04 [1H, bs], 3.49-3.09 [8H, m], 3.06-

2.91 [1H, m], 2.88-2.76 [2H, m], 2.15-1.96 [2H, m], 1.90-1.69 [4H, m], 1.57-1.33 

[8H, m]; 13C (101 MHz; DMSO) δ 172.75, 159.43, 143.77, 129.12, 128.25, 127.93, 

127.51, 120.60, 117.70, 114.79, 111.89, 90.40, 81.17, 70.40, 54.96, 48.50, 46.24, 

31.75, 30.72, 30.67, 28.52, 26.74, 20.02,.; m/z (ESI; 99%) Calc. for C31H41N3O7 = 

567.68 found 568.2[M+H]+ r.t. 2.00. 
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tert-Butyl 4-((tert-butoxycarbonyl)(3-ethoxy-3-oxopropyl)amino)piperidine-1-

carboxylate 33ii  

 

 

This compound was synthesised according to General Chemistry Procedure 4 and 

purified using silica gel column chromatography using a gradient of 5-10% EtOAc in 

(40-60) PET [1% NH3] to obtain the title compound 33ii (71%) as a pale yellow oil; 

Rf 0.46 [EtOAc:(40-60) PETPET (1:5)]; 1H (400 MHz; DMSO) δ 4.24-4.17 [1H, m], 

4.12-4.01 [2H, q, J 7], 3.43-3.33 [2H, m], 2.78-2.69 [2H, m], 2.58-2.51 [2H, m], 1.79-

1.64 [2H, m], 1.68-1.61 [2H, m], 1.45 [18H, s], 1.28 [3H, t, J 7]; 13C (101 MHz; 

DMSO) δ 171.54, 155.18, 138.14, 129.10, 128.90, 128.34, 128.16, 127.02, 79.69, 

62.89, 61.93, 60.31, 52.86, 41.17, 35.57, 29.97, 28.41, 14.16; m/z (ESI; 99%) Calc. 

for C20H36N2O6 = 400.52 found 401.5 [M+H]+, 423.6 [M+Na]+. 
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3-((tert-Butoxycarbonyl)(1-(tert-butoxycarbonyl)piperidin-4-yl)amino)propanoic 

acid 33 

 

 

This compound was synthesised according to General Chemistry Procedure 5 to 

obtain the title compound 33 which was used without purification; m/z (ESI; 97%) 

Calc. for C18H32N2O6 = 372.46 found 373.5 [M+H]+. 
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1-((3-((tert-Butoxycarbonyl)(1-(tert-butoxycarbonyl)piperidin-4-

yl)amino)propanoyl) oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 21i 

 

 

This compound was synthesised according to General Chemistry Procedure 1 and 

purified using silica gel column chromatography using a gradient of 1:3 EtOAc:(40-

60) PET to obtain the title compound 21i (88%) as a colourless oil; Rf 0.1 [EtOAc]; 

1H (400 MHz; CDCl3) δ  7.28-7.41 [10H, m], 6.78 [1H, q, J 5], 5.13 [1H, h, J 4], 4.15 

[2H, s], 3.22-3.44 [6H, m], 2.62-1.74 [2H, m], 2.48-2.56 [2H, m], 1.75-1.86  [2H, m], 

1.57-1.69 [6H, m], 1.40-1.48 [21H, s]; 13C (101 MHz; CDCl3) δ 13C (101 MHz, 

CDCl3) δ 174.79, 173.85, 155.11, 154.67, 154.61, 152.73, 141.82, 128.15, 127.36, 

90.01, 81.04, 80.18, 79.80, 79.76, 71.72, 40.42, 35.10, 30.08, 28.44, 23.85, 19.87.; 

m/z (ESI; 94%) Calc. for C40H55N3O11 = 753.38 found 754.4 [M+H]+ r.t.3.25. 
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1-((3-(Piperidin-4-ylamino)propanoyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 21 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 26 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

9.08 [1H, bs], 8.87 [1H, bs], 7.41-7.28 [10H, m], 6.67 [1H, q, J 5], 5.13 [1H, bs], 3.43-

3.10 [6H, m], 2.92 [3H, q, J 12],  2.80 [2H, t, J 7], 2.70 [1H, t, J 7], 2.56-2.48 [2H, 

m], 2.24-2.13  [3H, m], 1.85-1.70 [4H, m], 1.57-1.39 [4H, s]; 13C (101 MHz; DMSO) 

δ 172.75, 143.77, 129.11, 128.25, 127.93, 127.51, 127.41, 120.74, 117.84, 114.93, 

112.02, 90.41, 81.17, 70.33, 52.24, 52.16, 41.97, 40.57, 38.55, 31.74, 30.26, 28.82, 

20.00; m/z (ESI; 94%) Calc. for C30H39N3O7 = 553.66 found 554.3 [M+H]+ r.t. 2.01. 
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(10R)-10-((tert-Butoxycarbonyl)amino)-2,2-dimethyl-4,11,15-trioxo-3,16-dioxa-

5,12-diazaoctadecan-17-yl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 22i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 22i as a mixture of diastereoisomers (37%) as a 

colourless oil; Rf 0.44 [50% EtOAc in (40-60) PET]); 1H (400 MHz; CDCl3) δ 7.47-

7.30 [10H, m], 6.74 [1H, q, J 5], 5.22-5.09 [2H, m], 4.55 [1H, m], 4.05 [1H, bs], 3.51-

3.06 [6H, m], 2.58-2.48 [2H, m], 1.92-1.75 [3H, m], 1.74-1.63 [3H, m], 1.62-1.532 

[2H, m], 1.49 [3H,d, J 5], 1.44 [18H, s], 1.40-1.29 [2H, m]; 13C (101 MHz; CDCl3) δ 

173.83, 171.18, 169.89, 156.18, 152.56, 141.81, 128.14, 127.35, 127.10, 90.46, 82.78, 

81.04, 71.69, 60.41, 40.88, 40.45, 29.69, 28.44, 28.30, 23.86, 22.62, 14.20, 11.58; m/z 

(ESI; 99%) Calc. for C41H58N4O12 = 798.93 found 799.4 [M+H]+ r.t. 3.03. 
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1-((3-((R)-2,6-Diaminohexanamido)propanoyl)oxy)ethyl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 22 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 22 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

7.90 [4H, bs], 7.47-7.30 [10H, m], 6.62 [1H, q, J 5], 5.05 [1H, bs], 4.23-4.12 [1H, m], 

3.40-3.16 [2H, m], 3.01-2.90 [2H, m], 2.80-2.66 [2H, m], 2.59-2.52 [2H, m], 1.83-

1.70 [2H, m], 1.69-1.45 [6H, m], 1.45-1.30 [6H, m]; 13C (101 MHz, DMSO) δ 173.83, 

171.18, 156.68, 140.81, 128.24, 126.35, 127.10, 90.56, 82.75, 71.54, 60.42, 40.72, 

40.10, 29.41, 28.25, 28.34, 23.86, 22.62, 14.20, 11.58. m/z (ESI; 99%) Calc. for 

C31H42N4O8 = 598.70 found 599.2 [M+H]+ r.t. 2.04. 
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(10S,13S)-10-((tert-Butoxycarbonyl)amino)-13-(tert-butyl)-2,2-dimethyl-4,11,14-

trioxo-3,15-dioxa-5,12-diazaheptadecan-16-yl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 23i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 23i as a mixture of diastereoisomers (94%) as a 

colourless oil; Rf 0.44 [50% EtOAc in (40-60) PET]); 1H (400 MHz; CDCl3) δ 7.47-

7.30 [10H, m], 6.81 [1H, q, J 5], 5.32 [4H, m], 5.18[1H, bs], 4.83-4.64 [1H,m], 4.06 

[1H, bs], 3.66 [1H, bs], 3.72-3.29 [4H, m], 3.15-3.05 [2H, m], 1.88-1.75 [3H, m], 

1.70-1.59 [3H, m], 1.58-1.50 [2H, m], 1.50-1.46 [3H,m], 1.45 [18H, s], 1.37-1.30 [2H, 

m], 1.02-0.94 [9H, m]; 13C (101 MHz, CDCl3) δ 173.74, 172.33, 171.15, 156.18, 

155.81, 152.55, 141.91, 128.08, 127.34, 90.51, 82.41, 81.05, 71.54, 60.36, 40.94, 

40.42, 39.86, 33.81, 30.95, 30.04, 29.58, 28.40, 27.62, 23.90, 22.57, 18.68; m/z (ESI; 

99%) Calc. for C44H64N4O12 = 841.01 found 841.4 [M+H]+ r.t. 3.17.  
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1-(((S)-2-((S)-2,6-Diaminohexanamido)-3,3-dimethylbutanoyl)oxy)ethyl 4-(2-

hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 23 

 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 23 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.34 [2H, bs], 8.06 [2H, bs], 7.47-7.30 [10H, m], 6.69 [1H, q, J 5], 5.04 [1H, bs], 4.12-

4.00 [2H, m], 3.42-3.29 [4H, m],  3.15-3.05 [2H, m], 3.41-3.15 [2H, m], 2.79-2.70 

[2H, m], 1.77-1.67 [2H, m], 1.63-1.43 [4H,m],  1.44-1.34 [6H, m], 0.97 [9H, s]; 13C 

(101 MHz, DMSO) δ 172.74, 172.72, 169.67, 159.38, 143.76, 129.11, 128.24, 127.92, 

127.51, 120.28 90.20, 81.17, 70.39, 65.37, 51.83, 38.69, 33.93, 33.91, 30.98, 30.90, 

30.26, 28.82, 19.92; m/z (ESI; 99%) Calc. for C34H48N4O8 = 640.78 found 642.2 

[M+H]+ r.t. 2.11. 
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(10S,13R)-10-((tert-Butoxycarbonyl)amino)-13-(tert-butyl)-2,2-dimethyl-4,11,14-

trioxo-3,15-dioxa-5,12-diazaheptadecan-16-yl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 24i  

 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 24i as a mixture of diastereoisomers (86%) as a 

colourless oil; Rf 0.44 [50% EtOAc in (40-60) PET]; 1H (400 MHz; CDCl3) δ 7.47-

7.30 [10H, m], 6.81 [1H, q, J 5],  5.32 [4H, m], 5.18[1H, bs], 4.83-4.64 [1H,m], 4.06 

[1H, bs], 3.66 [1H, bs], 3.72-3.29 [6H, m],  3.15-3.05 [2H, m], 1.88-1.75 [3H, m], 

1.70-1.59 [3H, m], 1.58-1.50 [2H, m], 1.50-1.46 [3H, m], 1.45 [18H, s] 1.37-1.30 [2H, 

m], 1.02-0.94 [9H, m]; 13C (101 MHz, CDCl3) δ 173.74, 172.33, 171.15, 156.18, 

155.81, 152.55, 141.91, 128.08, 127.34, 90.51, 82.41, 81.05, 71.54, 60.36, 40.94, 

40.42, 39.86, 33.81, 30.95, 30.04, 29.58, 28.40, 27.62, 23.90, 22.57, 18.68; m/z (ESI; 

99%) Calc. for C44H61N4O12 = 841.01 found 841.5 [M+H]+ r.t. 3.17. 
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1-(((R)-2-((S)-2,6-Diaminohexanamido)-3,3-dimethylbutanoyl)oxy)ethyl 4-(2-

hydroxy-2,2-diphenylacetoxy)piperidine-1-carboxylate 24 

 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 29 [Quantitative] as a white solid; 1H NMR (400 MHz, D6-

DMSO) δ 8.76 (1H, dd, J = 8.7, 2.7 Hz), 8.17 (3H, s), 7.80 (3H, s), 7.43 – 7.22 (10H, 

m), 6.81 – 6.68 (1H, m), 6.63 (1H, s), 5.10-5.05 (1H, m), 4.21 (1H, 2d, J = 8.6 Hz), 

3.95-3.90 (1H, m), 3.35-3.25 (4H, m), 2.76-2.74 (2H, m), 1.75-1.72 (4H, m), 1.65 – 

1.31 (4H, m), 1.43 (3H, 2d, J = 8.6 Hz), 1.40-1.35 (2H, m), 0.93 (9H, 2s) ppm.; 13C 

(101 MHz, CDCl3) δ 172.76, 172.53, 169.61, 158.63, 143.81, 128.29, 127.95, 127.57, 

90.59, 81.18, 70.54, 52.28, 38.97, 38.77, 34.60, 34.42, 31.32, 26.95, 26.81, 26.75, 

21.45, 19.96; m/z (ESI; 99%) Calc. for C34H48N4O8 = 640.78 found 641.4 [M+H]+ r.t. 

2.12. 
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(10S,13S)-10-((tert-Butoxycarbonyl)amino)-13-((S)-sec-butyl)-2,2-dimethyl-

4,11,14-trioxo-3,15-dioxa-5,12-diazaheptadecan-16-yl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 25i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 25i as a mixture of diastereoisomers (94%) as a 

colourless oil; Rf 0.46 [50% EtOAc in (40-60) PET]); 1H (400 MHz; CDCl3) δ 7.47-

7.30 [10H, m], 6.75 [1H, q, J 5], 5.32 [4H, m], 5.20-5.10 [2H, m], 4.70 [1H, bs], 4.60-

4.50 [1H, m], 4.83-4.64 [1H, m], 4.06 [1H, bs], 3.50-3.05 [6H, m], 1.95-1.75 [2H, m], 

1.74-1.58 [3H, m], 1.56-1.52 [2H, m], 1.51-1.47 [3H, m], 1.46 [18H, s], 1.43-1.34 

[2H, m], 0.95-0.84 [9H, m]; 13C (101 MHz, CDCl3) δ 173.85, 171.20, 169.91, 156.19, 

152.58, 141.88, 128.16, 127.37, 127.12, 90.48, 81.05, 79.14, 71.70, 56.31, 51.58, 

41.35, 37.69, 29.69, 28.30, 27.67, 23.87, 22.62, 21.05, 19.72, 14.20, 11.58; m/z (ESI; 

99%) Calc. for C44H64N4O12 = 841.01 found 842.5 [M+H]+ r.t. 3.16.  
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1-((L-Lysyl-L-alloisoleucyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 25 

 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 25 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ 

8.35 [2H, bs],  8.07 [2H, bs], 7.47-7.30 [10H, m], 6.68 [1H, q, J 5], 5.32 [4H, m], 

5.20-5.10 [2H, m], 5.05 [1H, bs],  4.25-4.18 [2H, m], 3.94 [1H, bs], 3.35-3.20 [4H, 

m], 2.76-2.70 [2H, m], 1.86-1.69 [4H, m],  1.64-1.46 [4H, m], 1.46-1.36 [7H, m], 

1.30-1.18 [3H, m], 0.92-0.76 [6H, m]; 13C (101 MHz, DMSO) δ 172.74, 169.58, 

169.53, 158.98, 143.76, 132.19, 132.05, 129.12, 128.24, 127.93, 127.51, 90.39, 81.17, 

67.87, 57.25, 51.92, 38.71, 38.67, 36.60, 30.85, 30.26, 26.69, 25.13, 25.05, 19.96, 

15.57, 11.68; m/z (ESI; 99%) Calc. for C34H48N4O8 = 640.78 found 641.5 [M+H]+ r.t. 

2.08. 
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(10S,13S)-10-((tert-Butoxycarbonyl)amino)-13-isopropyl-2,2-dimethyl-4,11,14-

trioxo-3,15-dioxa-5,12-diazaheptadecan-16-yl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 26i 

 

 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) obtain the title compound 26i as a mixture of diastereoisomers (95%) as a 

colourless oil; Rf 0.65 [EtOAc]; 1H (400 MHz; CDCl3) δ 7.45-7.30 [10H, m], 6.76 

[1H, q, J 5],  5.32 [4H, m], 5.27 [1H, bs], 4.86-4.74 [1H, bs], 4.53-4.37 [1H, m], 3.57-

3.00 [6H, m], 2.19-2.08 [1H, m], 1.84-1.72 [3H, m],  1.67-1.55 [3H, m], 1.53-1.48 

[2H, m], 1.47-1.43 [3H, d, J  5], 1.41 [18H, s], 1.37-1.30 [2H, m], 0.93-0.84 [6H, m]; 

13C (101 MHz; CDCl3) δ 173.74, 172.23, 171.15, 156.18, 152.55, 141.91, 128.08, 

127.34, 90.51, 81.05, 79.94, 71.54, 60.36, 56.83, 41.31, 40.94, 40.42, 33.81, 31.55, 

31.09, 29.58, 28.27, 27.62, 23.90, 18.86, 18.68; m/z (ESI; 97%) Calc. for C43H62N4O12 

= 826.99 found 827.5 [M+H]+ r.t. 3.12.  
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1-((L-Lysyl-L-valyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 26 

 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 26 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.35 [2H, bs], 8.06 [2H, bs], 7.45-7.30 [10H, m], 6.68 [1H, q, J 5], 5.04 [1H, bs], 4.48-

4.10 [2H, m], 3.39-3.17 [2H, m], 2.80-2.70 [2H, m], 2.13-2.03 [1H, m], 1.84-1.72 

[2H, m], 1.80-1.68 [2H, m], 1.67-1.55 [2H, m], 1.65-1.54 [2H, m], 1.53-1.46 [2H, m], 

1.45-1.34 [4H, m], 0.96-0.85 [6H, m]; 13C (101 MHz; DMSO) δ 172.75, 171.34, 

169.76, 158.59, 152.54, 143.76, 128.26, 127.94, 127.51, 117.77, 114.87, 90.33, 81.17, 

70.39, 51.93, 38.71, 30.84, 30.03, 26.73, 26.69, 21.39, 19.99, 19.19; m/z (ESI; 97%) 

Calc. for C33H46N4O8 = 626.75 found 627.4 [M+H]+ r.t. 2.07. 
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(10S,13R)-10-((tert-Butoxycarbonyl)amino)-13-isopropyl-2,2-dimethyl-4,11,14-

trioxo-3,15-dioxa-5,12-diazaheptadecan-16-yl 4-(2-hydroxy-2,2-

diphenylacetoxy)piperidine-1-carboxylate 27i 

 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80% EtOAc:(40-

60) PET to obtain the title compound 27i as a mixture of diastereoisomers (92%) as a 

colourless oil; Rf 0.48 [40% EtOAc in (40-60) PET]; 1H (400 MHz; CDCl3) δ 7.30-

7.45 [10H, m], 6.76 [1H, q, J 5], 5.32 [4H, m], 5.27 [1H, bs], 4.74-4.86 [1H, bs], 4.37-

4.53 [1H, m], 3.00-3.57 [6H, m], 2.08-2.19 [1H, m], 1.72-1.84 [3H, m], 1.55-1.67 

[3H, m], 1.48-1.53 [2H, m], 1.43-1.47 [3H, d, J  5], 1.41 [18H, s], 1.30-1.37 [2H, m], 

0.84-0.93 [6H, m]; 13C (101 MHz, CDCl3) δ 173.74, 172.23, 171.15, 156.18, 152.55, 

141.91, 128.08, 127.34, 90.51, 81.05, 79.94, 71.54, 60.36, 56.83, 41.31, 40.94, 40.42, 

33.81, 31.55, 31.09, 29.58, 28.27, 27.62, 23.90, 18.86, 18.68; m/z (ESI; 99%) Calc. 

for C43H62N4O12 = 826.99 found 827.5 [M+H]+ r.t. 3.15.  
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1-((L-Lysyl-D-valyl)oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 27 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 27 [Quantitative] as a white solid; 1H (400 MHz; DMSO) δ 

8.35 [2H, bs], 8.06 [2H, bs], 7.45-7.30 [10H, m], 6.68 [1H, q, J 5], 5.04 [1H, bs], 4.48-

4.10 [2H, m], 3.39-3.17 [2H, m],  2.80-2.70 [2H, m], 2.13-2.03 [1H, m], 1.84-1.72 

[2H, m], 1.67-1.56 [2H, m], 1.81-1.67 [2H, m], 1.64-1.55 [2H, m], 1.52-1.44 [2H, m], 

1.46-1.35 [4H, m], 0.95-0.85 [6H, m]; 13C (101 MHz, DMSO) δ 172.73, 169.94, 

169.63, 152.55, 143.77, 132.07, 129.13, 128.26, 127.94, 127.51, 90.54, 81.17, 67.88, 

57.83, 52.16, 31.09, 30.43, 30.26, 28.83, 26.63, 23.72, 22.86, 21.54, 20.00, 19.96; m/z 

(ESI; 97%) Calc. for C33H46N4O8 = 626.75 found 627.4 [M+H]+ r.t. 2.10. 
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(6S,9S)-9-(4-((tert-Butoxycarbonyl)amino)butyl)-6-((S)-sec-butyl)-2,2-dimethyl-

4,7,10-trioxo-3,11-dioxa-5,8-diazatridecan-12-yl-4-(2-hydroxy-2,2-diphenyl 

acetoxy) piperidine-1-carboxylate 28i 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80%EtOAc:(40-

60) PET to obtain the title compound 28i as a mixture of diastereoisomers (49%) as a 

colourless oil; Rf 0.42 [40% EtOAc in (40-60) PET]); 1H (400 MHz; CDCl3) δ 7.48-

7.30 [10H, m], 6.69 [1H, q, J 5], 5.21-5.10 [2H, m], 5.62-5.11 [1H, m], 4.38-4.34 [1H, 

m], 3.94 [1H, bs], 3.48-2.97 [6H, m], 1.90-1.78 [3H, m], 1.73-1.62 [3H, m], 1.57-1.51 

[2H, m], 1.51-1.46 [3H, d, J  5], 1.44 [9H, s], 1.40-1.30 [2H, m], 0.96-0.87 [8H, m]; 

13C (101 MHz; CDCl3) δ  173.81, 171.68, 170.29, 156.08, 152.65, 141.84, 128.14, 

127.35, 90.75, 82.71, 81.05, 71.64, 59.23, 51.84, 40.91, 40.46, 36.99, 36.96, 31.57, 

29.79, 29.21, 28.46, 28.31, 24.76, 23.90, 19.73, 17.30, 14.66; m/z (ESI; 99%) Calc. 

for C44H64N4O12 = 841.01 found 841.5 [M+H]+ r.t. 3.16.   
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1-((L-Isoleucyl-L-lysyl) oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) piperidine-1-

carboxylate 28 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 28 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ 

8.26 [2H, bs], 7.95 [2H, bs], 7.48-7.30 [10H, m], 6.63 [1H, q, J 5], 5.05 [1H, m], 4.27 

[1H, bs], 3.48-3.11 [6H, m], 2.69-2.80 [2H, m], 1.90-1.78 [3H, m], 1.87-1.62 [6H, m], 

1.57-1.51 [2H, m], 1.60-1.47 [5H, m], 1.46-1.36 [6H, m], 0.96-0.80 [6H, m]; 13C (101 

MHz; DMSO) δ 174.59 172.75, 168.51, 161.04, 143.77, 128.27, 127.95, 127.51, 

81.18, 65.39, 56.64, 52.37, 40.68, 40.47, 38.73, 36.68, 30.18, 26.79, 19.96, 15.64, 

11.64; m/z (ESI; 97%) Calc. for C34H48N4O8 = 640.78 found 641.8 [M+H]+
 r.t. 2.08. 
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(10S)-10-(4-((tert-butoxycarbonyl)amino)butyl)-2,2-dimethyl-4,8,11-trioxo-3,12-

dioxa-5,9-diazatetradecan-13-yl 4-(2-hydroxy-2,2-diphenylacetoxy)piperidine-1-

carboxylate 29i 

 

This compound was synthesised according to General Chemistry Procedure 6 and 

purified using flash column chromatography using a gradient of 20-80%EtOAc:(40-

60) PET to obtain the title compound 29i as a mixture of diastereoisomers (34%) as a 

colourless oil; Rf 0.41 [40% EtOAc in (40-60) PET]; 1H (400 MHz; CDCl3) δ 7.47-

7.30 [10H, m], 6.73 [1H, q, J 5], 5.30-5.09 [2H, m], 4.01 [1H, bs], 3.47-3.05 [6H, m], 

2.48-2.33 [2H, m], 1.85-1.73 [3H, m], 1.71-1.58 [3H, m], 1.57-1.50 [2H, m], 1.50-

1.44 [3H, d, J  5], 1.41 [18H, s], 1.37-1.31 [2H, m]; 13C (101 MHz; CDCl3) δ  173.73, 

171.73, 170.68, 156.49, 152.73, 141.89, 134.40, 133.40, 129.64, 129.61, 129.46, 

129.44, 129.34, 129.31, 128.12, 127.35, 126.88, 126.86, 90.92, 81.07, 79.28, 71.55, 

63.83, 63.76, 52.01, 40.58, 38.60, 36.65, 35.98, 31.21, 29.75, 28.39, 23.93, 19.63; m/z 

(ESI; 99%) Calc. for C41H58N43O12 = 798.93 found 800.0 [M+H]+ r.t. 3.09.  
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1-(((3-Aminopropanoyl) -L-lysyl) oxy)ethyl 4-(2-hydroxy-2,2-diphenylacetoxy) 

piperidine-1-carboxylate 29 

 

This compound was synthesised according to General Chemistry Procedure 3 obtain 

the title compound 29 [Quantitative] as a white solid; 1H (400 MHz; CDCl3) δ 7.90 

[4H, bs], 7.47-7.30 [10H, m], 6.62 [1H, q, J 5], 5.05 [1H, bs], 4.14-4.13 [1H, m], 3.41-

3.15 [6H, m], 3.01-2.91 [2H, m], 2.76-2.66 [2H, m], 2.59-2.54 [2H, m], 1.83-1.70 

[2H, m], 1.68-1.46 [6H, m], 1.45-1.31[6H, m]; 13C (101 MHz, DMSO) δ 172.75, 

170.23, 152.64, 143.77, 128.28, 127.96, 127.51, 90.55, 81.18, 75.02, 61.63, 52.29, 

38.82, 35.58, 32.20, 30.31, 26.90, 22.49, 20.00.; m/z (ESI; 99%) Calc. for C41H48N4O8 

= 598.70 found 599.8 [M+H]+ r.t. 1.99. 
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5.2 Chapter 2 

6-Bromo-1-tosyl-1H-indazol-4-amine 52a 

 

To a stirred, 0°C solution of 6-bromo-1H-indazol-4-amine (0.1 g, 0.47 mmol, 1 eq) in 

DMF (2 ml) was added 60% NaH in mineral oil (0.019 g, 0.756 mmol, 1.6 eq) and the 

solution stirred at 0°C for 1 hour. Tosyl Chloride (0.090 g, 0.474 mmol, 1.0 eq) was 

added and the resulting solution stirred for a further hour. TLC analysis deemed the 

reaction to be complete, and the solution was poured onto ice water (100 ml), and 

extracted with EtOAc (3x100 mL). The organic layers were combined, dried over 

MgSO4, filtered and concentrated in vacuo. The crude mixture was dissolved in DCM 

(1 ml) then purified via silica gel chromatography using a gradient of 5-25% EtOAc 

in PET to obtain the title compound 52a (0.13 g, 51%) as a colourless oil; Rf 0.41 

(40% EtOAc in PET), 1H (400 MHz; CDCl3) δ 2.40 [3H, s], 4.30 [2H, bs], 6.66 [1H, 

d, J 2], 7.29 [2H, t, J 2], 7.75 [1H, t, J 1] 7.86-7.90 [2H, m] 8.07 [1H, d, J 1] ; 13C (101 

MHz; CDCl3) δ 145.63, 142.10, 140.90, 137.88, 134.41, 129.91, 127.68, 125.12, 

114.24, 111.10, 105.75, 21.77; m/z (ESI; 99%) Calc. for C14H12BrN3O2S = 366.23 

found 365.4/367.6 [M+H]+ 
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tert-Butyl (2-(4-amino-6-bromo-1H-indazol-1-yl)-2-oxoethyl)carbamate 59 

 

This compound was synthesised according to General Procedure 6. The crude material 

was redissolved in DCM (1 mL) and separated by silica gel chromatography using a 

gradient of 0-40% EtOAc in PET to obtain the title compound 59 (42 %) as a 

colourless oil; Rf 0.30 (40% EtOAc in PET), 1H (400 MHz; CDCl3) δ 1.51 [9H, s], 

4.45 [2H, bs], 5.96 [2H, d, J 6], 6.66 [1H, s], 7.82 [1H, s], 7.99 [1H, s] ; 13C (101 

MHz; CDCl3) δ 169.47, 156.17, 140.90, 140.69, 137.53, 125.51, 114.08, 111.94, 

107.72, 80.31, 40.93, 28.48; m/z (ESI; 99%) Calc. for C14H17BrN4O3 = 369.22 found 

368.2/370 [M+H]+ 
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tert-Butyl (2-(4-amino-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indazol-

1-yl)-2-oxoethyl) carbamate 64 

 

 

To a stirred solution of tert-Butyl (2-(4-amino-6-bromo-1H-indazol-1-yl)-2-

oxoethyl)carbamate (0.10 g, 0.27 mmol, 1 eq) in 1,4, dioxane (20 mL) under a nitrogen 

atmosphere was added 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (0.138 g, 0.542 

mmol, 2 eq), potassium acetate (0.08 g, 0.813 mmol, 3 eq) and [1,1′-

Bis(diphenylphosphino) ferrocene] dichloropalladium (II), complex with 

dichloromethane (0.02 g, 0.03 mmol, 0.1 eq) and the resulting solution refluxed 

overnight at 80°C. TLC analysis deemed the reaction to be complete and the solution 

was filtered through celite and concentrated in vacuo. The crude mixture was then 

dissolved in DCM (1 ml) and purified by silica gel chromatography using a gradient 

of 20-40% EtOAc in PET to obtain the title compound 64 (0.80 g, 71%) as colourless 

oil; Rf 0.45 (40% EtOAc in PET), 1H (400 MHz; DMSO) δ 1.30 [12H,s], 1.51 [9H, 

s], 4.50 [2H, d, J 6], 6.18 [2H, bs], 6.85 [1H, s], 7.74 [1H, s], 8.53 [1H, s] ; 13C (101 

MHz; DMSO) δ 170.01, 156.48, 143.04, 140.19, 139.82, 116.35, 113.22, 107.51, 

84.13, 78.70, 43.81, 28.81, 25.31; m/z (ESI; 99%) Calc. for C20H29BN4O5 = 416.29 

found 417.3 [M+H]+ 
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2-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) pyridin-3-amine 54 

 

To a stirred solution of 5-bromo-2-methoxypyridin-3-amine (1.00 g, 4.95 mmol, 1 eq) 

in 1,4, dioxane (20 mL) under a nitrogen atmosphere was added 4,4,5,5-Tetramethyl-

1,3,2-dioxaborolane (2.51 g, 9.90 mmol, 2 eq), potassium acetate (1.46 g, 14.90 mmol, 

3 eq) and [1,1′-Bis(diphenylphosphino) ferrocene] dichloropalladium (II), complex 

with dichloromethane (0.40 g, 0.50 mmol, 0.1 eq) and the resulting solution refluxed 

overnight at 80°C. TLC analysis deemed the reaction to be complete and the solution 

was filtered through celite and concentrated in vacuo. The crude mixture was then 

dissolved in DCM (1 ml) and purified by silica gel chromatography using a gradient 

of 20-40% EtOAc in PET to obtain the title compound 54 (1.20 g, 97%) as colourless 

oil; Rf 0.30 (20% EtOAc in PET), 1H (400 MHz; CDCl3) δ 1.34 [12H,s], 4.01 [3H, s], 

7.24 [1H, d, J 1], 8.00 [1H, d, J 1] ; 13C (101 MHz; CDCl3) δ 155.20, 142.8, 130.2, 

125.6, 83.74, 83.12, 75.05, 53.48, 24.83, 24.54, m/z (ESI; 99%) Calc. for 

C12H19BN2O3 = 250.15 found 251.2 [M+H]+ 
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N- (2-methoxy-5- (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) pyridin-3-yl) 

methane sulphonamide 55 

 

To a stirred solution of 2-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pyridin-3-amine (0.50 g, 2.00 mmol, 1 eq) in pyridine (5 ml) was added 

Methanesulfonyl chloride (0.31 mL, 4.00 mmol, 2 eq) and the resulting solution 

stirred for 18 hours at room temperature. TLC analysis deemed the reaction to be 

complete and the solution concentrated under high vacuo. The crude mixture was then 

redissolved in DCM (1 mL) and purified by silica gel chromatography using a gradient 

of 20-40% EtOAc in PET to obtain the title compound 55 (0.41 g, 63%) as a yellow 

oil; Rf 0.21 (30% EtOAc in PET), 1H (400 MHz; CDCl3) δ 1.35 [12H,s], 4.01 [3H, s], 

4.25 [3H, s], 7.22 [1H, d, J 1], 8.10 [1H, d, J 1] ; 13C (101 MHz; CDCl3) δ 155.20, 

142.8, 130.2, 125.6, 120.24, 83.74, 83.12, 53.48, 39.98, 24.83, 24.54, m/z (ESI; 99%) 

Calc. for C12H19BN2O3 = 328.19 found 329.9 [M+H]+ 
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Ethyl 2-((pivaloyloxy)methyl)thiazole-4-carboxylate 49 

 

To a stirred solution of bromopyruvic acid (0.10 g, 0.57 mmol, 1 eq) in ethanol (10 

mL) was added 2-amino-2-thioxoethyl pivalate (0.11 g, 0.69 mmol, 1.2 eq) and the 

resulting solution stirred at 80°C overnight. TLC analysis deemed the reaction to be 

complete and the solution was concentrated in vacuo before being redissolved in DCM 

(1 ml) and purified by silica gel chromatography using a gradient of 20-80 % EtOAc 

in PET to obtain the title compound 49 (0.11 g, 68 %) as a yellow oil; Rf 0.41 (20% 

EtOAc in PET), 1H (400 MHz; CDCl3) δ 1.24 [9H, s], 1.39 [3H, t, J 7], 4.42 [2H, q, J 

7], 5.14 [2H, s], 8.18 [1H, s]; 13C (101 MHz; CDCl3) δ 177.63, 166.64, 161.18, 147.15, 

128.35, 62.70, 61.64, 38.82, 27.07, 14.33; m/z (ESI; 96%) Calc. for C12H17NO4 = 

271.33 found 272.3 [M+H]+ 
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2-(Hydroxymethyl)thiazole-4-carboxylic acid 49a 

 

To a stirred, refluxed solution of Ethyl 2-((pivaloyloxy)methyl) thiazole-4-

carboxylate (0.14 g, 0.64 mmol, 1 eq) in MeOH (10 mL) and water (3 mL) was added 

potassium carbonate (0.29 g, 2.06 mmol, 4 eq) and the resulting solution stirred under 

reflux conditions for 4 hours. TLC analysis deemed the reaction to be complete and 

aqueous 2N HCl (40 mL) was added. The biphasic solution was then concentrated 

under high vacuo. The crude mixture was then suspended in 2:1 mixture of hot 

ethanol: EtOAc and the solid KCl filtered through filter paper. The resulting solution 

was then concentrated in vacuo to achieve the title compound 49a (0.076 g, 92%) as 

a yellow oil which crystallized on standing; Rf 0.01 (20% MeOH in DCM 1% AcOH), 

1H (400 MHz; DMSO) δ 5.00 [2H, s], 8.50 [1H, s]; 13C (101 MHz; DMSO) δ 178.6, 

160.4, 143.6, 128.2, 60.0; m/z (ESI; 96%) Calc. for C12H17NO4 = 271.33 found 272.3 

[M+H]+ 
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2-(Chloromethyl) thiazole-4-carbonyl chloride 50 

 

To a stirred solution of 2-(hydroxymethyl) thiazole-4-carboxylic acid (0.14 g, 0.09 

mmol, 1 eq) in CHCl3 (5 mL) and DMF (0.1 mL) was added thionyl chloride (0.38 

mL, 0.53 mmol, 6 eq) and the resulting solution stirred at reflux for 1 hour. The 

solution was the concentrated under high vacuo to achieve the title compound 50 

(Quantitative) as a black oil, which was used immediately without purification; m/z 

(ESI; 96%) Calc. for C5H3Cl2NOS = 159.16 found 191.6 (Methyl Ester) [M+H]+ 
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Methyl 2-(chloromethyl)thiazole-4-carboxylate 58a 

 

To a stirred solution of 2-(hydroxymethyl) thiazole-4-carboxylic acid (0.3 g, 0.19 

mmol, 1 eq) in CHCl3 (5 mL) and DMF (1 mL) was added thionyl chloride (0.82 mL, 

1.13 mmol, 6 eq) and the resulting solution stirred at reflux for 1 hour. Dry methanol 

(10 mL) was added and the solution stirred for 30 mins. LCMS determined the crude 

mixture to be 60:40 Ester:Acid and the solution was concentrated under high vacuo. 

The crude mixture was then dissolved in DCM (1 mL) and purified by silica gel 

chromatography using a EtOAc to obtain the title compound 58a (0.96 g, 60%) as a 

yellow oil, which was used immediately without purification; m/z (ESI; 96%) Calc. 

for C6H6ClNO2S = 191.63 found 192.7 [M+H]+
. 
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Methyl 2-(((2S,6R)-2,6-dimethylmorpholino) methyl)thiazole-4-carboxylate 61a 

 

To a dry 100 mL round bottom flask under a nitrogen atmosphere was charged Methyl 

2-(chloromethyl)thiazole-4-carboxylate (0.06 g, 0.31 mmol, 1 eq) as a solution in dry 

1,4, dioxane (10 mL). To the solution was added (2S,6R)-2,6-dimethylmorpholine 

(0.116 mL, 0.939 eq, 3 eq) and the resulting solution stirred at room temperature 

overnight. TLC analysis deemed the reaction to be complete and the solution was 

concentrated in vacuo. The crude mixture was then redissolved in DCM (1 mL) and 

purified by silica gel chromatography using a gradient of 20-60% EtOAc in PET to 

obtain the title compound 61a (0.08g, 95%) as a yellow oil; Rf 0.43 (40% EtOAc in 

PET), 1H (400 MHz; DMSO) δ 1.21[6H, s], 1.96 [2H, t, J 11], 2.75 [2H, d, J 11], 3.69 

[2H, M], 3.83 [2H, s], 3.92 [3H, s] 5.00 [2H, s], 8.15 [1H, s]; 13C (101 MHz; DMSO) 

δ 172.3, 162.1, 146.6, 128.8, 71.7 59.5, 52.4, 41.1, 19.1; m/z (ESI; 96%) Calc. for 

C12H18N2O3S = 270.35 found 271.4 [M+H]+ 
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tert-butyl (2-(indolin-1-yl)-2-oxoethyl)carbamate 70 

 

This compound was synthesised via General Chemistry Procedure 7 and purified by 

silica gel chromatography to using a gradient of 0-40% EtOAc in Cy to obtain the title 

compound 70 (95%) as a colourless oil; Rf 0.13 (20% EtOAc in Cy); 1H (400 MHz; 

CDCl3) δ 1.49 [9H, s], 3.25 [2H, t, J 8], 3.99-4.09 [4H, m], 5.58 [1H, bs], 7.07 [1H, t, 

J 8], 7.19-7.26 [2H, m], 8.20 [1H, d, J 8]; 13C (101 MHz; CDCl3) δ 166.51, 155.84, 

142.46, 130.94, 127.73, 124.71, 124.22, 116.88, 79.86, 46.57, 44.05, 28.47, 28.19; 

m/z (ESI; 98%) Calc. for C15H20N2O3 = 276.34 found 277.3 [M+H]+ 
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tert-butyl (2-((2-(indolin-1-yl)-2-oxoethyl)amino)-2-oxoethyl)carbamate 72a 

 

This compound was synthesised via General Chemistry Procedure 8 and purified by 

silica gel chromatography to using a gradient of 20-60% EtOAc in Cy to obtain the 

title compound 72a (54%) as a colourless oil; Rf 0.09 (40% EtOAc in Cy); 1H (400 

MHz; CDCl3) δ 1.48 [9H, s], 3.26 [2H, t, J 8], 3.93 [2H, d, J 6],  4.04 [2H, t, J 8], 4.18 

[2H, d, J 6], 521 [1H, bs], 7.09 [1H, t, J 8], 7.18-7.28 [2H, m], 8.18 [1H, d, J 8]; 13C 

(101 MHz; CDCl3) δ 169.54, 165.75, 142.29, 131.10, 127.76, 124.79, 124.43, 116.85 

80.48, 46.72, 42.75, 38.64, 28.34, 28.10; m/z (ESI; 98%) Calc. for C17H23N3O4 = 

333.39 found 334.5 [M+H]+ 
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1-chloroethyl indoline-1-carboxylate 71 

 

To a stirred solution of indoline (0.1 g, 0.84 mmol, 1 eq) in dry DCM (10 mL) at -

10°C was added, 4-Methylmorpholine (0.30 mL, 2.77 mmol, 3.3 eq) and 1-

chloroethyl chloroformate (0.099 mL, 0.923 mmol, 1.1 eq), and the resulting solution 

left to stir for 2 hours. TLC analysis deemed the reaction to be complete and the 

reaction solvent was removed under vacuum. The residue was re-dissolved in ethyl 

acetate (10 mL) and poured onto 2N HCl (10 mL). This was then extracted with water 

and then the organic layers combined and dried over Na2SO4. This was then filtered, 

concentrated under vacuum and purified by silica gel column chromatography using 

a gradient of 0-40% EtOAc in Cy obtain the title compound 71 (0.141 g, 74%) as a 

mixture of enantiomers, as a colourless oil; Rf 0.74 (20% EtOAc in Cy); 1H (400 MHz; 

CDCl3) δ 1.51 [3H, d, J 5], 3.32 [2H, t, J 8], 3.94 [2H, t, J 8], 6.76-6.95 [1H, m], 7.10 

[1H, t, J 8], 7.17-7.28 [2H, m], 8.25 [1H, d, J 8]; 13C DEPT (101 MHz; CDCl3) δ  

154.75, 136.21, 134.77, 129.37, 128.44, 125.83, 119.67, 88.24, 53.40, 27.56, 22.21; 

m/z (ESI; 95%) Calc. for C11H12ClNO2 = 225.67 found 226.7 [M+H]+.  
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tert-Butyl 3-(3-ethoxy-3-oxopropyl)-4-oxopiperidine-1-carboxylate 83 

 

To a stirred solution of tert-butyl 4-oxopiperidine-1-carboxylate (20.00 g, 100.37 

mmol, 1 eq) in toluene (240 mL) under dean stark conditions was added, pyrrolidine 

(11.08 mL, 135.51mmol, 1.35 eq) and the resulting solution refluxed at 160°C for 4 

hours, collecting 2.3 mL of water. After 4 hours the solution was concentrated under 

high vacuo and the resulting oil redissolved in toluene (240 mL) and Ethyl Acrylate 

(21.16 mL, 200.75 mmol, 2 eq) was added. The resulting solution was refluxed at 

160°C for 16 hours. TLC analysis deemed the reaction to be complete and the solution 

was allowed to cool to 60°C before water (100 mL) was added. The biphasic solution 

was then stirred at 60°C for 1 hour before being concentrated in vacuo to remove the 

toluene. The aqueous solution was then acidified with 2N HCl (100 mL) and extracted 

with EtOAc (3X 100 mL). The organic layers were then combined, dried over MgSO4, 

filtered and concentrated in vacuo. The crude mixture was then absorbed onto silica 

and purified using silica gel chromatography to achieve the title compound 83 (30.06 

g, 99%) as an orange oil; Rf 0.56 (40% EtOAc in Cy); 1H (400 MHz; CDCl3) δ 1.26 

[3H, t, J 7], 1.49 [9H, s], 1.54-1.66 [1H, m], 2.00-2.19 [1H, m], 2.35-2.52 [5H, m], 

3.00-3.18 [1H, m], 3.36-3.48 [1H, m], 4.02-4.16 [4H, m]; 13C (101 MHz; CDCl3) δ 

209.05, 173.00, 154.50, 128.38, 80.57, 60.45, 49.43, 48.33, 43.73, 40.81, 31.72, 28.48, 

22.52, 14.21;  
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tert-Butyl 2-oxooctahydro-1,6-naphthyridine-6(2H)-carboxylate 83 b, c 

 

To a stirred solution of tert-Butyl 3-(3-ethoxy-3-oxopropyl)-4-oxopiperidine-1-

carboxylate (5.00 g, 16.70 mmol, 1 eq) in MeOH (40 mL) and Acetic Acid (11.4 mL) 

was added 7N NH3 in MeOH (14 mL, 5 eq) and MgSO4 (5 g) and the suspension 

stirred at 40°C for 1 hour. After 1 hour, to the suspension was added 2-picoline borane 

(2.60 g, 25.10 mmol, 1.5 eq) and the suspension stirred at 40°C for 5 hours. TLC 

analysis deemed the reaction to be complete and the MgSO4 was filtered, and the 

solution concentrated in vacuo. The crude mixture was then absorbed onto silica and 

purified by silica gel chromatography using a gradient of 10% MeOH in EtOAc to 

obtain the title compounds 83 b, c (1.36 g, 32%) as an orange oil, an inseparable 6:4 

Cis:Trans isomeric mixture; Rf 0.18 (10% MeOH in EtOAc); 1H (400 MHz; CDCl3) 

δ 1.48 [9H, s], 1.62-1.92 [4H, m], 2.00-2.11 [1H, m], 2.33-2.40 [1H, m], 3.12-3.24 

[2H, m], 3.39-3.52 [1H, m], 3.63-3.78 [1H, m] 3.84-4.21 [1H, m]; 13C (101 MHz; 

CDCl3) δ 172.5, 154.7, 80.1, 56.33, 53.48, 50.63, 38.77, 30.88, 28.36, 24.45; m/z (ESI; 

96%) Calc. for C13H22N2O3 = 254.16 found 255.2 [M+H]+ 
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tert-Butyl 2-thioxooctahydro-1,6-naphthyridine-6(2H)-carboxylate 84 

 

To a stirred solution of tert-Butyl 2-oxooctahydro-1,6-naphthyridine-6(2H)-

carboxylate (0.60 g, 2.36 mmol, 1 eq) in DCM (40 mL) was added Lawesson’s 

Reagent (1.43 g, 3.54 mmol, 1.5 eq) and the resulting suspension stirred at 50 °C 

overnight. TLC analysis deemed the reaction to be complete and water (100 mL) was 

added and the emulsion stirred for 15 mins before being filtered through celite. The 

aqueous layer was separated, and the organic layer re-extracted with water (2x 50 

mL). The organic layers were combined, dried over MgSO4, filtered and concentrated 

in vacuo. The crude mixture was then absorbed onto silica, wetted with PET and left 

to age overnight. The following day the crude mixture was purified by silica gel 

chromatography using s gradient of 0-40% EtOAc in PET to obtain the title compound 

84 (0.06 g, 10%) as a yellow oil; Rf 0.15 (40% EtOAc in Cy); 1H (400 MHz; CDCl3) 

δ 1.50 [9H, s], 1.70-1.89 [4H, m], 2.80-3.06 [2H, m], 3.12-3.45 [2H, m], 3.47-3.74 

[2H, m], 9.01 [1H, bs]; 13C (101 MHz; CDCl3) δ 202.68, 154.78, 80.10, 53.48, 40.72, 

39.05,37.67, 31.67, 29.64, 28.37, 21.44; m/z (ESI; 96%) Calc. for C13H22N2O2S = 

270.39 found 271.4 [M+H]+ 
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tert-Butyl 2-oxo-1,3,4,5,7,8-hexahydro-1,6-naphthyridine-6(2H)-carboxylate 84, 84a 

 

To a stirred solution of tert-Butyl 3-(3-ethoxy-3-oxopropyl)-4-oxopiperidine-1-

carboxylate (3.30 g, 11.0 mmol, 1 eq) in MeOH (40 mL) and Acetic Acid (11.4 mL) 

was added 7N NH3 in MeOH (7 mL, 5 eq) and MgSO4 (5 g) and the suspension stirred 

at 40°C for overnight. TLC analysis deemed the reaction to be complete and the 

MgSO4 was filtered, and the solution concentrated in vacuo. The crude mixture was 

then dissolved in EtOAc (50 mL) and extracted with H2O (3x50 mL). The organic 

layers were combined, dried over MgSO4, filtered and concentrated in vacuo. The 

crude mixture was then absorbed onto silica and purified by silica gel chromatography 

using a gradient of 0-100% EtOAc in PET to obtain the title compound (1.32 g, 94%) 

as an orange oil, a 50:50 mixture of regio-isomers 84, 84a; Rf 0.10 (50% EtOAc in 

Cy); 1H (400 MHz; CDCl3) δ 1.45 [9H, s], 2.11-2.17 [2H, m], 2.21 [2H, t, J 8], 2.49 

[2H, t. J 8], 3.54 [2H, t, J 6], 3.78-3.84 [2H, m], 8.47 [1H, bs]; 13C (101 MHz; CDCl3) 

δ 171.5, 154.76, 127.51, 80.03, 53.32, 44.57, 30.32, 28.42, 25.80 23.01; m/z (ESI; 

96%) Calc. for C13H20N2O3 = 252.31 found 253.3 [M+H]+ 
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tert-Butyl 2-oxooctahydro-1,6-naphthyridine-6(2H)-carboxylate 85, 86 

 

To a stirred solution of tert-Butyl 2-oxo-1,3,4,5,7,8-hexahydro-1,6-naphthyridine-

6(2H)-carboxylate (1.5 g, 5.30 mmol, 1 eq) as a 50:50 mixture of regio-isomers in 

MeOH (20 mL) was added 10% Pd/C (0.30g, 20% w/w) and the resulting suspension 

placed under a hydrogen atmosphere. The suspension was stirred for 2 hours, until 

TLC analysis deemed the reaction to be complete, and the palladium was filtered 

through celite. The solution was concentrated in vacuo to obtain the title product 85, 

86 (0.72 g, 47%) as a yellow oil, an inseparable 75:25 mixture of enantiomers; Rf 0.18 

(10% MeOH in EtOAc); 1H (400 MHz; CDCl3) δ 1.47 [9H, s], 1.64-1.89 [4H, m], 

2.02-2.11 [1H, m], 2.36-2.41 [1H, m], 3.14-3.23 [2H, m], 3.34-3.51 [1H, m], 3.64-

3.71 [1H, m] 3.82-4.23 [1H, m]; 13C (101 MHz; CDCl3) δ 172.41, 154.72, 80.14, 

56.33, 53.48, 50.63, 38.77, 30.88, 28.36, 24.45; m/z (ESI; 96%) Calc. for C13H22N2O3 

= 254.16 found 255.2 [M+H]+ 
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tert-Butyl (4S,8R)-2-thioxooctahydro-1,6-naphthyridine-6(2H)-carboxylate 87 

 

To a stirred solution of tert-Butyl 2-oxooctahydro-1,6-naphthyridine-6(2H)-

carboxylate (1.50 g, 5.90 mmol, 1 eq) in DCM (40 mL) was added Lawesson’s 

Reagent (3.58 g, 8.80 mmol, 1.5 eq) and the resulting suspension stirred at 50 °C 

overnight. TLC analysis deemed the reaction to be complete and water (100 mL) was 

added and the emulsion stirred for 15 mins before being filtered through celite. The 

aqueous layer was separated, and the organic layer re-extracted with water (2x 50 

mL). The organic layers were combined, dried over MgSO4, filtered and concentrated 

in vacuo. The crude mixture was then absorbed onto silica, wetted with PET and left 

to age overnight. The following day the crude mixture was purified by silica gel 

chromatography using s gradient of 0-40% EtOAc in PET to obtain the title compound 

87 (0.77 g, 75%) as a yellow oil; Rf 0.35 (50% EtOAc in Cy); 1H (400 MHz; CDCl3) 

δ 1.46 [9H, s], 1.70-1.92 [4H, m], 2.02-2.13 [1H, m], 2.82-2.93 [1H, m], 2.94-3.05 

[1H, m], 3.09-3.29 [1H, m], 3.30-3.45 [1H, m], 3.48-3.66, [2H, m], 9.25s [1H, bs]; 

13C (101 MHz; CDCl3) δ 202.69, 154.72, 80.53.32, 45.91, 44.41, 40.63, 37.69, 31.62, 

29.58, 28.43, 24.46; m/z (ESI; 98%) Calc. for C13H22N2O2S = 270.39 found 271.4 

[M+H]+ 
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tert-butyl (5aS,9aR)-1-methyl-4,5,5a,8,9,9a-hexahydro-[1,2,4]triazolo[4,3-a][1,6] 

naphthyridine-7(6H)-carboxylate 88 

 

To a stirred solution of tert-Butyl (4S,8R)-2-thioxooctahydro-1,6-naphthyridine-

6(2H)-carboxylate (0.50 g, 1.8 mmol, 1 eq) in toluene (5 mL) was added acetyl 

hydrazide (0.27 g, 3.7 mmol, 2 eq) and the resulting solution stirred for 2 days at 

130°C. TLC analysis deemed the reaction to be complete and the solution was 

concentrated in vacuo. The crude mixture was absorbed onto silica and purified using 

silica gel chromatography using a gradient of 0-10% MeOH in EtOAc to obtain the 

title compound 88 (0.43 g, 76 %) as a colourless oil; Rf 0.33 (10 % MeOH in DCM); 

1H (400 MHz; CDCl3) δ 1.49 [9H, s], 1.70-1.81 [1H, m], 1.92-2.07 [3H, m], 2.25-2.34 

[1H, m], 2.54 [3H, bs], 2.77-2.31 [5H, m]; 13C (101 MHz; CDCl3) δ 156.20, 155.10 

154.72, 80.32, 45.91, 44.41, 40.60, 37.69, 31.62, 29.58, 28.43, 24.46, 11.27; m/z (ESI; 

94%) Calc. for C15H24N4O2 = 292.38 found 293.4 [M+H]+ 
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(5S,9R)-1-methyl-4,5,5a,6,7,8,9,9a-octahydro-[1,2,4] triazolo[4,3-a][1,6] 

naphthyridine 89 

 

To a stirred solution of tert-butyl (5aS,9aR)-1-methyl-4,5,5a,8,9,9a-hexahydro-[1,2,4] 

triazolo[4,3-a][1,6] naphthyridine-7(6H)-carboxylate (0.50 g, 1.7 mmol, 1 eq) in 

DCM (10 mL) was added 4N HCl (5 mL) and the resulting solution stirred for 2 hours 

at room temperature. TLC analysis deemed the reaction to be complete and the 

solution concentrated in vacuo to obtain the title compound (0.38 g, 97%) as a white 

gum; Rf 0.1 (10 % MeOH in DCM); 1H (400 MHz; DMSO) δ 1.72-1.80 [1H, m], 

1.95-2.03 [3H, m], 2.24-2.29 [1H, m], 2.51 [3H, bs], 2.76-2.31 [5H, m]; 13C (101 

MHz; DMSO) δ, 156.20, 155.10, 45.91, 44.41, 40.63, 37.69, 31.62, 29.58, 24.46, 

11.25; m/z (ESI; 99%) Calc. for C10H16N4 = 192.27 found 192.3 [M+H]+ 
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4-(5-chloro-2-(((5aS,9aR)-1-methyl-4,5,5a,8,9,9a-hexahydro-[1,2,4]triazolo[4,3-

a][1,6] naphthyridine-7(6H)-yl)methyl)benzo[b]thiophen-7-yl)morpholine 90 

 

To a stirred solution of (5S,9R)-1-methyl-4,5,5a,6,7,8,9,9a-octahydro- [1,2,4] 

triazolo[4,3-a] [1,6] naphthyridine (0.27 g, 0.96 mmol, 1.1 eq) in  MeOH (9 mL) was 

added sodium acetate (0.29 g, 3.50 mmol, 4 eq) and the resulting solution stirred at 

40°C for 1 hour. After 1 hour, acetic acid (1 mL) and 5-chloro-7-

morpholinobenzo[b]thiophene-2-carbaldehyde (0.20g, 0.874 mmol, 1 eq) was added 

and the suspension stirred for 1 further hour at 40°C. After 1 hour, the solution was 

cooled to room temperature and 2-picoline borane complex was added and the 

suspension stirred for 16 hours at room temperature. TLC analysis deemed the 

reaction to be complete and the suspension was filtered through filter paper and the 

solution concentrated in vacuo. The crude mixture was then absorbed onto silica 

before being purified by silica gel chromatography using a gradient of 0-20% MeOH 

in DCM to obtain the title compound 90 (0.22 g, 55%) as yellow solid; Rf 0.5 (20 % 

MeOH in DCM 1% NH3); 
1H (400 MHz; CDCl3) δ 1.92 [2H, dt, J 4 and 12], 1.97-

2.06 [1H, m], 2.24-2.32 [2H, m], 2.51 [3H, s], 2.52-2.57 [2H, m], 2.85-2.95 [1H, m], 

3.07 [2H, t, J 12], 3.30 [1H, dd, J 6 and 17 Hz],  3.87 [4H, t, J 4], 3.99-4.04 [4H, m], 

4.15 [1H, qu, J 6], 7.20 [1H, s]; 13C (101 MHz; CDCl3) δ, 160.21, 156.04, 149.72, 

142.26, 124.56, 121.59, 66.45, 57.75, 56.84, 56.47, 52.16, 46.55, 35.01, 28.62, 22.53, 

20.84, 11.86; m/z (ESI; 98%) Calc. for C30H33N7OS = 460.00 found 461.1 [M+H]+  
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4-(5-(1H-indazol-4-yl)-2-(((5aS,9aR)-1-methyl-4,5,5a,8,9,9a-hexahydro-[1,2,4] 

triazolo[4,3-a][1,6]naphthyridin-7(6H)-yl)methyl)benzo[b]thiophen-7-yl)morpholine 

Q 

 

To a stirred solution of 4-(5-chloro-2-(((5aS,9aR)-1-methyl-4,5,5a,8,9,9a-hexahydro-

[1,2,4]triazolo[4,3-a][1,6] naphthyridine-7(6H)-yl) methyl)benzo[b]thiophen-7-

yl)morpholine (1.00 g, 2.174 mmol, 1 eq) in EtOH (3 mL) and H2O (1 mL) was added 

(1H-indazol-4-yl)boronic acid (0.53 g, 3.26 mmol, 1.5 eq), 2N Na2CO3 (3.26 mL, 6.52 

mmol, 3 eq) and Bis(triphenylphosphine)palladium(II) dichloride (0.153 g, 0.217 

mmol, 0.1 eq) and the resulting suspension stirred for 2 hours at 100°C. TLC analysis 

deemed the reaction to be complete and the suspension was filtered through celite and 

the resulting solution concentrated in vacuo. The crude mixture was dissolved in DCM 

(2 mL) and purified by silica gel chromatography using a gradient of 0-20 % MeOH 

in DCM to obtain the title compound Q (0.77g, 65%) as a yellow solid; Rf 0.5 (10% 

MeOH in DCM); 1H (400 MHz; CDCl3) δ 1.65-1.78 [2H, m], 1.90-2.00 [1H, m], 2.07-

2.16 [1H, m], 2.32 [3H, s], 2.38-2.44 [2H, m], 2.64-2.82 [2H, m], 2.90-3.04 [3H, m], 

3.79-3.87 [4H, m], 3.96-4.04 [4H, m], 4.16-2.42 [2H, s], 4.67-7.50 [3H, m], 7.68 [1H, 

d, J 8], 8.23 [1H, d, J 8], 8.90 [1H, s], 13.23 [1H, s]; 13C (101 MHz; CDCl3) δ 162.72, 

160.12, 158.02, 151.92, 151.20, 150.57, 150.12, 149.88, 149.31, 141.28, 135.58, 

131.64, 126.14, 123.59, 121.72, 121.48, 112.76, 112.56, 66.48, 58.65, 56.92, 56.47, 

52.17, 51.98, 51.46, 46.65, 34.07, 28.82, 21.43, 20.85, 13.86; m/z (ESI; 98%) Calc. 

for C28H31N9OS = 541.68 found 542.7 [M+H]+ 
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4-(2-chloro-6-((4-(methylsulfonyl)piperazin-1-yl)methyl)thieno[3,2-d]pyrimidin-4-

yl)morpholine 94 

 

To a stirred solution of 2-chloro-4-morpholinothieno[3,2-d] pyrimidine-6-

carbaldehyde (0.5 g, 1.765 mmol, 1 eq) in MeOH:AcOH (10:1) (5 mL) was added 1-

(methylsulfonyl)piperizine (0.40 g, 2.1 mmol, 1.5 eq) and Na2SO4 (0.5 g) and the 

resulting suspension stirred for 1 hour at 40°C. After 1 hour, picoline borane (0.20 g, 

1.92 mmol, 2 eq) was added and the suspension stirred for a further hour. After 1 hour, 

TLC analysis deemed the reaction to be complete and the suspension was filtered 

through celite and the resulting solution concentrated in vacuo. The crude mixture was 

dissolved in DCM (2 mL) and purified by silica gel chromatography using a gradient 

of 0-20 % MeOH in DCM to obtain the title compound 94 (0.60 g, 79%) as a yellow 

solid; Rf 0.5 (10% MeOH in DCM); 1H (400 MHz; CDCl3) δ 2.58  [4H, t, J 5], 2.90 

[3H, m], 3.15 [4H, t, J 5], 3.72-3.77 [4H, m], 3.85-3.92 [6H, m], 7.30 [1H, s]; 13C (101 

MHz; CDCl3) δ 163.1, 158.4, 156.3, 152,8 122.6, 112.8, 66.2, 56.5, 52.5, 46.31, 45.84, 

34.1; m/z (ESI; 98%) Calc. for C28H31N9OS = 432.91 found 434.0[M+H]+ 
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4-(2-(1H-indazol-4-yl)-6-((4-(methylsulfonyl)piperazin-1-yl)methyl)thieno[3,2-

d]pyrimidin-4-yl)morpholine Pictilisib 

 

To a stirred solution of 4-(2-chloro-6-((4-(methylsulfonyl)piperazin-1-

yl)methyl)thieno[3,2-d]pyrimidin-4-yl)morpholine (1.59 g, 3.70 mmol, 1eq) in EtOH 

(3 mL) and H2O (1 mL) was added was added (1H-indazol-4-yl)boronic acid (0.89 g, 

5.50 mmol, 1.5 eq), 2N Na2CO3 (3.26 mL, 6.52 mmol, 3 eq) and 

Bis(triphenylphosphine)palladium(II) dichloride (0.258 g, 0.401 mmol, 0.1 eq) and 

the resulting suspension stirred for 2 hours at 100°C. TLC analysis deemed the 

reaction to be complete and the suspension was filtered through celite and the resulting 

solution concentrated in vacuo. The crude mixture was dissolved in DCM (2 mL) and 

purified by silica gel chromatography using a gradient of 0-20 % MeOH in DCM to 

obtain Pictilisib (0.77g, 65%) as a yellow solid; Rf 0.7 (10% EtOAc in Cy); 1H (400 

MHz; CDCl3) δ 2.58-2.65 [4H, m], 2.91 [3H, s], 3.12-3.21 [4H, m], 3.81-3.87 [4H, 

m], 3.94 [2H, s], 3.98-4.02 [4H, m], 7.45-7.52 [2H, m], 7.67 [1H, d, J 8], 8.24 [1H, d, 

J 8], 8.90 [1H, s]; 13C (101 MHz; CDCl3) δ 170.82, 162.74, 160.21, 158.11, 150.77, 

141.28, 135.60, 131.60, 126.11, 124.07, 121.70, 121.47, 112.81, 112.54, 66.47, 60.26, 

56.69, 52.36, 46.57, 45.87,  m/z (ESI; 98%) Calc. for C23H27N7O3 = 513.64 found 

514.7 [M+H]+ 
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tert-butyl (2-(1H-indazol-1-yl)-2-oxoethyl)carbamate 36a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 36a (83%) as a white 

solid; Rf 0.62 (30 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.52 [9H, s], 4.86 [2H, 

d, J 5 Hz], 7.38 [1H, t, J 7 Hz], 7.52 [1H, t, J 7 Hz], 7.75 [1H, d J 7 Hz], 8.15 [1H, s], 

8.41 [1H, d, J 7 Hz]; 13C (101 MHz; CDCl3) δ 169.8, 155.9 140.9, 139.2, 129.9, 

126.3124.9, 121.4, 115.280.1, 44.3, 28.5; m/z (ESI; 99%) Calc. for C14H17N3O3 = 

275.31 found 276.3 [M+H]+. 
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tert-Butyl (2-((2-(1H-indazol-1-yl)-2-oxoethyl)amino)-2-oxoethyl) carbamate 36b 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 36 (83%) as a white 

solid; Rf 0.63 (80 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.44 [9H, s], 3.91-4.00 

[2H, m] 4.92 [2H, d, J 5 Hz], 5.69 [1H, bs], 7.28-7.5 [2H, m], 7.49 [1H, t, J 8 Hz], 

7.67 [1H, d, J 8 Hz], 8.07 [1H, s], 8.27 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 

170.40, 168.77, 156.24, 140.77, 138.94,  129.67, 126.09, 124.86, 121.09, 114.99, 

80.10, 44.23, 42.85, 28.29; m/z (ESI; 99%) Calc. for C16H20N4O4 = 332.36 found 

333.4 [M+H]+. 
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N-(2-(1H-indazol-1-yl)-2-oxoethyl)-2-aminoacetamide 36 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 36 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C11H12N4O2 = 232.34 found 233.4 [M+H]+. 
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tert-butyl (S)-(1-((2-(1H-indazol-1-yl)-2-oxoethyl)amino)-1-oxopropan-2-

yl)carbamate 37a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 37a (98%) as a 

colourless oil; Rf 0.47 (60 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.39-1.44 [12H, 

m], 4.31-4.42 [1H, bs], 4.89 [2H, d, J 5 Hz], 5.48-5.57 [1H, m], 7.28 [1H, t, J 8 Hz], 

7.34-7.42 [1H, bs] 7.46 [1H, t, J 8 Hz], 7.65 [1H, d, J 8 Hz], 8.04 [1H, s], 8.26 [1H, d, 

J 8 Hz]; 13C (101 MHz; CDCl3) δ 171.12, 168.76, 155.59, 140.64, 138.92,  129.58, 

126.05, 124.77, 121.04, 114.98, 79.88, 60.33, 40.96, 28.29, 18.60; m/z (ESI; 98%) 

Calc. for C17H22N4O4 = 346.39 found 347.4 [M+H]+. 
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(S)-N-(2-(1H-indazol-1-yl)-2-oxoethyl)-2-aminopropanamide 37 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 37 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C12H14N4O2 = 246.27 found 247.4 [M+H]+. 
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tert-butyl (1-((2-(1H-indazol-1-yl)-2-oxoethyl)amino)-2-methyl-1-oxopropan-2-yl) 

carbamate 38a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to achieve to obtain the title compound 38a (82%) 

as a colourless oil; Rf 0.67 (33 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.32 [9H, 

s], 1.47 [6H,s], 4.80 [2H, d, J 5Hz], 7.21 [1H, t, J 8Hz], 7.39 [1H, t, J 8 Hz], 7.59 [1H, 

d, J 8 Hz], 7.99 [1H, s], 8.19 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 175.54, 168.89, 

154.76, 140.49, 138.85,  129.44, 124.66, 121.02, 114.86, 79.74, 56.69, 43.03, 28.22, 

25.90; m/z (ESI; 96%) Calc. for C18H24N4O4 = 360.41 found 361.5 [M+H]+. 
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N-(2-(1H-indazol-1-yl)-2-oxoethyl)-2-amino-2-methylpropanamide 38 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 38 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C13H16N4O2 = 260.30 found 261.4 [M+H]+. 
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tert-butyl (S)-(1-((2-(1H-indazol-1-yl)-2-oxoethyl)amino)-3-methyl-1-oxobutan-2-

yl)carbamate 39a  

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 39a (84%) as a 

colourless oil; Rf 0.67 (80 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 0.97-1.07 [6H, 

dd, J 7 and 18 Hz], 1.48 [9H,s], 2.25 [1H, m], 4.14 [1H, m], 4.97 [2H, m], 5.26 [1H, 

bs], 7.00 [1H, bs], 7.37 [1H, t, J 8Hz], 7.56 [1H, t, J 8 Hz], 7.74 [1H, d, J 8 Hz], 8.13 

[1H, s], 8.34 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 172.17, 168.74, 155.98, 140.80, 

139.03,  129.72, 124.90, 121.11, 115.11, 79.94, 59.93, 42.90, 30.97, 28.34, 19.32; m/z 

(ESI; 99%) Calc. for C19H26N4O4 = 374.44 found 375.4 [M+H]+. 
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(S)-N-(2-(1H-indazol-1-yl)-2-oxoethyl)-2-amino-3-methylbutanamide 39 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 39 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C14H18N4O2 = 274.32 found 275.4 [M+H]+. 
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tert-butyl (S)-(1-((2-(1H-indazol-1-yl)-2-oxoethyl)amino)-3,3-dimethyl-1-oxobutan-

2-yl)carbamate 40a 

 

This compound was synthesised according to General Chemistry Procedure6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 40a (95%) as a 

colourless oil; Rf 0.80 [40% EtOAc in PET 1H (400 MHz; CDCl3) δ 0.97-1.07 [9H, 

s], 1.41 [9H,s], 4.76-5.08 [1H, m], 5.52 [2H, s], 7.29 [1H, t, J 8Hz], 7.46 [1H, t, J 8 

Hz], 7.64 [1H, d, J 8 Hz], 8.05 [1H, s], 8.27 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 

171.76, , 168.65, 156.06, 140.54, 138.98, 129.51, 126.04, 124.72, 121.00, 115.13, 

79.59, 62.19, 42.78, 34.59, 28.29 26.06, 23.96; m/z (ESI; 998) Calc. for C20H28N4O4 

= 388.47 found 389.5 [M+H]+. 
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(S)-N-(2-(1H-indazol-1-yl)-2-oxoethyl)-2-amino-3,3-dimethylbutanamide 40 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 40 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C15H20N4O2 = 288.35 found 289.4 [M+H]+. 
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tert-butyl (3-((2-(1H-indazol-1-yl)-2-oxoethyl)amino)-3-oxopropyl) carbamate 41a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 41a (94%) as a 

colourless oil; Rf 0.61 (80 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.38 [9H, s], 

2.54 [2H, t, J 6 Hz], 3.43 [2H, q, J 6 Hz], 4.86 [2H, d, J 5 Hz], 5.44-5.54 [1H, bs], 7.11 

[1H, m], 7.29 [1H, t, J 8Hz], 7.48 [1H, t, J 8 Hz], 7.66 [1H, d, J 8 Hz], 8.06 [1H, s], 

8.27 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 168.94, 165.71, 156.21, 140.74, 138.95,  

129.65, 126.06, 124.84, 121.09, 115.00, 79.17, 40.97, 36.73, 36.08, 28.36; m/z (ESI; 

95%) Calc. for C17H22N4O54= 346.39 found 347.4 [M+H]+. 
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N-(2-(1H-indazol-1-yl)-2-oxoethyl)-3-aminopropanamide 41 

 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 41 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C12H14N4O2 = 246.27 found 247.4 [M+H]+. 
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tert-butyl (S)-(1-(1H-indazol-1-yl)-1-oxopropan-2-yl)carbamate 42i 

 

This compound was synthesised according to General Chemistry Procedure7. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 42i (83%) as a white 

solid; Rf 0.35 (20 % EtOAc in PET); 1H (400 MHz; DMSO) δ 1.24-1.31 [12H, m], 

3.82-3.93 [1H, m], 7.10 [1H, t, J 7 Hz], 7.33 [1H, t, J 7 Hz], 7.55 [1H, d J 7 Hz], 7.76 

[1H, d, J 7 Hz] 8.06 [1H, s]; 13C (101 MHz; DMSO3) δ 169.7, 140.4, 133.9, 126.4, 

123.4, 120.95, 120.67, 110.73, 53.49, 45.83, 19.54, 12.73; m/z (ESI; 99%) Calc. for 

C15H19N3O3 = 289.34 found 290.3 [M+H]+. 
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tert-butyl (S)-(2-((1-(1H-indazol-1-yl)-1-oxopropan-2-yl)amino)-2-

oxoethyl)carbamate 42ii 

 

 

This compound was synthesised according to General Chemistry Procedure6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 42ii (98%) as a 

colourless oil; Rf 0.67 (60 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.48 [9H, s], 

1.61 [3H, d, J 7 Hz], 3.83-3.99 [2H, m], 5.39 [1H, bs], 5.83-5.93 [1H, m], 7.13 [1H, 

bs], 7.38 [1H, t, J 8 Hz], 7.57 [1H, t, J 8 Hz] 7.75 [1H, d, J 8 Hz], 8.18 [1H, s], 8.38 

[1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 172.65, 169.07, 156.08, 140.87, 139.24,  

129.74, 126.33, 124.99, 121.12, 115.41, 80.22, 48.29, 44.29, 28.31, 19.10; m/z (ESI; 

99%) Calc. for C17H22N4O4 = 346.39 found 347.5 [M+H]+. 
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(S)-N-(1-(1H-indazol-1-yl)-1-oxopropan-2-yl)-2-aminoacetamide 42 

 

This compound was synthesised according to General Chemistry Procedure 6 to 

obtain the title compound 42 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C12H14N4O2 = 246.27 found 247.4 [M+H]+. 
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tert-butyl (1-(1H-indazol-1-yl)-2-methyl-1-oxopropan-2-yl)carbamate 43a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 43a (83%) as a white 

solid; Rf 0.52 (30 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.46 [9H, m], 1.92 [6H, 

s], 7.52 [1H, t, J 7 Hz], 7.28 [1H, t, J 7 Hz], 7.98 [1H, d J 7 Hz], 8.35 [1H, d, J 7 Hz] 

8.66 [1H, s]; 13C (101 MHz; CDCl3) δ 173.83 142.53, 139.85, 131.00, 126.14, 126.00, 

122.72, 115.57, 79.52, 56.11, 24.10, 23.80; m/z (ESI; 98%) Calc. for C16H21N3O3 = 

303.36 found 304.4 [M+H]+. 
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tert-butyl (2-((1-(1H-indazol-1-yl)-2-methyl-1-oxopropan-2-yl)amino)-2-oxoethyl) 

carbamate 43b 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 43b (75%) as a 

colourless oil Rf 0.6 (60 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.45 [9H, s], 1.83 

[6H,s], 3.67 [2H, s], 5.29 [1H, bs], 7.25 [1, bs], 7.33 [1H, t, J 8Hz], 7.57[1H, t, J 8 

Hz], 7.69 [1H, d, J 8 Hz], 8.05 [1H, s], 8.46 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 

172.98, 169.04, 156.11, 140.05, 139.34, 129.60, 125.25, 124.56, 120.9, 116.09, 79.96, 

58.43, 38.60, 28.32, 25.61; m/z (ESI; 99%) Calc. for C18H24N4O4 = 360.41 found 

361.4 [M+H]+. 
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N-(1-(1H-indazol-1-yl)-2-methyl-1-oxopropan-2-yl)-2-aminoacetamide 43 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 43 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C13H14N4O2 = 260.30 found 261.4 [M+H]+. 
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tert-butyl (S)-(1-(1H-indazol-1-yl)-3-methyl-1-oxobutan-2-yl)carbamate 44a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 44a (83%) as a white 

solid; Rf 0.52 (30 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 0.99 [6H, d, J 6 Hz], 

1.30 [9H, m], 3.93-4.13 [1H, m], 7.10 [1H, t, J 7 Hz], 7.33 [1H, t, J 7 Hz], 7.98 [1H, 

d J 7 Hz], 8.33 [1H, d, J 7 Hz] 8.64 [1H, s]; 13C (101 MHz; DMSO) δ 172.91, 155.50, 

138.76, 129.32, 124.81, 120.98, 114.62, 79.67, 57.82, 31.05, 28.33, 26.48; m/z (ESI; 

98%) Calc. for C17H23N3O3 = 317.17 found 318.2 [M+H]+. 
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tert-butyl (S)-(2-((1-(1H-indazol-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-2-

oxoethyl)carbamate 44b 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 44b (59%) as a 

colourless oil; Rf 0.51 (60 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 0.88 [3H, d, J 

7Hz], 0.99 [3H, d, J 7Hz] 1.41 [9H,s], 2.39 [1H, o, J 4Hz], 3.78-3.96 [2H, m], 5.73 

[1H, bs], 5.84 [1H, dd, J 5 and 9Hz], 7.30 [1H, t, J 8Hz], 7.48 [1H, t, J 8 Hz], 7.67 

[1H, d, J 8 Hz], 8.12 [1H, s], 8.33 [1H, d, J 8 Hz]; 13C (101 MHz; CDCl3) δ 171.87, 

170.02, 156.26, 140.64, 139.02,  129.58, 126.32, 124.89, 121.11, 115.33, 79.92, 56.41, 

44.37, 31.54, 28.26, 19.65; m/z (ESI; 95%) Calc. for C19H26N4O4 = 374.44 found 

375.5 [M+H]+. 
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(S)-N-(1-(1H-indazol-1-yl)-3-methyl-1-oxobutan-2-yl)-2-aminoacetamide 44  

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 44 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C14H18N4O2 = 274.32 found 275.4 [M+H]+. 
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tert-butyl (S)-(1-(1H-indazol-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate 45a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 45a (83%) as a white 

solid; Rf 0.69 (30 % EtOAc in PET); 1H (400 MHz; DMSO) δ 1.03 [9H, m], 1.42 [9H, 

s],  3.93 [2H, s], 5.35-5.46 [1H, m], 7.35 [1H, t, J 7 Hz], 7.53 [1H, t, J 7 Hz], 7.71 

[1H, d J 7 Hz], 8.15 [1H, s], 8.44 [1H, d, J 7 Hz]; 13C (101 MHz; DMSO) δ 172.97, 

155.46, 138.89, 129.38,  124.78, 120.99, 115.60, 79.66, 58.56, 35.74, 28.35, 26.49; 

m/z (ESI; 98%) Calc. for C18H25N3O3 = 331.41 found 332.4 [M+H]+. 
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tert-butyl (S)-(2-((1-(1H-indazol-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-2-

oxoethyl)carbamate 45b 

 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 45b (35 %) as a 

colourless oil; Rf 0.37 [40% EtOAc in PET 1H (400 MHz; CDCl3) δ1.07 [9H, s], 1.49 

[9H,s], 3.76-3.97 [2H, m], 5.29 [1H, s], 7.06 [1H, d, J 8], 7.40 [1H, t, J 8Hz], 7.56 

[1H, t, J 8 Hz], 7.76 [1H, d, J 8 Hz], 8.20 [1H, s], 8.45 [1H, d, J 8 Hz]; 13C (101 MHz; 

CDCl3) δ 171.76, , 168.65, 156.06, 140.54, 138.98, 129.51, 126.04, 124.72, 121.00, 

115.13, 79.59, 62.19, 42.78, 34.59, 28.29 26.06, 23.96; m/z (ESI; 99%) Calc. for 

C20H28N8O4 = 388.47 found 389.5 [M+H]+. 
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(S)-N-(1-(1H-indazol-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-2-aminoacetamide 45 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 45 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C15H20N4O2 = 288.35 found 289.6 [M+H]+. 
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tert-butyl (3-(1H-indazol-1-yl)-3-oxopropyl)carbamate 46a 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 46a (83%) as a white 

solid; Rf 0.40 (20 % EtOAc in PET); 1H (400 MHz; DMSO) δ 1.26 [9H, m], 3.24 [2H, 

t, J 6 Hz], 3.61 [2H, t, J 6 Hz], 7.45 [1H, t, J 7 Hz], 7.67 [1H, t, J 7 Hz], 7.94 [1H, d J 

7 Hz], 8.33 [1H, d, J 7 Hz] 8.54 [1H, s]; 13C (101 MHz; DMSO) δ 171.09, 141.44, 

138.80, 130.26, 126.58, 125.29, 122.36, 115.01, 53.01, 45.80, 34.68, 33.14, 18.18; 

m/z (ESI; 98%) Calc. for C15H19N3O3 = 289.34 found 290.3 [M+H]+. 
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tert-butyl (2-((3-(1H-indazol-1-yl)-3-oxopropyl)amino)-2-oxoethyl) carbamate 46b 

 

This compound was synthesised according to General Chemistry Procedure 6. The 

crude reaction mixture was separated using silica gel chromatography using a gradient 

of 20-80% EtOAc in (40-60) PET to obtain the title compound 46b (39%) as a 

colourless oil; Rf 0.58 (60 % EtOAc in PET); 1H (400 MHz; CDCl3) δ 1.42 [9H, s], 

3.45 [2H, t, J 6Hz], 3.73-3.83 [4H, m], 5.39 [1H, bs], 7.00 [1H, bs], 7.35 [1H, t, J 8 

Hz], 7.54 [1H, t, J 8 Hz] 7.71 [1H, d, J 8 Hz], 8.10 [1H, s], 8.37 [1H, d, J 8 Hz]; 13C 

(101 MHz; CDCl3) δ 172.39, 169.64, 156.02, 140.26, 138.93, 129.56, 126.24, 124.69, 

121.04, 115.30, 80.09,  44.29, 38.59, 34.62, 28.27; m/z (ESI; 97%) Calc. for 

C17H22N4O4 = 346.39 found 347.4 [M+H]+. 
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N-(3-(1H-indazol-1-yl)-3-oxopropyl)-2-aminoacetamide 46 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 46 [100% (theoretical)] as a white solid; m/z (ESI; 99%) 

Calc. for C12H14N4O2 = 246.27 found 247.4 [M+H]+. 
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5.3 Chapter 3 

6-bromo-2-(2-morpholinoethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 97 

 

To a stirred solution of 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (0.10 g, 

0.44 mmol, 1 eq) in EtOH (20 mL) was added 2-morpholinoethan-1-amine (0.12 mL, 

0.88 mmol, 2 eq) and the resulting solution stirred for 3 hours at 80°C. TLC analysis 

deemed the reaction to be complete and the solution was cooled to room temperature 

and the yellow solid filtered and washed with cold EtOH (3x 10 mL) to obtain the title 

compound 97 (0.12 g, 74%) as a yellow solid; Rf 0.46 (100 % EtOAc); 1H (400 MHz; 

CDCl3) δ  2.60 [4H, t, J 5], 2.71 [2H, t, J 5], 3.70 [4H, t, J 5], 4.34 [2H, t, J 6], 7.84, 

[1H, t, J 8.5], 8.04 [1H, d, J 8.5], 8.40 [1H, d, J 8.5], 8.55 [1H, d, J 9], 8.64 [1H, d, J 

8.5]; 13C (101 MHz; CDCl3) δ 160.87, 159.99, 133.51, 131.59, 128.74, 126.02, 

123.48, 67.03, 56.26, 53.85, 37.14; m/z (ESI; 99%) Calc. for C18H17 BrN2O3 = 389.25 

found 388.3/340.3 [M+H]+ 
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6-methoxy-2-(2-morpholinoethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 98 

 

To a stirred solution of 6-bromo-2-(2-morpholinoethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (0.10 g, 0.26 mmol, 1 eq) in MeOH (10 mL) was added potassium 

carbonate (0.14 g, 1.03 mmol, 4 eq) and the resulting solution stirred at room 

temperature overnight. TLC analysis deemed the reaction to be complete and the 

solution was concentrated in vacuo. The crude mixture was redissolved in DCM (20 

mL) and extracted with H2O (3 x 40 mL). The organic layers were combined, dried 

over MgSO4, filtered and concentrated in vacuo to obtain the title compound 98 (0.08 

g, 86%) as yellow solid; Rf 0.83 (5% MeOH in DCM 1% NH3); 
1H (400 MHz; CDCl3) 

δ  2.63 [4H, t, J 5], 2.73 [2H, t, J 5], 3.71 [4H, t, J 5], 4.14 [3H, s], 4.35 [2H, t, J 6], 

7.06, [1H, d, J 8.5], 7.72 [1H, t, J 8.5], 8.56 [1H, d, J 8.5], 8.58 [1H, d, J 9], 8.60 [1H, 

d, J 8.5]; 13C (101 MHz; CDCl3) δ 164.52, 163.96, 160.87, 133.51, 131.59, 128.74, 

126.02, 123.48, 115.13, 105.29,67.03, 56.26, 53.85, 37.14; m/z (ESI; 99%) Calc. for 

C18H18N2O4 = 340.38 found 341.4 [M+H]+ 
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6-hydroxy-2-(2-morpholinoethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 95 

 

To a stirred solution of 6-methoxy-2-(2-morpholinoethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (0.45 g, 1.3 mmol, 1 eq) in DCM (5 mL) was added Hydroiodic Acid 

57% Aqueous solution (20 mL) and the resulting solution refluxed at 110°C for 3 

hours. LCMS deemed the reaction to be complete and the solution was cooled to room 

temperature, neutralised with 2N NaOH (10 mL) and the solution concentrated under 

high vacuo. The crude mixture was then absorbed onto silica and purified by silica gel 

chromatography using a gradient of 0-100% EtOAc in Cy to obtain the title compound 

95 (0.40 g, 93%) as an orange solid; Rf 0.7 (10% MeOH in DCM 1% NH3); 
1H (400 

MHz; DMSO) δ  2.84 [4H, t, J 5], 2.92 [2H, t, J 5], 3.64 [4H, t, J 5], 4.24 [2H, t, J 6], 

7.11, [1H, d, J 8.5], 7.32 [1H, t, J 8.5], 8.31[1H, d, J 8.5], 8.42 [1H, d, J 9],  8.50 [1H, 

d, J 8.5]; 13C (101 MHz; DMSO) δ 164.7, 163.9, 161.2, 134.2, 131.7, 129.8, 126.1, 

123.0, 122.2, 112.80, 110.50, 65.55, 55.60, 35.12, 36.1; m/z (ESI; 99%) Calc. for 

C18H18N2O4 = 326.35 found 327.5 [M+H]+ 
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tert-Butyl 4-(2-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 

ethyl)piperidine-1-carboxylate 99 

 

To a stirred solution of 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (0.50 g, 

1.80 mmol, 1 eq) in EtOH (20 mL) was added tert-butyl 4-(2-aminoethyl) piperidine-

1-carboxylate (0.82 mL, 3.6 mmol, 2 eq) and the resulting solution stirred for 3 hours 

at 80°C. TLC analysis deemed the reaction to be complete and the solution 

concentrated in vacuo. The crude mixture was absorbed onto silica and purified by 

silica gel chromatography using a gradient of 0-20% EtOAc in Cy to obtain the title 

compound 99 (0.53 g, 53%) as a yellow solid; Rf 0.7 (100% EtOAc); 1H (400 MHz; 

CDCl3) δ 1.15-1.29 [2H, m], 1.47 [9H, s], 1.51-1.60 [1H, m], 1.69 [2H, q, J 11], 1.81 

[2H, d, J 11], 2.73 [2H, t, J 11], 4.20 [3H, s], 4.22 [2H, t, J 6], 7.83 [1H, t, J 8.5], 8.02 

[1H, d, J 8.5], 8.37 [1H, d, J 9],  8.53 [1H, d, J 9] 8.62 [1H, d, J 9]; 13C (101 MHz; 

CDCl3) δ 164.49, 154.90, 133.27, 131.98, 131.19, 131.10, 130.57, 130.29, 128.90, 

128.11, 123.02, 122.17, 79.25, 38.30, 34.56, 34.19, 32.06, 28.54, 26.97; m/z (ESI; 

98%) Calc. for C24H27BrN2O4 = 487.39 found 487.5/489.5 [M+H]+ 
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tert-butyl 4-(2-(6-methoxy-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)ethyl)piperidine-1-carboxylate 100 

 

To a stirred solution of tert-Butyl 4-(2-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl) ethyl) piperidine-1-carboxylate (0.53 g, 1.1 mmol, 1 eq) in MeOH (10 mL) 

was added potassium carbonate (0.30 g, 2.20 mmol, 2 eq) and the resulting solution 

stirred at room temperature overnight. TLC analysis deemed the reaction to be 

complete and the solution was concentrated in vacuo. The crude mixture was absorbed 

onto silica and purified by silica gel chromatography using a gradient of 10-30% 

EtOAc in Cy to obtain the title compound 100 (0.42 g, 79%) as yellow solid; Rf 0.7 

(100% EtOAc); 1H (400 MHz; CDCl3) δ 1.17-1.29 [2H, m], 1.48 [9H, s], 1.52-1.61 

[1H, m],  1.69 [2H, q, J 11], 1.83 [2H, d, J 11], 2.74 [2H, t, J 11], 4.15 [3H, s], 4.22 

[2H, t, J 6], 7.06, [1H, d, J 8.5], 7.72 [1H, t, J 8.5], 8.56 [1H, d, J 9],  8.60 [1H, d, J 

9] 8.64 [1H, d, J 9]; 13C (101 MHz; CDCl3) δ 164.255, 163.97, 160.88, 154.96, 133.48, 

131.56, 128.73, 126.06, 123.53, 122.47, 115.09, 105.21, 79.19, 56.30, 38.11, 34.74, 

34.24, 32.11, 28.52, 26.94; m/z (ESI; 99%) Calc. for C25H30N2O5 = 438.52 found 

439.6 [M+H]+ 
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tert-butyl 4-(2-(6-hydroxy-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) ethyl) 

piperidine-1-carboxylate 101 

 

To a stirred solution of tert-butyl 4-(2-(6-methoxy-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl) ethyl)piperidine-1-carboxylate (0.40 g, 0.90 mmol, 1 

eq) in DCM (5 mL) was added Hydroiodic Acid 57% Aqueous solution (20 mL) and 

the resulting solution refluxed at 110°C for 3 hours. LCMS deemed the reaction to be 

complete and the solution was cooled to room temperature, neutralised with 2N NaOH 

(10 mL) and the solution concentrated under high vacuo. The crude mixture was then 

redissolved in DCM (10 mL), and Di-tert-butyl decarbonate (0.24 g, 1.10 mmol, 1.2 

eq) and NEt3 (0.38 mL, 2.70 mmol, 3 eq) was added and the resulting solution stirred 

for 30 minutes at room temperature. TLC analysis deemed the reaction to be complete 

and the solution was concentrated in vacuo. The crude mixture was then absorbed on 

to silica and purified by silica gel chromatography to obtain the title compound 101 

(0.35 g, 90%) as an orange solid; Rf 0.7 (100% EtOAc); 1H (400 MHz; CDCl3) δ 1.17-

1.30 [2H, m], 1.49 [9H, s], 1.53-1.63 [1H, m],  1.70 [2H, q, J 11], 1.84 [2H, d, J 11], 

2.76 [2H, d, J 11], 4.23 [2H, t, J 6], 7.17, [1H, d, J 8.5], 7.67 [1H, t, J 8.5], 8.46 [1H, 

d, J 9],  8.60 [1H, d, J 9] 8.64 [1H, d, J 9]; 13C (101 MHz; CDCl3) δ 164.87, 164.25, 

161.54, 155.20,134.10, 131.71, 130.08, 129.57, 125.18, 122.16, 112.93, 110.61, 

79.99, 38.06, 34.67, 34.11, 31.97, 28.58, 18.15; m/z (ESI; 99%) Calc. for C24H28N2O5 

= 590.49 found 591.6 [M+H]+ 
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6-hydroxy-2-(2-(piperidin-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 102 

 

To a stirred solution of tert-butyl 4-(2-(6-hydroxy-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)ethyl)piperidine-1-carboxylate (1.5 g, 2.5 mmol, 1 eq) 

in DCM (5 mL) was added 4N HCl in 1,4, dioxane and the resulting solution stirred 

at room temperature for 20 minutes. TLC analysis deemed the reaction to be complete 

and the solution was concentrated in vacuo. The crude mixture was absorbed on to 

silica and purified by silica gel chromatography using a gradient of 0-20% MeOH in 

DCM to obtain the title compound 102 as a yellow solid (0.35 g, 96%) as a yellow 

solid; Rf 0.1 [MeOH: DCM (1:4) 1% NH3]; 
1H (400 MHz; DMSO) δ 1.25-1.34 [2H, 

m], 1.35-1.49 [2H, m], 1.51-1.65 [3H, m], 1.9 [1H, bs], 2.74-2.88 [2H, m], 3.18-3.26 

[2H, m], 4.04 [2H, t, J 7], 7.29 [1H, d, J 8.5], 7.76 [1H, t, J 8.5], 8.34 [1H, d, J 8.5], 

8.46 [1H, dd, J 1 and 7.4], 8.54 [1H, dd, J 1 and 7.4], 9.03 [1H, bs]; 13C (101 MHz; 

DMSO) δ 164.19, 163.54, 161.07, 134.09, 131.67, 129.73, 129.52, 126.05, 122.95, 

122.27, 112.87, 110.56, 43.45, 37.37, 34.37, 31.37, 28.76, 17.15; m/z (ESI; 99%) Calc. 

for C19H20N2O3 = 324.48 found 325 [M+H]+. 
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6-hydroxy-2-(2-(1-propionylpiperidin-4-yl)ethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione 103 

 

This compound was then synthesised according to General Chemistry Procedure 6.  

The crude material was then dissolved in DCM (1 mL) and purified by silica gel 

chromatography using a gradient of 0-100% EtOAc in Cy to obtain the title compound 

(64%) as a yellow solid; Rf 0.22 (100% EtOAc); 1H (400 MHz; CDCl3) δ 1.12-1.18 

[3H, t, J 7.3], 1.20-1.27 [2H, m], 1.33-1.51 [2H, m], 1.60-1.75 [3H, m], 1.91 [1H, bs], 

2.38 [2H, q, J 7.3], 3.16 [2H, q, J 7.4], 3.69 [2H, q, J 7.4], 4.21 [2H, t, J 6.8], 7.46 

[1H, d, J 8.5], 7.65 [1H, t, J 8.5], 8.43 [1H, d, J 8.5], 8.56 [1H, dd, J 1 and 7.4], 8.60 

[1H, dd, J 1 and 7.4]; 13C (101 MHz; CDCl3) δ 172.60, 164.77, 164.22, 160.82, 

133.96, 131.53, 129.87, 129.60, 125.14, 122.99, 122.14, 113.24, 110.57, 45.83, 42.67, 

42.06, 34.14, 32.57, 31.94, 26.64, 17.26, 9.70; m/z (ESI; 97%) Calc. for C22H24N2O4 

= 380.44 found 381.4 [M+H]+. 
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di-tert-butyl (6-(4-(2-(6-hydroxy-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)ethyl) piperidin-1-yl)-6-oxohexane-1,5-diyl)dicarbamate 104a 

 

This compound was then synthesised according to General Chemistry Procedure 6.  

The crude material was then dissolved in DCM (1 mL) and purified by silica gel 

chromatography using a gradient of 0-100% EtOAc in Cy to obtain the title compound 

104a (65%) as a yellow oil; Rf 0.43 (100% EtOAc; 1H (400 MHz; CDCl3) δ 1.08-1.25 

[2H, m], 1.44 [18H, s], 1.45-1.48 [2H, m], 1.57-1.74 [7H, m], 1.78-1.92 [2H, m], 3.00-

3.08 [2H, m], 3.17 [1H, q, J 7.3], 3.71 [2H, q, J 7.4], 4.17-4.22 [2H, m], 4.60 [1H, q, 

J 7.4], 7.05 [1H, d, J 8.5], 7.65 [1H, t, J 8.5], 8.42 [1H, d, J 8.5], 8.56 [1H, dd, J 1 and 

7.4], 8.61 [1H, dd, J 1 and 7.4]; 13C (101 MHz; CDCl3) δ 170.60, 164.90, 164.20, 

155.82, 139.90, 131.19, 130.51, 129.40 125.2 122.5, 113.54, 110.4, 110.22, 79.80, 

55.82, 43.64, 42.68, 34.2, 32.70, 32.57, 31.85, 28.53, 26.68, 22.51, 18.21; m/z (ESI; 

98%) Calc. for C35H48N4O8 = 652.79 found 653.9 [M+H]+ 
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6-hydroxy-2-(2-(1-lysylpiperidin-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione 104 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 104 [100% (theoretical)] as a white solid; 1H (400 MHz; 

DMSO) δ 1.07-1.24 [2H, m], 1.31-1.44 [4H, m], 1.49-1.73 [3H, m], 1.79-1.94 [2H, 

m], 2.62-3.81 [2H, m], 3.13 [2H, q, J 7.4], 3.61 [2H, q, J 7.4], 3.80-.390 [1H, m], 4.07 

[2H, t, J 6], 4.37 [2H, q, J 7.4], 7.20 [1H, d, J 8.5], 7.76 [1H, t, J 8.5], 7.86 [2H, bs], 

8.15 [2H, bs], 8.35 [1H, d, J 8.5], 8.47 [1H, dd, J 1 and 7.4], 8.54 [1H, dd, J 1 and 

7.4]; 13C (101 MHz; CDCl3) δ 167.31, 164.21, 163.52, 160.99, 134.97, 131.64, 

129.68, 126.01, 122.98, 122.26, 120.31, 117.43, 114.60, 112.96, 111.65, 110.47, 

53.97, 49.80, 45.63, 42.18, 38.87, 37.57, 34.68, 34.34, 30.33, 27.05, 21.30, 18.42, 

170.60, 164.90, 164.20, 155.82, 139.9, 131.19, 130.51, 129.40 125.2 122.5, 113.54, 

110.4, 110.22, 79.80, 55.82, 43.64, 42.68, 34.2, 32.70, 32.57, 31.85, 28.53, 26.68, 

22.51, 18.21; m/z (ESI; 98%) Calc. for C25H32N4O4 = 452.56 found 453.7 [M+H]+ 
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tert-butyl 4-((tert-butoxycarbonyl)(3-(4-(2-(6-hydroxy-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)ethyl)piperidin-1-yl)-3-oxopropyl)amino)piperidine-

1-carboxylate 105a 

 

This compound was then synthesised according to General Chemistry Procedure 6. 

The crude material was then dissolved in DCM (1 mL) and purified by silica gel 

chromatography using a gradient of 0-100% EtOAc in Cy to obtain the title compound 

105a (34%) as a yellow oil; Rf 0.71 (100% EtOAc; 1H (400 MHz; CDCl3) δ 1.11-1.28 

[2H, m], 1.44 [18H, s], 1.53-1.75 [7H, m], 1.81-2.00 [2H, m], 2.54-2.65 [2H, m], 3.03 

[1H, t, J 7.3], 3.43-3.48 [2H, m], 3.83-3.94 [2H, m], 4.12-4.40 [4H, m], 4.60 [1H, q, 

J 7.4], 7.10 [1H, d, J 8.5], 7.66 [1H, t, J 8.5], 8.44 [1H, d, J 8.5], 8.57 [1H, dd, J 1 and 

7.4], 8.61 [1H, dd, J 1 and 7.4]; 13C (101 MHz; CDCl3) δ 171.60, 164.71, 164.12, 

158.69, 155.48, 154.75, 133.94, 131.68, 130.01, 129.47, 125.26 123.18, 122.23, 

113.32, 110.33, 80.34, 80.37, 63.20, 53.70, 50.89, 46.01, 42.12 37.86, 34.47, 34.15, 

32.62, 28.54, 28.50, 18.32; m/z (ESI; 99%) Calc. for C37H50N4O8 = 678.83 found 

679.9 [M+H]+ 
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6-hydroxy-2-(2-(1-(3-(piperidin-4-ylamino)propanoyl)piperidin-4-yl)ethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione 105 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 105 [100% (theoretical)] as a white solid; 1H (400 MHz; 

DMSO) δ 1.54-1.62 [3H, m], 1.70-1.89 [4H, m], 1.81-2.00 [2H, m], 2.19 [2H, d, J 12] 

2.60 [1H, t, J 12] 2.72-2.79 [2H, m], 2.87-3.02 [3H, m], 3.11-3.22 [2H, m], 3.33-3.44 

[3H, m], 3.78 [1H, d J 12.0], 4.06 [2H, t,  J 7.1] 4.33-4.32 [1H, d, J 12], 7.18 [1H, d, 

J 8.5], 7.45 [1H, t, J 8.4], 8.44 [1H, d, J 8.5], 8.84 [1H, dd, J 1 and 8.4], 8.53 [1H, dd, 

J 1 and 8.4] 8.83 [2H, bd]; 13C (101 MHz; DMSO) δ 167.87, 164.17, 163.49, 160.91, 

134. 05, 131.56, 129.64, 129.40, 125.98, 122.91, 122.28, 120.44, 117.49, 114.60, 

112.99, 111.71, 110.46, 53.98, 52.41, 45.29, 42.13, 41.73, 36.67, 34.62, 33.87, 32.46, 

31.96, 29.34, 25.58; m/z (ESI; 99%) Calc. for C27H34N4O4 = 478.59 found 479.7 

[M+H]+ 
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tert-Butyl (R)-(1-(4-(2-(6-hydroxy-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)ethyl)piperidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate 106b 

 

This compound was then synthesised according to General Chemistry Procedure 6.  

The crude material was then dissolved in DCM (1 mL) and purified by silica gel 

chromatography using a gradient of 0-100% EtOAc in Cy to obtain the title compound 

106b (51%) as a yellow oil; Rf 0.15 [EtOAc:Cy (7:3)]; 1H (400 MHz; CDCl3) δ 0.98 

[9H, s], 1.42 [9H, s], 1.56-1.74 [2H, m], 1.79-1.95 [2H, m], 2.57 [1H, q, J 7.3], 3.161 

[2H, q, J 7.4], 3.65 [2H, q, J 7.4], 4.14-4.4 [2H, m], 4.57 [1H, q, J 7.4], 6.95 [1H, d, J 

8.5], 7.72 [1H, t, J 8.5], 8.42 [1H, d, J 8.5], 8.56 [1H, dd, J 1 and 7.4], 8.60 [1H, dd, J 

1 and 7.4], 9.30 [1H, bs]; 13C (101 MHz; CDCl3) δ 173.47, 164.99, 164.27, 160.82, 

134.51, 131.65, 129.71, 129.60, 124.71, 123.28, 122.24, 113.24, 110.24, 79.63, 65.73 

47.48, 46.45, 42.68, 35.55, 32.57, 31.88, 28.54, 26.68, 18.21; m/z (ESI; 98%) Calc. 

for C30H39N3O6 = 537.66 found 538.7 [M+H]+ 
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Di-tert-butyl ((S)-6-(((R)-1-(4-(2-(6-hydroxy-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)ethyl)piperidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-6-oxohexane-

1,5-diyl)dicarbamate 106b 

 

To a stirred solution of tert-butyl (R)-(1-(4-(2-(6-hydroxy-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)ethyl)piperidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl) 

carbamate (0.50 g, 0.1 mmol,  1 eq) in DCM (5 mL) was added TFA (2 mL) and the 

solution stirred for 20 mins. This compound was then synthesised according to 

General Chemistry Procedure 6.  The crude material was then dissolved in DCM (1 

mL) and purified by silica gel chromatography using a gradient of 0-100% EtOAc in 

Cy to obtain the title compound 106b (46%) as a yellow oil; Rf 0.5 (100% EtOAc); δ 

0.98 [9H, s], 1.42 [9H, s], 1.56-1.74 [2H, m], 1.79-1.95 [2H, m], 2.57 [1H, q, J 7.3], 

3.161 [2H, q, J 7.4], 3.65 [2H, q, J 7.4], 4.14-4.4 [2H, m], 4.57 [1H, q, J 7.4], 6.95 

[1H, d, J 8.5], 7.72 [1H, t, J 8.5], 8.42 [1H, d, J 8.5], 8.56 [1H, dd, J 1 and 7.4], 8.60 

[1H, dd, J 1 and 7.4], 9.30 [1H, bs]; 13C (101 MHz; CDCl3) δ 173.47, 164.99, 164.27, 

160.82, 134.51, 131.65, 129.71, 129.60, 124.71, 123.28, 122.24, 113.24, 110.24, 

79.63, 65.73 47.48, 46.45, 42.68, 35.55, 32.57, 31.88, 28.54, 26.68, 18.21; m/z (ESI; 

98%) Calc. for C30H39N3O6 = 537.66 found 538.7 [M+H]+ 
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(S)-2,6-diamino-N-((R)-1-(4-(2-(6-hydroxy-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)ethyl)piperidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)hexanamide 106 

 

This compound was synthesised according to General Chemistry Procedure 3 to 

obtain the title compound 106 [100% (theoretical)] as a white solid; 1H (400 MHz; 

DMSO) δ 0.98 [9H, s], 1.34-1.36 [2H, m], 1.50-1.67 [6H, m], 1.68-1.91 [4H, m], 2.74 

[1H, q, J 7.3], 3.00-3.08 [1H, m], 3.56-3.65 [2H, m], 4.03-4.20 [4H, m], 4.42 [1H, q, 

J 7.4], 4.75-4.85 [2H, m], 6.27 [1H, d, J 8.5], 7.79 [1H, t, J 8.5], 7.96 [2H, bs] 8.19 

[2H, bs], 8.36 [1H, d, J 8.5], 8.49 [1H, dd, J 1 and 7.4], 8.56 [1H, dd, J 1 and 7.4]; 13C 

(101 MHz; DMSO) δ 169.2, 164.5, 163.4, 160.8, 134.23, 131.75, 129.86, 129.56, 

126.13, 122.92, 122.34, 112.99, 110.55, 53.92, 52.20, 46.27, 44.06, 42.16, 38.82, 

35.55, 35.34, 31.46, 27.06, 21.65, 18.52, 17.17 173.47, 164.99, 164.27, 160.82, 

134.51, 131.65, 129.71, 129.60, 124.71, 123.28, 122.24, 113.24, 110.24, 79.63, 65.73 

47.48, 46.45, 42.68, 35.55, 32.57, 31.88, 28.54, 26.68, 18.21; m/z (ESI; 98%) Calc. 

for C31H43N5O5 = 565.72 found 566.8 [M+H]+ 
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7.1 Structural characterization of compound 1 

 

LCMS purity and molecular weight trace: 

 

  



AYRE (2021)   
 

346 | P a g e  

1H NMR characterization of compound 1
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7.2 Structural characterization of compound 24 

 

 

LCMS purity and molecular weight trace: 
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 1H NMR characterization of compound 24 
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13 C NMR characterization of compound 24 
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7.3 Structural characterization of compound 95 

 

 

1H NMR characterization of compound 95 
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13C NMR characterization of compound 95 
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7.4 Structural characterization of compound 102 

 

 

1H NMR characterization of compound 102 
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13C NMR characterization of compound 102 
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