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The Development of Peroxide-Responsive Arylboronic Acids for 

Antibody-Drug Conjugates and Small-Molecule Prodrugs 

Nicola Ashman 

Cancer cells exhibit oxidative stress, which results in the over-production of reactive-oxygen species 

(ROS), such as hydrogen peroxide. Hence, there are elevated levels of hydrogen peroxide in cancer 

compared to healthy cells, which can be exploited for the targeted delivery of drugs.  

Section I of this thesis describes the design, synthesis, and evaluation of antibody-drug conjugates 

(ADCs) comprising arylboronic acid linkers, which give responsive drug release in the presence of the 

elevated hydrogen peroxide in cancer. ADCs are a continually expanding therapeutic area, and the 

linker used for the antibody-drug connection is of upmost importance in determining the stability of 

the conjugate and the specificity of drug release. Arylboronic acids are known to undergo C-B bond 

oxidation by action of hydrogen peroxide, and when combined with a suitable self-immolative aryl 

ring, can subsequently undergo spontaneous 1,6-elimination to release a free drug. Hence, initial 

studies evaluated a panel of model linkers with a fluorescent reporter molecule and confirmed the 

linker reactivity with peroxide but otherwise high stability. Trastuzumab peroxide-cleavable ADCs were 

then synthesised and evaluated in vitro against a panel of breast cancer cell lines, and preliminary 

evidence is presented which suggests the ADCs may not require internalisation for payload release. 

Hence, peroxide-cleavable ADCs comprising anti-PD-L1 antibody durvalumab were also synthesised 

and evaluated in vitro, with preliminary evidence suggesting the generation of an efficacious non-

internalising ADC.   

Section II of this thesis describes the application of peroxide-responsive arylboronic acids towards the 

generation of small-molecule prodrugs. Non-targeted drugs, such as olaparib and navitoclax, often 

suffer from poor tolerability and toxicity because they exert their function on healthy cells as well as 

target cancer cells. Thus, to improve their efficacy and safety profile, inactive prodrugs of olaparib and 

navitoclax were designed by capping key amines with the arylboronic acid self-immolative motif. This 

would enable site-specific release of the free drugs upon encounter with the high levels of hydrogen 

peroxide in cancer. Synthetic efforts and preliminary investigations towards the peroxide-responsive 

prodrugs is presented.   
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Figure 1: A) Section I: peroxide-cleavable ADCs, MMAE = monomethyl auristatin E B) Section II: peroxide-
activatable small molecule prodrugs of navitoclax and olaparib and C) general mechanism of arylboronic acid 
reaction with hydrogen peroxide in cancer, followed by self-immolation to release free drug.  
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1.1 Introduction  

1.1.1 Cancer Therapy  

Cancer is an umbrella term that encompasses a wide range of diseases characterised by the abnormal 

and uncontrollable growth of cancer cells.1 It is often regarded as the second leading cause of death 

worldwide, with nearly 10 million deaths in 2020 attributed to cancer by the world health organisation 

(WHO).2  

Currently, standard cancer treatment utilises small-molecule drugs which target rapidly dividing cells 

(chemotherapy), often in combination with radiotherapy or surgery. Chemotherapeutic drugs function 

by a number of mechanisms such as blocking cancer cell proliferation, promoting cell cycle regulation, 

or initiating apoptosis.3 However, a major disadvantage is the inability for chemotherapeutic agents to 

discriminate between healthy and cancerous cells, which can lead to off-target toxicity and cause 

severe side-effects. Hence, there has been significant interest in the development of targeted cancer 

therapies, which aim to achieve greater selectivity towards cancerous cells.  

1.1.2 Antibody-Drug Conjugates 

Antibody-drug conjugates have emerged as an effective method for targeted drug delivery, ensuring 

that the chemotherapeutic agent is only delivered to cancer cells. This is achieved by conjugation of 

the small-molecule cytotoxic chemotherapeutic (often termed a “warhead” or “payload”) to an 

antibody via a linker (Figure 2). The number of drugs conjugated to the antibody is defined by the drug-

to-antibody ratio (DAR).  

 

Figure 2: Generic structure of an antibody-drug conjugate (ADC).  

The ADC field is continually expanding, with 8 ADCs approved by the Food and Drug Administration 

(FDA) in 2019-2022, and an additional 249 ADC clinical trials initiated in 2022.4 Currently, 12 ADCs are 

approved by the FDA, for a wide range of cancer indications (Figure 3, Figure 4).   
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Figure 3: Historic timeline of FDA-approved ADCs.  
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Figure 4: Structure of FDA-approved ADCs, including the type of antibody, linker cleavage mechanism, approval 
year, treatment indication and average drug-to-antibody ratio (DAR).  
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1.1.3 Mechanism of Action  

The antibody of an ADC is specific for binding a cancer-associated antigen, typically overexpressed by 

cancer cells compared to healthy cells. Most ADCs function by an internalising mechanism of action 

(Figure 5A). Upon encounter with the target antigen, antibody-antigen binding occurs which triggers 

internalisation of the ADC. The ADC is trafficked from an early endosome to a lysosome, wherein the 

ADC is degraded, releasing the payload either by cleavage of the linker, or by proteolytic degradation 

of the antibody. In both cases, an active payload species is released which can then act on the target 

cell to cause cancer cell death by a variety of mechanisms depending on the drug. For example, cell 

death can occur by DNA alkylation (by DNA cross-linkers e.g. cisplatin); DNA topoisomerase inhibition 

(e.g. camptothecin, doxorubicin); or inhibition of microtubule formation (e.g. vinca alkaloids, taxanes). 

If the released payload species is suitably membrane-permeable, it can diffuse out of the cell in which 

it was released and into surrounding “bystander cells”. This “bystander effect” can be beneficial as it 

allows the payload to act upon surrounding cancer cells which may not display the target antigen.  

In contrast, a non-internalising ADC does not require internalisation for the release of the payload. 

Instead, after antibody-antigen binding, internalisation does not occur quickly/at all, and instead the 

linker is designed to be cleaved extracellularly, releasing a payload which can then diffuse into the 

target cell (Figure 5B). Non-internalising ADCs may target a number of different cancer-associated 

components beyond cell-surface antigens, such as components of the tumour microenvironment, 

tumour stroma or vasculature.5  

 

Figure 5: (A) Internalising and (B) non-internalising mechanisms of action of ADCs.  
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1.1.4 Monoclonal Antibodies  

Antibodies are large (~150 kDa) glycoproteins consisting of four polypeptide chains, and the term 

monoclonal indicates that the antibodies are synthetically generated from identical cells. All currently 

approved ADCs comprise antibodies with the immunoglobulin (IgG) structure, which consists of two 

heavy chains and two light chains (Figure 6). Each light chain is divided into a variable (VL) and constant 

(CL) region, and each heavy chain is divided into a variable (VH) and three constant domains, (CH
1, CH

2, 

CH
3). The excellent selectivity of ADC targeting is achieved by binding of the antibody Fab (fragment 

antigen binding) region. The Fc (fragment crystallisable) domain is responsible for the long serum half-

lives of antibodies and recognition by immune cells. Finally, the polypeptide chains are held together 

by four interchain disulfide bonds, as well as a network of non-covalent interactions.  

 

Figure 6: Structure of an IgG antibody.  

For successful use in ADCs, the antibody must not trigger a host immune response; must allow effective 

discrimination between healthy/cancer cells by recognition of an antigen preferentially expressed only 

on target cells; and enable effective release of the payload at the site of action. 

1.1.5 ADC Payloads  

A major benefit of ADC technology is the capacity to use drugs with significantly higher toxicity than 

could be safely administered as sole agents, due to the ability to selectively deliver the drug to the 

target cell. Moreover, highly cytotoxic payloads are often a necessity for efficacious ADCs, since only a 

fraction reaches the desired site of action. For example, the delivery of payloads to target cells is 

restricted by the levels of target antigen expression; efficiency of ADC internalisation; efficiency of 

payload release by linker cleavage; and limited DAR (3-4). Hence, payloads for ADCs often require sub-

nanomolar IC50s. In addition, ADC payloads should not be too hydrophobic as this may cause antibody 

aggregation and fast clearance, limiting the efficacy of the therapeutic.6–8  
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Monomethyl auristatins E and F (MMAE and MMAF respectively) are highly potent synthetic analogues 

of natural product dolastatin 10 (Figure 7). They are anti-mitotic agents which block tubulin 

polymerisation to inhibit cell division. MMAE and MMAF are usually conjugated to linkers via their 

terminal secondary amines and are employed in FDA-approved ADCs: Adcetris®, Polivy®, Padcev® and 

Tivdak® (Figure 4). Unlike MMAE, MMAF contains a carboxylic acid functional group which is negatively 

charged under physiological conditions. Therefore, upon release extra- or intra-cellularly, MMAF is not 

membrane permeable and cannot exert the bystander effect. 

Derived from the natural product maytansine, maytansinoids are synthetic analogues which inhibit the 

assembly of microtubules by binding to tubulin, causing mitotic arrest. Emtansine (DM1) and 

ravtansine (DM4) are highly stable, highly soluble and contain thiol functional groups often conjugated 

to antibodies via disulfide linkers, for example in FDA-approved ADC Kadcyla® (Figure 4, Figure 7).  

 

Figure 7: Structure of common ADC payloads MMAE, MMAF, DM1 and DM4. Natural products are shown on the 
left, with the analogues utilised in ADCs on the right. The structural modifications from the natural product are 
highlighted in blue, and the site for linker conjugation highlighted in red. 
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Calicheamicin payloads are a class of enediyne antitumour antibiotics and derivatives such as N-acetyl-

γ-calicheamicin have been employed in Mylotarg® and Besponsa® (Figure 4, Figure 8). Its mode of 

action involves binding to the minor groove of DNA and eventually causing DNA strand scission by the 

formation of a diradical species which abstracts hydrogen atoms from the deoxyribose DNA backbone. 

Like the maytansinoids, calicheamicin analogues are conjugated to the ADC linker via disulfide bonds.  

 

Figure 8: Structure of common ADC payload N-acetyl-γ-calicheamicin. Structural differences from the 
calicheamicin natural product are highlighted in blue, and the site for linker conjugation highlighted in red. 

Enhertu® and Trodelvy® incorporate topoisomerase inhibitors DXd and SN-38 (Figure 9). They are 

synthetic analogues of natural product camptothecin, which binds to and stabilises the topoisomerase 

I-DNA complex, causing DNA damage that results in apoptosis.  

Finally, a more recent class of ADC payloads are pyrrolobenzodiazepine (PBD) dimers (Figure 9).9 They 

are derived from the anthramycin family of antitumour antibiotics and act by cross-linking the minor 

groove of DNA. The PBD dimer tesirine is employed in Zynlonta® (Figure 4).  
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Figure 9: Structure of common ADC payloads PBD dimer tesirine, SN-38 and DXd. Natural products are shown on 
the left, with the analogues utilised in ADCs on the right. The structural modifications from the natural product 
are highlighted in blue, and the site for linker conjugation highlighted in red. 

1.1.6 Linker-Antibody Connection  

The method of conjugation of the linker-drug construct to the antibody is important in determining 

how many linker-drug species are attached (DAR), the stability of the linkage, and the homogeneity of 

the ADC product. Generating homogenous ADCs with a defined DAR and conjugation sites is desirable 

to avoid problems associated with heterogenous mixtures. For example, heterogenous mixtures may 

contain species with differing properties and pharmacokinetics, and thus potentially result in sub-

optimal therapeutic efficacy. The site of conjugation is also an important consideration, as it should 

not impede antigen recognition by the Fab region and must generate a stable conjugate.  

Historically, as for Kadcyla® and Mylotarg®, the native antibody lysine residues (of which there are 

approximately 30) were used as nucleophilic amines for linker conjugation. This produced an average 

DAR of 3-4,10 however, conjugates were generated non-site-selectively and thus produced 

heterogenous ADCs with a mixture of different conjugation sites. 

Cysteine conjugation later emerged as an alternative method: the four interchain disulfide bonds of 

an IgG antibody can be reduced to their reactive thiols, revealing 8 defined sites for conjugation. 

Distant from the antigen binding site, conjugation to these sites was also attractive since it would not 

impact antibody-antigen binding. Many different linkers have been developed for reaction with 

antibody cysteines (maleimides,11 bromomaleimides,12 disulfides,13 phenyloxadiazoles,14 3-

arylpropiolonitriles,15 quaternized vinyl- and alkylpyridines,16 carbonylacrylates,17 α-halocarbonyl 

linkers,18 and palladium-mediated cysteine arylation19 (Figure 10).  
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Figure 10: Several methods to conjugate the native cysteines of an antibody. Red attachment points indicate 
connection to a drug. Blue attachment points indicate conjugation to an antibody cysteine.  

However, whilst cysteine conjugation afforded less heterogenous mixtures than with lysine 

conjugation, heterogenous mixtures are still obtained from the unselective reaction of 8 available 

thiols. Thus, antibody re-bridging was developed. After reduction of the interchain disulfides to the 

reactive thiols, they are reacted with a bis-electrophilic linker which can re-form the native covalent 

bonds between the antibody chains (Figure 11). In an ideal case, all the native covalent bonds are re-

formed, generating a homogenous species with 4 linker-drugs per antibody (DAR of 4). 
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Figure 11: Generic illustration of antibody re-bridging with bis-electrophilic linkers to generate homogenous 
ADCs.   

Multiple re-bridging agents have been described,20 which include bis-sulfones,21–23 next-generation 

maleimides (NGMs), 12,24–27 pyridazinediones (PDs),28–32 dibromomethyl heteroaryls,33 arylene-

dipropiolonitrile,34 dichloroacteones,35 and divinylpyrimidines36,37 (Figure 12). 



13 
 

 

Figure 12: Selection of reported antibody re-bridging methods. Blue connection points indicate connection to 
the antibody disulfides.  

In addition to disulfide re-bridging, there are many other methods for conjugation to antibodies, such 

as antibody engineering which can introduce additional cysteine residues (THIOMAB™ conjugates38,39) 

or other unnatural amino acids,40 and modification of native amino acids by enzymatic methods.41–47  

1.1.7 Linker-Payload Connection   

The nature of the chemical linker that connects the payload to the antibody is essential at imparting 

stability, specificity, and efficacy of the ADC. Linkers are often categorised as “cleavable” or “non-

cleavable”.  

1.1.7.1 Non-Cleavable Linkers  

Common non-cleavable linkers include succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-

carboxylate (SMCC) and maleimidocaproic acid (MC) (Figure 13). These non-cleavable linkers lack any 

cleavable functionality, and instead, payload release occurs due to proteolytic degradation of the 
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antibody in lysosomes following ADC internalisation. Thus, the payload-species that is released 

remains appended to the terminal amino acid which was used for conjugation to the antibody. This 

charged payload species is poorly membrane permeable and thus unable to diffuse out of the cell in 

which it was released, so the bystander effect is not possible with non-cleavable linkers. It should be 

considered that the amino acid appendage must not negatively impact the potency of the drug or 

impede its cytotoxic action. Additionally, since internalisation of the ADC into lysosomes is required 

for payload release, non-cleavable linkers are unsuitable for application to non-internalising ADCs. As 

a result, non-cleavable ADCs are usually only applicable to treat cancers with high internalising antigen 

expression. Despite this potential limitation, they are generally considered to have superior stability in 

circulation than ADCs bearing cleavable linkers, which may reduce off-target toxicity and improve the 

safety of the therapy.    

 

Figure 13: SMCC and MC non-cleavable linkers. After proteolytic degradation in a lysosome, a charged payload-
linker species is released, which is unable to exert the bystander effect.  

1.1.7.2 Cleavable Linkers  

Cleavable linkers contain a reactive moiety that can be cleaved in the presence of cancer-specific 

triggers, or upon internalisation into a cancer cell. Cleavable linkers can further be classified as 

chemically cleavable, or enzymatically cleavable.  

A class of chemically cleavable linkers contain moieties susceptible to cleavage in the acidic lysosomes 

(pH 4.5 – 5.0)48 after internalisation into a target cell (Figure 14A). Acid labile hydrazones, carbonates 

or esters can be utilised for acid-cleavable linkers such as in FDA-approved ADCs Mylotarg®, Trodelvy® 

and Bensponsa® (Figure 4).  
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Figure 14: (A) Cleavable linkers, including chemically cleavable and enzyme-cleavable linkers. (B) 1,6-elimination 
of a self-immolative para-aminobenzyl carbamate spacer.  

Disulfide moieties can be incorporated into ADC linkers to exploit the elevated levels of reactive 

nucleophiles such as glutathione (GSH) in cancer compared to healthy cells.49 Upon nucleophilic attack, 

the disulfide cleavable linker can reveal a thiol-containing drug, such as with FDA-approved ADCs 

Mylotarg® and Besponsa®. It has recently been demonstrated that disulfide-containing ADC linkers can 

generate efficacious non-internalising ADCs, since dying tumour cells can release a high concentration 

of reductants in the extracellular tumour microenvironment.50 To this effect, Giansanti et al. utilised a 

“linkerless” ADC, connecting a thiol-containing maytansinoid to an antibody targeting galectin-3-

binding protein (Gal-3-BP), which is secreted into the tumour microenvironment.5,51 GSH-mediated 

cleavage of the disulfide bond at the site of cancer thus enabled release of the free thiol drug.  

Despite their employment in FDA-approved ADCs, acid- or glutathione-cleavable linkers are generally 

found to be too hydrolytically unstable in vivo, which can lead to premature payload release and off-

target effects.52–54 In particular, acid-cleavable linkers are required to discriminate between small pH 

differences, from circulation in plasma (pH 7.4), to within lysosomes (pH 4.5-5.0). Hence, it is 

challenging to achieve absolute circulatory stability of acid-cleavable linkers.48 For example, Mylotarg® 

was withdrawn in 2010 following its first approval in 2000 due to its sub-optimal circulatory half-

life.55,56 For glutathione-cleavable linkers, instability is proposed to result from disulfide exchange 

reactions with proteins containing free sulfhydryl groups in plasma.53 Hence, most ADCs in current 

development utilise enzyme-cleavable linkers, with 6 of the 12 FDA-approved ADCs employing 

cathepsin-cleavable dipeptides. 

Often, cathepsin-cleavable dipeptidic linkers (Val-Cit or Val-Ala) are combined with self-immolative 

spacer units (Figure 14B), which enable the release of a completely unmodified payload. A para-
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aminobenzyl (PAB) spacer can be appended via an amide bond to the dipeptide linker. Following 

cathepsin cleavage, the free aniline can undergo spontaneous 1,6-elimination to release an 

unmodified amine-containing payload. For more detailed discussion of self-immolative spacers beyond 

the PAB spacer most commonly used in ADCs, please refer to Section II of this report.  

Whilst it was initially thought that cathepsin-cleavable linkers require internalisation into lysosomes 

for cleavage, more evidence is emerging to suggest the presence of these enzymes is not limited to 

within lysosomes. Dying tumour cells are proposed to release high concentrations of intracellular 

enzymes into the tumour microenvironment.57 For example, Javaid et al. demonstrated that cisplatin-

induced death of cancer cells generated sufficient levels of extracellular cathepsins in vitro.5,58 This 

enabled extracellular cleavage of a Val-Cit linker, resulting in an efficacious non-internalising ADC 

targeting extracellular leucine-rich alpha-2-glycoprotein 1 (LRG1).5,58 Other non-internalising ADCs 

have also utilised cathepsin cleavable linkers.59–62 However, validating the performance of such 

cathepsin-cleavable ADCs in vivo is complicated by their susceptibility to cleavage by a mouse 

hydrolase, carboxylesterase 1C (Ces1C).63–65 For example, although the non-internalising LRG1 ADC 

inhibited tumour growth in vivo in a mouse model, the contribution of Ces1c to linker cleavage (and 

resulting ADC efficacy) was not elucidated. In general, the Ces1c instability of cathepsin-cleavable 

linkers is a major hinderance to their in vivo evaluation in mouse models.60,66 Another drawback of 

dipeptidic linkers is their high hydrophobicity and subsequent tendency to cause faster clearance, 

antibody aggregation, and limit their use with highly hydrophobic payloads.67,68  

Sulfatase-cleavable linkers were previously developed in the Spring group, which exploit the elevated 

levels of lysosomal sulfatases in cancer compared to healthy cells (Figure 15).69–72 These linkers have 

superior solubility compared to dipeptides, are stable in human and mouse plasma and have produced 

anti-HER2 ADCs with potent anti-cancer activity in vitro.73  
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Figure 15: Enzyme cleavable linkers targeting sulfatases, -glucuronidases and -galactosidases.  

β-glucuronidase and β-galactosidase enzymes are similarly overexpressed in tumours, so linkers 

comprising β-glucuronic acids and β-galactose units have been explored as alternative enzyme-

cleavable linkers (Figure 15). Due to their high hydrophilicity, β-glucuronidase ADCs could be 

synthesised with high-drug loading (DAR 8), minimal aggregation and reduced clearance.8,68,74,75 The 

linkers had high stability in rodent plasma and had potent anti-tumour activity in vitro and in vivo. 

Similarly, β-galactosidase ADCs have been demonstrated to have superior efficiency and potency 

compared to a Val-Cit analogue.76  

Linkers targeting phosphatases and pyrophosphatases have also been utilised as cleavage motifs, alone 

or in combination with cathepsin cleavable dipeptides (Figure 16).77–79 The highly hydrophilic charged 

phosphates allowed conjugation to highly hydrophobic glucocorticoid payloads without significant 

antibody aggregation.  
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Figure 16: Phosphatase- and pyrophosphatase-cleavable linkers.77–79 Blue connection points indicate connection 
to an antibody. 

Another example of an ADC which requires dual linker cleavage combined a β-galactose unit with a 

sulfatase-cleavable motif, for sequential cleavage and selective payload release (Figure 17).80 Anti-

HER2 ADCs bearing the dual-cleavable linker gave potent cytotoxicity against breast cancer cells in 

vitro, and the improved lipophilicity of the dual-cleavable linker may offer benefits for conjugation of 

more hydrophobic payloads.  

 

Figure 17: Dual β-galactosidase and sulfatase cleavable linker. Blue connection points indicate connection to an 
antibody.  
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1.1.8 Non-internalising ADCs  

Since most ADCs were designed to internalise into the target cell following antigen binding, the design 

of cleavable ADC linkers largely centred around intracellular cleavage stimuli. However, it is being 

increasingly recognised that some cancer-associated stimuli classically targeted by internalising ADCs 

are not constrained to inside the cell.5 In fact, dying tumour cells can release high concentrations of 

intracellular species into the tumour microenvironment, sufficient for linker cleavage extracellularly. 

Hence, many cleavable motifs classically used for internalising ADCs are being applied for the 

generation of efficacious non-internalising ADCs.5  

1.1.8.1 Cathepsin-cleavable 

During the development of non-internalising ADCs, it was discovered that cathepsins may have 

sufficient extracellular concentrations for efficacious payload release extracellularly. Poorly 

internalised antigens CD20, CD21 and CD72 were targeted with ADCs comprising disulfide or Val-Cit 

cleavable linkers and MMAE (Figure 18).81 The Val-Cit and disulfide ADCs were efficacious in vivo, 

whereas those containing non-cleavable linkers were not. This suggests a lack of internalisation of the 

ADCs, since a non-cleavable linker would still be expected to enable cell killing if internalised (the 

linker-MMAE construct released after proteolytic degradation retains some activity).82 Furthermore, 

replacement of MMAE with MMAF rendered the Val-Cit ADC inactive, which is rationalised by the poor 

cell membrane permeability of charged MMAF compared to MMAE. This supports the proposed 

mechanism of extracellular payload release, since only membrane permeable payloads (MMAE) gave 

potent activity.  

 

Figure 18: Structure of an anti-CD20 non-internalising ADC comprising a Val-Cit cleavable dipeptide. The antibody 
connection shown is for illustrative purposes only and should not be interpreted as site of connection or DAR. 

Val-Cit linkers were also incorporated into a non-internalising ADC targeting leucine-rich alpha-2-

glycoprotein 1 (LRG1). LRG1 is a glycoprotein which is secreted into the microenvironment of many 

tumours.58 Anti-LRG1-Val-Cit-MMAE ADCs were only effective in vitro when cells were pre-treated with 

cisplatin, which created sufficient initial concentrations of extracellular cathepsins from the dying cells 

to allow Val-Cit linker cleavage. With cisplatin co-treatment in vitro, the anti-LRG1 ADC achieved an 

impressive IC50 of 15 pM, and without cisplatin treatment, the ADC achieved potent tumour growth 
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inhibition in an in vivo mouse melanoma model. However, the known instability of Val-Cit dipeptides 

to the mouse Ces1c hydrolase complicates conclusions from the latter in vivo study. It remains unclear 

whether the potency of ADCs with Val-Cit linkers arises solely from at cleavage by target tumoural 

cathepsins, or as a result of circulatory instability in mouse models. This is a key shortfall of the in 

vivo evaluation of Val-Cit ADCs in mice.  

 

Figure 19: Structure of non-internalising anti-LRG1 ADC bearing a Val-Cit cleavable linker. The antibody 
connection shown is for illustrative purposes only and should not be interpreted as site of connection or DAR. 

Tenascin-C is a protein with high abundance in the stroma of solid tumours, and limited presence in 

healthy tissues.83–85 The F16 antibody is used to target the A1 domain of tenascin-C and was used to 

generate a non-internalising ADC comprising Val-Cit cleavable linkers and MMAE. The resulting ADC 

cured 100% of treated mice in mouse xenograft models, however the ADC was unstable in mouse 

plasma due to mouse Ces1c hydrolysis. Hence, once again, the in vivo efficacy of the Val-Cit non-

internalising ADC cannot solely be attributed to the desired mechanism of action.  

1.1.8.2 Acid labile 

Despite being designed with the internalising mechanism of action in mind, FDA-approved ADC 

Mylotarg®, which targets internalising antigen CD33, has been shown to be potent even against 

tumours with undetectable levels of cell surface CD33. This suggests a mechanism of payload release 

other than intracellular linker cleavage. Moreover, when the acid-sensitive hydrazone in Mylotarg® 

was replaced with an acid-stable linker, its activity against CD33-negative cells was diminished. Hence, 

extracellular linker cleavage in the acidic tumour microenvironment (pH  5.5-7.0)86 is suggested as an 

alternative mechanism of this ADC, in combination with the enhanced permeability and retention 

effect (EPR), whereby ADCs passively accumulate in tumours due to their enhanced vascular 

permeability.  

Anti-CD20 ADCs with acid-labile linkers have also demonstrated that the extracellular environment of 

tumour cells is sufficiently acidic for extracellular payload release.87 An anti-CD20 antibody was 

conjugated to calicheamicin via an acid-cleavable dimethyl hydrazide AcBut linker, or acid-stable amide 
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linker (Figure 20A). Only the acid-labile linked ADC gave potent growth inhibition in vivo, suggesting 

that internalisation of the ADC did not occur and instead, extracellular linker cleavage was responsible 

for activity. This was supported by replacement of the CD20 antibody for an anti-CD22 antibody, which 

is an internalising target. In this case, the acid-cleavable and acid-stable ADCs had similar efficacy.  

 

Figure 20: Structure of non-internalising anti-CD20 (A) and anti-CEACAM5 (B) ADCs. 

Esters and carbonates are also acid-labile motifs, and have been incorporated into non-internalising 

ADCs targeting carcinoembryonic antigen cell adhesion molecule 5 (CEACAM5) (Figure 20B).88–90 

CEACAM5-targeting ADCs with ester linkers (CL1) or dual cleavable dipeptidic and carbonate linker 

(CL2) were able to release SN-38 in the extracellular tumour microenvironment, achieving 100% 

survival in a lymphoma tumour model.  It is noted that the ester and carbonate linkers have only 

intermediate stability,89 therefore activity is likely due to slow SN-38 release local to the tumour, which 

may not be appropriate for payloads with greater potency than SN-38. FDA-approved internalising ADC 

Trodelvy® also contains the carbonate functionality: when its acid-labile linker was replaced with a 

highly stable linker, efficacy was significantly reduced, suggesting that gradual release of SN-38 from 

the labile carbonate likely contributes to efficacy.91  

Esters were also utilised in non-internalising ADCs targeting stromal collagen (Figure 21A).92 Again, the 

hydrolytic lability of the ester bond was used for the gradual release of SN-38 in the tumour 

microenvironment. The ADCs with a DAR of 7-8 gave potent antitumour activity in vivo, with enhanced 

activity in a stroma-rich vs. stroma-poor pancreatic mice xenografts, and achieved inhibition of tumour 

growth for as long as 3 months (presumably due to the slow release of SN-38). A similar stromal-

targeting ADC was explored with antibodies targeting fibrin, a fibrous protein abundant in the stroma 

of solid tumours (Figure 21B).93  
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Figure 21: Structure of acid-labile linkers employed for non-internalising anti-collagen (A) and anti-fibrin (B) 
ADCs. The antibody connection shown is for illustrative purposes only. 

1.1.8.3 Disulfides  

Bernardes et al. have demonstrated that sufficient concentrations of reductants are present in the 

extracellular tumour microenvironment to enable extracellular payload release from disulfide linkers.57 

An F8 antibody was utilised for binding to the EDA domain of fibronectin: a glycoprotein associated 

with cancer cell angiogenesis, located in the subendothelial extracellular matrix of tumour blood 

vessels. Conjugation of thiol-containing dolastatins or maytansinoids was achieved in a “linkerless” 

fashion, simply by disulfide exchange with the cysteines on the F8 antibody (Figure 22A). Following 

cleavage by the extracellular tumoural reductants, such as GSH, only free drug and parent antibody is 

released.  

The linkerless technology was also used to target galectin-3-binding protein (Gal-3-BP), which is 

secreted into the microenvironment of the majority of cancers (Figure 22B).51 Anti-Gal-3-BP disulfide-

containing ADCs achieved potent tumour growth inhibition in vivo, with a DM3 conjugate achieving 

long-lasting and complete remission in a mice xenograft model.  
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Figure 22: Structure of non-internalising ADCs comprising disulfide cleavable linkers. The antibody connection 
shown is for illustrative purposes only.  

Disulfide linkers may benefit from a so called “chain reaction” whereby the first instance of cancer cell 

killing by the cytotoxin results in further release of reductants such as GSH from the dying cancer cell, 

which in turn can cleave more disulfide linkers, and amplify the release of payload and thus amplify 

cell death (Figure 23). 

 

Figure 23: Illustration of the amplified cell death that can occur from disulfide-cleavable ADCs, for example those 
targeting Gal-3-BP. (A) Initial linker cleavage from reductants released from dying cancer cells results in further 
cancer cell death. Thus, increased levels of reductants are released in the tumour microenvironment. (B) This 
amplifies linker cleavage, which then amplifies cancer cell killing by the released payload species. 

1.1.8.4 Other approaches 

In addition to the use of classical cleavage triggers to achieve extracellular payload release, a host of 

new linkers have emerged for use in non-internalising ADCs.  

Plasmin is a protease which is only produced in its active form in the presence of fibrin. Thus, a plasmin-

cleavable linker was utilised in an anti-fibrin ADC to enhance the selectivity of payload release, which 

would only occur after targeting fibrin in the tumour stroma, followed by linker cleavage by active 
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plasmin.94 The tripeptide Val-Leu-Lys conjugated to MMAE via a self-immolative spacer afforded ADCs 

with significant inhibition of tumour growth in vivo.   

Cleavable linkers are not a requirement for effective non-internalising ADCs. Other approaches have 

tethered inhibitors to the antibody to allow proximity-induced selectivity. For example, Love et al. 

conjugated a pan-MMP inhibitor to an antibody selective for MMP9, thus bringing the unselective 

inhibitor only in close proximity to MMP9 (Figure 24A).95 Inhibition of MMP9 could be achieved 

without linker cleavage or conjugate breakdown. Similarly, an inhibitor of the Na+/K+ ATPase (NAK), 

was conjugated to an antibody targeting dysadherin. Dysadherin is a cell-membrane glycoprotein 

which interacts with NKA and is overexpressed in many cancers.96 Hence, antibody targeting of 

dysadherin brought the NKA inhibitor in close-proximity to NKA, allowing inhibition without linker 

cleavage or ADC breakdown (Figure 24B). 

 

Figure 24: (A) A non-internalising ADC capable of selectively inhibiting MMP9 with a pan-MMP inhibitor by 
selective antibody binding to MMP9, and (B) a non-internalising ADC capable of inhibiting NKA by binding to 
close-proximity protein dysadherin.  

Finally, linkers have been designed for activation and payload release by the introduction of exogenous 

triggers. Rossin et al. utilised the inverse-electron demand Diels Alder (IEDDA) to allow payload release 

from a trans-cyclooctene linker of an anti-TAG72 ADC upon administration of  exogenous 

tetrazines.62,97 Stenton et al. utilised a propargyl carbamate linker which could be cleaved upon 

administration of a palladium activator, to generate an anti-tenascin C ADC.98 Finally, Oliveira et al. 

generated anti-tenascin C ADCs with linkers susceptible to platinum de-caging for payload release.99  
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1.1.8.5 Benefits  

Clearly, non-internalising ADCs greatly expand the number of cellular targets that can be exploited by 

ADCs. Whilst internalising ADCs are reliant on high, homogenous internalising antigen expression, non-

internalising ADCs can target non-internalising cell membrane antigens, extracellular proteins and 

components of the stroma or vasculature unique to cancer. Additionally, a non-internalising approach 

may be attractive for the treatment of cancers which develop resistance against internalising ADCs 

(mechanisms of which include reducing internalising antigen expression or acquiring defects in the 

internalisation process).100,101 It has also been suggested that extracellular payload release may 

facilitate deeper tumour penetration and improve the bystander effect, which may be useful in the 

treatment of solid tumours where antibody diffusion is limited.102  

1.1.9 Peroxide and Cancer  

The high metabolism of cancer cells, as well as other factors such as mitochondrial dysfunction, 

increased cellular receptor signalling, increased activity of oxidases and oncogene activity, leads to an 

increase in reactive-oxygen species (ROS) and oxidative stress.103–105 ROS are radicals, molecules or ions 

with an unpaired electron, including hydroxyl radicals •OH, superoxide O2
- and hydrogen peroxide, 

H2O2.106 Signalling pathways which rely on ROS are often elevated in many types of cancers, where 

they contribute to cell growth, proliferation, and cell survival. Under normal physiological conditions, 

the concentrations of ROS are carefully maintained to prevent cellular damage,106 however, cancer 

cells become adapted to high levels of oxidative stress.   

H2O2 is the most stable and long-lived ROS, and consequently is the most well studied. Intracellular 

H2O2 is produced from superoxide (O2
-) by superoxide dismutase (SOD) enzymes. Elevated SOD 

expression in cancer cells can result in abnormally high levels of H2O2, as well as by the inactivation of 

H2O2 scavenging enzymes, such as catalase, which decomposes H2O2 to water and oxygen. Whilst 

mainly produced intracellularly at mitochondria, H2O2 is highly diffusible and may cross cell 

membranes through membrane channels.106,107 The concentrations of H2O2 have been known to reach 

as high as 100 µM in cancer cells, approx. 100 times higher than in healthy cells.108,109 It is this 

distinction that makes ROS promising to exploit for  targeted drug delivery.  

Jourden and Cohen were the first to describe a small-molecule matrix metalloproteinase inhibitor 

(MMPi) prodrug which was activated selectively by H2O2.110 Since then, a number of small-molecule 

H2O2-activatable prodrugs have been developed to achieve site-selective drug activity, which are 

discussed in detail later in this report (see Section II). Common ROS-responsive motifs are boronic 

esters and acids, which are capable of selective oxidation by H2O2 to hydroxyl moieties (Figure 25). The 

boronic esters or acids can thus be used to mask a hydroxyl essential for the function of a drug, to 
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render it inactive until it reaches the tumour site and is revealed by the elevated levels of H2O2. 

Alternatively, arylboronates or arylboronic esters can be coupled via self-immolative spacers to allow 

release of drugs bearing functional groups other than alcohols, such as amines through carbamate 

bonds (Figure 25B). Following C-B bond oxidation, the self-immolative linker can undergo spontaneous 

1,6-elimination to release an active drug with liberation of CO2 and a quinone methide side-product.  

The released quinone methide is highly reactive and electrophilic, and is known to undergo reactions 

with water, glutathione (GSH), and other biological nucleophiles such as DNA bases.111,112 In the case 

of cancer treatment, the toxicity of the quinone methide by-product may contribute to the therapeutic 

effect, providing it is only released at the site of action.113  

  

Figure 25: General reactivity of boronic acids with H2O2 (A) to reveal a native hydroxyl of a drug, (B) to reveal a 
phenol of a self-immolative spacer, which can then undergo 1,6-elimination to release the unmodified drug. The 
self-immolative spacer is depicted in blue. 

For drug release from arylboronate or arylboronic acid self-immolative linkers, the kinetics of two 

processes need to be considered: 1) oxidation of the C-B bond by H2O2, and 2) quinone methide 

formation by elimination. Aryl ring electronics have conflicting influence on both steps. C-B bond 

oxidation is facilitated by electron-withdrawing groups on the aromatic ring and hampered by 

electron-donating groups.114 Conversely, electron-donating groups enhance the rate of self-

immolation and quinone methide formation by lowering the energy barrier to dearomatisation and 

stabilising the positive charge that develops at the benzylic position.115 Whilst some studies report that 

the 1,6-elimination step is rate-limiting,116 it is not totally understood what the effects of aromatic 

substitutions may be in the overall process. For example, a study which trapped quinone methides 

after peroxide activation of arylboronates showed that whilst nitro group (NO2) substitution of the aryl 

ring did significantly slow the kinetics of quinone methide formation, because C-B oxidation was much 

faster than analogues bearing electron-donating OMe/Me substituents, more of the nitro-quinone 

methide trapped product was observed.114 Therefore, it is challenging to predict what structural 

modifications might yield a prodrug with the fastest payload release in vivo. Additionally, the success 
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of H2O2-activatable prodrugs may also be influenced by other factors such as their membrane 

permeability and general pharmacokinetics.  

1.1.9.1 ROS-cleavable ADCs 

During the preparation of this report, António et al. described the development of a ROS-responsive 

antibody fragment-conjugate.117 The authors utilised diazaborine (DAB) motifs, which can be oxidised 

by H2O2 to reveal a phenol and hydrazone (Figure 26A). The authors propose that 1,6-elimination 

through the para-hydroxybenzyl ether linker can then release alcohol payloads such as SN-38. 

Accordingly, SN-38 was attached to the benzylic position of a DAB via an ether linkage and conjugated 

to a VL single-domain antibody fragment for targeting and internalisation into B-cell lymphoma cells 

(Figure 26B).  

 

Figure 26: (A) Proposed mechanism of action by H2O2 DAB linker cleavage and drug immolation and (B) structure 
of the antibody fragment conjugate VL-DAB31-SN-38 containing cleavable diazaborine linker connecting SN-38.  

In vitro evaluation of VL-DAB31-SN-38 revealed cytotoxicity against B-Cell lymphoma CLBL-1 cell line, 

but no toxicity against a control Jurkat cell line. However, the antibody fragment conjugate was approx. 

11-fold less potent than treatment of SN-38 (IC50 = 54.1 nM vs. 4.67 nM of SN-38), suggesting 

incomplete liberation of SN-38 in vitro. Additionally, the in vitro mechanism of action of this antibody 

fragment conjugate was not fully explored, and it remains to be seen whether the cytotoxicity arises 

solely from action of H2O2 cleavage of the linker and efficient 1,6-elimination to release free SN-38 or 

by other mechanisms.  
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1.2 Project Aims & Overview 

1.2.1 Project Aims  

Given the importance of the linker chemistry in defining the stability, selectivity and efficacy of ADCs, 

there is need to expand the toolbox of cleavable motifs. Arylboronates and arylboronic acids are well-

established cleavable motifs, and their ability to generate efficacious small-molecule prodrugs 

activated by the elevated levels of H2O2 in cancer has been well-explored (see Section II of this report). 

This project aims to develop the first full IgG ADC comprising a H2O2-cleavable arylboronic acid linker. 

The effect of aryl ring electronics will be explored by substitution of the aryl ring with different 

functional groups, and the impact on resulting ADC potency will be examined.  

Successful arylboronic acid linkers should satisfy the following criteria:  

• Linkers should be synthetically accessible 

• Linkers should have fast kinetics of payload release in the presence of a pathologically relevant 

concentration of H2O2 

• Linkers should have general stability in the absence of H2O2 (> 5 days) for example in circulation 

in plasma, at different pHs, and in the presence of biological nucleophiles  

• The linker should enable conjugation to a relevant ADC payload, and the resulting linker-drug 

should be suitable for bioconjugation to an antibody: the linker should not cause significant 

antibody aggregation, and enable synthesis of ADCs with DARs close to 4  

• Resulting arylboronic acid ADCs should possess comparable in vitro potency to ADCs 

comprising linker technology commonly used, such as cathepsin-cleavable dipeptides 

1.2.2 Project Overview  

The research described in Chapter 1 began with the exploration of a series of model arylboronic acid 

linkers comprising a fluorescent reporter molecule. Synthesis of three model linkers with different aryl 

substituents was achieved, as well as a non-cleavable control lacking the cleavable boronic acid moiety. 

HPLC analysis revealed the desired cleavage with H2O2 to release unmodified model payloads via 1,6-

elimination. Further fluorometric analysis allowed a comparison of reaction rates of the panel of model 

linkers with different equivalents of H2O2, as well as their stability in the absence of H2O2, at different 

pH, in the presence of glutathione (GSH) and in unconditioned cell media. The superior stability of the 

arylboronic acid linkers in mouse plasma was exemplified by fluorometric and quantitative HPLC 

analysis, compared to a Val-Cit analogue which is commonly employed in FDA-approved ADCs.  

The most promising arylboronic acid linkers were then elaborated by conjugation to potent cytotoxin 

MMAE and divinylpyrimidine (DVP) bioconjugation handles. This allowed bioconjugation to anti-HER2 
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antibody trastuzumab by re-bridging of the interchain disulfides, generating ADCs with average DARs 

close to 4 and minimal aggregation. The resulting ADCs were evaluated in vitro against a panel of 

HER2+ and HER2- breast cancer cell lines. Surprisingly, the peroxide-cleavable arylboronic acid ADCs 

were potent against all cell lines, regardless of HER2 antigen expression. Quantification of the 

extracellular H2O2 concentrations of these cell lines revealed that each HER2- cell line had significant 

levels of extracellular H2O2 compared to a negative control. Hence, it is proposed that the presence of 

extracellular H2O2 is responsible for the activity of the peroxide-cleavable ADCs in antigen-negative cell 

lines. This was further supported by treatment of cells with peroxide-scavenger catalase, which 

rendered the peroxide-cleavable ADCs non-toxic towards HER2- cell lines. Taken together, this 

suggested that extracellular peroxide was responsible for the ADC activity rather than instability or 

promiscuous reactivity.  

Given the ability of the peroxide-cleavable linkers to cleave extracellularly without requiring 

internalisation of the ADC, the linkers were applied towards the generation of non-internalising anti-

PD-L1 ADCs. As with trastuzumab, the interchain disulfide bonds of durvalumab were re-bridged with 

arylboronic acid-MMAE linkers to yield a peroxide-cleavable durvalumab ADC with minimal 

aggregation and average DAR close to 4. In vitro evaluation revealed potent dose-dependent 

cytotoxicity in PD-L1+ cell lines, which was significantly reduced upon catalase pre-treatment of the 

cells. This revealed the lack of internalisation of the PD-L1 ADC, and the successful design of the 

extracellularly-cleavable arylboronic acid linkers.  
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1.3 Results & Discussion  

1.3.1 Synthesis of Model Linker-Payloads  

1.3.1.1 Introduction  

For initial investigation, it was envisioned that a series of model arylboronic acid linker-payloads could 

be constructed for evaluation of their ability to release a reporter molecule upon reaction with H2O2. 

The arylboronic acid motif displays extremely fast kinetics of oxidation with hydrogen peroxide, and 

the kinetics of the subsequent release can be influenced by aryl ring electronics.114,118–120 Thus, capping 

of the widely used para-hydroxybenzyl spacer with a boronic acid was thought to enable extremely 

fast and selective antibody-payload cleavage upon exposure to high concentrations of ROS in the 

tumour microenvironment (Figure 27). An alkyne moiety included at the benzylic position could 

provide a functional handle for connection to the antibody using click chemistry. Additionally, alkyl-

substitution at the benzylic position of such self-immolative spacers is known to enhance the rate of 

self-immolation.118,121 7-Amino-4-methyl coumarin (AMC) was chosen as the reporter molecule due to 

its tuneable fluorescence: when incorporated into a carbamate bond of the model linker its 

fluorescence is quenched.98,122 However, when released from the linker following the desired H2O2-

mediated oxidation and subsequent 1,6-elimination, the fluorescence is greatly increased, allowing 

facile monitoring of this process by fluorimetry (Figure 27).  

 

Figure 27: The structure of model linkers and their release of fluorescent reporter molecule by action of H2O2.  

It was also envisioned that the rate of C-B oxidation and 1,6-immolation could be tuned by the 

incorporation of different functional groups on the aryl ring. Thus, a panel of model linkers with 
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different aryl ring substituents was designed for synthesis and investigation (Figure 28). In addition to 

an unsubstituted model linker (1), di-fluoro (2), mono-fluoro (5) and mono-nitro (6) linkers were 

chosen for investigation since C-B bond oxidation is facilitated by the presence of electron-withdrawing 

groups on the aromatic ring.114,123 A Val-Cit model linker (4) would also be synthesised to allow 

comparison of kinetics to a cleavage motif commonly employed in ADCs. Finally, a non-cleavable linker 

(3) lacking the key boronic acid would also be synthesised, to confirm that the peroxide-responsive 

moiety is essential for payload release and that the carbamate bond is not inherently unstable.  

 

Figure 28: Panel of model linkers for synthesis and evaluation of the kinetics of payload release.  

1.3.1.2 Synthesis 

The first synthetic route towards model linkers employed a Miyaura borylation from an aryl halide as 

the last synthetic step to preclude any challenges with the handling and purification of boronic 

esters.124 Commencing from commercially available 4-bromo benzaldehydes, a Barbier reaction with 

zinc and propargyl bromide could install the alkyne handle for later click chemistry to attach to the 

antibody (Scheme 1). This step also installs a benzylic alcohol for subsequent carbamate formation 

with AMC. Finally, Miyaura borylation could install a pinacol boronate from the aryl bromide, which 
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could be hydrolysed to the boronic acid if required. Since boronic esters rapidly hydrolyse to the 

boronic acids under physiological conditions,114 whichever is more synthetically tractable will be 

pursued.  

 

Scheme 1: Retrosynthetic route towards model linkers whereby the Miyaura borylation is performed as the last 
synthetic step.  

For the unsubstituted analogue, Barbier reaction of 4-bromo benzaldehyde was successful in moderate 

yield to afford benzylic alcohol 7 (Scheme 2). Subsequent carbamate formation with AMC was 

successful in similar yields, affording carbamate 3 which corresponds to the non-cleavable control, 

since its only structural difference from the unsubstituted model linker 1 is the lack of the H2O2-

responsive boronate.  

 

Scheme 2: Synthesis of non-cleavable linker 3 and undesired by-prodrug AMC-urea formation.  

Formation of carbamate 3 involved generation of the AMC-isocyanate by triphosgene, catalysed by 

dibutyltin dilaurate.125,126 The moderate yield of this reaction can be attributed to the formation of the 

AMC-urea (identified by the corresponding [M+H]+ in LCMS) and challenging separation of this impurity 

from the desired product. However, yields were sufficient to access non-cleavable analogue 3 and 

attempt the Miyaura borylation to unsubstituted model linker 1. 
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Unfortunately, Miyaura borylation of bromo-carbamate 3 was unsuccessful under two conditions, 

resulting only in starting material degradation (Table 1). In general, the carbamate bond appeared to 

be susceptible to hydrolysis upon heating in base, returning unmodified AMC as observed by the 

corresponding [M+H]+ in LCMS.  

Table 1: Attempted Miyaura borylation conditions to afford 1a. 

 

Entry Conditions Outcome 

1 

XPhos (0.025 eq.), XPhos-Pd-G2 

(0.05 eq.), B2Pin2 (1.2 eq.), 

K3PO4·7H2O, EtOH 

No reaction until heated to reflux, then 

degradation of starting material to free 

AMC. 

2 
PdCl2(dppf) (0.03 eq.), B2Pin2 

(1.1 eq.), KOAc (3 eq.), DMSO 

No reaction until heated to 60 °C, then 

degradation of starting material to free 

AMC. 

 

Given the inability to modify 3 in the basic conditions required for Miyaura borylation, a different 

synthetic route was considered whereby carbamate formation would be the final synthetic step 

(Scheme 3). 

 

Scheme 3: Alternative synthetic route towards model linkers whereby carbamate formation is the final synthetic 
step.  

For the unsubstituted linker, Miyaura borylation of 4-bromobenzaldehyde was successful in moderate 

yield, yielding pinacol boronate aldehyde 8 (Scheme 4). Barbier reaction of 8 with propargyl bromide 

was also initially successful in good yield, affording benzylic alcohol 9 without significant problems 

handling or purifying the boronic ester. However, the Barbier reaction was irreproducible for this 
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analogue and others, sometimes affording no desired reaction even with immediate pre-activation of 

zinc powder. Thus, more reliable conditions were required. Hence, reaction conditions which 

employed zinc pre-activation with diiodoethane and constant sonication were attempted.127 The 

sonochemical reaction of aldehyde 8 was successful, albeit in lower yields than the original Barbier 

conditions. However, these conditions were significantly more reliable and gave consistent yields on 

repeat reactions.  

Given previous carbamate formation attempts yielded significant AMC-urea by-product, alternative 

isocyanate formation conditions were employed. Pleasingly, the reaction of AMC and triphosgene with 

triethylamine at rt gave complete isocyanate formation within 15 minutes (confirmed by quenching an 

analytical sample with methanol and observing the isocyanate-methanol adduct mass by LCMS, 

Scheme 4). Without heating, formation of the undesired AMC-urea was greatly reduced. Subsequent 

reaction of AMC-isocyanate with benzylic alcohol 9 was successful, however, reverse-phase 

purification yielded mixtures of boronic ester (1a) and boronic acid (1b) product. Hence, upon 

repetition the reaction mixture was subjected to basic aqueous conditions after carbamate formation, 

which hydrolysed boronic pinacol ester 1a to boronic acid 1b. The new procedure afforded the final 

unsubstituted boronic acid linker 1b in low yields, but in sufficient quantity and purity for further 

evaluation. Attention then turned to generate different analogues via the same synthetic route. 



35 
 

  

Scheme 4: Synthesis of unsubstituted model linker 1b, including the quenching of isocyanate for observation by 
LCMS and hydrolysis of boronic ester and acid mixtures to obtain pure boronic acid 1b.  

Di-fluoro pinacol boronate 10 was obtained from the Miyaura borylation of 4-bromo-2,5-difluoro 

benzaldehyde, however, purification by flash column chromatography (FCC) only yielded impure 

product (Scheme 5). Upon repetition 10 was therefore carried forward crude without purification. The 

Barbier reaction of crude 10 was then successful, obtaining benzylic alcohol 11 in good yields over the 

two steps. Carbamate formation, followed by in situ hydrolysis of the boronic ester (2a) to the boronic 

acid (2b) yielded the final di-fluoro boronic acid linker 2b in 29% yield. 
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Scheme 5: Synthesis of the di-fluoro model linker 2b. 

Miyaura borylation of 3-fluoro-4-bromobenzaldehyde to afford 12 proceeded in moderate yield, and 

subsequent Barbier reaction also proceeded adequately, affording 13 with slightly improved yields 

when using the sonochemical method with diiodoethane (Scheme 6). Finally, carbamate formation 

with AMC was successful, yielding majority boronate ester 5a in good yield, and a small amount of 

boronic acid 5b. The boronate ester 5a was then hydrolysed to boronic acid 5b, overall affording 5b in 

13% yield from 13.  
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Scheme 6: Synthesis of mono-fluoro model linker 5b.  

Synthesis of mono-nitro analogue 6 commenced with Miyaura borylation of 3-nitro-4-

bromobenzaldhehyde (Scheme 7). The reaction profile was complex when analysed by LCMS and 

formed a number of unidentified by-products, as well as the corresponding boronic acid. Hence only 

a moderate yield of 14 was achieved. Unfortunately, the subsequent Barbier reaction also gave a 

complex reaction mixture and proceeded with significant hydrolysis of the boronic ester to the boronic 

acid. As such, the boronic acid material 15 was isolated and carried forward impure. Although the 

desired product 6a was observed to form in the subsequent carbamate formation step, multiple by-

products also formed, and purification was challenging. Hence, final material 6a was not obtained. In 

general, synthetic efforts towards the nitro analogue involved very complex reaction mixtures with 

difficult purification and thus no further attempts were made at synthesising 6a. Moreover, it is known 

that drugs containing nitro groups can cause toxicity and consequently are often considered “structural 

alerts” to be avoided in drug design.128,129  
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Scheme 7: Attempted synthesis of mono-nitro model linker 6a. 

Finally, Val-Cit model linker 4 was synthesised in moderate yields according to a previously published 

procedure (Scheme 8).130 
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Scheme 8: Synthesis of Val-Cit AMC model linker 4.  
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1.3.2 Evaluation of Payload Release from Model Linkers  

1.3.2.1 HPLC kinetics 

With model linkers 1b, 2b, 3, 4 and 5b in hand, HPLC analysis was performed to confirm the desired 

reactivity with H2O2. It was envisaged that this would give preliminary information regarding the extent 

and kinetics of AMC release. Arylboronic acid model linkers 1b, 2b and 5b were incubated with 10 

equivalents (eq.) of H2O2 with caffeine as an internal standard. For the unsubstituted 1b and di-fluoro 

linker 2b (Figure 29A and Figure 29B respectively), boronic acid starting material was undetectable 

after 1 h incubation. For the mono-fluoro linker 5b, cleavage was slower, with a trace of boronic acid 

starting material still remaining after 1 h incubation (Figure 29D). In each case, 1,6-elimination was 

sufficiently rapid such that the intermediate phenol was not observed. LCMS analysis allowed 

identification of the quinone methide (QM) formed from the 1,6-elimination (labelled A in Figure 29). 

Furthermore, another by-product was observed which corresponded to the mass of an AMC-quinone 

methide adduct (labelled C in Figure 29). Formation of similar by-products from addition to QMs has 

been observed in the literature, and is likely a result of the high concentrations used in the HPLC 

assay.131,132 Other visible peaks could not be characterised by LCMS.  

 

Figure 29: A) Linker cleavage with 10 equiv. H2O2 and the observed species formed by HPLC and LCMS, B) 1b 
linker cleavage HPLC traces, C) 2b linker cleavage HPLC traces, D) 5b linker cleavage HPLC traces.  
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This preliminary HPLC assay demonstrated that arylboronate linkers 1b, 2b and 5b displayed the 

desired reactivity and reporter molecule release with H2O2, warranting their further evaluation under 

more physiologically relevant conditions.  

1.3.2.2 Fluorimetry kinetics 

Release with different equivalents of H2O2  

Fluorimetry offers a non-invasive, continuous analysis method to view the release of fluorescent AMC 

from the reaction of model linkers at low micromolar concentrations with H2O2. Hence, model linkers 

were incubated with various concentrations of H2O2 at 37 °C and fluorescence intensity was monitored 

over 24 h (5 µM linker, pH 7.4 PBS buffer).  

In each case, AMC release was faster with increased equivalents of H2O2, and no fluorescence increase 

was observed in the absence of H2O2, suggesting stability of the model linkers (Figure 30A-C). 

Additionally, no fluorescence increase was observed with non-cleavable linker 3 (Figure 30D), 

highlighting that the boronic acid motif is key for the mechanism of AMC release. Comparison of each 

linker at 10 equiv. H2O2 (Figure 30E) shows that the di-fluoro linker 2b cleaved the fastest (t1/2 ~ 1h), 

followed by the unsubstituted 1b (t1/2 ~ 1.5 h) then the mono-fluoro linker 5b (t1/2 ~ 2 h).  
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Figure 30: Kinetics of AMC release from H2O2-cleavable model linkers with different H2O2 equivalents. Legend 10, 
5, 1, 0 refers to peroxide equivalents. A) Unsubstituted 1b, B) Di-fluoro 2b, C), Mono-fluoro 5b and D) Non-
cleavable 3. E) Comparison of kinetics of AMC release from each linker with 10 equiv. H2O2. 

Kinetics of release at different pH 

Since linkers 1b and 2b seemed the most reactive in the initial kinetic studies, they were carried 

forward for further study. First, the kinetics of release was evaluated at different pH (Figure 31).  

Release of AMC was accelerated at pH 9 compared to neutral pH 7.4. However, at acidic pH (4.5), which 

is more representative of lysosomes, release was significantly slower. Although most ADCs are 

designed to release their payload within lysosomes in the target cell, it is not essential for an efficacious 

ADC, and linker cleavage may also occur in the cytosol or extracellularly after diffusion from lysosomes.  
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Figure 31: The release of fluorescent AMC from model linkers 1b and 2b with 10 equivalents (eq.) H2O2 at 
different pH.  

Release in the presence of GSH  

Next, release from the model linkers in the presence of glutathione (GSH) was evaluated to assess 

whether release would be hindered by the presence of other nucleophiles (Figure 32). Pleasingly, the 

rates of AMC release were similar with 10 eq. H2O2 with or without the presence of 10 eq. GSH, 

suggesting that linker cleavage and payload release would not largely be impeded by the presence of 

other nucleophiles.  

 

Figure 32: The release of fluorophore from model linkers A) 1b and B) 2b in the presence of 10 equiv. GSH and 
10 equiv. H2O2. – GSH refers to no added GSH, + GSH refers to the addition of 10 equiv. GSH. 

1.3.3 Stability Analysis  

1.3.3.1 Stability at different pH  

To further confirm the stability of model linkers, they were incubated in buffers with varying pHs 

(without H2O2). Both 1b and 2b were stable over 24 h with minimal fluorescence increase at pH 4.5, 

7.4 and 9 (Figure 33).  
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Figure 33: Stability of model linkers A) 1b and B) 2b at different pHs in the absence of H2O2 over 24 h. The 
fluorimetry when incubated with 10 equiv. H2O2 is include for comparison. pH 7.4 = PBS, pH 4.5 = ammonium 
acetate buffer, pH 9 = carbonate buffer. 

Only when the unsubstituted linker 1b was incubated for a further 10 days was significant fluorescence 

increase observed at pH 9, although it did not reach the same level as with 10 eq. H2O2 (Figure 34). 

Presumably, the carbamate bond is susceptible to hydrolysis in prolonged highly basic conditions (as 

was observed during the synthesis of 1 – see Table 1). 

 

Figure 34: Stability of model linker 1b at different pHs in the absence of H2O2 over 10 days. The fluorimetry when 
incubated with 10 equiv. H2O2 is include for comparison. pH 7.4 = PBS, pH 4.5 = ammonium acetate buffer, pH 9 
= carbonate buffer. 

1.3.3.2 Stability in the presence of GSH  

When incubated for a prolonged period of time (10 days) in the presence of 10 eq. GSH at 37 °C, 

minimal fluorescence increase was observed from peroxide-cleavable linkers 1b and 2b (Figure 35). Di-

fluoro linker 2b displayed a small increase in fluorescence intensity over time, but it did not reach the 

high intensity that is obtained when the linker is incubated with 10 eq. H2O2, suggesting that only 

minimal levels of AMC are released with a large excess (10 eq.) of GSH.  
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Figure 35: The release of AMC from model linkers A) 1b and B) 2b when incubated with GSH compared to when 
co-incubated with GSH and H2O2. + GSH refers to incubation with 10 eq. GSH, + H2O2 refers to incubation with 
10 eq. H2O2.  

1.3.3.3 Stability in cell media  

To confirm that the linkers were not susceptible to degradation in the cell media used for in vitro 

studies, they were incubated with unconditioned cell media from each of the breast cancer cell lines 

examined (in the absence of cancer cells, the media does not contain any ROS). 1b and 2b were 

incubated with cell media at 37 °C, and fluorescence was monitored continuously for 24 h, then re-

analysed every day for 4 days (the length of time of an in vitro assay) (Figure 36 and Figure 37).  

For unsubstituted linker 1b, there was a slight increase in fluorescence over time in RPMI and McCoy’s 

media, but this did not reach the intensity of the linker when incubated with H2O2 (Figure 36). RMPI 

and McCoy’s are the growth media for HER2-positive (HER2+) breast cancer cells (BT474 and SKBR3). 

1b was stable in DMEM, the media of HER2-negative (HER2-) breast cancer cells, hence no release of 

the payload in the non-target cell lines as a result of general instability in media was expected. 

However, the small amount of payload release from 1b in the HER2+ media may contribute to the ADC 

activity in the target cells. Nevertheless, it should be considered that these small molecule linkers are 

only model compounds, and it is not entirely clear how applicable their stability is to the stability of 

the linker when incorporated into an ADC. Di-fluoro model linker 2b was stable in all cell media, 

displaying no significant fluorescence increase during the 4-day incubation (Figure 37). 
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Figure 36: Stability of the unsubstituted model linker 1b in cell media. (A) the fluorescence when incubated for 
24 h at 37 °C, B) the fluorescence over 4 days at 37 °C, with (+) or without (-) co-incubation with 10 eq. H2O2. 
DMEM is the cell media for MCF7 and MDA-MB-468 cells, RPMI is the media for BT474 cells and McCoy’s is the 
media for SKBR3 cells.  
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Figure 37: Stability of the unsubstituted model linker 2b in cell media. (A) the fluorescence when incubated for 
24 h at 37 °C, B) the fluorescence over 4 days at 37 °C, with (+) or without (-) co-incubation with 10 eq. H2O2. 
DMEM is the cell media for MCF7 and MDA-MB-468 cells, RPMI is the media for BT474 cells and McCoy’s is the 
media for SKBR3 cells. 

1.3.3.4 Stability in plasma  

For initial assessment of model linker stability in human and mouse plasma, the di-fluoro linker 2b was 

selected due to its apparent higher reactivity than the unsubstituted linker (Figure 30). Val-Cit model 

linker 4 was also evaluated in human and mouse plasma for comparison with linkers commonly used 

in ADCs. Comparing the stability of 2b vs 4 in mouse plasma was of particular interest, since dipeptides 

have known instability to hydrolysis by the Ces1c hydrolase present in mouse plasma.63–65 The assay 

was performed at 37 °C with caffeine as an internal standard, which allowed the quantitative analysis 

of linker degradation over time by HPLC analysis (Figure 38 and Figure 39). 

In mouse plasma, Val-Cit model linker 4 was very unstable, with the starting material peak becoming 

completely undetectable within 10 days, and the appearance of a significant new peak (denoted with 
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an asterisk, Figure 38C). In contrast, di-fluoro linker 2b was markedly more stable in the assay 

conditions (Figure 38B).  

 

Figure 38: HPLC stability assay in mouse plasma. A) Quantitation of linker % over time calculated from the 
comparison of caffeine:linker peak area in the HPLC, B) HPLC traces of di-fluoro 2b and C) Val-Cit 4 model linkers: 
the significant new peak from the degradation of linker 4 is denoted with an asterisk *. Raw HPLC data can be 
found in appendix 3.  

In human plasma, the non-cleavable (3), di-fluoro (2b) and Val-Cit (4) linkers were comparably stable, 

with no significant degradation observed over 10 days.  
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Figure 39: HPLC stability assay in human plasma. A) Quantitation of linker % over time calculated from the 
comparison of caffeine:linker peak area in the HPLC, B) HPLC traces of non-cleavable 3, C) di-fluoro 2b, and D) 
Val-Cit 4 model linkers. For the non-cleavable linker 3, the HPLC trace at 72 h is not displayed due to 
inconsistencies in HPLC retention time, though the peak area could still be used for the quantitative analysis. 
Raw HPLC data can be found in appendix 3. 

Although the HPLC assay gave good confidence that 2b had improved stability over Val-Cit 4 in mouse 

plasma, the response from the linkers was at the lower limit of suitability for quantitation. It was 

envisioned that fluorimetry would also be a convenient way to confirm that the linkers do not degrade 

to release free “drug” (AMC) in the presence of plasma at more biologically relevant concentrations.  

Thus, the unsubstituted 1b and di-fluoro 2b model linkers were incubated with human and mouse 

plasma and the fluorescence monitored over 20-24 h at 37°C (Figure 40). Pleasingly, no fluorescence 

increase was observed from incubation in either mouse or human plasma in comparison to the large 

fluorescence increase when incubated with 10 equiv. H2O2. Thus, the linkers do not degrade to release 

free “drug” in plasma.  
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Figure 40: The fluorescence intensity of A) unsubstituted 1b and B) di-fluoro linker 2b when incubated with 
mouse plasma or C) 1b and D) 2b in human plasma over 20-24 h.  

For further assurance, the linkers were evaluated over 10 days in human and mouse plasma. Similar 

to the results of the HPLC assay, the boronic acid linkers were stable in human and mouse plasma, with 

no significant increase in fluorescence over the 10 days, similar to the Val-Cit analogous linker 4 (Figure 

41). However, in mouse plasma, 4 was highly unstable and displayed a significant increase in 

fluorescence intensity within 1 day. The fluorescence decrease observed for the remaining days is 

thought to be due to fluorescence quenching of the released fluorophore. The arylboronic acid linkers 

1b and 2b do not display this major instability in mouse plasma, since a much lower fluorescence 

increase is observed.  

 

Figure 41: The long-term stability of unsubstituted 1b, di-fluoro 2b and Val-Cit 4 model linkers in human and 
mouse plasma. The decrease in fluorescence of 4 after initial increase is thought to be due to fluorescence 
quenching of the released fluorophore.  
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1.3.4 ADC Synthesis  

Having confirmed the suitability of arylboronic acids for plasma stable and responsive peroxide-

cleavable linkers, the unsubstituted and di-fluoro linkers were elaborated into ADCs which were 

expected to retain these favourable characteristics.  

1.3.4.1 Linker synthesis  

Synthetic intermediates from model linker synthesis (9 and 11) contain an alkyne for copper-catalysed 

azide–alkyne cycloaddition (CuAAC)  to allow antibody attachment, and a benzylic alcohol for payload 

attachment. The Spring group have previously demonstrated the efficiency of DVP reagents for 

bioconjugation to trastuzumab, which generate re-bridged antibody species with an average drug-to-

antibody ratio (DAR) of four.36,37 Monomethyl auristatin E (MMAE) was chosen as the payload given its 

high cytotoxicity (sub-nanomolar IC50) against a number of different cell lines and wide use in FDA-

approved ADCs. 

First, benzylic alcohols 9 and 11 were activated as para-nitro phenyl carbonates 20a (unsubstituted) 

and 21b (di-fluoro), for reaction with the amine residue of MMAE, affording linker-payloads 20b and 

21b (Scheme 9). Then, CuAAC between alkynes 20b and 21b with DVP-azide 22 yielded the desired 

linker-payloads 20c and 21c.  
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Scheme 9: Synthesis of arylboronic acid DVP-Linker-MMAE constructs 20c (unsubstituted) and 21c (di-fluoro). 
DVP-azide 22 was provided by Dr. Stephen Walsh.  

Hence, the final DVP-linker-MMAE constructs 20c and 21c were obtained in moderate yield, primed 

for antibody bioconjugation. Non-cleavable DVP-linker 23 was provided by Dr Stephen Walsh for the 

synthesis of a control non-cleavable ADC, which has been utilised in previous work (Figure 42).37,73 

Additionally, Val-Cit-Linker-MMAE 24 was provided by Dr Stephen Walsh for use as a control (Figure 

42). 
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Figure 42: Structure of non-cleavable 23 and Val-Cit 24 DVP-Linker-MMAE constructs.  

1.3.4.2 Bioconjugations  

With the four DVP-linker-payloads 20c, 21c, 23 and 24 in hand, bioconjugation was required via 

antibody re-bridging to afford the final ADCs. Trastuzumab is an IgG antibody which targets human 

epidermal growth factor receptor (HER2), which is overexpressed in 20-30% of breast cancers.133 

Trastuzumab contains four interchain disulfide bonds which can be reduced to their free thiols by 

tris(2-carboxyethyl)phosphine (TCEP). Then, nucleophilic addition to the vinyl groups of a DVP-linker-

MMAE can afford an antibody species whereby the native intrachain disulfide bonds are re-bridged, 

ideally attaching four drugs per antibody (DAR of 4). 

Initial bioconjugation attempts employed standard conditions previously used in the Spring group,37 

with 10 eq. of TCEP·HCl at 37 °C in buffer (25 mM Tris HCl pH 8, 25 mM NaCl, 0.5 mM EDTA) with 2.5 

mg/mL (16.7 µM) trastuzumab for 1 h, followed by incubation with 40 eq. of DVP-Linker-MMAE (10% 

DMSO co-solvent) for 2 h (Figure 43). Then, any remaining small-molecule contaminants were 

removed by a Zeba™ Spin Desalting Column (7K molecular weight cut-off) followed by successive 

diafiltration into PBS using an Amicon-Ultra centrifugal filter (10K molecular weight cut-off). The 

bioconjugation products were then analysed by SDS-Page and Hydrophobic Interaction 

Chromatography (HIC). 
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Figure 43: General schematic of the bioconjugation of trastuzumab to generate ADCs 1-4. 

Bioconjugation yielded multiple species, as can be seen by SDS-page (Figure 44). When fully reduced, 

the IgG antibody can either be re-bridged by re-forming the covalent bond between two heavy chains, 

or it can undergo intra-chain re-bridging which forms a covalent bond within the same polypeptide 

chain, generating a “half-antibody” species. Despite no longer being covalently linked, the two heavy 

chains are held together by a number of non-covalent interactions, and thus the half-antibody is known 

to retain the antigen-binding and internalisation properties of the full antibody.25,29,134 Hence, for this 

work, it was not considered problematic that bioconjugation yielded mainly the half-antibody. 

Pleasingly, reactions of all DVP-Linker-Payloads 20c, 21c and 24 yielded predominantly half-antibody 

ADC 1, ADC 2 and ADC 4, with the arylboronate linkers giving similar distribution of product as the 

analogous Val-Cit linker.  
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Figure 44: Initial bioconjugation conditions to afford ADC 1 (lane A), ADC 2 (lane B) and ADC 4 (lane C). 12% 
acrylamide gel under reducing conditions with β-mercaptoethanol at 70 °C for 2 min prior to gel loading, stained 
with Coomassie blue. MW = molecular weight marker. 

DARs were then analysed by Hydrophobic interaction chromatography (HIC). HIC separates ADC 

species based on their hydrophobicity, and since ADC species with increasing amounts of conjugated 

drug will be increasingly hydrophobic, the different ADC products can be separated according to the 

DAR. Average DAR is then calculated from equation (1), where DARx
 refers to the peak area 

corresponding to that DAR species. Pleasingly, HIC analysis revealed that all ADCs were generated with 

an average DAR close to 4 (Figure 45).  



56 
 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝐴𝑅 =  
(𝐷𝐴𝑅1  + 2 ×  𝐷𝐴𝑅2 +  3 ×  𝐷𝐴𝑅3 + 4 ×  𝐷𝐴𝑅4  + 5 ×  𝐷𝐴𝑅5)

(𝐷𝐴𝑅0 + 𝐷𝐴𝑅1 + 𝐷𝐴𝑅2 + 𝐷𝐴𝑅3 +  𝐷𝐴𝑅4 +  𝐷𝐴𝑅5)
 (1) 

 

 

Figure 45: HIC traces for the initial bioconjugation to generate ADC 1, ADC 2 and ADC 4 including the calculated 
average DAR. 

Having confirmed the successful bioconjugation by SDS-page gel and HIC, the conditions were 

optimised to try to improve conversion (Figure 46, Table 2). In most cases, increased linker equivalents 

and reaction times (80 equivalents, 4 h) resulted in greater conversion to high DAR species, giving 

improved average DAR. However, for unsubstituted ADC 1, the best DAR was achieved with lower 

equivalents (40 equivalents, 4 h).  
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Figure 46: SDS-PAGE analysis of Table 2, 12% acrylamide gel under reducing conditions with β-mercaptoethanol 
at 70 °C for 2 min prior to gel loading, stained with Coomassie blue. MW = molecular weight marker. Lane 
numbering corresponds to entries in Table 2.  

Table 2: Optimisation of the bioconjugation conditions to ADC 1 (entries 7-10, linker 20c), ADC 2 (entries 1-4, 
linker 21c), and ADC 4 (entries 5-6, linker 24). In each case the optimum condition is highlighted in bold.  

Entry ADC DVP-Linker-MMAE 
Linker 

equivalents 

Time  

(h) 

Average 

DAR 

1 

ADC 2  

(Di-fluoro) 

Di-fluoro, 21c 40 2 3.12 

2 Di-fluoro, 21c 40 4 3.41 

3 Di-fluoro, 21c 80 2 3.53 

4 Di-fluoro, 21c 80 4 3.74 

5 ADC 4 

(Val-Cit) 

Val-Cit, 24 40 2 3.50 

6 Val-Cit, 24 80 4 3.61 

7 

ADC 1 

(Unsubstituted) 

Unsubstituted, 20c 40 2 2.86 

8 Unsubstituted, 20c 40 4 3.62 

9 Unsubstituted, 20c 80 2 3.01 

10 Unsubstituted, 20c 80 4 3.08 

With the optimised conditions in hand, the bioconjugations were scaled-up and the products fully 

characterised. Protein LCMS was initially performed at 150 cone voltage, whereby the mass of Val-Cit 

ADC 4 was accurate within 2 Da and the non-cleavable ADC 3 accurate within 1 Da of the expected 

half-antibody mass (Figure 47). However, larger mass inaccuracies were observed for the arylboronic 

acids ADC 1 and ADC 2.  
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Figure 47: Deconvoluted protein mass spectra for ADCs 1-4 at 150 cone voltage, including the expected mass 
(Da) vs. that observed. Mass spectra were reconstructed from the ion series using the MaxEnt 1 algorithm 
preinstalled on MassLynx 4.2 software according to the manufacturer’s instructions. The raw ion series can be 
found in appendix 2.  

The observed mass for unsubstituted ADC 1 was 39 Da less than the expected value. Similarly, for the 

di-fluoro ADC 2, the observed mass was 46 Da less than the expected value. It was considered that this 

discrepancy might be a result of the high cone voltage used in the MS: perhaps some additional 

fragmentation related to the arylboronic acid linkers was occurring and resulting in the lower mass. 

Thus, ADC 1 and ADC 2 were re-evaluated at a lower cone voltage. In both cases (Table 3 and Table 4), 

decreasing the cone voltage from 150 to 40V increased the observed mass such that it was closer in 

accuracy to the expected mass. Changing from 40V to 20V had little impact on the observed mass. 

Since reducing the cone voltage resulted in an increase in the observed mass, it is reasonable to 

assume that the small discrepancy from the expected mass is a result of the accuracy of the analysis 

and is not reflective of incorrect characterisation of the ADC.  
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Table 3: Effect of changing cone voltage on the observed mass of ADC 1 (unsubstituted) by protein LCMS.

 

Entry 
Cone 

Voltage 

Expected 

Mass (Da) 

Observed 

Mass (Da) 

Difference in mass 

from expected (Da) 

1 150 75,327 75,288 -39 

2 40 75,327 75,303 -24 

3 20 75,327 75,304 -23 

 

Table 4: Effect of changing cone voltage on the observed mass of ADC 2 (di-fluoro) by protein LCMS. 

 

Entry 
Cone 

Voltage 

Expected 

Mass (Da) 

Observed 

Mass (Da) 

Difference in mass 

from expected (Da) 

1 150 75,399 75,354 -45 

2 40 75,399 75,371 -28 

3 20 75,399 75,372 -27 
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For further assurance that the correct ADC had been synthesised, peroxide-cleavable ADC 1 and ADC 2 

were incubated with H2O2 and the change in mass by protein MS monitored. Immolation of one drug 

followed by addition of water to the highly reactive quinone methide intermediate would result in an 

expected mass difference of -772 Da (Figure 48). Since the immolated species are identical, the 

expected mass change is the same for ADC 1 and ADC 2. 

 

Figure 48: The expected mass loss from one drug immolation from a peroxide-cleavable ADC.  

Hence, ADC 1 and ADC 2 were incubated with an excess of H2O2 and re-analysed by LCMS. Pleasingly, 

after 1 h incubation of ADC 1 with H2O2, mass loss was observed from the half-antibody species 

corresponding to immolation of 2 drugs (Table 5). A minor peak in the MS corresponding to a singly 

re-bridged half-antibody species (possessing only one linker-drug), also showed the correct mass loss 

consistent with immolation of one drug (Table 5, Peaks 2 → 4).  
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Table 5: Protein LCMS changes upon addition of H2O2 to ADC 1. 

  

Peak 

Change 

Start mass 

– H2O2 (Da) 

End mass 

+ H2O2 (Da) 

Mass difference 

(Da) 
Explanation 

1 → 3 75287 73750 -1537 Immolation of 2 drugs 

2 → 4 73938 73168 -770 Immolation of 1 drug 

The di-fluoro ADC 2 was incubated for 24 h, and similar mass losses were observed (Table 6).  

Given that the ADCs undergo drug elimination in the presence of H2O2, and the protein mass spectrum 

accuracy could be improved at lower cone voltages, there can be a high confidence in the identity of 

the ADCs.  
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Table 6: Protein LCMS changes upon addition of H2O2 to ADC 2. 

 

Peak 

Change 

Start mass 

– H2O2 (Da) 

End mass 

+ H2O2 (Da) 

Mass difference 

(Da) 
Explanation 

1 → 3 75352 74602 -750 Immolation of 1 drug 

1 → 4 75352 73830 -1522 Immolation of 2 drugs 

3 → 4 74602 73830 -772 Immolation of 1 drug  

2 → 5 73969 73207 -762 Immolation of 1 drug 
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HIC chromatography then revealed in each case that the DAR 4 species was the major product, 

resulting in average DARs close to 4, comparable to the Val-Cit ADC 4 (Figure 49).  

 

Figure 49: HIC traces of the optimised bioconjugations to generate ADCs 1-4. In each case DAR 4 is the major 
species, and the average DAR is close to 4.  

Finally, the ADCs were analysed by size-exclusion chromatography (SEC). SEC separates species of 

different size as they pass through a resin-packed column, and thus enables the distinction of high 

molecular weight antibody aggregates from monomeric antibody species. For unsubstituted ADC 1, 

non-cleavable ADC 3 and Val-Cit ADC 4, SEC analysis was facile, showing minimal aggregation <1% in 

all cases (Figure 50). However, for the di-fluoro ADC 2, no SEC analysis could be performed: upon 

injection, the resulting trace lacked any signal despite using similar concentrations to other ADCs, and 

the same analytical sample giving suitable HIC and MS spectra. It is proposed that for an unknown 

reason, ADC 2 has higher affinity for the SEC column than other ADCs, and so is retained on the column. 

With other characterisation of ADC 2 in hand (SDS-page gel, MS and HIC), the inability to acquire SEC 

data is considered acceptable, and does not reduce confidence in the identity of ADC 2. Additionally, 

the aggregation profile is predicted to be similar to the unsubstituted ADC since its only structural 

differences are substitution of the arylboronic acid ring and no protein precipitation was observed. If 

ADC 2 does possess significant aggregation, then this should be reflected in the potency (or lack 

thereof) of the ADC during in vitro testing.  
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Figure 50: SEC traces for ADC 1, ADC 3, and ADC 4, indicating minimal (<1%) protein aggregation. 

1.3.5 In Vitro Evaluation  

With ADCs 1-4 in hand, they were evaluated in vitro. A panel of four breast cancer cell lines were 

chosen, two of which overexpress the target receptor HER2 (SKBR3 and BT474 are HER2-positive, 

“HER2+”) and two which do not overexpress HER2 (MCF7 and MDA-MB-468 are HER2-negative, 

“HER2-”). For a typical internalising ADC, it is expected that in HER2+ cell lines, the ADC should be able 

to bind HER2, internalise, then subsequently be degraded in lysosomes. The linker-payload metabolite 

is then expected to release the payload by H2O2-mediated linker cleavage (Figure 51A), most likely in 

the cytosol or extracellular space. The released payload can then exert its cytotoxic activity in the cell 

and cause cell death. In non-target HER2- cells, there should be little/no antibody-antigen binding, so 

there should be no intracellular breakdown of the ADC to release free drug and cause cell death (Figure 

51B). Without internalisation, the ADC will remain in the extracellular medium for the duration of the 

in vitro assay.  
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Figure 51: Expected mechanism of internalising peroxide-cleavable ADCs in A) target HER2+ cell lines, and B) 
non-target HER2- cells. 

However, when incubated with HER2+ and HER2- cell lines, arylboronic acid ADC 1 and ADC 2 displayed 

potent dose-dependent cytotoxicity regardless of antigen expression (Figure 52, Table 7). In contrast, 

non-cleavable ADC 3 and Val-Cit ADC 4 were non-toxic in the HER2- cell lines. This suggests that the 

HER2- cell lines do not possess enough cell-surface HER2 for ADC internalisation (as expected), since 

these ADCs require internalisation for payload release. Therefore, the potency of ADC 1 and ADC 2 in 

HER2- cell lines is not presumed to result from receptor-mediated internalisation. 
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Figure 52: The in vitro cytotoxicity of ADCs 1-4 and unconjugated trastuzumab in HER2-positive BT474 and SKBR3 
cell lines and HER2-negative MDA-MB-468 and MCF7 cell lines. Viability data shown is the mean of three 
independent replicates and error bars represent standard error of the mean.  

Table 7: Potency of ADCs 1-4 against breast cancer cell lines. IC50 values (nM) were calculated using the 
log(inhibitor) vs. response curve fit with variable slope (four parameters) in GraphPad Prism. 

 IC50 (nM) 

 
BT474 

(HER2+) 

SKBR3 

(HER2+) 

MCF7 

(HER2-) 

MDA-MB-468 

(HER2-) 

ADC 1 0.55 0.28 0.72 0.46 

ADC 2 1.42 0.81 2.87 1.96 

ADC 3 0.75 0.16 >50 >50 

ADC 4 0.11 0.06 >50 >50 

It is known that H2O2 is highly diffusible and membrane permeable, so is likely not restricted to the 

inside of cells.106,107 Moreover, it has been reported that boron-containing prodrugs can be activated 

either intracellularly or extracellularly.135 Therefore, the observed cytotoxicity of the peroxide-

cleavable ADCs in non-target HER2- cell lines might result from extracellular linker cleavage. Despite 

not internalising, the ADCs remain in the presumably high ROS extracellular medium for the duration 

of the in vitro assay, during which the arylboronic acid linker could be cleaved to release MMAE. Since 

MMAE is membrane permeable, it can be envisioned that any extracellularly released payload could 

simply diffuse into the cell to cause cell death (Figure 53).  
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Figure 53: Hypothesis for the activity of peroxide-cleavable ADC 1 and ADC 2 in non-target HER2- cell lines.  

To probe this hypothesis, a washout study was designed. It was envisioned that the ADCs could be 

incubated with the cancer cells for a sufficient time to allow antibody-antigen binding, then, media 

containing any unbound ADC could be removed and successively washed with fresh media. The 

cytotoxicity observed would therefore only result from ADC that was able to bind and internalise 

(Figure 54). In the case of HER2- cells, since very little binding is expected the ADCs should be non-

toxic.  



68 
 

 

Figure 54: Diagram illustrating the principles of the washout study.  

First, a 1 h washout was trialled: the peroxide-cleavable ADC 1 and ADC 2 were incubated with the 

cancer cells for 1 h before the media containing any unbound ADC was removed, and the cells washed 

with fresh media. Unfortunately, 1 h was not sufficient to allow binding and internalisation of the ADCs, 

as is demonstrated by the complete loss of activity in both HER2- and HER2+ cell lines (Figure 55).  
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Figure 55: 1 h washout study of ADC 1 and ADC 2 in HER2+ and HER2- cell lines. Viability data shown is the mean 
of three technical replicates.  

For the next attempt, ADCs were incubated for 24 h before the media was removed and replaced. 

Additionally, a reportedly non-toxic concentration of H2O2 (0.1 mM)123,136,137 was added at the time of 

washout due to concerns that removing the cell media would also remove significant amounts of H2O2 

which might impede the cleavage of the ADCs. With a 24 h washout, potent cytotoxicity was once 

again observed in each cell line regardless of HER2 expression (Figure 56). Hence, it was hypothesised 

that extracellular linker cleavage of the ADCs occurred within the longer 24 h incubation time. 
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Figure 56: 24 h washout study of ADC 1 and ADC 2 in HER2+ and HER2- cell lines. Viability data shown is the 
mean of three technical replicates.  

Repeating this experiment with incubations of ADC 1 for 4 and 8 h before washout allowed some 

differentiation in cytotoxicity between HER2+ and HER2- cell lines (Figure 57). However, the impact of 

the addition of exogenous H2O2 was also more closely examined: MCF7 cells remained 99% viable with 

the addition 0.1 mM exogenous H2O2 (and no ADC). However, with the same concentration of H2O2, 

SKBR3 cells were reduced to 4.5% viability compared to completely untreated cells. Therefore, for the 

SKBR3 cell line, the number of viable cells had been significantly reduced irrespective of ADC 

treatment. Therefore, calculations of ADC potency in the SKBR3 cell line may not accurately reflect the 

cytotoxicity of ADC, since minor changes in cell numbers could account for large percent differences 

since the cell population was already greatly reduced by H2O2 treatment. Therefore, no conclusions 

could be drawn from this washout study.  
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Washout 

Time 
Cell Line 

Average Luminescence % Cell viability 

compared to 

untreated 
Untreated 

+ 0.1 mM 
H2O2 

4h 
SKBR3 1445000 64953 4.5% 

MCF7 1473000 1452667 99% 

8h 
SKBR3 1413667 226077 16% 

MCF7 1347333 1259333 93% 
  

Figure 57: 4 and 8 h washout of ADC 1 in HER2+ SKBR3 cells and HER2- MCF7 cells with addition of exogenous 
H2O2 (0.1 mM), and the impact of exogenous H2O2 on the cell viability. Viability data shown is the mean of three 
technical replicates.  

To preclude complications with combined effects of H2O2 treatment and ADC treatment, the 4 h 

washout was repeated without the addition of exogenous H2O2 (Figure 58). Val-Cit ADC 4 was potent 

against HER2+ SKBR3 cells, indicating that binding and internalisation of this ADC is sufficient in the 4 h 

incubation period prior to washout. In contrast, non-cleavable ADC 3 displayed significantly lower 

potency against SKBR3 cells when compared to the previous experiment lacking the washout step 

(Figure 52). Potentially for ADC 3, an incubation time of 4 h before washout was insufficient to allow 

significant antigen binding and internalisation. Likewise, the ROS-cleavable ADC 1 and ADC 2 did not 

display high potency in either cell line, which may similarly suggest lack of significant internalisation in 

the 4 h incubation time before washout. Although the washout time could be increased, some 

cytotoxicity of ADC 1 and ADC 2 was already observed for both cell lines at the highest concentrations. 

Therefore, it is predicted that there is no suitable time whereby the ADC has sufficient time to 

bind/internalise, but the linker remains intact in the extracellular media. If ADC binding/internalisation 
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and extracellular linker cleavage occur on similar time-scales, it would be impossible to capture the 

effects of one without the other. Considering this, further attempts at designing a washout study to 

demonstrate the selectivity of ADC 1 and ADC 2 for antigen-positive cells were halted.  

 

Figure 58: Potency of trastuzumab and ADCs 1-4 against MCF7 and SKBR3 cell lines with a 4 h washout, without 
the addition of exogenous H2O2. Viability data shown is the mean of three technical replicates and error bars 
represent standard error of the mean. 

A number of cell lines have been reported as “low ROS” in the literature, including the non-cancerous 

MCF10A cell line, which consists of non-cancerous mammalian breast tissue cells, and non-cancerous 

HEK-293T cells, which comprises human embryonic kidney cells. For example, a ROS-responsive small 

molecule prodrug of belinostat was potent against MCF7 breast cancer cells, but had low toxicity 

against MCF10A cells up to 10 µM, suggestive of insufficient activation to the active drug by H2O2.138 

Similarly, a ROS-activatable prodrug of vorinostat was inactive against HEK-293T with concentrations 

of 1000 nM, but displayed potent activity against breast cancer cell lines including MCF7 cells.139 

Hence, HEK-293T and MCF10A cells were next investigated as negative “low ROS” control cell lines to 

demonstrate the selectivity of the peroxide-cleavable ADCs.  

Against HEK-293T cells, unsubstituted ADC 1 achieved similar potency as treatment with MMAE, 

whereas the non-cleavable ADC 3 was inactive, suggesting potency resulted from the cleavable linker 

rather than unspecific ADC internalisation (Figure 59). Hence, HEK-293T cells were discarded as a 

useful negative control. Similarly, against MCF10A cells, ADC 1 and ADC 2 displayed potent dose-

dependent cytotoxicity, whereas Val-Cit ADC 4 was inactive (Figure 59).  
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Figure 59: Potency of ADCs 1-4 in non-cancerous HEK-293T and MCF10A cell lines. Viability data for HEK-293T 
cells were obtained after a 24 h treatment and are an average of three technical replicates. Viability data for the 
MCF10A cell line were obtained after a 4-day treatment with three technical replicates, and three independent 
replicates for ADC 1.  

Whilst HEK-293T and MCF10A cell lines were reported as “low ROS” compared to breast cancer MCF7 

cells (and thus did not result in the activation of belinostat and vorinostat prodrugs),138,139 conflicting 

literature demonstrates that MCF10A and HEK-293T cells have similar H2O2 concentrations to breast 

cancer MCF7 cells. For example, Sarmiento-Salinas et al. demonstrated that MCF10A cells exhibited 

similar ROS levels to breast cancer MCF7 cells when stained with dihydroethidium and evaluated by 

fluorescence microscopy and flow cytometry.140 This was supported by Hecht et al., who demonstrated 

that MCF10A cells have similar intracellular ROS levels to breast cancer MCF7 cells.141 Moreover, the 

extracellular concentrations of H2O2 were quantified, revealing that media from MCF10A cells had a 

greater extracellular concentration of H2O2 than breast cancer MCF7 and MDA-MB-231 cells.141 Hence, 

the levels of  extracellular H2O2 from MCF10A and HEK-293T cells may indeed be sufficient for 

extracellular linker cleavage from the peroxide-cleavable ADCs in the in vitro assay and thus are 

unsuitable negative controls. 

To confirm the presence of extracellular H2O2 in the HER2- HEK-293T, MCF7, MDA-MB-468 and MDA-

MB-231 cell lines, an Amplex™ Red detection assay was performed. The Amplex™ Red reagent is non-

membrane permeable, and in the presence of horseradish peroxidase, is capable of oxidising by action 

of H2O2 to a highly fluorescent resorufin, thus allowing facile detection of extracellular H2O2 (Figure 

60).142,143  

 

Figure 60: H2O2-mediated oxidation of Amplex™ Red to highly fluorescent resorufin in the presence of 
horseradish peroxidase.  
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All antigen negative cell lines displayed significantly enhanced fluorescence compared to a no cell 

negative control, with HEK-293T displaying the highest levels of fluorescence (Figure 61). Since each 

HER2- cell line possesses significant levels of extracellular ROS, it seems to support the hypothesis that 

the potency of ADC 1 and ADC 2 in these cell lines is a result of linker cleavage within the duration of 

the in vitro assays due to H2O2 in the extracellular media.  

 

Figure 61: The fluorescence intensity from Amplex™ red reagent due to reaction with the extracellular hydrogen 
peroxide of different cell lines. The fluorescence of Amplex red™ was compared to the fluorescence in the 
absence of cancer cells. Data was analysed by an ordinary one-way ANOVA whereby * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001, **** = p < 0.001. ns = non-significant, p >0.05. Fluorescence data shown is the mean of 4-6 
independent replicates and error bars represent standard error of the mean. 

Given that a representative “low H2O2” cell line could not be found, a different approach was 

considered. Several species have been reported to “scavenge” H2O2 in vitro, such as catalase (CAT), 

which decomposes H2O2 to water and oxygen. It was hypothesised that removal of extracellular ROS 

with a suitable scavenger would preclude the extracellular linker cleavage of any non-internalised ADC, 

rendering the ADCs inactive against antigen-negative cell lines (Figure 62).  
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Figure 62: Illustration of the hypothesised activity of peroxide-cleavable ADCs in non-target cell lines, by 
extracellular linker cleavage (left) and the hypothesis that catalase (CAT) treatment of cells could remove 
extracellular H2O2, rendering peroxide-cleavable ADCs non-toxic towards HER2- cells (right).  

For confirmation that CAT is indeed able to scavenge H2O2, model AMC linkers 1b and 2b were first 

incubated at 37 °C with H2O2 and catalase (CAT) and examined by fluorimetry (Figure 63). When co-

incubated with H2O2 and CAT, no increase in fluorescence intensity was observed. Moreover, no 

fluorescence increase was observed with longer incubation times of 7-10 days, suggesting that CAT 

would be suitable for the long-term scavenging of H2O2 from cells during the course of an in vitro study.  

 

Figure 63: Fluorimetry of model linkers A) 1b and B) 2b in the presence of CAT: no fluorescence increase is 
observed when H2O2 is scavenged by CAT over 24 h (top), even with prolonged incubation times of 7-10 days 
(bottom). CAT = catalase. 
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For preliminary investigation in vitro, 80-200 units (U) CAT/well were incubated with HER2- MCF7 cells 

for 2 h, followed by addition of peroxide-cleavable ADC 1. However, no difference was observed in the 

cytotoxicity of ADC 1 with or without the addition of CAT (Figure 64).  

 

Figure 64: The cytotoxicity of ADC 1 against MCF7 cells with or without CAT (80-200 U/well). Results shown are 
of three technical replicates.  

To confirm the ability of CAT to scavenge H2O2 from cells in vitro, the Amplex™ Red detection assay 

was replicated with incubation of 400-1000 U CAT/well prior to measurement (5-fold higher 

concentrations of CAT compared to that used in Figure 64). In each cell line, the fluorescence produced 

by the Amplex™ red reagent was non-significant when compared to the fluorescence produced in the 

absence of cancer cells (Figure 65). Hence, it seemed that this concentration of CAT per well was 

sufficient at scavenging extracellular H2O2.  

 

Figure 65: The fluorescence intensity from Amplex™ red reagent when cell lines were pre-treated with 400-1000 
U/well CAT. Data was analysed by an ordinary one-way ANOVA whereby ns = non-significant, p >0.05. 
Fluorescence data shown is the mean of two independent replicates and error bars represent standard error of 
the mean. 
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Hence, the cytotoxicity assay was repeated with this 5-fold higher concentration of CAT (400-1000 

U/well). Pleasingly, CAT scavenging greatly reduced the potency of ADC 1 compared to the potency 

without CAT (Figure 66A). Cell growth was also monitored continuously throughout the assay by live-

cell imaging with an Incucyte® (Figure 66B). With CAT scavenging, the concentration of ADC treatment 

had non-significant effects on cell growth, in contrast to cell growth without CAT scavenging, where 

ADC treatment had significant dose-dependent effects (Figure 66B).  

Since the presence of extracellular H2O2 is essential for the activity of ADC 1 against antigen-negative 

MCF7 cells, support is provided for the proposed mechanism of action whereby potency of the 

peroxide-cleavable ADCs arises from extracellular H2O2-mediated linker cleavage and payload release.  

 

Figure 66: A) Cell viability endpoint reading for ADC 1 against HER2- MCF7 cells with or without CAT treatment. 
Without CAT, ADC 1 displays potent dose-dependent cell killing, but when the hydrogen peroxide is scavenged 
by CAT, no cell killing is observed. Viability data shown is the mean of two independent replicates and error bars 
represent standard error of the mean. B) Percent cell confluency increase of MCF7 cells when treated with 
varying concentrations of ADC 1 in the absence and presence of CAT. Confluency data shown is one of two 
independent replicates and error bars represent standard error of the mean of the three technical replicates of 
one experiment.  
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1.3.6 Application Towards a Non-internalising ADC  

1.3.6.1 Introduction 

Although it was previously thought that internalisation of an ADC was essential for therapeutic activity, 

it is increasingly recognised that non-internalising ADCs may also be effective.5 Indeed, non-

internalising ADCs may offer several benefits over traditional internalising ADCs such as lower reliance 

on high expression of internalising antigens; ability to circumvent cancer resistance that results from 

disruptions to the internalisation process;100,101 ability to treat a wider range of cancer targets and; 

potentially achieve improved tumour penetration and bystander effect.102  

Efficacious non-internalising ADCs require linkers that can be cleaved extracellularly to release the 

payload. Given that peroxide-cleavable ADC 1 and ADC 2 were observed to kill cancer cells without 

requiring internalisation, it was envisaged that they could be utilised for the generation of efficacious 

non-internalising ADCs (Figure 67). For proof-of-concept investigation, programmed cell death-ligand 1 

(PD-L1) was selected as a non-internalising antigen target. 

  

Figure 67: Proposed mechanism of action of a PD-L1 targeted non-internalising peroxide-cleavable ADC.  

1.3.6.2 PD-L1 as a non-Internalising ADC target  

PD-L1 is a transmembrane protein which inhibits the function of T cells by binding to programmed cell 

death protein-1 (PD-1). Hence, PD-L1 assists in cancer cell evasion of the immune system, and is 

upregulated in numerous solid cancers that are often associated with poor prognosis and reduced 

survival.144 There are three anti-PD-L1 antibodies approved for use as immune checkpoint inhibitors 

which prevent the binding of PD-L1 to PD-1: avelumab (Bavencio®,145 Merck), durvalumab (Imfinzi®,146 

AstraZeneca) and atezolizumab (Tecentriq®,147 Roche).  
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There are few published studies on the internalisation of anti-PD-L1 antibodies. Some evidence has 

suggested that internalisation of PD-L1 is dependent on the specific recognition of certain antibody 

glycosylation sites.148 However, internalisation of PD-L1 antibodies has been reported to be slow, for 

example Heskamp et al. observed that >75% of a radiolabelled anti-PD-L1 antibody remained 

membrane-bound after 24 h of incubation with PD-L1 overexpressing MDA-MB-231 cells.149 

Additionally, Xiao et al. observed that an avelumab-Val-Cit-MMAE ADC was <20% internalised after 2 h 

incubation and as a result, was ineffective as an internalising ADC in vitro against PD-L1 positive cell 

lines.150  

Encouraged by these preliminary results of the slow internalisation of anti-PD-L1 antibodies, further 

work sought to investigate the application of arylboronic acid linkers towards non-internalising anti-

PD-L1 ADCs. Durvalumab was chosen due to its availability from Cambridge University Hospital 

Addenbrookes, and similarity in structure to trastuzumab (IgG1) which would allow bioconjugation in 

the same manner as trastuzumab modification. 

1.3.6.3 ADC synthesis & bioconjugation  

Since the unsubstituted trastuzumab ADC 1 displayed slightly superior cytotoxicity in vitro than di-

fluoro ADC 2, this linker was taken forward for generation of a durvalumab ADC. With unsubstituted 

DVP-linker-MMAE 20c already in hand, durvalumab could be subjected to the same bioconjugation 

conditions as trastuzumab. Non-cleavable and Val-Cit durvalumab ADCs would also be synthesised 

(from DVP-linkers 23 and 24 respectively) to act as controls. Bioconjugation proceeded successfully to 

generate ADC 5, ADC 6 and ADC 7 (Figure 68), with the half antibody being the major component when 

viewed by SDS-page gel (Figure 69). HIC confirmed that the major species was DAR 4, and allowed 

calculations of average DAR which were close to 4 (Figure 70). SEC analysis revealed no observable 

aggregation (Figure 71). Finally, protein LCMS confirmed the correct identity of the ADCs, with the 

unsubstituted arylboronic ADC 5 showing the same mass discrepancy (approx. - 40 Da) as observed 

with the trastuzumab ADCs (Figure 72).  
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Figure 68: Bioconjugation reaction to Durvalumab ADCs 5-7.  

 

Figure 69: SDS-page gel for durvalumab bioconjugations. MW = molecular weight ladder Lane 1 = Durvalumab, 
2 = Reduced durvalumab, 3 = ADC 5 (unsubstituted), 4 = ADC 6 (non-cleavable), 5 = ADC 7 (Val-Cit). 12% 
acrylamide gel under reducing conditions with β-mercaptoethanol (lanes 2-5) at 70 °C for 2 min prior to gel 
loading, stained with Coomassie blue. 
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Figure 70: HIC traces for durvalumab ADCs 5-7. The major species corresponds to a DAR of 4 and the average 
DAR calculated from peak areas is shown.  

 

Figure 71: SEC traces for durvalumab ADCs 5-7. In each case, no aggregation was observed.  
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Figure 72: Protein LCMS of ADCs 5-7. Mass spectra were reconstructed from the ion series using the MaxEnt 1 
algorithm preinstalled on MassLynx 4.2 software according to the manufacturer’s instructions. The raw ion series 
can be found in appendix 2.  

1.3.6.4 In Vitro evaluation  

With durvalumab ADCs 5-7 in hand, their cytotoxicity was evaluated in vitro. MCF7 cells have low levels 

of PD-L1 expression (PD-L1-) and MDA-MB-231 cells overexpress PD-L1 (PD-L1+).151 Amplex™ Red 

quantitation previously demonstrated the presence of extracellular H2O2 in these cell lines (Figure 61). 

Hence, ADCs 5-7 were incubated with MDA-MB-231 and MCF7 cells in vitro and their cytotoxicity 

examined (Figure 73, Table 8). Non-cleavable and Val-Cit durvalumab ADC 6 and ADC 7, respectively, 

were non-toxic in both cell lines, suggestive of limited ADC internalisation. Conversely, peroxide-

cleavable ADC 5 possessed significant dose-dependent cytotoxicity in both cell lines, consistent with 

the ability of the linker to be cleaved in the extracellular media. 

 

Figure 73: The in vitro cytotoxicity of ADCs 5-7 and unconjugated durvalumab in PD-L1-positive MDA-MB-231 
cells and PD-L1-negative MCF7 cells. Viability data shown is the mean of three independent replicates and error 
bars represent standard error of the mean.  
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Table 8: Potency of ADCs 5-7 against breast cancer cell lines. IC50 values (nM) were calculated using the 
log(inhibitor) vs. response curve fit with variable slope (four parameters) in GraphPad Prism. 

IC50 (nM) 

 
MDA-MB-231 

(PD-L1+) 

MCF7  

(PD-L1-) 

ADC 5 1.52 1.35 

ADC 6 >50 >50 

ADC 7 >50 >50 

To further confirm the cytotoxicity of ADC 5 resulted from action of extracellular H2O2 (and not by 

intracellular ADC degradation following internalisation to release the payload), MCF7 and MDA-MB-

231 cells were pre-treated with H2O2 scavenger CAT (Figure 74). Accordingly, the potency of ADC 5 was 

greatly reduced in both PD-L1- and PD-L1+ cell lines when H2O2 was scavenged by CAT. Similar to 

trastuzumab ADC 1 and ADC 2, with CAT scavenging, ADC concentration had no impact on cell growth, 

suggesting minimal payload release from the ADCs.  

Taken together, these results support a non-internalising mechanism of action: if internalisation was 

sufficient, ADC 6 and ADC 7 would be cytotoxic as a result of intracellular processing of the antibody 

which releases payload or active payload metabolites. Moreover, if internalisation was sufficient, 

ADC 5 would display cytotoxicity even with H2O2 scavenging, by similar intracellular processing to 

release active payload metabolites. However, it should be noted that these in vitro assays do not 

demonstrate binding to the target. As with the trastuzumab in vitro assays, the durvalumab ADC 5 is 

potent even against PD-L1- MCF7 cells, presumably simply due to prolonged incubation in the 

extracellular high-H2O2 media. Hence, although a non-internalising mechanism of action is inferred, 

further biological evaluation is required to validate the ADCs as efficacious non-internalising ADCs 

which afford tissue-selectivity by binding only to overexpressing tumour cells.  
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Figure 74: A) Cell titer glo endpoint reading for ADC 5 in PD-L1-negative MCF7 and B) PD-L1 positive MDA-MB-
231 cells. Without catalase, the ADC displays potent dose-dependent cell killing, but when the hydrogen peroxide 
is scavenged by CAT, no cell killing is observed. C) Confluency increase % of MCF7 and D) MDA-MB-231 cells when 
treated with varying concentrations of ADC 5 in the absence and presence of scavenger CAT. Viability data shown 
is the mean of two independent replicates and error bars represent standard error of the mean. Confluency data 
shown is one of two independent replicates and error bars represent standard error of the mean of technical 
replicates of one experiment.  
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1.4 Conclusions  

Peroxide-cleavable arylboronic acid linkers have been explored for their application towards ADCs with 

internalising or non-internalising mechanisms of action. Initial studies of model small molecule linkers 

with a fluorescent reporter payload revealed the desired reactivity of the arylboronic acids with H2O2 

and relative stability in the absence of H2O2. Elaboration of the arylboronate linkers to anti-HER2 and 

anti-PD-L1 ADCs was then performed, and their properties evaluated in vitro.  

Model linkers with fluorescent payload mimic AMC demonstrated that the aryl ring electronics 

impacted the kinetics of payload release. The fastest releasing model linker was the di-fluoro 2b 

followed by the unsubstituted 1b, and the slowest was the mono-fluoro 5. Given the superior reactivity 

of the former two linkers, they were carried forward for evaluation of their stability. Both arylboronic 

acid linkers were stable at pH 4.5-9, in the presence of GSH, and in unconditioned cell media. 

Importantly, in mouse plasma, the di-fluoro arylboronic acid linker 2b had superior stability (minimal 

degradation over 10 days) compared to analogous Val-Cit model linker 4, which rapidly degraded. 

Although the stability of these small molecule model linkers are not complete representations of the 

stability of the resulting ADCs, they suggest that the general cleavable motif should be stable in vivo, 

with superior stability in mouse plasma compared with commonly utilised dipeptidic linkers.  

With the promising reactivity and stability of the model linkers, the more reactive unsubstituted and 

di-fluoro linkers were elaborated into anti-HER2 ADCs successfully, obtaining ADC 1 and ADC 2 

(respectively) with average DARs close to 4. In vitro evaluation revealed high potency towards HER2+ 

cell lines, but equal activity in HER2- cell lines. It was elucidated that the presence of extracellular H2O2 

in non-target cell lines enabled extracellular linker cleavage and payload release. Scavenging of this 

extracellular H2O2 by catalase (CAT) rendered the peroxide-cleavable ADCs non-toxic in HER2- cell lines, 

demonstrating that H2O2 is essential for their activity, and that they are not otherwise unselective.  

Given their ability to release payload extracellularly, the peroxide-cleavable linkers were used to 

generate a non-internalising ADC with anti-PD-L1 antibody durvalumab. When extracellular H2O2 was 

scavenged from PD-L1 positive cells, the peroxide-cleavable durvalumab ADC became non-toxic, 

demonstrating the importance of peroxide for the mechanism of action. Importantly, non-cleavable 

and Val-Cit durvalumab ADC analogues, which require internalisation and intracellular processing for 

payload release, were non-toxic against PD-L1+ cells. Taken together, this suggests that the 

durvalumab ADCs synthesised in this work were not significantly internalised, and peroxide-cleavable 

arylboronic acids are effective extracellularly-cleavable linkers.  
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In summary, this work presents arylboronic acids as suitable cleavable linkers for the generation of 

potent ADCs which may function most effectively by a non-internalising mechanism of action (Figure 

75).  

 

Figure 75: Schematic demonstrating the proposed mechanism of action of peroxide-cleavable ADCs, whereby 
internalising or non-internalising mechanism of action may occur.  
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1.5 Future Work  

1.5.1 Kinetics of Release from ADCs  

In this work, the kinetics of payload release were solely examined from the small molecule model 

linkers. This has drawbacks in that the payload mimic, AMC, does not entirely resemble the later 

payload incorporated in the ADCs, MMAE. Notably, AMC is appended from an aniline nitrogen, 

whereas MMAE is appended via an aliphatic nitrogen. Thus, the kinetics of payload release by 

immolation may be different for AMC vs MMAE, due to different leaving group abilities. For example, 

although the di-fluoro model linker 2b displayed superior kinetics of release in the model linker studies, 

it displayed slightly inferior cytotoxicity in vitro compared to the unsubstituted ADC. 

It would be useful therefore, to monitor the kinetics of release from the linkers when incorporated into 

ADCs. An experiment is envisioned whereby ADCs are incubated with a biologically relevant 

concentration of H2O2 at 37 °C, and aliquots taken at determined time intervals. The protein content 

could then be precipitated from the aliquot, and any cleaved drug should remain in the supernatant. 

Analysis of the supernatant by HPLC could then provide a quantitative readout of released MMAE 

when compared to a standard calibration curve of MMAE concentration vs HPLC response. Thus, this 

experiment would provide accurate kinetic data and allow comparison of the release performances of 

different ADCs.  

Of course, factors other than release kinetics might influence the in vitro cytotoxicity of the ADCs. 

However, if the kinetics are well understood, this may allow greater interpretation of the in vitro results 

and aid future linker development.  

1.5.2 Durvalumab Mechanism of Action  

In this work the non-internalising nature of durvalumab ADCs was inferred from the inactivity of a non-

cleavable and Val-Cit durvalumab ADC 6 and ADC 7 in PD-L1+ cells, and that the peroxide-cleavable 

ADC 5 became less toxic when extracellular H2O2 was scavenged by CAT. However, further confirmation 

of the mechanism of action of durvalumab ADCs is required to confirm its non-internalising interaction 

with the PD-L1 antibody. It is envisioned that appendage of a fluorophore to the antibody of a 

durvalumab ADC would allow facile monitoring of ADC distribution by confocal microscopy. After 

different incubation times, the extent of internalisation of the durvalumab ADC could be monitored.  

Furthermore, in this work, binding of the non-internalising ADCs to cell surface PD-L1 was only 

inferred. ADC 5 would presumably display the same potency against PD-L1+ cell lines if it was not able 

to bind to the antigen, since it would be incubated with high-H2O2 extracellular cell media for the 

duration of the in vitro assay. For further verification therefore, binding assays of the ADCs to PD-L1 
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should be performed, to confirm they retain antigen binding affinity. Alternatively, the microscopy 

experiment previously described would probe the ability of ADC to bind to cells, since a washing step 

before microscopic analysis would remove any unbound ADC present in the extracellular media.  

1.5.3 Further Validation In Vivo 

Although the in vitro experiments described in this work are sufficient for a preliminary investigation 

of the suitability of arylboronic acids for incorporation as ADC linkers, in vivo experiments are essential 

to accurately evaluate their clinical potential. A major drawback of the plate-based in vitro assays is 

the inability to demonstrate cell targeting, since the ADCs are in close proximity to the cancer cells for 

the duration of the assay and can liberate the payload extracellularly regardless of internalisation. 

However, with in vivo administration, the ADC should circulate throughout the body and only be 

retained at the site where antibody-antigen binding can occur (in antigen-enriched tumours). An in 

vivo study could therefore reveal any true off-target toxicity of the ADCs. For example, healthy mice 

treated with ADC should remain healthy if the ADC does not lead to off-target MMAE release. In 

contrast, ADC treatment of mice with antigen-positive tumour xenografts should result in tumour 

reduction and improved survival. 

1.5.4 Application Towards Other Antibodies and Cellular Targets 

Given the promising non-internalising mechanism of action of the peroxide-cleavable linkers, further 

work could explore appendage to a number of different antibodies that do not appreciably internalise. 

In addition, numerous other extracellular targets are emerging which allow targeting of a wide range 

of cancers and require extracellular payload release. For example, non-internalising ADCs targeting 

CD20,81,87 CD21,50 CD72,50 TAG72,62,97 CEACAM5,88 and NKA152 have been described. Furthermore, 

peroxide-cleavable linkers could be explored for ADCs targeting components of the extracellular 

matrix, i.e. secreted proteins, or targeting the tumour stroma or vasculature.5  
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Section II: Peroxide-Activatable Prodrugs 
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II.1 Introduction  

This section describes efforts towards the development of novel anti-cancer prodrugs activated by the 

hydrogen peroxide present in cancer. Here, the concept of small-molecule prodrugs is introduced, as 

well as the considerations needed for the design of self-immolative linking units, and an overview of 

peroxide-activatable prodrugs described in the literature.  

II.1.1 Prodrug Approach  

Chemotherapeutics are often unselective: upon administration to the body, the drugs circulate 

everywhere and exert their function on healthy cells as well as target cancer cells.153 This leads to 

numerous problems, such as: undesired toxicity, harmful side effects, and the necessity for increased 

doses as only a portion of the administered drug acts on the desired target.135,154 Hence, there has 

been increased interest in creating more selective therapies, where the drug only acts at the target 

site.153  

Prodrugs are drug analogues with little to no biological activity. However, they comprise an intentional 

structural lability which allows selective “unmasking” of the active drug at the site of disease. The 

conversion of an inactive prodrug to the active drug is usually due to a chemical or enzymatic process, 

which occurs more frequently in diseased over healthy cells. This affords site-specific activation of the 

drug. The activity of a drug can be attenuated by protecting a functional group essential for the drugs 

activity with a “trigger”.155–158 This trigger can be cleaved by an effector (i.e. chemically or 

enzymatically) to reveal the parent, active drug directly (Figure 76A). Alternatively, a linker can be used 

to connect the trigger to the drug, which is designed to self-immolate after trigger activation to release 

an unmodified drug (Figure 76B). Such prodrug approaches have been widely investigated for small-

molecule drugs,139,153,157,159,160 fluorescent reporter systems,161 and macromolecular systems.113,162  
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Figure 76: A) Simple functional group masking prodrug strategy, B) prodrug strategy involving immolation of a 
linker which connects the cleavage trigger to the drug. 

For a simple functional group masking strategy, care must be taken that the structural alteration 

sufficiently attenuates the potency of the drug, since this can be difficult to achieve with only small 

functional-group protections.135 Additionally, the presence of the protecting group/trigger in close 

proximity to the drug must not impede its capability to be cleaved or hinder drug release. Prodrugs 

with self-immolative linkers might offer an attractive alternative, whereby the trigger is spatially 

separated from the drug, ensuring pro-moiety cleavage is not hindered by steric clashes. In summary, 

for the development of a successful prodrug with a self-immolative linker, the pro-moiety must 1) 

sufficiently mask drug activity and 2) must site-selectively and effectively release the drug via linker 

immolation upon trigger activation.  

There are many differences between healthy cells and diseased cells (e.g. in cancer), such as 

differences in pH and the elevated presence of different enzymes and other chemical species.163 These 

differences can be exploited for the activation of a prodrug only at the site of disease. Commonly seen 

in both the ADC field and the prodrug field are the use of dipeptides, such as Val-Cit, which target the 

elevated levels of cathepsin enzymes in cancer compared to healthy cells.164 Cleavage of these peptide 

linkers reveals an amine, either belonging to the native drug or to an immolative linker. Many other 

enzymes have also been used as effectors of linker cleavage, including: plasmin, β-glucuronidase, β-

galactosidase, penicillin G amidase, azo/nitroreductases and many others (Figure 77).165 Finally, 

boronic esters/acids have also been employed as prodrug triggers due to their favourable and selective 

reactivity with hydrogen peroxide.135 Hydrogen peroxide and its high prevalence in cancer has been 

discussed previously in this report (Section I, Chapter 1).  
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Figure 77: A non-exhaustive selection of various types of triggers that can be cleaved to release a drug (or linker-
drug species primed for immolation) by an effector up-regulated at the site of disease.  

II.1.2 Self-Immolative Linkers 

Self-immolative linkers typically require an electron-rich aromatic ring containing an electron-donating 

substituent in conjugation with a suitable leaving group.162 The electron-donating group lowers the 

energy barrier for dearomatisation and is only revealed after cleavage of the initial trigger unit.162  One 

of the first and most common self-immolative linkers is the para-aminobenzyl moiety (PAB, Figure 78). 

Following trigger cleavage, an electron-rich aniline is revealed which can undergo a spontaneous 1,6-

elimination electronic cascade to release a leaving group (LG) at the benzylic position. A para-

hydroxybenzyl motif can also be utilised, whereby trigger cleavage reveals a phenol instead of an 

aniline. Both of these linkers release a highly electrophilic quinone methide intermediate, which is 

quickly hydrolysed in the presence of water to a benign alcohol.111,112 However, these intermediates 

are also known to react with biological nucleophiles, such as glutathione (GSH) or DNA bases.112 

Although this may lead to undesirable toxicity, in the case of anti-cancer therapy the release of an 

additionally toxic quinone methide at the tumour site may contribute to the therapeutic effect.113  

  

Figure 78: General para-aminobenzyl immolative spacer which undergoes immolation via 1,6-elimination 
following trigger cleavage.  
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The nature of the leaving group can vary depending on which drug functionality the self-immolative 

linker is connected to (Figure 79). For example, to release alcohol-containing drugs, a carbonate or 

ether linkage can be incorporated into the immolative linker design. For the release of amines, 

carbamate bonds are often employed.166  

 

Figure 79: Common linkage moieties to release different drug functionalities. EDG = electron donating group, i.e. 
NH2 or OH.  

Numerous benzyl-based self-immolative linkers have been explored with different triggers and leaving 

groups, as well as linkers that disassemble by cyclisation-elimination or through extended conjugated 

systems beyond 1,6-eliminations.113 For different types of linkers, the stability and kinetics of trigger-

cleavage and subsequent immolation vary, and should be considered during the design of prodrugs.  

II.1.2.1 Kinetics of Self-Immolation  

Cleavage trigger  

The type of motif that is revealed following trigger cleavage influences the ability of the linker to 

undergo immolation. For example, hydroxybenzyl groups have less favourable immolation kinetics 

than aminobenzyl groups due to the lower nucleophilicity of phenols compared to anilines.162,167 

Hence, only certain functional groups are sufficiently electron-donating to be able to undergo 

spontaneous 1,6-elimination after their unmasking, such as anilines, phenols and thiophenols.162  

Substituents  

The electronics of the ring have significant impact on the kinetics of self-immolation. For example, 

increasing electron-density with electron-donating substituents increases the energy of the aromatic 

ring HOMO. This strengthens the HOMO-LUMO interaction between the aromatic π molecular orbital 
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(MO) and the σ* MO of the C-LG (leaving group) bond. Hence, the Cbenzene-Cbenzylic σ bond is 

strengthened, and the Cbenzylic-LG σ bond weakened, which facilitates immolation and C-LG bond 

cleavage (Figure 80A). For this reason, the introduction of electron-donating groups (EDGs) such as 

methoxy (OMe) onto the self-immolative linker significantly enhances the rate of self-immolation.115 

In contrast, electron-withdrawing groups (EWGs) destabilise the partial positive charge which forms in 

the transition state at the benzylic position (Figure 80B). Hence, self-immolation is disfavoured and 

release from these linkers is much slower.112,121,168 Aryl ring substituents have greater impact on self-

immolation kinetics when they are conjugated to the benzylic leaving group (i.e. ortho or para). Finally, 

the incorporation of substituents at the benzylic position help to stabilise the developing positive 

charge on the benzylic carbon and hence enhance the rates of immolation (Figure 80A).118,121  

 

Figure 80: The effect of aryl ring substituents on immolation and leaving group release from benzylic spacers. A) 
Electron-donating groups (EDG) and benzylic substituents facilitate immolation, whereas B) electron-
withdrawing groups (EWG) hinder immolation. Blue arrows represent the generic direction of electron 
donation/withdrawal by inductive or mesomeric effects.  

Leaving group  

Self-immolation is driven by the formation of thermodynamically stable products and the increase in 

entropy associated with generating multiple species from one linker-drug. In the case of carbamate or 

carbonate linkages (Figure 79), the release of CO2 is a major entropic and thermodynamic driving force 

for immolation.162 Hence, release through carbamates or carbonates tends to occur more quickly than 

release from ether bonds (which do not generate CO2 upon immolation).  

However, not all functional groups can be released by immolation under physiological conditions. For 

example, Toki et al. discovered that an aliphatic alcohol could not be liberated from a para-
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aminobenzyl ether (PABE) linker, whereas a phenolic leaving group (1-naphthol) was successfully 

released from the same linkage (Figure 81).169 This was attributed to the high pKa of the aliphatic 

alcohol leaving group.  

 

Figure 81: A cathepsin cleavable para-aminobenzyl ether linker (depicted in blue) was able to release a phenolic 
leaving group by cleavage of a benzylic ether bond, but was not able to release an aliphatic leaving group.169  

The pKa of the released alcohol is important: even some phenols with higher pKa values are unable to 

be released by linker self-immolation.119,170,171 For example, a phenolic pyrrolobenzodiazepine (PBD) 

dimer was not observed to be released from a para-aminobenzyl ether spacer following glutathione-

mediated cleavage and cyclisation of the initial trigger (Figure 82).170  
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Figure 82: The pKa of the leaving group is important in determining whether self-immolation is possible. The 
high pKa of the phenolic PBD dimer prevents its release from a para-aminobenzyl ether spacer (depicted in blue).  

Substituents on the leaving group can impact the pKa and thus influence their ability to be released by 

self-immolation. For example, in work described by Pillow et al., effective immolation of a phenol from 

a para-aminobenzyl ether spacer was attributed to the presence of an electron-withdrawing carbonyl 

substituent able to stabilise the released phenolate (Figure 83).170 
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Figure 83: Release of a phenol from a para-aminobenzyl ether spacer was effective, attributed to the lowering of 
the phenolic pKa due to neighbouring electron-withdrawing carbonyl substituent.170 The immolative linker is 
depicted in blue.  

The direct release of amines through benzylamine linkers is necessary for amine leaving groups that 

are incapable of forming carbamate or amide bonds. However, the direct release of amines involves 

the cleavage of a benzyl C-N bond without the entropically favoured release of CO2, and thus is often 

unfavourable. For example, Jourden et al. found that para-hydroxybenzyl linkers were unable to 

release aliphatic amines, anilines or sulfonamides (Figure 84).172 

  

Figure 84: Para-hydroxybenzyl spacers connecting aniline, aliphatic amine and sulfonamide leaving groups were 
unable to self-immolate following trigger cleavage by H2O2. The linking unit is depicted in blue.  

As an alternative for the direct release of amines, immolative linkers can incorporate quaternary 

ammonium ions. Primary amines can be incorporated as quaternary ammoniums by protonation 
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providing their pKa is sufficiently high at physiological pH: Rose et al. investigated a series of phenolic 

immolative linkers with primary aliphatic quaternary ammoniums as leaving groups (Figure 85A).173 

Release was possible at physiological pH 7.4, with electron-donating substituents on the immolative 

spacer enhancing the rate of release, as expected. More complex quaternary ammonium salts have 

also been explored, including aromatic heterocycles,174 and cyclic tertiary amines175 (Figure 85B). 

  

Figure 85: A) Release of a quaternary aliphatic amine from a para-hydroxybenzyl immolative spacer, whereby 
electron-donating substituents enhance the rate of leaving group release.173 B) Additional examples of 
heteroaromatic,174 and tertiary amines,175 incorporated as quaternary ammoniums for release from self-
immolative linkers. The immolative linker is depicted in blue.  
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Whilst most existing prodrug strategies release a leaving group via C-N or C-O bond cleavage, C-C bond 

cleavage is also possible. Both Dunsmore et al.176 and Gong et al.177 generated prodrugs of anti-cancer 

agent β-Lapachone by conjugation of an immolative spacer to the ketone, which is able to release the 

drug by benzyl C-C bond cleavage after trigger activation (Figure 86).  

 

Figure 86: The release of β-Lapachone by benzylic C-C bond cleavage with different cleavage triggers described 
by Dunsmore et al.176 and Gong et al.177. The self-immolative linker is depicted in blue. 

In summary, although there are general trends which may help to predict whether self-immolation will 

occur (such as the combination of aryl ring electron-donating groups with good leaving groups), it 

remains difficult to predict whether immolation of different leaving groups will occur, and case-by-case 

evaluation is often required.10,31–33  

II.1.3 ROS-Cleavable Prodrugs  

As previously discussed in Section I, Chapter 1 of this report, reactive-oxygen-species (ROS) are 

essential for the maintenance of normal cell function, growth, migration, and apoptosis.180 Whilst the 

endogenous levels of ROS are maintained at relatively low concentrations in healthy cells (approx. 

20 nM),154 in some pathological states, such as cancer, the concentrations of ROS can reach up to 

100 µM.181 This distinction between healthy and pathological cells makes ROS an attractive target for 

selective drug delivery.  

H2O2 is the major target of ROS-cleavable self-immolative linkers since it has higher concentrations 

compared to the other ROS, and is more stable and long-lived.108 The ability of H2O2 to oxidise 

arylboronates and arylboronic acids is well-established.137 Boron possesses an empty p-orbital which 

is able to accept two electrons from H2O2. This leads to oxidation of the C-B bond, followed by 

hydrolysis, results in overall conversion of the arylboronate or boronic acid to a phenol. The phenol is 

then primed for immolation by 1,6-elimination of a suitable leaving group in the benzylic position 

(Figure 87). 
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Figure 87: Mechanism for H2O2-mediated oxidation of an arylboronic acid, and the subsequent self-immolation 
that can occur if a suitable leaving group (LG) is present at the benzylic position.  

Other moieties also undergo specific reactions with H2O2 such as thiazolidinones,182,183 aryl oxalate 

esters,184 thioketals,185,186 and motifs containing sulfur,187 selenium,188,189 or tellurium190,191 (Figure 88). 

However, the arylboronates/boronic acids are the most well-established H2O2-cleavable motif and will 

be the focus of this chapter.  

 

Figure 88: A variety of H2O2-responsive motifs utilised in ROS-responsive prodrugs and their mechanisms of 
cleavage.  

Whilst arylboronates had been widely explored for H2O2-reporter systems, it wasn’t until 2010 that 

they were first applied to peroxide-activatable prodrugs: Jourden et al. coupled benzyl arylboronate 

immolative linkers to matrix metalloproteinase inhibitors (MMPis) by carbonate or ether bonds (Figure 

89).110 These prodrugs gave responsive drug release in the presence of H2O2, with carbonate-
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containing prodrug C cleaving the fastest (Figure 89). However, carbonate C suffered from low aqueous 

hydrolytic stability, with over 50% hydrolysis observed in 24 h. In general, the biological application of 

molecules containing carbonate linkages is limited due to their insufficient stability and tendency for 

non-specific hydrolysis.171,192,193 Hence, the final prodrugs were synthesised with benzyl ether linkages 

which displayed >100-fold less activity compared to the parent drugs. Then, activity could be regained 

in the presence of H2O2 due to arylboronic acid oxidation, self-immolation and release of the parent 

inhibitors from the prodrugs.110  

 

Figure 89: Model arylboronate prodrugs of MMP inhibitors studied by Jourden et al., possessing benzyl ether (A 
and B) or carbonate (C) linkages.110 The ROS-responsive boronate is depicted in magenta, and the self-immolative 
linker is depicted in blue.  

Having established that H2O2-activatable pro-moieties could generate efficacious prodrugs, many 

prodrugs of similar structure have since been explored.111,120,154 A few examples have been described 

which directly mask a key hydroxyl group of a drug to render it inactive.91,194–197 In this case, a self-

immolative linker is not required, since H2O2 oxidation reveals the parent drug. Wang et al. showed 

that the key hydroxyl of SN-38 could be masked as a boronic acid and activated in the presence of 

cancer cells in vitro.197  This resulted in a prodrug with comparable in vivo potency to the parent drug 

due to activation in situ, but with a potentially improved safety profile (Figure 90).197   

 

Figure 90: Direct functional group masking of SN-38 with a peroxide-responsive boronic acid.197   

Kuang et al. utilised an arylboronic acid self-immolative unit to generate prodrugs of nitrogen mustards 

(Figure 91).198 Nitrogen mustards are DNA cross-linking agents which suffer from severe side-effects 

due to their poor selectivity for cancer cells, hence, they are attractive candidates for a targeted 
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prodrug approach. First, the nitrogen mustards were modified as quaternary ammonium salts (Figure 

91A). Whilst this was effective at generating prodrugs which only exhibited DNA cross-linking when 

activated by H2O2, the charged species were unable to cross cell-membranes. The authors later 

developed neutral nitrogen mustard prodrugs (Figure 91B), noting that direct masking of a phenol of 

a nitrogen mustard as a boronic acid sufficiently lowered its activity prior to activation by H2O2 in 

vitro.199  

 

Figure 91: A) Quaternary ammonium nitrogen mustard prodrugs, B) neutral phenolic nitrogen mustard prodrugs, 
C) mechanism of action of DNA alkylation from the released nitrogen mustard. The H2O2 responsive unit is 
depicted in magenta and the self-immolative linker depicted in blue. 

H2O2-activatable prodrugs of many other anti-cancer cytotoxic agents have also been described (Figure 

92). The hydroxamic acid functional groups of histone deacetylase (HDAC) inhibitors vorinostat (SAHA) 

and belinostat have been used as an attachment point for a H2O2-responsive pro-moiety.138,139,200 The 

carbonate containing SAHA-prodrug was stable in serum and had improved selectivity towards cancer 

cells with high levels of H2O2 compared to H2O2-deficient HEK-293T cells, and an ether linked analogue 

displayed comparable potency.139 Similarly, an arylboronate belinostat prodrug was inactive against 

normal mammary epithelial MCF10A cells, but displayed potent cytotoxicity (IC50 = 1.46 µM) against 

breast cancer MCF7 cells.138 An additional benefit of the prodrug approach was revealed in the 

superior potency of the belinostat prodrug over the parent drug in vivo, attributed to its improved 

bioavailability and therefore improved tumoral concentrations.138 Additionally, an arylboronate 
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prodrug of a lysine-specific HDAC inhibitor, trans-2-phenylcyclopropylamine has been described.201 

The prodrug had selective activity against glioblastoma cell lines compared to healthy astrocytes. The 

anti-tumour agent evodiamine has also been modified with an arylboronate by a carbonate linkage 

and although the authors did not explore the hydrolytic stability of the carbonate, the evodiamine 

prodrug had good activity in vitro against multiple cancer cell lines.202 

 

Figure 92: The structure of various arylboronate prodrugs of anti-cancer agents Belinostat, SAHA, evodiamine 
and a lysine-specific HDAC inhibitor. The H2O2 responsive unit is depicted in magenta, the self-immolative linker 
depicted in blue and the released drug depicted in black.  

A variety of H2O2-responsive prodrugs of anti-metabolite agents have been described, which use 

carbamate bonds to release the native amine of the parent drugs: gemcitabine (GEM),203 doxorubicin 

(DOX),120 methotrexate (MTX),123,182 and melatonin (MLT)116 (Figure 93). All carbamate-containing 

prodrugs afforded selective drug release with H2O2, resulting in potent cancer cytotoxicity in vitro and 

in vivo.116,120,123,182,203 The arylboronate GEM prodrug exhibited reduced myelosuppression in vivo 

compared to the parent drug, as a result of its selective activation in cancer cells.203  
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Figure 93: Structure of arylboronate anti-metabolite prodrugs of MTX,123,182 GEM,203 MLT,116 and DOX.120 The 
H2O2 responsive unit is depicted in magenta, the self-immolative linker depicted in blue and the released drug 
depicted in black. 

Often, a carbamate bond is essential for facile release of amines by self-immolation. For example, a 

prodrug of aminotrexate (AMT) was examined with the pro-moiety directly attached to the aniline.123 

Whilst oxidation of the boronic acid to the phenol was complete within 2 h, immolation of the free 

drug by benzyl C-N cleavage was slow and remained incomplete after 48 h (Figure 94A).123 Similarly, 

during the investigation of H2O2-responsive crizotinib prodrugs, a benzyl-linked aniline was unable to 

self-immolate, and remained as the stable phenolic intermediate (Figure 94B).204 In contrast, an 

analogue bearing a carbamate linkage was able to self-immolate.204 
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Figure 94: A) Unsuccessful self-immolation of an AMT prodrug where an aniline was attached to a para-
hydroxybenzyl spacer directly,123 B) unsuccessful self-immolation of a crizotinib prodrug where an aniline was 
attached to a para-hydroxybenzyl spacer directly, but successful self-immolative crizotinib prodrug when 
attached via a carbamate bond.204 The H2O2 responsive unit is depicted in magenta, the self-immolative linker 
depicted in blue and the released drug depicted in black. 

Arylboronate linkers have also been used to successfully liberate a heterocyclic amine, 5-fluorouracil 

(5-FU), to overcome serious side-effects of 5-FU treatment which include myelosuppression, central 

neurotoxicity and gastrointestinal toxicity (Figure 95).205,206 The prodrug approach was also envisioned 

to minimise the metabolism of 5-FU, which limits its utility in vivo.206 The 5-FU prodrug efficiently 
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reacted with H2O2 to liberate 5-FU, and gave potent growth inhibition against a panel of different 

cancer cell lines in vitro, but no toxicity against normal MEC1 cells up to 100 µM. Additionally the 

prodrug had improved safety and tolerability in vivo. 

 

Figure 95: Structure and activation of arylboronate 5-FU prodrug. The H2O2 responsive unit is depicted in 
magenta, the self-immolative linker depicted in blue and the released drug depicted in black. 

H2O2-responsive prodrugs have also been generated of compounds which amplify the production of 

ROS for oxidation therapy: aminoferrocenes,207–212 cinnamaldehyde,213 and diethyldithiocarbamate.214 

Furthermore, the arylboronate/boronic acid prodrug approach has been applied to nanomaterials,215–

218 and theranostics,137,212,219–221 whereby trigger activation releases the drug and a diagnostic agent 

simultaneously to allow concurrent treatment and imaging.  

II.2 Aims & Outline  

The utility of arylboronates as prodrug moieties has been exemplified by the large increase in interest 

in recent years. Several prodrugs have been explored and have demonstrated the ability of 

arylboronates and boronic acids to successfully modulate drug activity, whilst also allowing site-

specific prodrug activation and thus improved tolerability and safety. Hence, there is continued interest 

in applying the H2O2-responsive prodrug strategy to other drugs with known off-target effects or safety 

shortcomings.  

Section II of this thesis describes studies towards the development of H2O2-responsive prodrugs of 

small molecule anti-cancer agents: navitoclax, a drug that failed progression into the clinic due to 

activity against platelets which causes thrombocytopenia (Chapter 2),222–224 and olaparib®, which 

suffers from off-target effects such as anaemia, thrombocytopenia, and neutropenia (Chapter 3).225,226 

  



 
 

 

 

 

 

 

 

Chapter 2: Peroxide-Activatable Prodrug of Navitoclax 
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2.1 Introduction  

2.1.1 BCL-2 Proteins as a Cancer Target 

Apoptosis, or “programmed cell death” is highly regulated and involved in a number of biological 

processes such as normal cell turnover.227 Apoptosis is controlled by members of the B-cell lymphoma 

(BCL-2) family of proteins which interact with each other by protein-protein interactions and are 

classified according to their role.228–230 Anti-apoptotic or “pro-survival” proteins include Bcl-2, Bcl-x, 

Bcl-xL, Bcl-w and Mcl-1. Pro-apoptotic members include Bok, Bax and Bak, and also contain a sub-

family of “BH3-only” proteins: Bid, Bad, Bim, Bik, Bmf, Puma, Noxa and Blk. The BH3-only proteins are 

antagonists of the anti-apoptotic proteins, inhibiting their activity upon binding. The balance of activity 

of the pro- or anti-apoptotic proteins is heavily regulated and ultimately determines whether a cell will 

live or die. However, this balance is often disrupted in pathological conditions. For example, 

upregulation of anti-apoptotic Bcl-2 protein expression allows increased binding of the pro-apoptotic 

BH3-only proteins, resulting in the protection of cancer cells from apoptosis. Bcl-xL and Bcl-2 are 

overexpressed in many cancers and are known to contribute to cell survival, tumour progression, and 

resistance to therapy.230 Hence, the Bcl-2 family of proteins are an appealing druggable target for 

cancer therapy.  

2.1.2 Small Molecule BCL-2 Inhibitors  

There has been significant interest in the development of chemical inhibitors of the anti-apoptotic 

BCL-2 proteins, based on the premise that inhibitors occupying the hydrophobic BH3-binding groove 

would liberate pro-apoptotic BH3-proteins which can then fulfil their pro-apoptotic roles and cause 

cancer cell death.  

Inhibitor development was largely pioneered by researchers at Abbott Laboratories (later Abbvie), who 

first performed high-throughput NMR-based structure-activity-relationship (SAR) experiments.231 This 

resulted in the discovery of ABT-737 which was able to bind with sub nanomolar affinity to Bcl-xL, Bcl-

2 and Bcl-w (Figure 96A). Crystallography of ABT-737 bound to human Bcl-xL revealed binding within 

two pockets: the chloro-biphenyl moiety binds in P2 and the thio-phenyl moiety engages P4.232 

However, despite achieving good binding affinity, ABT-737 suffered from poor oral bioavailability and 

aqueous solubility.233 Efforts to improve the oral bioavailability then led to the development of ABT-

263, later named navitoclax (Figure 96B-C).233 Navitoclax retained high binding affinity, with a Ki of 

approx. 1 nM against Bcl-xL and Bcl-2, but impressively achieved 20-fold higher oral bioavailability than 

the original hit, ABT-737.223,233 



110 
 

 

Figure 96: (A) The structure of ABT-737 with the moieties engaging P2 and P4 highlighted in purple and magenta 
respectively, (B) the structure of navitoclax, with the structural changes from ABT-737 highlighted in red, (C) the 
crystal structure of navitoclax (blue) bound to Bcl-xL (PDB: 4QNQ, visualised using MOE). 

Although navitoclax progressed as a candidate to phase 2 clinical trials, its success was limited by a 

major dose-limiting toxicity, caused by “on-target” inhibition of Bcl-xL on circulating platelets. Since 

platelets rely on Bcl-xL for survival,234,235 inhibition by navitoclax induces platelet apoptosis and thus 

causes dose-dependent thrombocytopenia.222–224 Hence, the maximum efficacy that could be achieved 

by navitoclax whilst minimising platelet toxicity was inadequate for further clinical progression. Given 

that this side-effect only results from Bcl-xL inhibition, it was postulated that an inhibitor selective for 

Bcl-2 would prevent the toxicity against platelets. Although challenging, due to the high sequence 

homology between Bcl-2 and Bcl-xL, ABT-199 was developed (later named venetoclax, Venclexta®, 

Figure 97).236 Venetoclax retained sub-nanomolar affinity for Bcl-2 (Ki <0.010 nM) but had 3-fold lower 

affinity than navitoclax for Bcl-xL (Ki = 48 nM) (Table 9).236 Accordingly, the platelet activity was 

decreased >60-fold, and venetoclax had markedly reduced effects on platelets both ex vivo and in 

vivo.236  
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Figure 97: The structure of Venetoclax (ABT-199) with structural differences from navitoclax highlighted in red.  

Table 9: Comparison of the activities of navitoclax and venetoclax against Bcl-2 and Bcl-xL and their effect on 
platelets.  

Venetoclax has since been approved by the FDA for the treatment of chronic lymphocytic leukemia 

(CLL), small lymphocytic lymphoma (SLL), and in combination therapy for acute myeloid leukemia 

(AML).237 However, for some solid tumours, treatment with venetoclax is ineffective because inhibition 

of Bcl-2 alone is inadequate.228 Therefore, for the treatment of cancers which rely on both Bcl-2 and 

Bcl-xL for survival, dual inhibition of both proteins may be necessary. Furthermore, cancer cell 

resistance to venetoclax can be acquired by upregulation of Bcl-xL expression,238 which decreases the 

reliance of the cancer on Bcl-2. Bcl-xL is also more commonly overexpressed in solid tumours and a 

subset of leukemia and lymphoma cells, therefore venetoclax has limited efficacy against these 

targets.239–241 Taken together, there is still an unmet clinical need to develop a therapeutic which can 

target both Bcl-2 and Bcl-xL whilst avoiding on-target platelet toxicity, to enable application of Bcl-2 

inhibitors to a wider range of cancers.  

2.1.3 Bcl-2 PROTACs  

PROTACs are proteolysis targeting chimeras, which are bifunctional molecules capable of binding a 

target protein and an E3 ligase simultaneously. The simultaneous binding and ternary complex 

formation initiates proteosome-mediated degradation of the target protein. Since E3 ligases are poorly 

Drug 

Binding 

affinity 

Bcl-2 (Ki) 

Binding 

affinity 

Bcl-xL (Ki) 

Platelet 

activity  

(EC50) 

Comment 

Navitoclax ~1 nM ~1 nM 0.08 µM 

On-target platelet activity due to 

Bcl-xL inhibition causes dose-

dependent thrombocytopenia 

Venetoclax <0.01 nM 48 nM 5.5 µM Selective binding to Bcl-2 over Bcl-xL 
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expressed in human platelets, but have high expression in various cancer cell lines, the PROTAC 

approach was considered for developing a cancer-selective targeted Bcl-xL/Bcl-2 therapeutic.242–245  

Development of a PROTAC selective for Bcl-xL and Bcl-2 was explored by Zhou and Zheng et al.238,244,245: 

replacement of the solvent-exposed morpholine ring of navitoclax with a piperazine provided a linking 

amine for attachment of an E3 ligase binding unit (Figure 98). Although the resulting PROTAC DT2216 

demonstrated rapid and long-lasting Bcl-xL protein degradation, moderate on-target platelet toxicity 

was still observed (but improved compared to navitoclax). In addition, the PROTAC was observed to 

only degrade Bcl-xL and not Bcl-2. This was a result of the lack of solvent-exposed lysine residues in 

Bcl-2 available for ubiquitination, meaning degradation of Bcl-2 could not be induced after Bcl-2 

binding.245 As a result, DT2216 had limited efficacy against cancers which rely on both Bcl-2 and Bcl-xL 

for survival.  

 

Figure 98: The structure of PROTAC DT2216, which acted as a Bcl-xL degrader, but was unable to cause Bcl-2 
degradation.  

It was envisioned that connecting a different position on navitoclax could encourage a different 

orientation of the Bcl-2 ternary complex formation, which could expose different lysines to enable 

ubiquitination of Bcl-2 as well as Bcl-xL. Thus, different PROTAC structures were investigated utilising 

an attachment point from the methyl group of the cyclohexene ring (Figure 99).238 PROTAC 753b was 

5-fold more potent at degrading Bcl-xL than DT2216 and importantly was also able to degrade Bcl-2.  
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Figure 99: The structure of improved PROTAC 753b, which enabled degradation of both Bcl-2 and Bcl-xL.  

A number of other dual Bcl-xL and Bcl-2 targeting PROTACs have been explored incorporating VHL or 

cereblon E3 ligase ligands and different Bcl-xL inhibitors, all of which displayed activity against cancer 

cells but not against platelets.244,246 

2.1.4 BCL-2 Antibody-Drug Conjugate  

Currently underway is a phase 1 clinical trial of ABBV-155 (mirzotamab clezutoclax),247 an antibody-

drug conjugate comprising a mirzotamab antibody targeting B7H3 (CD276) and Bcl-xL inhibitor 

clezutoclax. B7H3 is a transmembrane protein which is overexpressed in tumour tissues and has 

limited expression in normal tissues.248 The proposed mechanism of action of the ADC involves binding 

to CD276 present on tumour cells followed by internalisation and linker cleavage to release Bcl-xL 

inhibitor clezutoclax, which then restores apoptotic processes in the cancer cell.249 As a monotherapy 

or in combination therapy, mirzotamab clezutoclax has shown tolerable safety activity and anti-tumour 

activity in solid tumours.250 

2.1.5 Navitoclax-Galactose Prodrug  

Another method of achieving tumour-selective Bcl-2 inhibition is to develop site-activatable small 

molecule prodrugs. A navitoclax prodrug was explored by Muñoz-Espín et al. for specific targeting of 

senescent cells.251  

The continued survival of senescent cells (cells which age, stop dividing but do not die) is commonly 

related to the overexpression of Bcl-xL.251 The dysregulation of cellular senescence can cause 

accumulation of senescent cells, which can contribute to the development of multiple age-related 

disorders, cancers, and other diseases.251–253 Hence, inhibition of Bcl-xL is an attractive approach to 

target senescent cells. To preclude the on-target platelet toxicity of navitoclax, it was modified by 

conjugation to an acetylated galactose, generating prodrug “Nav-gal” (Figure 100B). Since β-
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galactosidases are often upregulated in senescent cells, the authors envisioned that Nav-gal could be 

site-selectively activated by β-galactosidase-cleavage of the pro-moiety (Figure 100A).  

 

Figure 100: A) Activation of Nav-gal prodrug in senescent cells by β-galactosidase pro-moiety cleavage, B) the 
synthetic procedure for synthesis of Nav-gal prodrug. Red indicates the transformation.251 

Like navitoclax, Nav-gal demonstrated greater activity against senescent cells compared to non-

senescent cells (Table 10), presumably due to the increased importance of Bcl-xL in senescent cell 

survival. However, Nav-gal was able to achieve a greater “senolytic index”, which indicates the 

difference in activity between senescent and non-senescent cells, due to its selective activation in cells 

with elevated β-galactosidases.  

Table 10: Activity of navitoclax and Nav-Gal in various model senescent and non-senescent cell lines.  

Cell Type Navitoclax IC50 / µM Nav-Gal IC50 / µM 

Non-senescent A549 1.93 9.76 

Senescent A549 0.12 0.28 

“Selectivity”  

(senolytic index) 

16-fold greater activity 

in senescent A549 cells 

35-fold greater activity 

in senescent A549 cells 

Non-senescent SK-

Mel-103 
0.028 0.125 

Senescent SK-Mel-103 0.0011 0.0016 

“Selectivity”  

(senolytic index) 

25-fold greater activity 

in senescent SK-Mel-

103 cells  

78-fold greater activity 

in senescent SK-Mel-

103 cells 
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When examined in cells with lowered β-galactosidase activity, navitoclax had similar potency, however, 

Nav-gal was significantly less potent, indicating that β-galactosidase was essential for the activity of 

the prodrug Nav-gal in senescent cells by activation in situ.  

Finally, the platelet toxicity of Nav-gal was examined. Ex vivo experiments demonstrated that Nav-gal 

had significantly lower impact on platelet count compared to navitoclax in mice, and in vivo, Nav-gal 

did not cause thrombocytopenia in mice. In summary, the authors demonstrated that galacto-

conjugation generated a prodrug with decreased activity in non-senescent cells, but potent activity in 

senescent cells due to activation by endogenous β-galactosidase.  



116 
 

2.2 Project Aims  

Given the clinical significance of Bcl-2 and Bcl-xL for the treatment of cancer, new methods to target 

both proteins simultaneously whilst preventing the on-target toxicity on platelets experienced by 

navitoclax are desirable. Since success has been observed in generating a β-galactosidase-activatable 

prodrug, it was envisioned that a similar peroxide-activatable prodrug could be generated for broader 

targeting of cancer cells rather than senescent cells. To this end, navitoclax could be conjugated to an 

arylboronic acid prodrug handle, which would target the elevated levels of hydrogen peroxide in 

cancer.103–105 Similar to Nav-gal, appendage of the arylboronic acid to the aniline of navitoclax is 

expected to modulate the activity of navitoclax in non-target cells, whilst enabling activation in the 

high-ROS environment of cancer (Figure 101). H2O2-mediated oxidation of the C-B bond to the resulting 

phenol could then undergo spontaneous 1,6-elimination to release the active drug at the site of action.  

 

Figure 101: Proposed structure of a H2O2-activatable prodrug of navitoclax and its activation to release free 
navitoclax by boronic acid oxidation and linker self-immolation. The immolative linker is depicted in blue, and 
the ROS-responsive boronic acid in magenta.  

Following synthesis of a peroxide-activatable navitoclax prodrug, its stability and kinetics of release 

with H2O2 will be investigated, and the activity examined compared to native drug. A successful 

prodrug should satisfy the following criteria: 

1) Attachment of the H2O2-responsive aryl boronic acid moiety should significantly decrease the 

inhibitory activity of the prodrug against Bcl-xL compared to the native drug  

2) The prodrug should be stable under physiological conditions, i.e., in plasma, to avoid off-target 

activity during circulation  

3) The prodrug should be activated by pathologically relevant concentrations of H2O2, with 

favourable kinetics of immolation to release the active drug  
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4) The prodrug should achieve similar inhibitory potency in vitro/in vivo as the native drug and 

have an improved safety profile, including lower activity on platelets.  
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2.3 Results & Discussion  

2.3.1 Aniline Analogue Synthesis  

2.3.1.1 Late-stage functionalisation  

PAB spacers are widely used as immolative linkers, and arylboronic acid linkers are able to release 

anilines through a carbamate bond by action of H2O2 (as demonstrated previously in this report: 

Section I, Chapter 1). Hence, initial prodrug design featured appendage of the arylboronic acid handle 

to the aniline of navitoclax via a carbamate bond (prodrug 25, Scheme 10). Given the literature 

precedent for late-stage functionalisation of the aniline of navitoclax,251 this was considered an 

attractive approach that could afford prodrug 25 in only one step from the commercial drug by reaction 

of the secondary aniline with an electrophile such as 4-BPin-benzyl chloroformate 26 (Scheme 10).  

  

Scheme 10: Proposed reaction of 4-BPin-benzyl chloroformate 26 to afford H2O2-responsive carbamate prodrug 
25.  

The synthesis and chromatographic isolation of BPin chloroformate 26 has previously been reported 

in the literature.254 However, attempts to replicate reactions of 4-(Hydroxymethyl)phenylboronic acid 

pinacol ester 27 with triphosgene were unfruitful and it seemed in general that the product was too 

reactive to isolate (Table 11).  

To preclude any complications associated with the handling and purification of boronic esters,124 an 

alternative 4-Bromobenzyl chloroformate 28 was considered for synthesis, whereby a Miyaura 

borylation could install the boronic ester moiety after initial navitoclax modification (Scheme 11). 
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Table 11: Attempts to form chloroformate 26 by reaction of 27 with triphosgene. 

 

Entry Conditions Outcome 

1 
Triphosgene (0.7 eq.), NaOH 

(2 M, 1.7 eq.), CH2Cl2, rt 

No desired reaction 

observed. 

2 

Triphosgene (0.5 eq.), 

pyridine (1.2 eq.), Et3N 

(0.3 eq.), CH2Cl2, 0 °C then rt  

Product degraded 

upon purification on 

silica. 

 

Scheme 11: Proposed alternative synthesis of navitoclax prodrug 25, by reaction with 4-bromobenzyl 
chloroformate 28, followed by Miyaura borylation.  



120 
 

However, synthesis of 4-bromobenzyl chloroformate 28 was also challenging due to the volatility of 

the product, which prevented its isolation after reverse-phase chromatography. The same problem 

was also encountered with the higher molecular weight iodo- analogue 30 (Scheme 12).  

 

Scheme 12: Conditions for the attempted synthesis of 4-bromo- or iodo-benzyl chloroformates 28 and 30.  

Whilst attempts to isolate the product via distillation or by carrying forward crude into reaction with 

navitoclax were considered, success was achieved in the synthesis of alternative electrophiles 31 and 

32, activated as para-nitrophenyl carbonates (Table 12). Two different reaction conditions were 

employed, and electrophiles were generated with either the boronic ester group already installed (32), 

or a bromine (31) primed for later Miyaura borylation.  

Table 12: Synthesis of activated para-nitrophenyl carbonates 31 and 32. 

 

Entry R =  Conditions Yield 

1 BPin (32) 
Bis-4-nitrophenyl carbonate (2 eq.), 

DIPEA (1.5 eq.), CH2Cl2, rt, 1 h 
63% 

2 BPin (32) 
4-nitrophenyl chloroformate (2 eq.), 

Et3N (2.5 eq.), CH2Cl2, 0 °C then rt, 2 h 
96% 

3 Br (31) 
4-nitrophenyl chloroformate (1.5 eq.), 

Et3N (2.5 eq.), CH2Cl2, rt, 30 mins 
96% 

 

With activated BPin carbonate 32 in hand, the reaction with navitoclax was attempted using conditions 

previously used for the reaction of an amine (of MMAE) with an activated para-nitrophenyl carbonate 

(Table 13, Entry 1). However, in this case no desired reaction was observed, and the carbonate starting 

material 32 degraded. Alternative conditions sought to replicate the literature procedure for the 
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synthesis of the Gal-Nav prodrug,251 which utilised K2CO3 in MeCN at elevated temperatures (Table 13, 

Entry 2). However again, no changes were observed other than carbonate degradation.  

Table 13: Attempted reaction of activated carbonate 32 with navitoclax. 

 

Entry Conditions Outcome 

1 
HOBt (1.5 eq.), DIPEA (1 eq.), pyridine 

(35 eq.), DMF, rt, 3 days 

No reaction. Carbonate 

32 degradation. 

2 K2CO3 (1.75 eq.), MeCN, 70 °C, 3 days 
No reaction. Carbonate 

32 degradation. 

It was discovered that the aniline of navitoclax is very unreactive: it is part of a very electron-poor ring 

bearing electron-withdrawing sulfonamide and triflate substituents. Thus, it is likely a very poor 

nucleophile, which might explain its inability to react with activated carbonate 32. However, the aniline 

of navitoclax is reported to react in a substitution reaction with acetylated galactose-bromide (Figure 

100).251 Hence, it was envisioned that the reaction of navitoclax with a substituted aryl bromide might 

be similarly successful. This would generate benzyl analogue 33 which would require immolation via 

benzylamine C-N bond cleavage, which does not benefit from the entropic driving force of CO2 release 

(Scheme 13). Although the release of anilines from such spacers is generally reported to be slow,123,204 

electron-withdrawing groups in conjugation with leaving groups are known to facilitate their release.170 

Since the aniline is part of an extremely electron-poor ring, it is hypothesised that self-immolation 

from 33 may be possible.  
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Scheme 13: Proposed mechanism of release from compound 33, which involves cleavage of benzylamine C-N 
bond. 

Using the conditions reported for the synthesis of Nav-gal,251 reaction of navitoclax with 2-(4-

(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 35 was attempted (Scheme 14). 

Reaction of navitoclax was observed by LCMS, however, multiple by-products formed, and conversion 

of starting material stalled at ca. 4 h.  
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Scheme 14: Attempted synthesis of 33 via the substitution reaction of navitoclax with 35. 

Addition of potassium iodide accelerated the rate of conversion, during which an ion with mass 

corresponding to the boronic acid product 33 was observed by LCMS. Upon normal-phase purification, 

degradation of the reaction mixture was observed. The mixture was more stable to reverse-phase 

purification, however, the reaction profile contained multiple components which were poorly 

separated. With more careful inspection, it was clear that multiple structural isomers had formed, 

which are indistinguishable by mass spectrometry (Figure 102). 
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Figure 102: Proposed structural isomers formed during the substitution reaction of navitoclax with benzyl 
bromide 35. 

Given the difficultly in purifying the complex mixture that resulted from the reaction of navitoclax with 

pinacol boronate 35, the reaction was repeated with the bromine analogue 36 instead (Scheme 15). 

This was envisioned to generate more easily separable products, by removing potential complications 

from the purification of mixtures of boronic acids and boronic esters.124 Following successful synthesis 

of benzyl bromide 37, a Miyaura borylation could then access 33.  
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Scheme 15: Attempted synthesis of 37 via the substitution reaction of navitoclax with 4-bromobenzyl bromide 
36. 

Unfortunately, the reaction profile for reaction of navitoclax with 36 was still extremely complex with 

the formation of multiple products, and purification was equally challenging as the boronic ester 

analogue. However, one pure chromatographic fraction was isolated, which was subjected to 

characterisation for regioisomeric identification. Each regioisomer should have distinct heteronuclear 

multiple bond correlations (HMBC) by NMR, which would allow reliable assignment (Figure 103). 

Additionally, if the isolated species was not modified at the desired aniline position, a HMBC coupling 

would be observed between the chiral carbon CH and the NH of the unfunctionalised aniline (magenta 

arrow, Figure 103). The aniline NH can be identified by its high chemical shift and lack of signal in 1H-

13C HSQC spectra.  
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Figure 103: Proposed diagnostic HMBC correlations (blue arrows) for the various structural isomers produced by 
the reaction of navitoclax with 4-bromobenzyl bromide 36. Magenta arrows indicate the diagnostic aniline 1H-
13C HMBC correlation that would be observed for each regioisomer other than the desired.  

Accordingly, 2D NMR analysis (HMBC and ROESY) confirmed that the isolated component was the 

morpholine isomer, 39 (Figure 104 and Figure 105). Although it may be interesting to investigate 

whether this regioisomer would act as an effective prodrug of navitoclax, insufficient material was 

isolated for further investigation. Given the poor reaction yields from the expensive drug starting 

material and challenging purification, re-synthesis of this isomer (or others) was not pursued further 

by late-stage functionalisation.  



127 
 

 

Figure 104: COSY correlation (magenta arrow) between aniline NH and Haa indicates that the desired position 
has not been modified.  

 

Figure 105: ROESY correlations confirm the morpholine substituted regioisomer structure 39. ROESY correlations 
are shown by grey arrows.  

Other attempts for late-stage functionalisation of navitoclax included reductive amination with model 

benzaldehyde (Table 14, Entry 1) and amide formation using conditions reported to be successful for 

the reaction of unreactive, electron-deficient amines,255 (Table 14, Entry 2). However, in all cases no 

reactivity was observed.  
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Table 14: Attempts at late-stage reductive amination or amide formation of the aniline of navitoclax. 

 

Entry 
Reaction 

Type 
R Conditions Outcome 

1 
Reductive 

amination 

 

Benzaldehyde (1.1 eq.), 

NaBH(OAc)3 (1.2 eq.), HOAc 

(0.5 eq.), DCE, rt. 

No reaction  

2 
Amide 

formation 

 Benzoic acid (1.1 eq.), DIPEA 

(5 eq.), BTFFHa (1.1 eq.), 

CH2Cl2, 40 °C 

No reaction  

3 
Amide 

formation 

 Benzoic acid (1.1 eq.), DIPEA 

(5 eq.), BTFFHa (1.1 eq.), 

CH2Cl2, microwave, 80 °C 

No reaction  

a BTFFH = Fluoro-N,N,N′,N′-bis(tetramethylene)formamidinium hexafluorophosphate  

Finally, to further investigate the reactivity and regioselectivity of the reactions of navitoclax, the 

reported literature reaction of navitoclax with 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 

was attempted (Scheme 16).251 1H NMR of the crude reaction mixture indicated complete consumption 

of navitoclax and new distinct signals, however, FCC purification of the mixture returned 

unfunctionalised navitoclax, suggesting degradation upon purification. Other components isolated by 

purification did not correspond to the desired product. Hence, no further information was gained on 

whether the reported literature reaction yields the correct regioisomer to aid further work towards 

the late-stage functionalisation of navitoclax.  
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Scheme 16: Unsuccessful reaction towards Nav-gal following reported literature procedure.251  

2.3.1.2 Fragment modification  

Several challenges were discovered during attempts to modify navitoclax by late-stage 

functionalisation: (1) the aniline is unreactive and poorly nucleophilic due to the very electron-poor 

aryl ring, and (2) late-stage functionalisation yields complex mixtures due to the presence of multiple 

reactive amine sites, which were difficult to purify. Thus, an alternative fragment synthesis approach 

was considered whereby the reactive prodrug handle is introduced onto the aniline (1) prior to it 

becoming poorly reactive, and (2) before the introduction of competing basic amines in the molecule. 

As such, retrosynthetic analyses of both “carbamate” (25) or “benzyl” (33) modified navitoclax 

prodrugs were performed (Scheme 17). First, it was considered that the boronic acid handle should be 

introduced in the last synthetic step to preclude challenges with handling and purification of boronic 

esters/acids.124 This would be achieved by incorporating a Miyaura borylation from aryl bromide 29 or 

37 as the final synthetic step. Aryl bromides 29 or 37 can be disconnected to reveal amide coupling 

partners, sulfonamides 41 and 42, and carboxylic acid 43, which can be synthesised in three synthetic 

steps reported in the literature.256 Then, disconnection of the sulfonamide ring gives functionalised 

chiral amines 45 and 46 which could undergo SNAr with commercially available sulfonamide 44. Amines 

45 and 46 could be synthesised from the reaction of commercially available chiral amine 49 with the 

electrophilic prodrug handles 36 or 48.  
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Scheme 17: Disconnection approach towards navitoclax prodrugs 33 and 25, which installs the prodrug handle 
at the desired amine prior to its incorporation into an electron-poor aryl sulfonamide, and prior to the 
introduction of other competing basic amines.  

In the forward synthesis, chiral amine 49 was reacted with 4-bromobenzyl bromide 36 to generate the 

benzyl amine 46. Simple SN2 reaction conditions were first employed, with slight excess of the amine 

starting material in an attempt to disfavour double alkylation (Table 15, Entry 1). This gave moderate 

yields, with minor product corresponding to double alkylation product 50. Alternative conditions 

utilising reductive amination with 4-bromo benzaldehyde were also attempted (Table 15, Entry 2), 

however the double addition product 50 was still observed, and the overall yield was slightly lower 

owing to incomplete reduction of the imine, which was difficult to separate from the desired product. 
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Optimisation of this reaction could have included careful monitoring to ensure all starting amine was 

converted to the imine prior to the addition of reducing agent, as well as use of a stronger reducing 

agent such as NaBH4 to ensure full imine reduction. However, enough material was obtained, so 

further reaction optimisation was not performed.  

Table 15: Synthetic procedures to afford benzyl-modified chiral amine 46. 

 

Entry Reaction Type Conditions Outcome 

1 Substitution 

4-Bromobenzyl bromide 

(0.8 eq.), DIPEA (1 eq.), 

CH2Cl2, rt, 24 h 

46 (55%) 

Minor product = 50 

2 
Reductive 

amination 

4-Bromobenzaldehyde (1 

eq.), NaHB(OAc)3 (1.4 eq.), 

DCE, rt, 24 h 

46 (36%) 

Minor product = 50 

To generate the carbamate analogue 45, two conditions were attempted. First, the isocyanate of chiral 

amine (50) was generated in situ with triphosgene for reaction with 4-bromobenzyl alcohol (Scheme 

18). Although this was successful, the yield was poor, and a minor by-product was isolated 

corresponding to urea 51 from the self-reaction of the isocyanate with residual unfunctionalised 49. 

Therefore, reaction with 4-bromobenzyl para-nitrophenyl carbonate 31 was investigated instead. First, 

31 was synthesised in quantitative yields from the reaction of 4-bromobenzyl alcohol with para-

nitrophenyl chloroformate. Then, reaction of 31 with amine 49 gave carbamate product 45 in 

moderate yield, with no major by-products.  



132 
 

 

Scheme 18: Synthetic routes towards 45.  

With both prodrug-handle functionalised chiral amines 45 and 46 in hand, the ability of the amine to 

perform SNAr reaction with sulfonamide 44 was investigated. Initially, both amines 45 and 46 were 

subjected to SNAr conditions reported in the literature with DIPEA in DMSO (Scheme 19).256 However, 

the desired product was not observed to form and instead, the reaction yielded unreacted starting 

material and by-product 52 formed by self-reaction of sulfonamide starting material 44.  
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Scheme 19: The unsuccessful SNAr reaction towards 41 and 42 which instead afforded bis-sulfonamide adduct 
52.  

Attempts to change the order of addition, stirring amines 45/46 in base (DIPEA) and DMSO with slow 

addition of the sulfonamide 44 were also unsuccessful, returning a small amount of the bis-

sulfonamide adduct 52 and unreacted starting material. There was little change in the reaction profile 

upon heating to 80 °C for a prolonged period of time (~20 h), except for an increase in bis-sulfonamide 

adduct 52. Alternative conditions were attempted during which 45 and 46 were treated with LDA 

at -78 °C prior to the addition of the sulfonamide 44. However, the reaction profiles for these reactions 

were extremely complex, with multiple by-products and no identification of the mass of the desired 

products by LCMS. Attempted reactions without any base present were also unsuccessful.  

Given the inability to react amines 45 and 46 with the sulfonamide 44, it was envisioned that 

protection of the sulfonamide nitrogen may prevent formation of the undesired bis-sulfonamide 

adduct 52 and allow the desired reaction to occur. Such protecting group would be removed following 

SNAr reaction. para-Methoxy benzyl (PMB) and di-methoxy benzyl (DMB) groups are commonly used 

for sulfonamide protections and can be deprotected in mild acidic conditions.257 Installation of PMB or 

DMB moieties usually commence from reaction of a sulfonyl chloride with protected PMB-amine 

(Scheme 20A). However, since the amine of the sulfonamide appears to be reactive, it was envisaged 

that an SN2 reaction with PMB-Cl could install the desired protecting group (Scheme 20B). 

Unfortunately, in basic conditions (DIPEA), the only observed reaction was formation of the bis-

sulfonamide adduct 52. A second attempt without base saw no reaction when the sulfonamide 44 was 

added slowly to a solution of PMB-Cl, and even with heating to 80 °C overnight, no reaction was 

observed.  
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Scheme 20: A) Common methods for the generation of protected sulfonamides from sulfonyl chlorides, B) 
attempted PMB protection of sulfonamide 44 by SN2 reaction.  

tert-Butyloxycarbonyl (Boc) was then considered as an alternative protecting group. Pleasingly, 

reaction of sulfonamide 44 with Boc-anhydride yielded Boc-protected sulfonamide 54, albeit in poor 

yield with long reaction times (Scheme 21).  

 

Scheme 21: Synthesis of Boc-protected sulfonamide 54.  

With protected sulfonamide 54 in hand, the SNAr reaction with chiral amine 46 could be attempted 

(Table 16). After several days at rt, reaction of 46 was observed, and purification isolated a component 

with promising 1H NMR spectra. On scale-up, however, no reaction was observed even with prolonged 

reaction times and heating to 80 °C (Table 16, Entry 1b). Alternative reaction conditions involving 

treatment of chiral amine with LDA at -78 °C prior to sulfonamide addition resulted in a complex 

mixture in which no desired product mass was observed by LCMS (Table 16, Entry 2).  
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Table 16: Attempted reaction of Boc-protected sulfonamide 54 with benzyl-modified amine 46.  

 

Entry Conditions Outcome 

1 

a DIPEA (3 eq.), DMSO, rt, 3 weeks 
Tentative isolation of 

product 

b 
DIPEA (3 eq.), DMSO, rt, 3 weeks, 

then 80 °C 
No reaction 

2  
46 (1 eq.), LDA (1 eq.), -78 °C, then 54 

-78 °C then rt 
Complex mixture 

Similarly, no reaction was observed between carbamate modified chiral amine 45 with Boc-protected 

sulfonamide 54 (Scheme 22). The LDA reaction was not attempted since it only returned a complex 

mixture with 46.  

 

Scheme 22: Unsuccessful reaction of Boc-protected sulfonamide 54 with prodrug-modified amine 45. 

Failure to access tertiary amines 55 or 56 via SNAr with Boc-protected sulfonamide 44, combined with 

a lack of alternative synthetic routes which circumvent issues with the poor nucleophilicity of the 

amine once incorporated as an aniline, resulted in halting efforts to synthesise tertiary amine prodrugs 

25 and 33. 
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2.3.2 Alternative Analogues  

Given that peroxide-cleavable navitoclax prodrugs modified at the aniline position were synthetically 

inaccessible, further work sought to investigate whether other positions of navitoclax could be 

modified to generate a prodrug. As was discovered during attempts to modify navitoclax at the aniline, 

there are many other reactive amines present in the structure of navitoclax. In fact, the only pure 

navitoclax analogue synthesised and isolated was substituted at the nitrogen of the morpholine ring 

(39, Figure 106).  

 

Figure 106: The only isolated analogue of navitoclax, substituted on the morpholine nitrogen, 39.  

To assess whether modification of the morpholine nitrogen may impact the binding ability of a 

navitoclax prodrug, the key ligand interactions in the crystal structure of navitoclax bound to Bcl-xL 

were examined (Figure 107, PDB: 4QNQ). The morpholine nitrogen has binding interactions with 

Glu96, therefore modification at this position might negatively impact the binding ability of navitoclax. 

Similarly, the piperazine motif seems to fit into a narrow binding pocket, therefore modification at this 

position also has the potential to disrupt binding to generate an inactive prodrug.  

Prodrug handle installation at the morpholine or piperazine nitrogens would produce quaternary 

ammonium prodrugs, which are precedented as suitable self-immolative linker leaving groups (see 

Section II.1.2.1).173–175,198 Release of such quaternary amines can occur through benzyl-amine linkages, 

without requiring carbamate bonds, hence these were considered for prodrug design.  

The morpholine motif is quite solvent-accessible, whereas the piperazine motif fits more closely in the 

centre of the binding pocket. Additionally, a Bcl-xL PROTAC substituted the morpholine oxygen to allow 

linker attachment, and the resulting structure was still able to bind Bcl-xL.238,244,245 Taken together, 

modification of the piperazine ring might have greater influence on Bcl-xL binding than modification 

of the morpholine ring, so a piperazine prodrug was considered first for synthesis (Figure 108).  



137 
 

 

Figure 107: Ligand site interactions of navitoclax bound to Bcl-xL (PDB: 4QNQ).  

 

Figure 108: Structure of proposed piperazine-modified navitoclax prodrug, 57.  

2.3.2.1 Piperazine substituted analogue 

A late-stage functionalisation approach for the synthesis of piperazine prodrug 57 was predicted to be 

problematic due to the presence of multiple basic amine sites, as previously experienced. Hence, a 

route was envisaged whereby the prodrug handle would be introduced early in the synthesis, 

possessing a bromo substituent for Miyaura borylation of 38 as the final synthetic step (Scheme 23). 

Care would need to be taken such that competitive Miyaura borylation at the aryl-chloride of 38 would 

not occur. Bromo benzyl piperazine analogue 38 can be disconnected to the commercially available 

chiral amine 49 and SNAr electrophile 58. An amide bond disconnection then gives 59 and commercially 
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available sulfonamide 44. Attaching the sulfonamide nitrogen by the amide bond prior to SNAr was 

envisioned to circumvent the known issues with self-SNAr to form the bis-sulfonamide adduct 52 (vide 

supra). Then, the prodrug handle could be installed from piperazine 60. The synthesis of 60 is reported 

in the literature, starting from the SNAr of piperazine 65 with protected 4-fluorobenzoate 66, followed 

by a Mannich reaction with 4,4-dimethyl cyclohexanone 63, then Grignard addition of 61 and 62 

followed by dehydration to give 60.256 
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Scheme 23: Retrosynthetic analysis of piperazine prodrug 57.  

First, synthesis of tert-butyl 4-(piperazin-1-yl)benzoate 64 was successful via literature SNAr reaction of 

tert-butyl 4-fluorobenzoate 66 in good yield (Scheme 24).  
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Scheme 24: Synthesis of 64 from the SNAr reaction of tert-butyl 4-fluorobenzoate 66.  

However, the subsequent Mannich reaction with 4,4-dimethyl cyclohexanone 63 following literature 

conditions was unsuccessful (Table 17, Entry 1). Minimal conversion to a compound with the desired 

product mass was observed by LCMS and attempts to isolate this component by FCC as reported in the 

literature were unsuccessful. Alternative conditions were employed using DMSO instead of tBuOH for 

improved solubility, and with the addition of molecular sieves to remove water and encourage imine 

formation (Table 17, Entry 2). However, again, only minimal amounts of a compound with desired 

product mass were observed by LCMS, so purification and isolation were not pursued.  

Table 17: Attempted Mannich reaction to form 61. 

 

Entry Conditions Observations Outcome 

1 
63 (1.5 eq.), 

paraformaldehyde, conc. 

HCl, tBuOH, reflux >3 h 

Suspension 

Trace product mass observed by 

LCMS. Conversion stalled and 

could not be isolated by FCC. 

2 

63 (1.5 eq.), 

paraformaldehyde, conc. 

HCl, DMSO, molecular 

sieves, 120 °C, 3 h 

Full 

dissolution 

Trace peak with product mass in 

LCMS. No conversion with further 

time. Isolation not pursued.  

An alternative synthetic route reported in a patent employs a one-pot carbonylation/bromination of 

dimethylcyclohexanone 63 with DMF and PBr3, followed by reductive amination with the piperazine 

analogue to afford the amino methylated compound 69 (Scheme 25).258 A Suzuki reaction between 69 

and 4-chlorophenylboronic acid 70 followed by ester hydrolysis could then afford the final deprotected 

carboxylic acid 43.  
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Scheme 25: Reported synthetic route towards fragment 43 utilising one-pot carbonylation/bromination followed 
by reductive amination then Suzuki reaction.258  

Having already synthesised piperazine-tert-butyl benzoate 64, the patent synthesis was attempted 

with this substrate, predicting that the small change in carboxylic acid protecting group would be 

equally tolerated (Scheme 26).  

 

Scheme 26: Alternative synthetic route towards piperazine intermediate 60.  

Commencing from 4,4-dimethylcyclohexanone 63, the literature reported one-pot 

bromination/carbonylation conditions were replicated in moderate yield to afford aldehyde 67 

(Scheme 27).  

 

Scheme 27: Successful synthesis of aldehyde 67.  



142 
 

Aldehyde 67 was then subjected to reductive amination with piperazine 64. However, the one-pot 

reductive amination procedure reported in the patent yielded mainly reduced aldehyde (72, 28% 

yield), and only 6% desired product 71 (Table 18, Entry 1). A different approach sought to form the 

imine completely from 64 and 67 before addition of the reducing agent, to prevent unwanted aldehyde 

reduction (Table 18, Entry 2). However, a complex mixture was obtained, and normal-phase 

purification did not isolate any pure product. Subsequent reverse-phase purification also did not yield 

anything corresponding to the desired product. Using molecular sieves and alternative reducing agent 

NaBH(OAc)3 was also unsuccessful (Table 18, Entry 3), as were attempts to change the solvent (Table 

18, Entry 4).  

Table 18: Attempted reductive amination to afford 71. 

 

Entry Solvent Reducing Agent Procedure Outcome 

1 EtOH NaBH3CN 
Mix 64 and 67 in EtOH, 

add NaBH3CN then AcOH 
64 (65%), 72 (28%), 71 (6%)  

2 EtOH NaBH3CN 

Mix 64 and 67 overnight in 

EtOH, then add AcOH and 

NaBH3CN 

Messy normal-phase FCC, then 

subsequent reverse-phase FCC 

isolated unknown component 

not corresponding to product.  

3 EtOH NaBH(OAc)3 

Mix 64 and 67 in EtOH, 

molecular sieves, then add 

NaBH(OAc)3 

No reaction 

4 
THF and 

Toluene 
NaBH3CN 

Mix 64 and NaBH3CN in 

THF, stir 15 mins, add 67 in 

toluene 

No reaction 

Given that the reductive amination towards 71 was unsuccessful, alkylation was considered as an 

alternative strategy. Since the product of single alkylation is a sterically hindered tertiary amine, it was 

predicted that double alkylation to generate 74 would be unfavourable and could be controlled by 

reaction conditions and the number of equivalents used. First, alkyl-bromide 73 required synthesis. It 
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was envisaged that it could be afforded easily from already synthesised aldehyde 67 via aldehyde 

reduction and PBr3 substitution (Scheme 28).  

 

 

Scheme 28: Proposed alkylation strategy to 71, whereby double alkylation to 74 could be controlled by reaction 
conditions. Synthesis of alkyl bromide 73 could be achieved from reduction and bromination of aldehyde 67.  

Reduction of 67 with NaBH4 was successful, isolating 72 with small amounts of an unknown impurity, 

which was carried on crude. Subsequent bromination with PBr3 was also successful, though the 

product 73 was also carried forward crude since its volatility hampered concentration from solvent. 

Then, during the alkylation of piperazine 64, only singly alkylated product 71 was observed to form 

and was isolated in approx. 20% overall yield from 67 (Scheme 29).  
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Scheme 29: Synthesis of 71 using the alkylation strategy.  
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2.4 Conclusions 

This chapter described preliminary efforts towards synthesis of a peroxide-cleavable prodrug of Bcl-2 

inhibitor navitoclax.  

First, late-stage modification of the aniline of navitoclax was attempted, encouraged by the literature 

precedent for late-stage modification of this position (Figure 109). However, attempts to react 

navitoclax with activated para-nitrophenyl carbonates were unsuccessful, as were attempts to perform 

reductive aminations or amide formation reactions, presumably due to the poor nucleophilicity of the 

electron-poor aniline. However, modification of navitoclax was achieved by reaction with substituted 

benzyl bromides, although the reaction profile was extremely complex due to the formation of 

multiple regioisomers. In fact, the only pure isolated material corresponded to an analogue modified 

at the morpholine nitrogen, 39, as identified by 2D NMR analysis. Hence, the desired aniline 

regioisomer, 37 was not isolated. Ultimately, the challenges associated with attempting late-stage 

functionalisation of a complex drug comprising multiple reactive amine sites and poorly nucleophilic 

desired aniline prompted us to consider an alternative fragment synthesis approach.  

 

Figure 109: Summary of efforts towards late-stage functionalisation of navitoclax. 

Fragment synthesis began from commercially available chiral amine 49, whereby a benzylic and 

carbamate prodrug handle were installed to give 45 and 46 (Figure 110). However, the subsequent 

SNAr reaction with sulfonamide 44 was unsuccessful due to unexpected formation of a bis-sulfonamide 
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adduct 52. Reaction instead with Boc-protected sulfonamide 54 was still unfruitful, and the desired 

tertiary amines 41 and 42 could not be accessed.  

 

Figure 110: Summary of efforts towards fragment synthesis of a peroxide-responsive prodrug of navitoclax.  

Since the aniline prodrug analogue was synthetically inaccessible, other modifiable positions were next 

investigated for prodrug synthesis. The piperazine was first selected for modification since unlike the 

morpholine ring, it is not solvent accessible, and it sits in a narrow pocket whereby introduction of a 

bulky benzyl substituent might hinder the ability of navitoclax to bind to Bcl-xL.  

In the forward synthesis of the piperazine-substituted prodrug, the literature precedent for the 

Mannich reaction of piperazine 64 with 4,4-dimethylcyclohexanone 63 was attempted (Figure 111). 

However, the Mannich reaction was problematic and could not access sufficient product for 

continuation of the synthesis. Hence, an alternative synthetic precedent was pursued, which utilised a 

reductive amination for alternative reaction of 64. However, once again, the reductive amination failed 

to provide sufficient material under various conditions. A final alternative synthetic route was 

considered, involving alkylation of 64 with alkyl bromide 73, which was synthesised from aldehyde 67 

in several telescoped steps. This reaction was successful, accessing piperazine intermediate 71 for 

further progression.  
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Figure 111: Summary of synthetic challenges towards piperazine intermediates for the synthesis of peroxide-
cleavable prodrug of navitoclax.  
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2.5 Future Work  

2.5.1 Synthesis 

Having successfully developed an alternative synthetic route towards piperazine intermediate 71, prior 

to attempting the synthesis of whole navitoclax prodrug 57, the release of the quaternary ammonium 

from a model substrate should be investigated. With 71 in hand, the benzyl boronic acid handle should 

be introduced to generate model quaternary ammonium substrate 76 (Scheme 30A). Although double 

alkylation to the quaternary ammonium was not observed in the formation of intermediate 71, harsher 

reaction conditions and elevated reaction temperatures may allow alkylation of intermediate with 4-

bromobenzyl bromide to afford quaternary ammonium 75. Subsequent Miyaura borylation could then 

afford prodrug handle modified intermediate 76, but care should be taken to ensure the desired 

regioisomer is obtained rather than the isomer arising from borylation of the alkenyl bromide. It should 

then be confirmed that quaternary ammonium 76 is able to undergo self-immolation and C-N bond 

cleavage with H2O2 (Scheme 30B). 

  

Scheme 30: A) Proposed generation of model quaternary ammonium prodrug mimic 76, B) examination of the 
ability of 76 to release by immolation in the presence of peroxide.  

Once the synthesis and release of intermediate 76 has been confirmed, full synthesis of a piperazine-

modified navitoclax prodrug could be conducted. A Suzuki reaction of 71 should be performed prior 
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to prodrug handle installation to prevent regioselectivity issues during Miyaura borylation that may 

occur with the aryl bromide of the prodrug handle. Then, quaternary ammonium synthesis could be 

performed from chloro-intermediate 60, prior to the introduction of any other reactive amines into 

the molecule. Subsequent amide bond formation with sulfonamide 44 could generate 58, followed by 

SNAr with chiral amine 49 to access 38. Finally, a Miyaura borylation could afford the final prodrug 57 

(Scheme 31).  

 

Scheme 31: Proposed synthesis of final piperazine modified prodrug of navitoclax 57.  
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2.5.2 Kinetics of Release & Stability 

Upon synthesis of final piperazine peroxide-cleavable prodrug 57, its ability to release unmodified 

navitoclax in the presence of H2O2 should be examined. This could be achieved by an HPLC assay, which 

can track disappearance of the prodrug over time and appearance of free navitoclax when incubated 

at 37 °C with defined, biologically relevant concentrations of H2O2 in aqueous buffer. The stability of 

the prodrugs in the absence of peroxide should also be confirmed in the same conditions, as well as in 

plasma and at different pH. 

2.5.3 Prodrug Validation 

After confirming release and stability of the prodrug, it should be confirmed that modification at the 

piperazine position has sufficiently attenuated the ability of navitoclax to inhibit Bcl-xL. This could be 

investigated by an in vitro Bcl-xL activity assay which monitors the ability of Bcl-xL to bind a ligand (i.e. 

Bcl-xL Assay Kit #50223: BPS Bioscience). Incubation of the prodrug alone should have little to no 

impact on the ability of Bcl-xL to bind to the assay ligand, however, when activated by H2O2, the 

prodrug should inhibit the ability of Bcl-xL to bind the assay ligand to a similar extent as navitoclax.  

2.5.4 Further Biological Evaluation  

Finally, the prodrug should be examined for in vitro efficacy. The prodrug should display potent 

cytotoxicity in target cancer cells by activation in situ by the elevated levels of H2O2 and subsequent 

inhibition of Bcl-2/Bcl-xL. To confirm the activity of the prodrug is due to H2O2-mediated activation 

only, the cells could be pre-treated with peroxide-scavenger catalase to remove endogenous H2O2. 

Little/no potency should then be observed for the prodrug since it should be unable to bind to Bcl-

2/Bcl-xL. In vivo, the effect of treatment with prodrug 57 on platelets should be carefully examined 

and compared to treatment with the parent drug. This would ultimately validate that a prodrug 

approach is effective at preventing the on-target platelet toxicity of navitoclax. 
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Chapter 3: Peroxide-Activatable Prodrug of Olaparib 
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3.1 Introduction 

3.1.1 PARP & PARP Inhibitors  

Poly(ADP-ribose)polymerases (PARP) are family of enzymes which synthesise poly(ADP-ribose) chains 

from nicotinamide adenine dinucleotide (NAD+).259 PARP activity is essential for many processes such 

as the regulation of transcription, apoptosis, and the DNA damage response.259 PARP1 is the most well 

understood PARP, and its role is to detect single-strand DNA damage and initiate DNA damage repair.260 

After binding to the damaged DNA in the binding domain, PARP1 synthesises poly(ADP-ribose) (PAR) 

and transfers it to acceptor proteins in a process known as PARylation. This in turn causes recruitment 

of other repair proteins to the damaged DNA site. PARP inhibitors (PARPi) are small molecule drugs 

designed to competitively bind to the PARP NAD+ active site, preventing the ability of PARPs to repair 

DNA damage. Hence, PARP inhibitors have been employed as anti-cancer agents in various contexts: 

1) Combination therapy of PARP inhibitors with other DNA-damaging chemotherapeutics.  

Initial cancer cell DNA damage is caused by treatment with a traditional chemotherapeutic 

agent (or by radiotherapy). Repair of this DNA damage is prevented by cancer cell PARP 

inhibition. This is often described as PARP inhibitors “sensitizing” the cancer to the 

chemotherapeutic agent.259  

2) Treatment of cancer cells which already have limited ability to perform DNA-damage repair 

or have increased PARP dependence. Some cancers have mutations in the homologous 

recombination (HR) genes Breast Cancer Associated 1 and 2 (BRCA1 and BRCA2): these cancer 

cells are unable to repair DNA-damage by homologous recombination and are more reliant on 

PARPs for DNA-damage repair. Thus, treatment with a PARP inhibitor further renders the 

cancer unable to repair DNA-damage, which can lead to cancer cell death.261  

There are several other complex biological mechanisms by which PARP-inhibitors can encourage 

cancer cell death, however, they will not be discussed in detail in this report.262–267 

Several PARP inhibitors have been granted FDA approval, namely olaparib (Lynparza®, 2014),268 

rucaparib (Rubraca®, 2016),269 niraparib (Zejula®, 2017),270 and talazoparib (Talzenna®, 2018),271 for 

BRCA-deficient breast, ovarian, fallopian tube, and primary peritoneal cancers (Figure 112).259,272 

Additionally, over 200 clinical trials of PARP inhibitors are currently underway.259 
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Figure 112: The structure of FDA-approved PARP inhibitors including their approval year.  

Despite the successful FDA-approval of several PARP inhibitors, some studies have shown that the use 

of PARP inhibitors in combination therapies can result in normal tissue toxicity. Due to the similarity in 

their catalytic domain, PARP inhibitors designed to target PARP1 often inhibit the activity of other 

PARPs (i.e. PARP2 and PARP3).265,273 PARP2 inhibition in particular has been discovered to impact the 

production of blood cells and platelets, which leads to severe hematologic toxicity, such as anaemia, 

thrombocytopenia and neutropenia.226,274 Taken together, these off-target toxicities impose dose 

restrictions, and limit the clinical utility of PARP inhibitors as single agents, or in combination 

therapy.275–282 

Hence, to preclude undesired off-target effects, there is a clinical interest in improving the tissue-

selectivity of PARP inhibitors. A promising approach is the development of PARPi prodrugs, whereby 

an inactive form of the PARPi would be administered and only become activated at the site of cancer. 

There have been few investigations of PARPi prodrugs in the literature.283–285 

3.1.1.1 Hypoxia-activated prodrug of olaparib 

Hypoxia is a known feature of many solid tumours, which contributes to tumour progression.286–289 In 

hypoxic environments, an aromatic nitro-moiety, such as 2-nitroimidazoles, can undergo a one-

electron reduction. Fragmentation or further reduction of this pro-moiety can then lead to release of 

an active drug (Figure 113).157,283,290  
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Figure 113: Ability of 2-nitroimidazoles to undergo a one-electron reduction in hypoxic environments which can 
lead to the release of an active drug.  

Dickson et al. investigated conjugation of a similar 2-nitroimidazole trigger to the phthalazinone 

nitrogen of olaparib: this was envisioned to disrupt key hydrogen bonding interactions in the PARP2 

binding site to render olaparib inactive.283 A series of derivatives possessing the structural core of 

olaparib were generated with 2-nitroimidazole trigger groups attached to the phthalazinone nitrogen 

(Figure 114A). The prodrugs exhibited ~160-fold lower activity in a radiometric PARP1 inhibition assay, 

compared to the unfunctionalised core (Figure 114A). However, upon radiolytic reduction no released 

parent PARPi was detected. Instead, a hydroxylamine intermediate was formed that was proposed to 

be too stable to release the drug by fragmentation or reduction (Figure 114B).  

 

Figure 114: A) First attempt at generating a hypoxia-activated PARPi prodrug, including the reported IC50 values 
from a radiometric PARP1 inhibition assay. B) The prodrug was unable to release the drug upon radiolytic 
reduction due to formation of a stable hydroxylamine intermediate.283  

Hence, an alternative linkage of the 2-nitroimidazole trigger was explored. A phenol was introduced 

to the phthalazinone core, which served as an attachment point for the 2-nitroimidazole trigger (Figure 

115).283 This prodrug was able to release the parent drug upon reduction, however the prodrug only 

exhibited approx. 9-fold lower activity than the parent drug. Further development is therefore required 

to identify a hypoxia-activatable prodrug which is able to effectively release the parent drug upon 
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reduction, but which also provides sufficient deactivation of PARPi activity for adequate site-selective 

activation. 

 

Figure 115: Alternative linking position of the hypoxia-activatable 2-nitroimidazolyl trigger to afford a prodrug 
which was able to release the parent drug upon reduction, but only provides ca. 9-fold deactivation of PARPi 
activity. (Reported IC50 values from a radiometric PARP1 inhibition assay).283  

3.1.1.2 Photoactivatable prodrug of talazoparib  

Talazoparib is one of the most potent FDA-approved PARP inhibitors, with an IC50 of 0.57 nM.81 

However, a serious risk of talazoparib treatment is myelodysplastic syndrome – a type of blood cancer 

where immature blood cells do not mature – and acute myeloid leukemia.271 Hence, Li et al. sought to 

develop a talazoparib prodrug which could be activated by UV light.284 By connecting an ortho-

nitrobenzyl moiety to the phthalazinone nitrogen of talazoparib, an inactive prodrug was afforded 

which was no longer able to hydrogen bond to Gly863 and Ser904 of the PARP1 active site (Figure 

116A). Accordingly, the prodrug showed 380-fold lower inhibitory activity (IC50 = 1.9 μM compared to 

parent drug IC50
 = 0.005 μM) in an enzymatic assay. Moreover, in vitro, the prodrug was markedly less 

toxic than the parent drug (IC50 = 1.87 vs. 0.015 μM in BRCA1-defective MX-1 cells), but with UV 

irradiation for 1 minute, the IC50 was increased to 0.577 μM, demonstrating the successful release of 

talazoparib in vitro (Figure 116B). However, since UV light itself is damaging to cells, the irradiation 

time was limited by the tolerance of the cells to UV radiation in the absence of prodrug. Hence, the 

prodrug was unable to achieve the same potency as the parent drug, presumably due to incomplete 

release by UV-activation. Therefore, the utility of such UV-activatable prodrugs may be limited, since 

prolonged irradiation of the tumour site to afford full prodrug activation and talazoparib release would 

likely cause non-specific damage to surrounding healthy cells.  



157 
 

 

Figure 116: A) The structure of photoactivatable talazoparib prodrug, which has significantly lower activity than 
the parent drug unless irradiated with UV light, B) the mechanism of talazoparib release from the 
photoactivatable prodrug.284   

3.1.1.3 Glucuronide prodrug of TSL-1502M 

Recently, Wang et al. described the development of a PARPi prodrug which utilises the enhanced levels 

of β-glucuronidase in the tumour microenvironment.285 By capping potent PARPi TSL-1502M with a 

glucuronide moiety, a prodrug TSL-1502 was generated, which exhibited significantly decreased 

inhibitory activity in a cell-free enzymatic assay (IC50 = >3000 nM compared to parent drug IC50 = 

0.66 nM (PARP1), 0.87 nM (PARP2)) (Figure 117). Structural modelling revealed that the carbonyl 

moiety of TSL-1502M formed critical hydrogen bonding interactions in the PARP1 active site: 

glucuronide capping at this position introduced spatial conflict, and prevented formation of these 

hydrogen bonds, rendering the prodrug inactive. 



158 
 

 

Figure 117: Structure of parent PARPi TSL-1502M and glucuronide prodrug TSL-1502.285 The key hydrogen bond 
interactions to the PARP1 active site are shown in blue, and the glucuronide pro-moiety is highlighted in red. 
Capping of the drug at this position prevents the formation of key hydrogen bonds to the PARP active site.  

When incubated with MDA-MB-436 cancer cells, TSL-1502 was observed to convert to the active drug 

TSL-1502M (determined by HPLC-MS analysis).285 Additionally, in vivo pharmacokinetics detected high 

distributions of prodrug TSL-1502 in plasma, whereas active TSl-1502M was mainly distributed in the 

tumour, suggesting that prodrug TSL-1502 mainly liberates the active drug at the site of tumour. 

However, in vitro, the prodrug was significantly less potent than the parent drug. For example, in MDA-

MB-436 cells the parent drug TSL-1502M achieved an IC50 of 0.9 nM, whereas  prodrug TSL-1502 

displayed 87-fold lower potency, with an IC50 of 78.7 nM. It is suspected that this is due to incomplete 

conversion of the prodrug to the active form in vitro. Despite this, in vivo, prodrug TSL-1502 

demonstrated dose-dependent tumour growth inhibition with no adverse effects and enhanced 

potency over FDA-approved PARPi olaparib.285 
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3.2 Project Aims 

There are limited examples in the literature of PARPi prodrugs which fulfil the criteria of an efficacious 

prodrug: 1) ability to rapidly convert to the active form in the presence of a cancer-specific trigger, and 

2) offer sufficient reduction of PARPi potency as a prodrug compared to the active form, for effective 

discrimination between healthy and target cells. Hence, it was envisioned that the arylboronic acid 

motif described in this report could be used to generate PARPi prodrugs which rapidly release the 

active drug in the presence of the high levels of H2O2 in cancer (Figure 118). 

 

Figure 118: Generic representation of a ROS-sensitive PARPi prodrug utilising an arylboronic acid pro-moiety, 
which could release the drug by 1,6-elimination through a carbamate bond after H2O2-oxidation. The H2O2 
responsive unit is depicted in magenta, the self-immolative linker depicted in blue and the released drug depicted 
in black. 

For development of a successful peroxide-activatable PARPi prodrug, the prodrug must be inactive 

when modified with arylboronic acid responsive motif, stable under biological conditions in the 

absence of H2O2, and must rapidly convert to the active, unfunctionalised drug in the presence of H2O2.  
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3.3 Results & Discussion  

Olaparib (Lynparza®) was selected for the generation of a ROS-cleavable prodrug due to its commercial 

availability and modifiable phthalazinone core. The binding mode of olaparib is known to involve a 

tridentate hydrogen bond network to Ser904 and Gly863.267 For this reason, functionalisation of the 

phthalazinone nitrogen with the cleavage trigger was expected to disrupt these key binding 

interactions to render the inhibitor inactive (Figure 119), as has previously shown to be a successful 

approach in the literature.283–285 

 

Figure 119: Olaparib bound to the catalytic active site of PARP1 (PDB: 7KK4, visualised using MOE), showing the 
tridentate hydrogen bond network to Ser904 and Gly863. 

3.3.1 Benzyl Analogue Synthesis 

It was envisioned that modification of the phthalazinone nitrogen of olaparib could be achieved via 

late-stage functionalisation of the final drug molecule. First, linkage of a benzyl-boronic acid to this 

position was investigated (Scheme 32). Although immolation of linkers via C-N bond cleavage is 

generally reported to be slow,123,204 it is facilitated by the conjugation of electron-withdrawing 

groups.170 Since the phthalazinone amine is conjugated to a carbonyl and adjacent aromatic ring, 

release via C-N bond cleavage may be possible.  
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Scheme 32: Proposed benzyl-arylboronic acid olaparib prodrug 78 and its proposed conversion to free drug when 
exposed to H2O2. The H2O2 responsive unit is depicted in magenta, the self-immolative linker depicted in blue 
and the released drug depicted in black. 

Reaction of olaparib with 4-bromobenzyl bromide was successful with short reaction times, affording 

80 in good yields (Scheme 33). The disappearance of the phthalazinone NH signal at 10.3 ppm during 

the reaction suggested substitution on the desired phthalazinone nitrogen rather than on the 

piperazine ring (Figure 120). This was further confirmed by 2D NMR, whereby HMBC correlations could 

be observed from benzylic protons (Hw, Figure 121) to neighbouring carbonyl Cv, and quaternary 

carbon Co.  

 

Scheme 33: Synthesis of benzyl-bromide modified olaparib 80.  
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Figure 120: Disappearance of phthalazinone NH signal (*) in the 1H proton NMR (CDCl3) of the reaction mixture 
towards 80.  

 

Figure 121: 1H-13C HMBC correlations between benzylic proton Hw to various carbons which support the 
formation of desired regioisomer 80.  

Having accessed benzyl bromide 80, the final step involved Miyaura borylation to afford final benzyl 

boronic acid prodrug 78 (Scheme 34). This was successful in moderate yields using common Miyaura 

borylation conditions. Following work-up, partial hydrolysis of the boronic ester to the boronic acid 

was observed. However, these were successfully separated by reverse-phase FCC. 
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Scheme 34: Synthesis of benzyl boronic acid prodrug 78 by Miyaura borylation of 80.  

3.3.2 Benzyl Prodrug Release  

Having successfully synthesised an olaparib analogue bearing a benzyl-arylboronic acid at the 

phthalazinone nitrogen, this analogue (78a) was then investigated for its ability to release olaparib in 

the presence of H2O2 by the expected 1,6-elimination. A small volume of 30 w/w% H2O2 was added to 

a crude sample of 78a in 1:1 MeCN:H2O at rt, and the mixture was monitored by HPLC and LCMS. 

Oxidation of the boronic acid to the phenol 79 was complete within 1 h (identified by complete 

conversion to the phenol [M+H]+ by LCMS). However, even after 26 h incubation with H2O2, no 

elimination was observed to release the free drug (Figure 122). Presumably, the intermediate phenol 

79 is stable under these conditions, and elimination involving cleavage of a C-N bond is unfavourable, 

despite the conjugation to electron-withdrawing carbonyl. Therefore, it was concluded that this 

benzyl-linked olaparib analogue 78 is an unsuitable peroxide-activatable prodrug. 
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Figure 122: HPLC monitoring of 78a incubated with H2O2: a stable phenol intermediate 79 formed within 1 h, 
which did not immolate to release free olaparib. The H2O2 responsive unit is depicted in magenta, the self-
immolative linker depicted in blue and the released drug depicted in black. 

3.3.3 Carbamate Analogue Synthesis 

Release of drugs from self-immolative linkers is facilitated by the increase in entropy associated with 

the release of CO2.162 Hence, efforts now focussed on synthesising olaparib analogue 81, which 

connects the ROS-responsive arylboronic acid via a carbamate bond.  
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Scheme 35: Proposed release of olaparib from carbamate peroxide-cleavable prodrug 81. The H2O2 responsive 
unit is depicted in magenta, the self-immolative linker depicted in blue and the released drug depicted in black. 

With activated 4-bromobenzyl para-nitrophenyl carbonate 31 already in hand (Chapter 2), the reaction 

with olaparib was attempted under the same conditions that had previously allowed benzyl 

modification (Table 19). However, under these conditions, no desired reaction was observed, and the 

starting material carbonate degraded (Table 19, Entry 1). Hence, a selection of different bases, solvents 

and additives were screened for the synthesis of 83 from olaparib and carbonate 31. Pleasingly, the 

addition of 18-crown-6 to the reaction of olaparib in DMF with NaH afforded complete reaction to 83 

(Table 19, Entry 2). Despite classically being selective for the co-ordination of potassium ions, 18-

crown-6 has been reported to also complex sodium ions.291 Conducting the reaction using NaHMDS in 

THF with the addition of 18-crown-6 also afforded complete conversion to 83 (Table 19, Entry 9).  
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Table 19: Conditions screen for the reaction of olaparib with 31 to generate carbamate intermediate 83. 
Optimal conditions are highlighted in bold. Observations are from in situ reaction monitoring only and product 

isolation was not performed.  

 

Entry Base  

(1 eq.) Solvent Additive  

(1 eq.) Temp Observationsa 

1 NaH DMF - rt No reaction. Carbonate 31 

degradation. 

2 NaH DMF 18-crown-6 rt Complete reaction to 83. 

3 NaH THF - rt Incomplete reaction. Minor 83 

observed. 

4 NaH THF 18-crown-6 rt Incomplete reaction. Minor 83 

observed. 

5 NaH THF 18-crown-6 60 °C No reaction.  

6 DMAP THF - rt No reaction. Carbonate 31 

degradation. 

7 LiHMDS THF - rt Incomplete reaction. Minor 83 

observed. 

8 NaHMDS THF - rt Incomplete reaction. Minor 83 

observed. 

9 NaHMDS THF 18-crown-6 rt Complete reaction to 83. 

               aObservations from in situ reaction monitoring only. Product isolation was not performed.  

Scale-up of Table 19, Entry 2 afforded 150 mg of 83 in moderate yield. Subsequent Miyaura borylation 

of 83 afforded final carbamate olaparib prodrug 81 in 82% overall conversion, obtained as a mixture 



167 
 

of boronic acid 81a and ester 81b product which was carried forward for testing without further 

purification (Scheme 36).  

 

Scheme 36: Synthetic route towards carbamate olaparib prodrug 81. 

3.3.4 Carbamate Analogue Release  

With the final carbamate prodrug mixture 81 in hand, a crude sample of the boronic ester/acid mixture 

was subjected to H2O2 at rt and monitored by HPLC (Figure 123). Pleasingly, after only 5 mins a signal 

appeared with the same HPLC retention time as olaparib, which was confirmed by observation of the 

correct [M+H]+ in LCMS. The olaparib peak increased with 1.5 h incubation and after 24 h, no prodrug 

81 remained, suggesting full release of olaparib from the prodrug. Phenol intermediate 82 was not 

observed, presumably because 1,6-elimination is too fast for detection. 
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Figure 123: HPLC monitoring of 81a and 81b incubated with H2O2 at rt: no prodrug 81a or 81b remained after 
24 h, suggestive of full release of olaparib. The H2O2 responsive unit is depicted in magenta, the self-immolative 
linker depicted in blue and the released drug depicted in black. 
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3.4 Conclusions & Future Work  

Preliminary work has demonstrated the successful and facile two-step synthesis of carbamate-

arylboronate/arylboronic acid modified olaparib 81, which is able to release unfunctionalised olaparib 

in the presence of H2O2. An analogous benzyl linked arylboronic acid 78 was unable to release olaparib, 

likely due to the stability of the phenolic intermediate 79 formed after boronic acid oxidation. Further 

exploration of the properties of the carbamate prodrug 81 and biological investigation are required for 

completion of this work. 

3.4.1 Kinetics & Stability Evaluation  

Preliminary work has shown that carbamate prodrug 81 is able to release free olaparib in the presence 

of H2O2. However, more detailed evaluation of the kinetics of release under conditions representative 

of biological systems is required for validation of this approach. Briefly, the cleavage of prodrug 81 

should be investigated in aqueous buffer at 37 °C, with pathologically relevant concentrations of H2O2. 

Cleavage should be monitored by HPLC over time, and the rate of release examined with different 

concentrations of H2O2 (similar to work described in Chapter 1.3). The prodrug should also be 

incubated in the same conditions in the absence of H2O2 to confirm that release is mediated solely by 

H2O2 and that the prodrug is not generically unstable under physiological conditions. Release from 

prodrug 81 and examination of stability could also be investigated at different pHs, to gauge how the 

prodrug would behave in different regions of the body. Finally, the plasma stability of prodrug 81 

should be examined, to ensure off-target activation of the prodrug would not occur upon circulation 

in plasma in the body.  

3.4.2 Examine Prodrug Activity  

It should be confirmed that capping the phthalazinone nitrogen with the peroxide-responsive pro-

moiety sufficiently reduces the inhibitory activity of olaparib. This could be investigated in a PARP 

activity assay kit, whereby the activity of PARP1 and PARP2 is monitored by their ability to generate 

poly(ADP-ribose), which generates a fluorescent read-out in the assay. Incubation of free olaparib 

should result in a reduction in PARP1 and PARP2 activity by PARP inhibition and thus a reduced 

fluorescence response. In contrast, incubation of prodrug 81 should have minimal effect on PARP 

activity compared to a negative control. However, activation of prodrug 81 with H2O2 should then result 

in similar reduced fluorescence as treatment with free olaparib, due to activation of the prodrug to 

the active PARPi. Taken together, these experiments would demonstrate that prodrug 81 effectively 

modulates the activity of olaparib until activated by H2O2. 
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3.4.3 In Vitro and In Vivo Evaluation  

To finalise the evaluation of ROS-cleavable PARPi prodrug 81, its potency should be evaluated in vitro. 

First, it should be confirmed that the prodrug 81 is active in cancer cell lines commonly treated with 

PARPi, such as those with BRCA-mutations. This would elucidate whether the endogenous H2O2 levels 

are sufficient for prodrug activation in vitro. Additionally, it could be demonstrated that with pre-

treatment of cells with H2O2 scavenger catalase (see Chapter 1.3.5), the prodrug is no longer potent. 

This would demonstrate that the prodrug is stable in vitro and requires activation by H2O2 for inhibitory 

activity. In vivo evaluation, for example in mice xenograft models, could investigate the ability of 

prodrug 81 to achieve tumour reduction, without off-target toxicity. The tolerability and potency of 

the prodrug 81 could be compared to treatment with olaparib for validation of the prodrug approach 

to afford site-selectivity and reduced off-target effects.  

3.4.4 Varying Aryl Ring Electronics 

After validation of the peroxide-cleavable olaparib prodrug 81 in vitro and in vivo, attention could turn 

to optimizing the kinetics of drug release. As demonstrated in Chapter 1.3, tuning the electronics of 

the aryl ring can impact the rate of the oxidation/self-immolation process. Although the rates of 

release of small molecule model linkers did not correlate with the potency of the final ADCs in 

Chapter 1, in the case of small molecule prodrugs, the kinetics of drug release can be directly examined 

from the prodrug itself in biologically relevant conditions. Hence, a series of different prodrugs could 

be synthesised with various aryl ring and benzylic substituents, to explore which give fastest drug 

release (Figure 124). 
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Figure 124: Non-exhaustive selection of alternative olaparib prodrugs with varying pro-moiety electronics and 
benzylic substitutions for evaluation of the impact on the kinetics of boronic acid oxidation and drug release.  

3.4.5 Towards Other PARPi Prodrugs 

Finally, if the previous experiments are promising, then the arylboronic acid pro-moiety could be 

utilised for the generation of prodrugs from a number of PARP inhibitors which suffer from off-target 

toxicities. Other FDA-approved PARP inhibitors possess a similar modifiable nitrogen involved in 

forming key binding interactions with the PARP active site. Thus, it is predicted that modification at 

these positions with an arylboronic acid prodrug handle could similarly yield inactive prodrugs (Figure 

125). However, unlike olaparib, these PARPi also possess other amine positions where 

functionalisation might also occur. Therefore, a late-stage functionalisation approach might not be 

suitable for these prodrugs, and instead stepwise synthesis may be required.  
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Figure 125: The structure of proposed ROS-cleavable prodrugs of other FDA-approved PARPi. The prodrug moiety 
is highlighted in red, and other potentially modifiable nitrogens which might hinder synthesis by late-stage 
functionalisation are highlighted in blue.  
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Chapter 4: Experimental 
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4.1 General Experimental  

All non-aqueous reactions were conducted under a stream of dry nitrogen using oven-dried glassware. 

Temperatures of 0 °C were maintained using an ice-water bath. Room temperature (rt) refers to 

ambient temperature. Reactions performed under microwave irradiation were performed in sealed 

vials using a Biotage® Initiator+ microwave synthesizer.  

Solvents: All solvents were used as received unless otherwise stated. Ethyl acetate (EtOAc), methanol 

(MeOH), dichloromethane (CH2Cl2), acetonitrile (MeCN) and toluene were distilled from calcium 

hydride. Petroleum ether (PE) refers to the fraction between 40–60 °C upon distillation. 

Tetrahydrofuran (THF) was dried using Na wire and distilled from a mixture of lithium aluminium 

hydride and calcium hydride with triphenylmethane as indicator. Anhydrous dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO), 1,2-dimethoxyethane (DME), 1,2-dichloroethane (DCE) and 1,4-

dioxane were purchased from commercial sources and used without further purification. 

Reagents: Unless otherwise stated, all reagents were used as received from commercial sources and 

handled in accordance with COSHH regulations.  

Yields: Yields refer to spectroscopically and chromatographically pure compounds unless otherwise 

stated. Any significant solvent peaks visible by NMR were factored into yield calculations.  

Reaction monitoring: Reactions were monitored by thin layer chromatography (TLC) or liquid 

chromatography mass spectroscopy (LCMS). TLC was performed using glass plates pre-coated with 

Merck silica gel 60 F254 and visualised by UV fluorescence (λmax = 254 nm) or by staining with 

potassium permanganate or vanillin. Retention factors (Rf) are quoted to 0.01. Where TLC Rfs were 

not obtained, the LCMS retention time is provided instead.  

LCMS: LCMS analysis was performed using A) Waters ACQUITY H-Class UPLC with an ESCi Multi-Mode 

Ionisation Waters SQ Detector 2 spectrometer using MassLynx 4.1 software; LC system: solvent A: 2 

mM NH4OAc in H2O/MeCN (95:5); solvent B: MeCN; solvent C: 2% HCO2H; gradient: A/B/C, 90:5:5-

0:95:5 over 1 min at a flow rate of 0.6 mL min-1 or B) CSH C18 reverse-phase silica, using a Waters 

Acquity UPLC CSH C18 column with dimensions 2.1 mm × 50 mm and particle size 1.7 μm with a 

gradient using decreasingly polar mixtures as eluent, for example, decreasingly polar mixtures of water 

(containing 0.1% formic acid or 0.1% ammonia) as solvent A and acetonitrile as solvent B. (A typical 2 

min analytical UPLC method would employ a solvent gradient over 1.3 min, at approximately 1 mL/min, 

from a 97:3 mixture of solvents A and B respectively to a 3:97 mixture of solvents A and B.) Low 

resolution mass spectrometry (LRMS) data were obtained from these instruments. 
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Chromatography: Flash column chromatography (FCC) was carried out manually using Merck 9385 

Kieselgel 60 SiO2 (230-400 mesh) or using a Combiflash Rf200 automated chromatography system with 

Redisep® normal-phase silica flash columns (35−70 μm) or Redisep® reverse-phase C18-silica flash 

columns (20-40 μm).  

HPLC: Analytical high performance liquid chromatography (HPLC) was performed on an Agilent 1260 

Infinity machine, using a Supelcosil™ ABZ+PLUS column (150 mm × 4.6 4 mm, 3 μm) with a linear 

gradient system (solvent A: 0.05% (v/v) TFA in H2O; solvent B: 0.05% (v/v) TFA in MeCN) over 20 min 

at a flow rate of 1 mL/min, and UV detection (λmax = 220 – 254 nm).  

IR: Infrared (IR) spectra were recorded neat on a Perkin-Elmer Spectrum One spectrometer with 

internal referencing. Selected absorption maxima (νmax) are reported in wavenumbers (cm-1) with peak 

intensity reported as w = weak, m = medium, s = strong, br = broad.  

NMR: Proton and carbon nuclear magnetic resonance (NMR) were recorded using an internal 

deuterium lock on Bruker DPX-400 (400 MHz, 101 MHz), Bruker Avance 400 QNP (400 MHz, 101 MHz), 

Bruker Avance 500 Cryo Ultrashield (500 MHz, 126 MHz), Bruker Avance 600 BBI (600 MHz) and Bruker 

TXO Cryoprobe Avance II+ Ultrashield (700 MHz) spectrometers. For proton NMR, chemical shifts (δH) 

are reported in parts per million (ppm), to the nearest 0.01 ppm and are referenced to the residual 

non-deuterated solvent peak (CDCl3: 7.26, DMSO-d6: 2.50, CD3OD (MeOD): 3.31, acetone-d6: 2.05). 

Coupling constants (J) are reported in Hertz (Hz) to the nearest 0.1 Hz. Data are reported as follows: 

chemical shift, multiplicity (s = singlet; d = doublet; t = triplet; q = quartet; qn = quintet; sep = septet; 

m = multiplet; br = broad or a combination of these, e.g. dd, dt etc.), integration and coupling 

constant(s). For carbon NMR, chemical shifts (δC) are quoted in ppm, to the nearest 0.1 ppm, and are 

referenced to the residual non-deuterated solvent peak (CDCl3: 77.16, DMSO-d6: 39.52, MeOD: 49.00, 

acetone-d6: 19.84, 206.26). Structural assignments are supported by DEPT-editing, 1H-13C HSQC, 1H-13C 

HMBC, 1H-13C ROESY or by analogy. Spectra were processed using TopSpin v. 4.1 (Bruker). Signals that 

could not be definitively assigned are described by their general characteristics, (i.e. aromatic, Ar) or 

as a selection of potential assignments (i.e. Ca/Cb). “Ha, Hb” refers to overlapping signals 

corresponding to Ha and Hb. Structural assignments are only provided for novel compounds and for 

known compounds a literature reference is provided which has agreeing spectral data.  

HRMS: High resolution mass spectrometry (HRMS) measurements were recorded with a Micromass 

Q-TOF mass spectrometer or a Waters LCT Premier Time of Flight mass spectrometer. Mass values are 

reported within the error limits of ±5 ppm mass units. ESI refers to electrospray ionisation.  
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Protein LCMS: Protein LCMS was performed on a Xevo G2-S TOF mass spectrometer coupled to an 

Acquity UPLC system using an Acquity UPLC BEH300 C4 column (1.7 μm, 2.1 × 50 mm). H2O with 0.1% 

formic acid (solvent A) and 95% MeCN and 5% water with 0.1% formic acid (solvent B), were used as 

the mobile phase at a flow rate of 0.2 mL/min. The gradient was programmed as follows: 95% A for 

0.93 min, then a gradient to 100% B over 4.28 min, then 100% B for 1.04 minutes, then gradient to 

95% A over 1.04 min. The electrospray source was operated with a capillary voltage of 2.0 kV and a 

cone voltage of 20 V, 40 V, 120 V or 150 V. Nitrogen was used as the desolvation gas at a total flow of 

850 L/h. Total mass spectra were reconstructed from the ion series using the MaxEnt algorithm 

preinstalled on MassLynx software (v4.1 from Waters) according to the manufacturer’s instructions. 

Only the region of the total ion chromatogram (TIC) between 3.25-3.75 min was analysed. Peaks 

outside of this range did not contain proteinogenic signals and were excluded. Trastuzumab and 

durvalumab samples were deglycosylated with PNGase F (New England Biolabs) prior to LCMS analysis.  

Optical rotations ([α]D): Optical rotations were recorded on an Anton-Paar MCP polarimeter. The 

specific rotations are reported in deg dm-1 cm3 g-1 at 589 nm, calculated from the optical rotation 

observed at a specific concentration and temperature. The temperature (°C) and solvent for the 

measurement are shown. 

Fluorescence: Fluorescence was measured with a Pherastar FS plate reader using a 350/460 optic 

module or a CLARIOstar microplate reader.  

Toxic reagent handling: Extreme care was taken when conducting reactions containing MMAE, 

olaparib and navitoclax. All handling was conducted in a fumehood while wearing full personal 

protective equipment (safety glasses, lab coat, nitrile gloves). Reactions were conducted on small 

scales, with local safety signage. All organic waste was disposed of immediately in appropriate waste 

containers.  
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4.2 Synthetic Procedures  

Activation of Zn Powder  

Zinc powder was activated by stirring with 1 M HCl (aq), followed by successive washing with H2O, 

EtOH then Et2O before rigorous drying under vacuum.  

(4-(1-(((4-Methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)but-3-yn-1-yl)phenyl)boronic acid (1b)  

 

7-Amino-4-methylcoumarin (161 mg, 0.919 mmol) in CH2Cl2 (20 mL) was added triphosgene (114 mg, 

0.383 mmol) then Et3N (282 μL, 2.02 mmol). After 15 mins, 1-(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (9) (250 mg, 0.919 mmol) was added. After 1 h, additional Et3N 

(128 μL, 0.918 mmol) was added and the mixture left to stir at rt overnight. H2O (1 mL) was then added 

to the reaction mixture and then concentrated in vacuo. The residue was suspended in a mixture of 

MeCN:H2O:NH4OH (aq) until basic by pH paper. After stirring for several days, the mixture was 

concentrated in vacuo and purified by reverse-phase FCC (10-80% MeCN in H2O), yielding 1-(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-yl (4-methyl-2-oxo-2H-chromen-7-

yl)carbamate (1b) (45.0 mg, 0.115 mmol, 13%) as an amorphous white solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.34 mins; 1H NMR (400 MHz, acetone-d6): 

δ 8.02 (s, 1H, NH), 7.88 (d, 2H, J = 8.1 Hz, Hb), 7.69 (d, 1H, J = 8.7 Hz, Hr), 7.64 (d, 1H, J = 2.1 Hz, Hk), 

7.52 (dd, 1H, J = 8.7, 2.1 Hz, Hs), 7.46 (d, 2H, J = 8.0 Hz, Hc), 6.17 (d, 1H, J = 1.1 Hz, Hn), 5.93 (t, 1H, J = 

6.5 Hz, He), 2.82 (m, 2H, Hf), 2.44 (m, 4H, Hp, Hh); 13C NMR* (101 MHz, acetone-d6): δ 160.6 (Cm), 

155.1 (Cl), 153.3 (Co), 153.1 (Ci), 143.3 (Cd), 142.0 (Cj), 134.8 (Cb), 126.4 (Cc), 126.2 (Cr), 114.8 (Cs), 

113.0 (Cn), 105.6 (Ck), 78.9 (Cg), 75.1 (Ce), 72.0 (Ch), 26.6 (Cf), 18.1 (Cp). IRmax/cm-1: 3293 br (O-H), 

1736 s (C=O), 1682 s (C=O), 1612 m (C=C); HRMS (ESI): m/z calcd for [M+H]+: 392.1305; found: 

392.1312.  

*Cq and Ca could not be identified due to low intensity.  
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(3,5-Difluoro-4-(1-(((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)but-3-yn-1-yl)phenyl)boronic 

acid (2b)  

 

7-Amino-4-methylcoumarin (171 mg, 0.976 mmol) in CH2Cl2 (22 mL) was added triphosgene (115 mg, 

0.388 mmol) then Et3N (300 μL, 2.15 mmol). After 10 mins, 1-(2,6-difluoro-4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (11) (300 mg, 0.974 mmol) was added. After 3 h, the 

reaction mixture was concentrated in vacuo then suspended in a mixture of MeCN:H2O:NH4OH (aq) 

until basic by pH paper. After stirring overnight, the mixture was concentrated in vacuo and purified 

by reverse-phase FCC (10-80% MeCN in H2O), yielding (3,5-difluoro-4-(1-(((4-methyl-2-oxo-2H-

chromen-7-yl)carbamoyl)oxy)but-3-yn-1-yl)phenyl)boronic acid (2b) (120 mg, 0.280 mmol, 29%) as an 

amorphous white solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.34 mins; 1H NMR (400 MHz, Acetone-d6): 

δ 7.68 (d, 1H, J = 8.7 Hz, Hr), 7.60 (d, 1H, J = 2.0 Hz, Hk), 7.51 (dd, 1H, J = 8.7, 2.1 Hz, Hs), 7.42 (m, 2H, 

Hb), 6.26 (t, 1H, J = 7.7 Hz, He), 6.16 (br s, 1H, Hn), 3.00 (m, 2H, Hf), 2.46 (t, 1H, J = 2.6 Hz, Hh), 2.43 

(br s, 3H, Hp); 13C NMR (101 MHz, Acetone-d6): δ 163.3-160.8 (dd, J = 250.5, 6.7 Hz, Cc), 161.3 (Cm), 

155.7 (Cl), 154.0 (Co), 153.5 (Ci), 143.6 (Cj), 127.0 (Cr), 117.8-117.3 (Cb, Cd, Ca), 116.3 (Cq), 115.5 (Cs), 

113.6 (Cn), 106.2 (Ck), 79.8 (Cg), 72.8 (Ch), 67.5 (Ce), 24.5 (Cf), 18.7 (Cp); IRmax /cm-1: 3300 br (O-H), 

2924 s (C-H alkyne), 1687 s (C=O), 1615 m (C=O); HRMS (ESI): m/z calcd for [M+H]+: 428.1117; found: 

428.1110.  

1-(4-Bromophenyl)but-3-yn-1-yl (4-methyl-2-oxo-2H-chromen-7-yl)carbamate (3)  

 

7-Amino-4-methylcoumarin (156 mg, 0.890 mmol) and triphosgene (131 mg, 0.441 mmol) were 

suspended in toluene (32 mL) and heated to reflux. After 2 h, the reaction mixture was cooled to rt 

and evaporated under a stream of nitrogen before a solution of 1-(4-bromophenyl)but-3-yn-1-ol (7) 
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(200 mg, 0.889 mmol) in THF (32 mL) was added. Dibutyltin dilaurate (53.0 μL, 0.0895 mmol) was 

added to the resulting suspension and stirred at rt for approx. 18 h before being quenched with H2O 

(3 mL) and concentrated in vacuo. The crude residue was then purified by reverse-phase FCC (10-80% 

MeCN in 0.5% formic acid (aq)), yielding 1-(4-bromophenyl)but-3-yn-1-yl (4-methyl-2-oxo-2H-

chromen-7-yl)carbamate (3) (196 mg, 0.460 mmol, 52%) as an amorphous white solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.51 mins; 1H NMR (400 MHz, CDCl3): δ 

7.52 (m, 3H, Hb/Hc and Hs/Hr/Hk), 7.38 (m, 2H, Hs/Hr/Hk), 7.31 (m, 2H, Hb/Hc), 6.19 (br s, 1H, Hn), 

5.87 (t, 1H, J = 6.5 Hz, He), 2.78 (m, 2H, Hf), 2.40 (br s, 3H, Hp), 2.03 (t, 1H, J = 2.7 Hz, Hh); 13C NMR 

(101 MHz, CDCl3): δ 161.1 (Cm), 154.5 (Cl), 152.3 (Co), 151.8 (Ci), 141.1 (Cd), 137.7 (Cj), 131.9 (Ar), 

128.3 (Cb/Cc), 125.5 (Ar), 123.0 (Ca), 115.9 (Cq), 114.5 (Cs/Cr/Ck), 113.5 (Cn), 106.2 (Ar), 79.0 (Cg), 

74.4 (Ce), 71.7 (Ch), 26.5 (Cf), 18.9 (Cp); IRmax /cm-1: 3274 s (C-H alkyne), 1682 s (C=O), 1584 m (C=O); 

HRMS (ESI): m/z calcd for [M+H]+: 426.0342; found: 426.0343.  

4-((S)-2-((S)-2-(2-Methoxyacetamido)-3-methylbutanamido)-5-ureidopentanamido)benzyl (4-

methyl-2-oxo-2H-chromen-7-yl)carbamate (4)  

 

7-Amino-4-methylcoumarin (52.0 mg, 0.297 mmol) in CH2Cl2 (5 mL) was added triphosgene (15.0 mg, 

50.5 µmol) then Et3N (35.0 μL, 0.251 mmol). After 10 mins, (S)-N-(4-(hydroxymethyl)phenyl)-2-((S)-2-

(2-methoxyacetamido)-3-methylbutanamido)-5-ureidopentanamide (19) (52.0 mg, 0.115 mmol) in 

DMF (1 mL) was added. After stirring overnight, the reaction mixture was quenched with H2O (0.5 mL), 

concentrated under a stream of N2 and then purified by FCC (10-15% MeOH in CH2Cl2) yielding 4-((S)-

2-((S)-2-(2-methoxyacetamido)-3-methylbutanamido)-5-ureidopentanamido)benzyl (4-methyl-2-oxo-

2H-chromen-7-yl)carbamate (4) (46.0 mg, 70.5 µmol, 61%) as an amorphous white solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.56 mins; 1H NMR (500 MHz, DMSO-d6): 

δ 10.27 (br s, 1H), 10.16 (br s, 1H), 8.36 (d, 1H, J = 7.5 Hz), 7.69 (d, 1H, J = 9.0 Hz), 7.61 (d, 2H, J = 8.4 

Hz), 7.56 (d, 1H, J = 1.9 Hz), 7.47 (d, 1H, J = 8.8 Hz), 7.41 (dd, 1H, J = 8.9, 2.0 Hz), 7.38 (d, 2H, J = 8.6 

Hz), 6.23 (d, 1H, J = 1.6 Hz), 6.08 (t, 1H, J = 5.9 Hz), 5.41 (br s, 2H), 5.13 (s, 2H), 4.40 (m, 1H), 4.30 (m, 

1H), 3.86 (d, 2H, J = 1.2 Hz), 3.32 (s, 3H) 2.97 (m, 2H), 2.38 (d, 3H, J = 1.2 Hz), 2.00 (m, 1H), 1.70 (m, 

1H), 1.59 (m, 1H), 1.44 (m, 1H), 1.36 (m, 1H), 0.86 (d, 3H, J = 6.9 Hz), 0.81 (d, 3H, J = 6.8 Hz); 13C NMR 
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(101 MHz, DMSO-d6): δ 170.8, 170.6, 168.7, 160.1, 158.9, 153.8, 153.2, 142.8, 139.0, 130.8, 129.1, 

126.1, 119.0, 114.4, 114.3, 111.9, 104.4, 71.2, 66.0, 58.6, 56.7, 53.2, 38.4, 31.0, 29.2, 22.1, 19.2, 18.01, 

18.00.  

Spectroscopic data are in accordance with the literature.73 

(2-Fluoro-4-(1-(((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)but-3-yn-1-yl)phenyl)boronic 

acid (5b)  

 

7-Amino-4-methyl-2H-chromen-2-one (123 mg, 0.700 mmol) in CH2Cl2 (20 mL) was added triphosgene 

(82.9 mg, 0.279 mmol) followed by Et3N (216 µL, 1.55 mmol). After 10 mins, 1-(3-fluoro-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (13) (203 mg, 0.698 mmol) in CH2Cl2 (1.5 mL) 

was added at rt. After 1 h, additional Et3N (97.0 µL, 0.695 mmol) was added and stirred for an 

additional 6 h. Then, the reaction was quenched with H2O (3 mL), concentrated in vacuo then purified 

by reverse-phase FCC (10-100% MeCN in H2O) and lyophilised to yield a mixture of boronic ester and 

acid product. The boronic ester 1-(3-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-

3-yn-1-yl (4-methyl-2-oxo-2H-chromen-7-yl)carbamate (5a) (91.3 mg, 0.186 mmol) was subjected to 

hydrolysis by stirring in 1:1 H2O:MeCN with addition of NH4OH (aq) until basic by pH paper. After 

stirring overnight at rt and combined with the boronic acid material isolated originally, (2-fluoro-4-(1-

(((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)but-3-yn-1-yl)phenyl)boronic acid (5b) (53.5 mg, 

0.100 mmol, 14%) was afforded as an amorphous white powder.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.33 mins; 1H NMR (400 MHz, Acetone-d6): 

δ 7.76 (app t, 1H, J = 7.1 Hz, Ht), 7.70 (d, 1H, J = 8.7 Hz, He), 7.66 (d, 1H, J = 2.0 Hz, Hc), 7.53 (dd, 1H, J 

= 8.7, 2.1 Hz, Hd), 7.32 (dd, 1H, J = 7.7, 1.0 Hz, Hu), 7.21 (d, 1H, J = 10.6 Hz, Hm), 6.18 (d, 1H, J = 1.2 

Hz, Hp), 5.95 (t, 1H, J = 6.2 Hz, Hg), 2.90 (m, 2H, Hh), 2.48 (t, 1H, J = 2.6 Hz, Hj), 2.45 (d, 3H, J = 1.2 Hz, 

Hr); 13C NMR (101 MHz, Acetone-d6): δ 168.0-165.6 (d, J = 244.9 Hz, Cb), 159.8 (Co), 154.5 (Ck), 152.6 

(Cn/Cq), 152.3 (Cn/Cq), 144.4-144.3 (d, J = 8.4 Hz, Cf), 136.2 (Ct), 136.1 (Cl), 125.8 (Ce), 121.8 (Ca), 

115.1 (Cs), 114.2 (Cd), 113.0 (Cu), 112.7 (Cm), 112.5 (Cp), 105.1 (Cc), 79.2 (Ci), 73.5 (Cg), 71.7 (Cj), 25.8 

(Ch), 17.5 (Cr); IR max /cm-1: 3292 br (O-H), 2986 m (C-H alkyne), 1685 m (C=O), 1620 m (C=C); HRMS 

(ESI): m/z calcd for [M+H]+: 410.1211; found: 410.1209.  
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1-(4-Bromophenyl)but-3-yn-1-ol (7)  

 

Method 1: Activated Zn powder (264 mg, 4.05 mmol) and propargyl bromide (80 wt% in toluene) (720 

μL, 6.46 mmol) were stirred in DMF (15 mL) until the solution turned deep black. 4-

bromobenzaldehyde (501 mg, 2.71 mmol) was then added at rt. After approx. 16 h, 1 N HCl (40 mL) 

was added to the reaction mixture and extracted with EtOAc (3 x 40 mL). The combined organic phases 

were then washed with 3 M LiCl (aq) (4 x 50 mL), dried over Na2SO4 then purified by FCC (20% EtOAc 

in PE) yielding 1-(4-bromophenyl)but-3-yn-1-ol (7) (318 mg, 1.41 mmol, 52%) as an orange oil.  

Method 2 (Sonochemical Barbier): 4-Bromobenzaldehyde (500 mg, 2.70 mmol), activated Zn powder 

(882 mg, 13.5 mmol), diiodoethane (765 mg, 2.71 mmol) and propargyl bromide (80 wt% in toluene) 

(450 μL, 4.04 mmol) were suspended in THF (10 mL) and sonicated at rt for 2 h. 1 N HCl (40 mL) was 

then added to the reaction mixture and was extracted with EtOAc (4 x 40 mL). The combined organic 

phases were washed with brine (40 mL), dried over Na2SO4 and concentrated in vacuo. The crude 

residue was purified by FCC (20% EtOAc in PE) yielding 1-(4-bromophenyl)but-3-yn-1-ol (7) (325 mg, 

1.28 mmol, 68%) as a pale-yellow oil.  

Rf = 0.16 (20% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 7.51 (d, 2H, J = 7.9 Hz), 7.29 (d, 2H, J = 7.6 

Hz), 4.86 (t, 1H, J = 6.3 Hz), 2.63 (m, 2H), 2.10 (m, 1H); 13C NMR (101 MHz, CDCl3): δ 141.4, 131.6, 

127.5, 121.8, 80.2, 71.7, 71.4, 29.4.  

Spectroscopic data are in accordance with the literature.292  

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (8) 

 

PdCl2(dppf)·CH2Cl2 (134 mg, 0.164 mmol), B2Pin2 (1.51 g, 5.95 mmol) and KOAc (1.59 g, 16.2 mmol) 

were suspended in DMSO (20 mL), and 4-bromobenzaldehyde (994 mg, 5.37 mmol) was added. The 

mixture was heated at 80 °C for 3.5 h, cooled to rt, then filtered through a pad of celite. The filtrate 
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was concentrated in vacuo then purified by FCC (5% EtOAc in PE) yielding 4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzaldehyde (8) (427 mg, 1.84 mmol, 34%) as a yellow oil.  

Rf = 0.36 (2:1 EtOAc:PE); 1H NMR (400 MHz, CDCl3): δ 9.95 (s, 1H), 7.88 (d, 2H, J = 7.7 Hz), 7.77 (d, 2H, 

J = 7.7 Hz), 1.28 (s, 12H); 13C NMR* (101 MHz, CDCl3): δ 192.4, 138.1, 135.2, 128.6, 84.2, 24.8.  

Spectroscopic data are in accordance with the literature.293 *The carbon connected to boron could not 

be identified due to low intensity.  

1-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (9) 

 

Method 1: Activated Zn powder (22.0 mg, 0.336 mmol) and propargyl bromide (80 wt% in toluene) 

(36.0 μL, 0.380 mmol) were stirred in DMF (750 μL) until the solution turned deep black. 4-(4,4,5,5-

Tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (8) (50.0 mg, 0.215 mmol) was then added at rt. 

After 3 h, 1 N HCl (5 mL) was added to the reaction mixture and extracted with EtOAc (3 x 10 mL). The 

combined organic phases were then washed with 3 M LiCl (3 x 20 mL), dried over Na2SO4, concentrated 

in vacuo, then purified by FCC (50% EtOAc in PE) yielding 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)but-3-yn-1-ol (9) (34.9 mg, 0.128 mmol, 60%) as a yellow oil. 

Method 2 (Sonochemical Barbier): 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (8) 

(199 mg, 0.857 mmol), activated Zn powder (282 mg, 4.31 mmol), diiodoethane (278 mg, 0.879 mmol) 

and propargyl bromide (80 wt% in toluene) (140 μL, 1.26 mmol) were suspended in THF (5 mL) and 

sonicated at rt overnight. 1 N HCl (30 mL) was then added to the reaction mixture and was extracted 

with EtOAc (4 x 30 mL). The combined organic phases were washed with brine (30 mL), dried over 

Na2SO4 and concentrated in vacuo. The crude residue was purified by FCC (40% EtOAc in PE) yielding 

1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (9) (98.1 mg, 0.360 mmol, 

42%) as a yellow oil.  

Rf = 0.64 (50% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 7.80 (d, 2H, J = 7.9 Hz, Hd/He), 7.39 (d, 2H, J 

= 8.0 Hz, Hd/He), 4.89 (t, 1H, J = 5.8 Hz, Hg), 2.64 (m, 2H, Hi), 2.06 (t, 1H, J = 2.6 Hz, Hk) 1.34 (s, 12H, 

Ha); 13C NMR* (101 MHz, CDCl3): δ 145.5 (Cf), 135.0 (Cd/Ce), 125.0 (Cd/Ce), 83.8 (Cb), 80.5 (Cj), 72.3 

(Cg), 71.1 (Ck), 29.4 (Ci), 24.9 (Ca); IRmax /cm-1: 3430 br (O-H), 3288 s (C-H alkyne); HRMS (ESI): m/z 

calcd for [M+H]+: 273.1657; found: 273.1661. 
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*Cc could not be identified due to low intensity. 

2,6-Difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (10) 

 

4-Bromo-2,6-difluorobenzaldehyde (50.0 mg, 226 μmol), PdCl2(dppf)·CH2Cl2 (18.5 mg, 22.7 μmol), 

KOAc (66.5 mg, 678 μmol) and B2Pin2 (63.0 mg, 248 μmol) were suspended in THF (23 mL) and 

irradiated in a microwave at 80 °C for 2 h. After cooling to rt, the reaction mixture was filtered through 

a pad of celite and the filtrate concentrated in vacuo and purified by FCC (5-100% EtOAc in PE) yielding 

2,6-difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (10) (103 mg) as a 

colourless oil with an impurity related to B2Pin2.  

Rf = 0.25 (10% EtOAc in PE); 1H NMR (500 MHz, CDCl3): δ 10.38 (s, 1H, Hg), 7.38 (m, 2H, Hd), 1.35 (s, 

12H, Ha); 13C NMR (126 MHz, CDCl3): δ 185.0 (Cg), 163.5-161.4 (dd, J = 263.9, 4.7 Hz, Ce), 117.9-117.8 

(dd, J = 19.6, 4.5 Hz, Cd), 115.6 (app t, J = 11.1 Hz, Cf), 85.0 (Cb), 25.0 (Ca); IR max /cm-1: 2980 s (C-H), 

1705 s (C=O), 1367 m (C-H aldehyde); HRMS (ESI): m/z calcd for [M+H]+: 269.1155; found: 269.1152. 

*Cc could not be identified due to low intensity.  

1-(2,6-Difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (11) 

 

Activated Zn powder (26.4 mg, 404 μmol) and propargyl bromide (80 wt% in toluene) (45.0 μL, 475 

μmol) were stirred in DMF (1 mL) until the solution turned deep black. 2,6-Difluoro-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (10) (103 mg, impure) was then added and the 

mixture cooled to 0 °C. After 30 mins, additional Zn powder (26.4 mg, 404 μmol) was added. After 15 

mins, the reaction mixture was diluted with EtOAc (10 mL), then 1 N HCl (10 mL) was added and 

extracted. The organic phase was then washed with 5% LiCl (20 mL), dried over Na2SO4, concentrated 

in vacuo, then purified by FCC (10% EtOAc in PE) yielding 1-(2,6-difluoro-4-(4,4,5,5-tetramethyl-1,3,2-
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dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (11) (38.5 mg, 125 μmol, 67% from 4-bromo-2,6-

difluorobenzaldehyde) as an amorphous white solid.  

Rf = 0.25 (66% EtOAc in PE); 1H NMR (500 MHz, CDCl3): δ 7.31 (m, 2H, Hd), 5.27 (t, 1H, J = 6.9 Hz, Hg) 

2.83 (m, 2H, Hh), 2.01 (t, 1H, J = 2.6 Hz, Hj), 1.34 (s, 12H, Ha); 13C NMR* (126 MHz, CDCl3): δ 161.6-

159.5 (dd, J = 249.8, 7.0 Hz, Ce), 120.2 (t, J = 16.5 Hz, Cf), 117.5-117.3 (dd, J = 20.0, 5.0 Hz, Cd), 84.6 

(Cb), 79.5 (Ci), 70.8 (Cj), 65.2 (Cg), 27.2 (Ch), 24.8 (Ca); IR max /cm-1: 3429 br (O-H), 3420 s (C-H alkyne); 

HRMS (ESI): m/z calcd for [M+H]+: 309.1468; found: 309.1482. 

*Cc could not be identified due to low intensity.  

3-Fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (12) 

 

4-Bromo-3-fluorobenzaldehyde (99.0 mg, 0.488 mmol), PdCl2(dppf)·CH2Cl2 (12.1 mg, 14.8 μmol), 

B2Pin2 (138 mg, 0.543 mmol) and KOAc (145 mg, 1.48 mmol) were suspended in THF (5 mL) and then 

irradiated in a microwave at 80 °C for 5 h. After cooling to rt, the reaction mixture was filtered through 

a pad of celite and the filtrate concentrated in vacuo and purified by FCC (10% EtOAc in PE) yielding 3-

fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (12) (49.6 mg, 0.198 mmol, 38%) 

as a colourless oil.  

Rf = 0.63 (2:1 EtOAc:PE); 1H NMR (400 MHz, CDCl3): δ 9.99 (s, 1H), 7.89 (m, 1H), 7.62 (d, 1H, J = 7.6 Hz), 

7.49 (d, 1H, J = 8.2 Hz), 1.36 (s, 12H); 13C NMR* (101 MHz, CDCl3): δ 191.09-191.07 (d, J = 2.1 Hz), 

168.5-166.0 (d, J = 253.7 Hz), 140.5-140.4 (d, J = 6.9 Hz), 137.7-137.6 (d, J = 8.0 Hz), 124.84-124.81 (d, 

J = 3.2 Hz), 115.4-115.1 (d, J = 24.8 Hz), 84.4, 24.8. 

Spectroscopic data are in accordance with the literature.294 *Cc could not be identified due to low 

intensity.  
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1-(3-Fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (13) 

 

Method 1: Activated Zn powder (19.5 mg, 0.298 mmol) and propargyl bromide (80 wt% in toluene) 

(32.7 μL, 0.345 mmol) were stirred in DMF (400 μL) until the solution turned deep black. 3-Fluoro-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (12) (49.0 mg, 0.196 mmol) was then 

added at rt. After 30 mins, 1 N HCl (5 mL) was added to the reaction mixture and extracted with EtOAc 

(3 x 10 mL). The combined organic phases were then washed with 3 M LiCl (3 x 20 mL), dried over 

Na2SO4, concentrated in vacuo, then purified by FCC (40% EtOAc in PE) yielding 1-(3-fluoro-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (13) (7.20 mg, 24.8 μmol, 13%) as a 

colourless oil. 

Method 2 (Sonochemical Barbier): 3-Fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzaldehyde (12) (167 mg, 0.668 mmol), activated Zn powder (216 mg, 3.30 mmol), diiodoethane 

(187 mg, 0.665 mmol) and propargyl bromide (80 wt% in toluene) (110 μL, 0.988 mmol) were 

suspended in THF (3.5 mL) and sonicated at rt for 1 h. 1 N HCl (15 mL) was then added to the reaction 

mixture and was extracted with EtOAc (4 x 20 mL). The combined organic phases were washed with 

brine (20 mL), dried over Na2SO4 and concentrated in vacuo. The crude residue was purified by FCC 

(30% EtOAc in PE) yielding 1-(3-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-

1-ol (13) (87.9 mg, 0.303 mmol, 45%) as a colourless oil.  

Rf = 0.50 (40% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 7.73 (m, 1H, Hg), 7.12 (m, 2H, He, Hf), 4.88 

(m, 1H, Hi), 2.63 (m, 2H, Hk), 2.07 (t, 1H, J = 2.7 Hz, Hm), 1.36 (s, 12H, Ha); 13C NMR* (101 MHz, CDCl3): 

δ 168.5-166.0 (d, J = 251.3 Hz, Cd), 148.5-148.4 (d, J = 7.9 Hz, Ch), 137.0-136.9 (d, J = 8.4 Hz, Cg), 120.9-

120.8 (d, J = 3.0 Hz, Cf), 112.7-112.5 (d, J = 25.2 Hz, Ce), 83.9 (Cb), 71.54 (Cl), 71.52 (Ci), 71.4 (Cm), 29.4 

(Ck), 24.8 (Ca); IR max /cm-1: 3518 br (O-H), 3300 s (C-H alkyne), 1703 s (C=O), 1624 s (C=O); HRMS 

(ESI): m/z calcd for [M+H]+: 291.1562; found: 291.1573.  

*Cc could not be identified due to low intensity.  
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3-Nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (14) 

 

PdCl2(dppf)·CH2Cl2 (53.7 mg, 65.8 μmol), B2Pin2 (607 mg, 2.39 mmol) and KOAc (640 mg, 6.52 mmol) 

were suspended in 1,4-dioxane (10 mL), and 4-bromo-3-nitrobenzaldehyde (501 mg, 2.18 mmol) was 

added. The mixture was shielded from light and heated at 80 °C for 4 h, cooled to rt, then filtered 

through a pad of celite. The filtrate was concentrated in vacuo then purified by reverse-phase FCC (10-

100% MeCN in 0.5% formic acid (aq)), yielding 3-nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzaldehyde (14) (97.0 mg) as an impure yellow solid. 

Rf = 0.49 (66% EtOAc in PE); 1H NMR (700 MHz, CDCl3): δ 10.10 (s, 1H, Hi), 8.62 (s, 1H, He), 8.16 (d, 1H, 

J = 7.1 Hz, Hf), 7.73 (d, 1H, J = 7.0 Hz, Hg), 1.43 (s, 12H, Ha); 13C NMR* (176 MHz, CDCl3): δ 189.8 (Ci), 

137.8 (Cd), 134.0 (Cg), 133.4 (Cf), 123.9 (Ce), 85.2 (Cb), 24.7 (Ca). 

Spectroscopic data are in accordance with the literature.295 *Cc was not identified due to low intensity.  

(4-(1-Hydroxybut-3-yn-1-yl)-2-nitrophenyl)boronic acid (15) 

 

Activated Zn powder (21.8 mg, 0.333 mmol) and propargyl bromide (80 wt% in toluene) (36.2 μL, 0.382 

mmol) were stirred in DMF (1 mL) until the solution turned deep black. Impure 3-nitro-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (14) (60.0 mg) in DMF (200 μL) was then added at 

rt. After 3 h, 1 N HCl (5 mL) was added to the reaction mixture and extracted with EtOAc (3 x 10 mL). 

The combined organic phases were then washed with 3 M LiCl (3 x 20 mL), dried over Na2SO4, 

concentrated in vacuo, then purified by FCC (2:1 EtOAc:PE) yielding impure (4-(1-hydroxybut-3-yn-1-

yl)-2-nitrophenyl)boronic acid (15) (10.0 mg) as an impure orange oil. The material was carried forward 

without further purification or characterisation. 
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(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-5-ureidopentanoic acid (16)  

 

To a suspension of citrulline (499 mg, 2.85 mmol) in H2O (24 mL) was added NaHCO3 (479 mg, 5.71 

mmol). After 1 h at rt, FMOC-Cl (670 mg, 2.59 mmol) in DME (12 mL) was added. After stirring at rt 

overnight, DME was removed under vacuum and the mixture was extracted with EtOAc (3 x 30 mL). 

The aqueous layer was then acidified with 1 N HCl (15 mL). The aqueous phase was extracted with 10% 

iPrOH:EtOAc (3 x 50 mL) and then the combined organic phases dried over Na2SO4 then concentrated 

in vacuo. Et2O (20 mL) was added to the clear viscous liquid, and the resulting white precipitate was 

collected by vacuum filtration, with successive washings with Et2O yielding (S)-2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-5-ureidopentanoic acid (16) (724 mg, 1.82 mmol, 64%) as an amorphous 

white solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.27 mins; 1H NMR (400 MHz, DMSO-d6): 

δ 12.58 (br s, 1H), 7.90 (d, 2H, J = 7.5 Hz), 7.73 (d, 2H, J = 7.4 Hz), 7.67 (d, 1H, J = 8.0 Hz), 7.43 (app t, 

2H, J = 7.4 Hz), 7.34 (app t, 2H, J = 7.3 Hz), 5.94 (br t, 1H), 5.38 (br s, 2H), 4.25 (m, 3H), 3.93 (m, 1H), 

2.96 (m, 2H), 1.70 (m, 1H), 1.57 (m, 1H), 1.43 (m, 2H); 13C NMR (101 MHz, DMSO-d6): δ 173.9, 158.7, 

156.1, 143.9, 143.8, 140.7, 127.6, 127.1, 125.3, 120.1, 65.6, 53.7, 46.6, 28.2, 26.8.  

Spectroscopic data are in accordance with the literature.130 

(9H-Fluoren-9-yl)methyl(S)-(1-((4-(hydroxymethyl)phenyl)amino)-1-oxo-5-ureidopentan-2-

yl)carbamate (17) 

 

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-ureidopentanoic acid (16) (720 mg, 1.81 mmol) 

and 4-aminobenzyl alcohol (672 mg, 5.45 mmol) in DMF (18 mL) was added DIPEA (317 µL, 1.82 mmol) 

and stirred at rt for 15 mins. Then, HATU (760 mg, 2.00 mmol) was added and the reaction mixture 

was stirred in the dark overnight. The reaction mixture was then concentrated in vacuo and purified 
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by FCC (2-10% MeOH in CH2Cl2), yielding (9H-fluoren-9-yl)methyl (S)-(1-((4-

(hydroxymethyl)phenyl)amino)-1-oxo-5-ureidopentan-2-yl)carbamate (17) (623 mg, 1.24 mmol, 68%) 

as a pale-orange amorphous solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.64 mins; 1H NMR (400 MHz, DMSO-d6): 

δ 9.98 (s, 1H), 7.89 (d, 2H, J = 7.5 Hz), 7.75 (m, 2H), 7.67 (d, 1H, J = 7.9 Hz), 7.56 (d, 2H, J = 8.1 Hz), 7.42 

(app t, 2H, J = 7.3 Hz), 7.34 (m, 2H), 7.24 (d, 2H, J = 8.1 Hz), 6.00 (br t, 1H), 5.43 (br s, 2H), 4.43 (s, 2H), 

4.21 (m, 4H), 3.00 (m, 2H), 1.64 (m, 2H), 1.44 (m, 2H); 13C NMR (101 MHz, DMSO-d6): δ 171.0, 158.9, 

156.1, 143.9, 140.7, 137.6, 137.4, 127.7, 127.1, 126.9, 125.4, 120.1, 118.9, 65.7, 62.6, 55.0, 46.7, 38.6, 

29.3, 26.9.  

Spectroscopic data are in accordance with the literature.130 

(9H-Fluoren-9-yl)methyl ((S)-1-(((S)-1-((4-(hydroxymethyl)phenyl)amino)-1-oxo-5-ureidopentan-2-

yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate (18) 

 

(9H-Fluoren-9-yl)methyl (S)-(1-((4-(hydroxymethyl)phenyl)amino)-1-oxo-5-ureidopentan-2-

yl)carbamate (17) (376 mg, 0.748 mmol) in DMF (4 mL) was added Et3N (2.00 mL, 14.3 mmol) and 

stirred at rt overnight. DMF and Et3N were removed under a stream of N2, then DMF (6 mL) was added 

followed by fmoc-L-valine N-hydroxysuccinimide ester (FMOC-Val-OSu) (359 mg, 0.822 mmol) and the 

mixture stirred at rt for 1 h. The reaction mixture was concentrated by a stream of N2 then purified by 

FCC (2-10% MeOH in CH2Cl2) to yield (9H-fluoren-9-yl)methyl ((S)-1-(((S)-1-((4-

(hydroxymethyl)phenyl)amino)-1-oxo-5-ureidopentan-2-yl)amino)-3-methyl-1-oxobutan-2-

yl)carbamate (18) (244 mg, 0.406 mmol, 54%) as an amorphous pale-pink solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.66 mins; 1H NMR (400 MHz, DMSO-d6): 

δ 10.00 (s, 1H), 8.11 (d, 1H, J = 7.5 Hz), 7.88 (d, 2H, J = 7.5 Hz), 7.74 (m, 2H), 7.55 (d, 2H, J = 8.1 Hz), 

7.42 (m, 3H), 7.32 (m, 2H), 7.23 (d, 2H, J = 8.1 Hz), 6.05 (t, 1H, J = 5.2 Hz), 5.43 (s, 2H), 5.12 (br t, 1H), 

4.42 (m, 3H), 4.26 (m, 3H), 3.92 (m, 1H), 3.11 (m, 2H), 2.10 (m, 1H), 1.71 (m, 1H), 1.60 (m, 1H), 1.41 

(m, 2H), 0.87 (m, 6H); 13C NMR (101 MHz, DMSO-d6): δ 171.3, 170.5, 159.0, 156.2, 144.0, 143.8, 140.8, 

137.6, 127.7, 127.1, 127.0, 125.4, 120.1, 118.9, 65.8, 62.7, 60.2, 54.9, 53.1, 46.8, 30.7, 29.6, 26.8, 19.3, 

18.3. 

Spectroscopic data are in accordance with the literature.73 
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(S)-N-(4-(Hydroxymethyl)phenyl)-2-((S)-2-(2-methoxyacetamido)-3-methylbutanamido)-5-

ureidopentanamide (19) 

 

(9H-fluoren-9-yl)methyl ((S)-1-(((S)-1-((4-(hydroxymethyl)phenyl)amino)-1-oxo-5-ureidopentan-2-

yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate (18) (275 mg, 0.458 mmol) in DMF (2 mL) was added 

Et3N (1.30 mL, 9.32 mmol) and stirred at rt overnight. The reaction mixture was concentrated by a 

stream of N2, then DMF (1 mL) was added and the solution cooled to 0 °C. Methoxyacetyl chloride 

(54.0 µL, 0.591 mmol) was then added, followed by Et3N (83.0 µL, 0.595 mmol). After 30 mins, the 

reaction was warmed to rt, then stirred for 1 h. The reaction mixture was then quenched with H2O 

(1 mL) and concentrated under a stream of N2, then purified by FCC (10-15% MeOH CH2Cl2) yielding 

(S)-N-(4-(hydroxymethyl)phenyl)-2-((S)-2-(2-methoxyacetamido)-3-methylbutanamido)-5-

ureidopentanamide (19) (80.0 mg, 0.177 mmol, 41%) as an amorphous pale-pink solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.20 mins; 1H NMR (400 MHz, DMSO-d6) δ 

9.98 (s, 1H), 8.31 (d, 1H, J = 7.3 Hz), 7.51 (m, 2H), 7.22 (d, 2H, J = 8.2 Hz), 6.05 (t, 1H, J = 5.6 Hz), 5.43 

(br s, 2H), 5.18 (t, 1H, J = 5.5 Hz), 4.38 (m, 3H), 4.28 (m, 1H), 3.86 (s, 2H), 3.32 (s, 3H), 2.98 (m, 2H), 

1.99 (m, 1H), 1.64 (m, 2H), 1.40 (m, 2H), 0.85 (d, 3H, J = 6.7 Hz), 0.81 (d, 3H, J = 6.7 Hz); 13C NMR (101 

MHz, DMSO-d6) δ 171.0, 170.5, 169.1, 159.2, 137.7, 137.6, 127.1, 119.1, 71.3, 62.8, 58.8, 57.0, 53.4, 

38.6, 31.1, 29.4, 26.9, 19.3, 18.2.  

Spectroscopic data are in accordance with the literature.73 

4-Nitrophenyl (1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-yl) carbonate 

(20a)  

 

para-Nitrophenyl chloroformate (59.7 mg, 0.296 mmol), 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)but-3-yn-1-ol (9) (40.0 mg, 0.147 mmol), in CH2Cl2 (1 mL) were cooled to 0 °C before the 

addition of pyridine (17.0 µL, 0.211 mmol). The solution was then allowed to warm to rt over 3 h. The 
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reaction mixture was then diluted with CH2Cl2 (10 mL) and extracted with sat. aq. NaHCO3 (10 mL). The 

aqueous phase was then re-extracted with CH2Cl2 (2 x 10 mL). The combined organic phases were then 

dried over Na2SO4 then concentrated in vacuo before purifying by FCC (20-50% EtOAc in PE), then a 

second FCC (20% EtOAc in PE), yielding 4-nitrophenyl (1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)but-3-yn-1-yl) carbonate (20a) (26.0 mg, 59.5 μmol, 40%) as a colourless oil.  

Rf = 0.21 (20% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 8.27 (d, 2H, J = 9.3 Hz, Hn), 7.89 (d, 2H, J = 

8.2 Hz, Hd), 7.47 (d, 2H, J = 7.6 Hz, He), 7.38 (d, 2H, J = 9.3 Hz, Hm), 5.87 (t, 1H, J = 6.6 Hz, Hg), 2.90 (m, 

2H, Hh), 1.37 (s, 12H, Ha); 13C NMR (101 MHz, CDCl3): δ 155.6 (Cl), 151.6 (Ck), 145.5 (Co), 140.3 (Cf), 

135.2 (Cd/Ce), 130.1 (Cc), 125.8 (Cd/Ce), 125.3 (Cm), 121.8 (Cn), 84.1 (Cb), 79.0 (Cg), 78.4 (Ci), 71.4 

(Cj), 26.5 (Ch), 24.9 (Ca); IR max /cm-1: 3295 s (C-H alkyne), 2978 m (C-H alkyne), 1765 m (C=O), 1524 

m (N-O); HRMS (ESI): m/z calcd for [M+H]+: 438.1719; found 438.1715.  

Unsubstituted-alkyne-MMAE (20b)  

 

4-Nitrophenyl (1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-yl) carbonate 

(20a) (16.6 mg, 38.0 µmol) and MMAE (27.0 mg, 37.6 µmol) in DMF (1 mL) were added pyridine (82.5 

µL, 1.33 mmol), DIPEA (6.60 µL, 37.9 µmol) and HOBt (80 wt%) (7.00 mg, 41.5 µmol). After stirring 

overnight at rt, the reaction mixture was concentrated in vacuo then purified by reverse-phase FCC 

(10-80% MeCN in H2O). Any boronic ester product was subjected to hydrolysis in H2O:NH4OH (aq), 

stirred at rt overnight, then lyophilised yielding unsubstituted-alkyne-MMAE (20b) (12.5 mg, 13.4 

µmol, 35%) as an amorphous white powder. 

HPLC (5-95% MeCN/H2O over 20 min) retention time 11.847 min; HPLC (20-80% MeCN/H2O over 20 

min) retention time 11.325 min; LRMS (ESI) m/z calcd for [M+H]+: 934.9; found: 934.7.  
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Unsubstituted-DVP-MMAE (20c)  

 

To a solution of unsubstituted-alkyne-MMAE (20b) (12.5 mg, 13.4 µmol) and DVP-azide (22) (12.9 mg, 

29.8 µmol) in CH2Cl2 (1.8 mL), was added a solution of CuSO4⋅5H2O (4.00 mg, 16.0 μmol), THPTA (11.5 

mg, 26.5 μmol) and sodium ascorbate (13.3 mg, 67.1 μmol) in H2O/tBuOH (3.6 mL, 1:1) and the 

reaction mixture was stirred at rt for 3.5 h. The reaction mixture was then concentrated in vacuo and 

purified by reverse-phase FCC (10-80% MeCN in 0.1 M NH4OH (aq)). Lyophilisation yielded 

unsubstituted-DVP-MMAE (20c) (4.20 mg, 3.07 µmol, 23%) as an amorphous white powder.  

HPLC (5-95% MeCN/H2O over 20 min) retention time 9.831 min; HPLC (20-80% MeCN/H2O over 20 

min) retention time 9.158 min; HRMS (ESI): m/z calcd for [M+H]+: 1366.8162; found 1366.8156.  
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1-(2,6-Difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-yl (4-nitrophenyl) 

carbonate (21a)  

 

1-(2,6-Difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-ol (11) (92.8 mg, 

301 µmol) in DMF (1 mL) was added bis(4-nitrophenyl) carbonate (182 mg, 600 µmol), followed by 

DIPEA (78.7 µL, 451 µmol) and the mixture stirred at rt for 1 h. The reaction mixture was then diluted 

with CH2Cl2 (10 mL) and washed with sat. Na2CO3 (10 mL). The aqueous phase was then extracted with 

CH2Cl2 (2 x 10 mL) and the combined organic phases dried over Na2SO4, concentrated in vacuo then 

purified by reverse-phase FCC (10-100% MeCN in H2O), yielding 1-(2,6-difluoro-4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-yl (4-nitrophenyl) carbonate (21a) (65.7 mg, 139 µmol, 

46%) as an amorphous white solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.81 mins; 1H NMR* (400 MHz, CDCl3): δ 

8.28 (d, 2H, J = 8.5 Hz, Hn), 7.35 (m, 4H, Hm, Hd), 6.24 (t, 1H, J = 7.0 Hz, Hg), 3.10 (m, 2H, Hh), 2.00 (s, 

1H, Hj), 1.36 (s, 9H, Ha); 13C NMR† (101 MHz, CDCl3): δ 161.98-159.4 (dd, J = 253.3, 0.1 Hz, Ce), 155.4 

(Cl/Co), 151.6 (Ck), 145.4 (Cl/Co), 125.3 (Cn), 121.7 (Cm), 117.6-117.4 (d, J = 23.6 Hz, Cd), 115.5-115.4 

(d, J = 16.1 Hz, Cf), 84.7 (Cb), 77.8 (Ci), 71.3 (Cj), 70.6 (Cg), 24.8 (Ca), 23.7 (Ch); IR max /cm-1: 3305 s (C-

H alkyne), 1777 m (C=O), 1530 m (N-O). Due to poor ionisation, no MS data could be obtained for this 

compound.  

*Ha does not integrate to 12H presumably due to partial hydrolysis to boronic acid material. †Cc could 

not be identified due to low intensity.  
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Di-fluoro-alkyne-MMAE (21b)  

 

1-(2,6-Difluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)but-3-yn-1-yl (4-nitrophenyl) 

carbonate (21a) (17.0 mg, 35.9 µmol) and MMAE (26.3 mg, 36.6 µmol) in DMF (1 mL) was added 

pyridine (100 µL, 1.24 mmol), DIPEA (6.30 µL, 36.2 µmol) and HOBt (80 wt%) (6.10 mg, 56.4 µmol). 

After stirring overnight at rt, the reaction mixture was concentrated in vacuo then purified by reverse-

phase FCC (10-80% MeCN in H2O) and lyophilised yielding di-fluoro-alkyne-MMAE (21b) (6.70 mg, 6.91 

µmol, 19%) as an amorphous white powder. 

HPLC (5-95% MeCN/H2O over 20 min) retention time 12.590 min; HPLC (20-80% MeCN/H2O over 20 

min) retention time 12.978 min; HRMS (ESI): m/z calcd for [M+H]+: 969.5555; found 969.5554. 

Difluoro-MMAE-DVP (21c)  

 

To a solution of difluoro-alkyne-MMAE (21b) (6.70 mg, 6.91 µmol) and DVP-azide (22) (3.50 mg, 8.07 

µmol) in CH2Cl2 (1 mL), was added a solution of CuSO4⋅5H2O (4.00 mg, 16.0 μmol), THPTA (11.5 mg, 

26.5 μmol) and sodium ascorbate (13.3 mg, 67.1 μmol) in H2O/tBuOH (3.6 mL, 1:1) and the reaction 

mixture was stirred at rt for 1 h. The reaction mixture was then concentrated in vacuo and purified by 

reverse-phase FCC (10-80% MeCN in 0.1 M NH4OH (aq)). Lyophilisation yielded unsubstituted-DVP-

MMAE (21c) (3.50 mg, 2.49 µmol, 36%) as an amorphous white powder.  

HPLC (5-95% MeCN/H2O over 20 min) retention time 10.187 min; HPLC (20-80% MeCN/H2O over 20 

min) retention time 9.709 min; HRMS (ESI): m/z calcd for [M+H]+: 1402.8000; found 1402.7993.  
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DVP-Azide (22) - provided by Stephen Walsh. 

 

Non-cleavable DVP-Linker-MMAE (23) - provided by Stephen Walsh.  

 

Val-Cit DVP-Linker-MMAE (24) - provided by Stephen Walsh.  

 

4-Bromobenzyl (4-nitrophenyl) carbonate (31) 

 

(4-Bromophenyl)methanol (150 mg, 0.802 mmol) in CH2Cl2 (4 mL) was added 4-nitrophenyl 

carbonochloridate (242 mg, 1.20 mmol) followed by Et3N (0.279 mL, 2.00 mmol) at rt. After 30 mins, 

the reaction was diluted with CH2Cl2 (20 mL), washed with 1 N HCl (30 mL) and the aqueous washed 
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with CH2Cl2 (20 mL). The combined organic phases were dried over Mg2SO4 and concentrated in vacuo 

before purification by FCC (0-20% EtOAc in n-heptane) to afford 4-bromobenzyl (4-nitrophenyl) 

carbonate (31) (270 mg, 0.767 mmol, 96%) as an amorphous white solid. 

Rf = 0.82 (1:1 EtOAc:n-heptane); 1H NMR (500 MHz, CDCl3): δ 8.20 (d, 2H, J = 8.2 Hz, Hi), 7.48 (d, 2H, J 

= 8.5 Hz, Hb), 7.30 (d, 2H, J = 9.2 Hz, Hh), 7.25 (d, 2H, J = 7.7 Hz, Hc), 5.17 (s, 2H, Ce); 13C NMR (126 

MHz, CDCl3): δ 154.4 (Cg), 151.4 (Cf), 144.5 (Cj), 132.2 (Cd), 131.0 (Cb), 129.3 (Cc), 124.3 (Ci), 122.3 

(Ca), 120.7 (Ch), 69.1 (Ce); IR max /cm-1: 1754 s (C=O), 1513 s (N-O), 1219 br (C-O); HRMS (ESI): m/z 

calcd for [M+H]+: 351.9821; found: 351.9823.  

4-Nitrophenyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate (32)  

 

Method 1: A slurry of bis(4-nitrophenyl) carbonate (318 mg, 1.05 mmol) in CH2Cl2 (2 mL) was added 

to a stirred solution of (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol (123 mg, 

0.525 mmol) and DIPEA (0.112 mL, 0.643 mmol) in CH2Cl2 (4 mL) at rt. After 1 h, the reaction mixture 

was diluted with CH2Cl2 (15 mL), then extracted with sat. Na2CO3 (20 mL). The aqueous phase was then 

extracted with CH2Cl2 (3 x 20 mL) and the combined organic phases dried over Na2SO4 and 

concentrated in vacuo. The crude was purified by FCC (10-30% EtOAc in n-heptane), affording 4-

nitrophenyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate (32) (131 mg, 0.328 

mmol, 63%) as an amorphous white solid. 

Method 2: Et3N (177 µL, 1.27 mmol) was slowly added to a solution of (4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl)methanol (119 mg, 0.508 mmol) and 4-nitrophenyl carbonochloridate (207 

mg, 1.03 mmol) in CH2Cl2 (4 mL) at 0 °C. The reaction was allowed to warm to rt and stirred for 1 h. 

The reaction mixture was then diluted with EtOAc, then extracted with sat. NaHCO3 (20 mL). The 

aqueous phase was then extracted with CH2Cl2 (3 x 20 mL) and the organic phases combined and dried 

over Na2SO4 then concentrated in vacuo. The crude was then purified by reverse-phase preparative 
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LCMS (50-95% MeCN in 0.1% formic acid (aq)) to yield 4-nitrophenyl (4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl) carbonate (32) (195 mg, 0.488 mmol, 96%) as an amorphous white solid. 

Rf = 0.57 (30% EtOAc in n-heptane); 1H NMR (500 MHz, CDCl3): δ 8.19 (d, 2H, J = 8.3 Hz), 7.77 (d, 2H, J 

= 8.0 Hz), 7.36 (d, 2H, J = 8.0 Hz), 7.31 (d, 2H, J = 8.4 Hz), 5.24 (s, 2H), 1.28 (s, 12H); 13C NMR (126 MHz, 

CDCl3): δ 154.5, 151.4, 144.4, 136.0, 134.2, 133.0, 126.6, 124.3, 120.8, 83.0, 69.8, 23.9. 

Spectroscopic data are in accordance with the literature.120  

(R)-4-(4-Bromobenzyl)-4-(3-((4-(N-(4-(4-((4'-chloro-4,4-dimethyl-3,4,5,6-tetrahydro-[1,1'-biphenyl]-

2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-((trifluoromethyl)sulfonyl)phenyl)amino)-4-

(phenylthio)butyl)morpholin-4-ium (39) 

 

(R)-4-(4-((4'-chloro-4,4-dimethyl-3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)-N-((4-

((4-morpholino-1-(phenylthio)butan-2-yl)amino)-3-

((trifluoromethyl)sulfonyl)phenyl)sulfonyl)benzamide (Navitoclax) (50.3 mg, 51.6 μmol), K2CO3 (24.8 

mg, 179 μmol), potassium iodide (15.0 mg, 90.4 μmol) and 1-bromo-4-(bromomethyl)benzene (20.2 

mg, 80.8 μmol) were suspended in MeCN (1 mL) and heated to 70 °C. After 4 h, the reaction was cooled 

to rt and concentrated under a stream of compressed air. The crude solid was dissolved in EtOAc (10 

mL), then washed with brine (10 mL) and the aqueous washed with EtOAc (10 mL). The combined 

organic phases were dried over Mg2SO4 and concentrated in vacuo before purification by reverse-

phase FCC (0-100% MeCN in 0.1% formic acid (aq)) to yield the morpholine analogue product, (R)-4-

(4-bromobenzyl)-4-(3-((4-(N-(4-(4-((4'-chloro-4,4-dimethyl-3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-

yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-((trifluoromethyl)sulfonyl)phenyl)amino)-4-

(phenylthio)butyl)morpholin-4-ium (39) (6.00 mg, 5.24 μmol, 10%) as an orange residue.  

1H NMR (500 MHz, DMSO-d6): δ 8.10 (d, 1H, J = 2.1 Hz, Hu), 7.97 (dd, 1H, J = 9.1, 1.9 Hz, Hz), 7.71 (d, 

2H, J = 8.9 Hz, Hq), 7.66 (d, 2H, J = 8.5 Hz, Han), 7.50 (d, 2H, J = 8.4 Hz, Ham), 7.35 (m, 6H, Hb, Had, 
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Hae), 7.22 (m, 1H, Haf), 7.12 (d, 2H, J = 8.5 Hz, Hc), 6.91 (d, 1H, J = 9.4 Hz, Hy), 6.76 (d, 2H, J = 9.0 Hz, 

Hp), 6.70 (d, 1H, J = 9.2 Hz, aniline NH), 4.63 (s, 2H, Hak), 4.11 (m, 1H, Haa), 3.94 (m, 4H, Haj), 3.54 (m, 

1H, Hah′), 3.36 (m, 7H, Hai, Hab, Hah′′), 3.11 (m, 4H, Hn), 2.74 (s, 2H, Hl), 2.28 (m, 8H, Hag, Hm, Hf), 

2.00 (br s, 2H, Hj), 1.43 (app t, 2H, J = 6.4 Hz, Hg), 0.97 (s, 6H, Hi); 13C NMR* (126 MHz, DMSO-d6): δ 

169.8 (Cs), 152.0 (Co), 137.6 (Cz), 134.8 (Cam), 133.3 (Ce), 132.0 (Cu), 131.6 (Can), 129.9 (Cc), 129.3 

(Ck), 129.2 (Cq), 128.8 (Cad and Cae), 127.7 (Cb), 126.0 (Cal), 124.4 (Cao), 113.0 (Cp), 112.5 (Cy), 62.4 

(Cak), 59.5 (Cl), 59.2 (Caj), 56.4 (Cai), 52.2 (Cah, Cm), 49.7 (Caa), 47.2 (Cn), 40.9 (Cj), 34.9 (Cg), 30.0 

(Cf), 28.5 (Ch), 27.5 (Ci), 25.1 (Cag); IR max /cm-1: 1599 m (N-H), 1462 m (C-H), 1326 s (S=O); HRMS 

(ESI): m/z calcd for [M+H]+: 1142.2608; found: 1142.2607.  

NMR characterisation was performed by David Longmire. *Carbon signals were identified by 2D NMR 

correlations (HSQC, HMBC, ROESY). However, the carbon spectrum was not suitable intensity for all 

signals to be visible above the noise. Hence, some quaternary carbon signals could not be identified 

by 2D NMR alone on this minimal amount of material, and the carbon spectrum is not included in this 

thesis. Due to the small amount of material obtained, an 𝛂𝑫  could not be obtained.  

4-Bromobenzyl (R)-(4-morpholino-1-(phenylthio)butan-2-yl)carbamate (45) 

 

Method 1: To a solution of (R)-4-morpholino-1-(phenylthio)butan-2-amine (0.121 mL, 0.636 mmol) in 

CH2Cl2 (3 mL) was added bis(trichloromethyl) carbonate (95.0 mg, 0.320 mmol) followed by Et3N (0.178 

mL, 1.28 mmol). After 10 mins, (4-bromophenyl)methanol (119 mg, 0.636 mmol) was added and the 

reaction stirred at rt. After 4 h, the reaction was quenched with H2O (500 µL) and then diluted with 

CH2Cl2 (15 mL) and extracted with H2O. The organic phase was dried over Mg2SO4 and concentrated in 

vacuo. The crude was then purified by reverse-phase FCC (10-100% MeCN in 1% NH4OH (aq)) and 

lyophilized to afford 4-bromobenzyl (R)-(4-morpholino-1-(phenylthio)butan-2-yl)carbamate (45) (87.0 

mg, 0.181 mmol, 28%) as a colourless oil.  

Method 2: 4-Bromobenzyl (4-nitrophenyl) carbonate (66.1 mg, 0.190 mmol) was added to a solution 

of (R)-4-morpholino-1-(phenylthio)butan-2-amine (50.0 mg, 0.190 mmol) in CH2Cl2 (500 µL), followed 

by DIPEA (33.0 µL, 0.190 mmol). After 2 h, the reaction was concentrated under a steam of compressed 

air and purified by reverse-phase FCC (10-100% MeCN in 1% NH4OH (aq)), to afford 4-bromobenzyl 
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(R)-(4-morpholino-1-(phenylthio)butan-2-yl)carbamate (45) (46.1 mg, 96.2 μmol, 51%) as a white 

residue. 

Rf = 0.15 (50% EtOAc in n-heptane), 0.42 (10% MeOH in CH2Cl2); 1H NMR (500 MHz, MeOD): δ 7.47 (d, 

2H, J = 8.3 Hz, Ho), 7.38 (d, 2H, J = 7.63 Hz, Hc), 7.26 (m, 4H, Hn, Hb), 7.15 (m, 1H, Ha), 5.00 (m, 2H, 

Hl), 3.77 (m, 1H, Hf), 3.61 (m, 4H, Hj), 3.06 (m, 2H, He), 2.35 (m, 6H, Hh, Hi), 1.90 (m, 1H, Hg), 1.64 (m, 

1H, Hg΄); 13C NMR (126 MHz, MeOD): δ 158.7 (Ck), 138.2 (Cm), 138.0 (Cd), 133.1 (Co), 131.2 (Cc), 131.1 

(Cb/Cn), 130.6 (Cb/Cn), 127.8 (Ca), 123.3 (Cp), 68.2 (Cj), 67.1 (Cl), 57.1 (Ch/Ci), 55.1 (Ch/Ci), 51.5 (Cf), 

40.1 (Ce), 31.6 (Cg); IR max /cm-1: 1684 s (C=O), 1541 m (C-H); HRMS (ESI): m/z calcd for [M+H]+: 

479.0999; found: 479.0997; [𝛂]𝑫
𝟐𝟎.𝟔: -10.0 (CHCl3).  

(R)-N-(4-bromobenzyl)-4-morpholino-1-(phenylthio)butan-2-amine (46) 

 

Method 1: 1-Bromo-4-(bromomethyl)benzene (230 mg, 0.920 mmol) was added (R)-4-morpholino-1-

(phenylthio)butan-2-amine (294 mg, 1.10 mmol) in CH2Cl2 (4 mL). DIPEA (0.161 mL, 0.924 mmol) was 

then added at rt and stirred for 24 h. The reaction was then concentrated under a stream of 

compressed air, then purified by reverse-phase FCC (0-100% MeCN in 1% NH4OH (aq)) and lyophilized 

to afford (R)-N-(4-bromobenzyl)-4-morpholino-1-(phenylthio)butan-2-amine (46) (220 mg, 0.505 

mmol, 55%) as a colourless oil.  

Method 2: (R)-4-Morpholino-1-(phenylthio)butan-2-amine (173 mg, 0.650 mmol) and 4-

bromobenzaldehyde (120 mg, 0.650 mmol) in 1,2-dichloroethane (3 mL) was stirred for 15 mins. Then, 

sodium triacetoxyborohydride (193 mg, 0.91 mmol) was added at rt. The resulting slurry was stirred 

for 24 h, then diluted with EtOAc (20 mL), quenched with NaHCO3 (20 mL) and the aqueous extracted 

with EtOAc (3 x 5 mL). The combined organic phases were dried over Mg2SO4 then concentrated in 

vacuo. The crude was purified by reverse-phase FCC (0-100% MeCN in 1% NH4OH (aq)) then lyophilized 

to afford (R)-N-(4-bromobenzyl)-4-morpholino-1-(phenylthio)butan-2-amine (46) (103 mg, 0.237 

mmol, 36%) as a yellow oil. 

Rf = 0.43 (10% MeOH in CH2Cl2); 1H NMR (500 MHz, MeOD): δ 7.39 (m, 2H, Hn), 7.29 (m, 4H, Hb, Hc), 

7.20 (m, 1H, Ha), 7.14 (m, 2H, Hm), 3.69 (m, 2H, Hk), 3.61 (m, 4H, Hj), 3.03 (d, 2H, J = 6.2 Hz, He), 2.69 
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(m, 1H, Hf) 2.35 (m, 6H, Hi, Hh) 1.72 (m, 2H, Hg); 13C NMR (126 MHz, MeOD): δ 140.1 (Cl), 137.0 (Cd), 

132.5 (Cn), 131.5 (Cm), 131.0 (Cc), 130.1 (Cb), 127.5 (Ca), 121.8 (Co), 67.7 (Cj), 56.7(Ch/Ci), 55.1 (Cf), 

54.6 (Ch/Ci), 50.7 (Ck), 49.4 (Ck), 38.9 (Ce), 30.2 (Cg); IR max /cm-1: 2945 s (N-H), 1483 m (C-H); HRMS 

(ESI): m/z calcd for [M+H]+: 435.1110; found: 435.1106; [𝛂]𝑫
𝟐𝟎.𝟑: -1.86 (EtOH).  

(R)-N,N-Bis(4-bromobenzyl)-4-morpholino-1-(phenylthio)butan-2-amine (50) 

 

Method: By-product from the synthesis of 46. 

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 0.99 mins; 1H NMR (500 MHz, MeOD): δ 

7.40 (m, 6H, Hc, Hn), 7.29 (m, 2H, Hb), 7.24 (m, 1H, Ha), 7.04 (m, 4H, Hm), 3.49 (m, 8H, Hj, Hk), 3.36 

(m, 1H, He′), 2.79 (m, 2H, Hf, He′′), 2.25 (m, 6H, Hh′, Hh′′, Hi), 1.81 (m, 2H, Hg′, Hg′′); 13C NMR (126 

MHz, MeOD): δ 140.6 (Cl), 137.6 (Cd), 132.3 (Cn), 132.1 (Cm), 131.6 (Cc), 130.1 (Cb), 127.5 (Ca), 121.6 

(Co), 67.7 (Cj), 57.3 (Ch/Ci), 56.4 (Cf), 54.6 (Ch/Ci), 53.7 (Ck), 35.4 (Ce), 27.4 (Cg); IR max /cm-1: 1484 s 

(C-H); HRMS (ESI): m/z calcd for [M+H]+: 603.0684; found: 603.0680; [𝛂]𝑫
𝟐𝟎.𝟕: 19.5 (CHCl3). 

1,3-Bis((R)-4-morpholino-1-(phenylthio)butan-2-yl)urea (51) 

 

Method: By-product from the synthesis of 45 (Method 1): yielded (51) (18.9 mg 33.8 μmol, 5%).   

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 0.62 mins; 1H NMR (500 MHz, MeOD): δ 

7.38 (d, 4H, J = 8.3 Hz, Hc), 7.27 (app t, 4H, J = 7.6 Hz, Hb), 7.16 (app tt, 2H, J = 7.4, 1.2 Hz, Ha), 3.91 

(m, 2H, Hf), 3.64 (m, 8H, Hj), 3.09 (m, 4H, He′ and He′′), 2.40 (m, 12H, Hh′ and Hh′′ and Hi′ and Hi′′), 

1.89 (m, 2H, Hg′), 1.61 (m, 2H, Hg′′); 13C NMR (126 MHz, MeOD) δ: 160.1 (Ck) 138.0 (Cd) 130.3 (Cc) 

130.1 (Cb) 127.1 (Ca) 67.6 (Cj) 56.7 (Ch/Ci) 54.8 (Ch/Ci) 49.5 (Cf) 40.2 (Ce) 31.7 (Cg); IRmax /cm-1: 1609 
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s (C=O), 1458 m (C-H), 1458 m (C-H); HRMS (ESI): m/z calcd for [M+H]+: 559.2776; found: 559.2777; 

[𝛂]𝑫
𝟐𝟎.𝟕: -29.7 (EtOH). 

4-Fluoro-N-(4-sulfamoyl-2-((trifluoromethyl)sulfonyl)phenyl)-3 ((trifluoromethyl)sulfonyl)-

benzenesulfonamide (52) 

 

4-Bromobenzyl (R)-(4-morpholino-1-(phenylthio)butan-2-yl)carbamate (45) (58.1 mg, 0.121 mmol) 

was dissolved in DMSO (600 µL) and 4-fluoro-3-((trifluoromethyl)sulfonyl)benzenesulfonamide (37.2 

mg, 0.121 mmol) was added, followed by DIPEA (63.0 µL, 0.362 mmol) at rt. After 24 h, additional 

DIPEA (25.0 µL, 0.144 mmol) was added. After 3 h, the reaction was diluted with EtOAc (10 mL), 

washed with 1 N HCl (10 mL), then H2O (10 mL), then brine (10 mL). The organic phase was washed 

again with 3 N HCl (20 mL), then the organic dried over Na2SO4 and concentrated in vacuo. Reverse-

phase FCC (10-100% MeCN in 0.1 M NH4OH (aq)) yielded impure 4-fluoro-N-(4-sulfamoyl-2-

((trifluoromethyl)sulfonyl)phenyl)-3-((trifluoromethyl)sulfonyl)benzenesulfonamide (52) by-product.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.30 mins; 1H NMR (700 MHz, MeOD): δ 

8.58 (dd, 1H, 4JHF = 6.3 Hz, 4JHH = 2.2 Hz, He), 8.52 (m, 1H, Hp), 8.31 (d, 1H, 5JHF = 2.4Hz, Hk), 7.86 (dd, 

1H, 3JHH = 9.0 Hz, 4JHH = 2.2 Hz, Hn), 7.63 (d, 1H, 3JHH = 8.8 Hz, Ho), 7.62 (d, 1H, 3JHH = 9.1 Hz, Ha); 13C 

NMR (176 MHz, MeOD): δ 162.7-161.2 (d, 1JCF = 267 Hz, Hb), 154.4 (Cl), 143.12-143.11 (d, 4JCF = 3 Hz, 

Hf), 137.9-137.8 (d, 3JCF = 10 Hz, He), 133.3 (Cn), 131.5 (Cp), 131.2 (Ch), 130.9 (Ck), 121.0 (Co), 120.43-

120.39 (q, 3JCF = 2 Hz, Hi), 123.1-117.5 (q, 1JCF = 326 Hz, Hj), 122.4-116.9 (q, 1JCF = 325 Hz), 119.2-119.1 

(dq, 2JCF = 14 Hz, 3JCF = 1.5 Hz), 118.5-118.4 (d, 2JCF = 22 Hz); IR max /cm-1: 1344 m (S=O); HRMS (ESI): 

m/z calcd for [M+H]+: 594.9203; found: 594.9187. 
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tert-Butyl ((4-fluoro-3-((trifluoromethyl)sulfonyl)phenyl)sulfonyl)carbamate (54) 

 

Boc anhydride (180.0 mg, 0.825 mmol) in THF (1.5 mL) was added DIPEA (95.0 µL, 0.545 mmol). Then, 

4-fluoro-3-((trifluoromethyl)sulfonyl)benzenesulfonamide (44) (167.0 mg, 0.544 mmol) in THF (1.5 mL) 

was added slowly and the resulting solution heated to 65 °C for 3 days. The reaction mixture was 

concentrated under a stream of nitrogen, then purified by reverse-phase FCC (10-100% MeCN in 0.5% 

formic acid (aq)) to yield tert-butyl ((4-fluoro-3 ((trifluoromethyl)sulfonyl)phenyl)sulfonyl)carbamate 

(54) (79.4 mg, 0.195 mmol, 36%) as a pale-yellow amorphous solid.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.50 mins; 1H NMR (500 MHz, MeOD): δ 

8.59 (m, 1H, He), 8.55 (m, 1H, Hc), 7.80 (app t, 1H, J = 9.2 Hz, Hb), 1.39 (s, 9H, Hj); 13C NMR* (126 MHz, 

MeOD): δ 164.5-162.3 (d, 1JCF = 270.6 Hz, Ca), 150.2 (Ch), 139.5-139.4 (d, 3JCF = 11.1 Hz, Cc), 137.93 – 

137.90 (d, 4JCF = 3.8 Hz, Cd), 133.5 (br s, Ce), 120.1-119.9 (dd, 2JCF = 15.0 Hz, 3JCF = 1.5 Hz, Cf), 119.6-

119.5 (d, 2JCF = 22.9 Hz, Cb), 83.3 (Ci), 26.7 (Cj); IR max /cm-1: 1640 s (C=O), 1370 s (S=O); HRMS (ESI): 

m/z calcd for [M+H]+: 408.0193; found: 408.0176. 

*Cg could not be identified in the 13C NMR spectra, presumably due to large 1JCF coupling of a 

quaternary carbon peak which renders the peak intensity too low to distinguish from the noise.  

tert-Butyl 4-(piperazin-1-yl)benzoate (64) 

 

tert-Butyl 4-fluorobenzoate (900 µL, 5.10 mmol) and piperazine (1.30 g, 15.1 mmol) were suspended 

in DMSO (4 mL) and heated to 120 °C for 20 h. The reaction was cooled to rt, then diluted with EtOAc 

(40 mL) and extracted with brine (40 mL), then H2O (40 mL). The combined organic phases were dried 

over Na2SO4 and concentrated in vacuo. The crude was then purified by normal-phase FCC (0-10% 

MeOH in CH2Cl2) to yield tert-butyl 4-(piperazin-1-yl)benzoate (64) (935 mg, 3.56 mmol, 70%) as an 

amorphous white solid.  
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Rf = 0.10 (5% MeOH in CH2Cl2); 1H NMR (400 MHz, CDCl3): δ 7.88 (d, 2H, J = 8.9 Hz), 6.86 (d, 2H, J = 8.9 

Hz), 3.30 (m, 4H), 3.06 (m, 4H), 1.59 (s, 9H); 13C NMR (101 MHz, CDCl3): δ = 165.9, 154.2, 131.0, 122.0, 

113.8, 80.1, 48.7, 45.7, 28.3.  

Spectroscopic data are in accordance with the literature.296 

2-Bromo-5,5-dimethylcyclohex-1-ene-1-carbaldehyde (67) 

 

DMF (170 µL, 2.20 mmol) in CH2Cl2 (1 mL) was cooled to 0 °C. Then, PBr3 (230 µL, 2.42 mmol) was 

added dropwise and stirred for 40 mins. Then, 4,4-dimethyl cyclohexanone (63) (101 mg, 0.800 mmol) 

was added and the solution left to warm to rt overnight. The reaction was then cooled to 0 °C and 

quenched by the slow addition of ice-cold H2O (10 mL). The phases were separated and solid NaHCO3 

was added to the aqueous phase until pH paper indicated pH 6-7. The phases were re-mixed and 

extracted, then the aqueous further extracted with CH2Cl2 (2 x 10 mL). The combined organic phases 

were dried over Na2SO4, then concentrated in vacuo and purified by FCC (0-10% EtOAc in PE), yielding 

2-bromo-5,5-dimethylcyclohex-1-ene-1-carbaldehyde (67) (79.3 mg, 0.365 mmol, 46%) as a colourless 

oil.  

Rf = 0.60 (10% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 10.02 (s, 1H), 2.73 (tt, 2H, J = 6.5, 2.2 Hz), 

2.07 (t, 2H, J = 2.3 Hz), 1.51 (t, 2H, J = 6.5 Hz), 0.94 (s, 9H); 13C NMR (101 MHz, CDCl3): 194.0, 142.7, 

134.2, 38.4, 36.90, 36.87, 28.6, 27.7.  

Spectroscopic data are in accordance with the literature.297,298 

tert-Butyl 4-(4-((2-bromo-5,5-dimethylcyclohex-1-en-1-yl)methyl)piperazin-1-yl)benzoate (71) 

 

Method 1: 2-Bromo-5,5-dimethylcyclohex-1-ene-1-carbaldehyde (67) (20.0 mg, 92.1 μmol) and tert-

butyl 4-(piperazin-1-yl)benzoate (64) (25.6 mg, 97.6 μmol) were dissolved in EtOH (200 µL) and 
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NaBH3CN (9.00 mg, 143 μmol) was added. Concentrated acetic acid was added until indicator paper 

showed pH = 5. After overnight stirring, the reaction mixture was concentrated in vacuo and purified 

by FCC (10-20% EtOAc in PE) yielding tert-butyl 4-(4-((2-bromo-5,5-dimethylcyclohex-1-en-1-

yl)methyl)piperazin-1-yl)benzoate (71) (2.60 mg, 5.61 µmol, 6%) as a colourless oil.  

Method 2: tert-Butyl 4-(piperazin-1-yl)benzoate (64) (372 mg, 1.42 mmol) in DMF (10 mL) was added 

Et3N (198 µL, 1.42 mmol), NaI (213 mg, 1.42 mmol) and 1-bromo-2-(bromomethyl)-4,4-

dimethylcyclohex-1-ene (73) (ca. 400 mg of crude material), and the mixture stirred at rt for 1 h. The 

reaction mixture was concentrated under a stream of N2 then purified by reverse-phase 

chromatography (10-100% MeCN in 0.5% formic (aq)) to afford tert-Butyl 4-(4-((2-bromo-5,5-

dimethylcyclohex-1-en-1-yl)methyl)piperazin-1-yl)benzoate (71) as a red oil (280.4 mg, 0.606 mmol, 

approx. 20% overall from 67).  

Rf = 0.45 (30% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 7.86 (d, 2H, J = 9.0 Hz, He), 6.84 (d, 2H, J = 

9.0 Hz, Hf), 3.29 (m, 4H, Hh), 3.15 (s, 2H, Hj), 2.56 (m, 6H, Hi, Hp), 2.04 (m, 2H, Hl), 1.57 (s, 9H, Ha), 

1.47 (t, 2H, J = 6.5 Hz, Ho), 0.94 (s, 6H, Hm); 13C NMR (176 MHz, CDCl3): δ 166.0 (Cc), 154.0 (Cg), 131.9 

(Ck), 131.0 (Ce), 121.7 (Cd), 121.4 (Cq), 113.7 (Cf), 80.1 (Cb), 63.0 (Cj), 52.5 (Ci), 47.6 (Ch), 43.7 (Cl), 

37.3 (Co), 35.0 (Cp), 29.3 (Cn), 28.3 (Ca), 27.8 (Cm); IR max /cm-1: 1701 s (C=O), 1162 s (C-O), 797 w 

(C=C); HRMS (ESI): m/z calcd for [M+H]+: 463.1955; found: 463.1942. 

(2-Bromo-5,5-dimethylcyclohex-1-en-1-yl)methanol (72) 

 

Method 1: By-product of reaction to make 71: yielded (2-bromo-5,5-dimethylcyclohex-1-en-1-

yl)methanol (72) (5.70 mg, 26.0 μmol, 28%) as a colourless oil.  

Method 2: 2-Bromo-5,5-dimethylcyclohex-1-ene-1-carbaldehyde (67) (100 mg, 0.461 mmol), in MeOH 

(1 mL) was cooled to 0 °C, then NaBH4 (26.0 mg, 0.687 mmol) was added slowly and left to warm to rt 

overnight. TLC indicated residual aldehyde starting material, so the mixture was cooled to 0 °C again, 

and additional NaBH4 (9.00 mg, 0.238 mmol) was added and the mixture left to warm to rt overnight. 

The reaction mixture was then cooled to 0 °C and cold H2O (10 mL) was added. The mixture was then 

extracted with CH2Cl2 (10 mL) and the organic phase washed with sat. NaCl (10 mL), dried over Na2SO4 

and concentrated in vacuo. FCC (10% EtOAc in PE) yielded (2-bromo-5,5-dimethylcyclohex-1-en-1-

yl)methanol (72) as an impure colourless oil which was carried forward to the next step without further 

purification.  
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Rf = 0.32 (30% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 4.23 (s, 2H, Hb), 2.54 (m, 2H, He), 2.08 (m, 

2H, Hh), 1.48 (app t, 2H, J = 6.5 Hz, Hf), 0.97 (s, 6H, Hi); 13C NMR (101 MHz, CDCl3): 134.1 (Cc), 120.2 

(Cd), 66.4 (Cb), 42.9 (Ch), 37.2 (Cf), 34.5 (Ce), 29.2 (Cg), 27.8 (Ci); IR max /cm-1: 3298 br (O-H), 664 s 

(C=C); HRMS (ESI): m/z calcd for [M+H]+: 219.0379; found: 219.0374. 

1-Bromo-2-(bromomethyl)-4,4-dimethylcyclohex-1-ene (73) 

 

An estimated amount of impure (2-bromo-5,5-dimethylcyclohex-1-en-1-yl)methanol (72) (approx. 500 

mg), was dissolved in Et2O (10 mL) and cooled to 0 °C. PBr3 (214 μL, 0.610 mmol) was added slowly 

and the reaction stirred overnight, allowing warming to rt. The reaction was cooled to 0 °C, then 

quenched with the slow addition of ice-cold H2O (20 mL). The phases were separated, the aqueous 

cooled to 0 °C and added solid NaHCO3 portion-wise until neutral pH was observed by pH indicator 

paper. The aqueous and organic phases were re-combined, extracted then the aqueous washed with 

CH2Cl2 (2 x 50 mL). The organic phases were combined, dried over Na2SO4, concentrated in vacuo 

followed by FCC (0-10% EtOAc in PE) to yield 1-bromo-2-(bromomethyl)-4,4-dimethylcyclohex-1-ene 

(73) as an impure, volatile colourless oil (1.07 g).  

Rf = 0.74 (10% EtOAc in PE); 1H NMR (400 MHz, CDCl3): δ 4.11 (s, 2H, Ha), 2.57 (2H, m, He), 2.11 (2H, 

t, J = 2.2 Hz, Hg), 1.50 (2H, t, J = 6.5 Hz, Hd), 0.99 (s, 6H, Hh); 13C NMR (176 MHz, CDCl3): δ 131.4 (Cb), 

123.6 (Cc), 43.1 (Cg), 37.1 (Cd), 36.9 (Ca), 34.8 (Ce), 29.4 (Cf), 27.6 (Ch). 

Due to limited amount of sample and impurity, no further characterisation was performed, and the 

material was carried on crude.  
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(4-((4-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxophthalazin-2(1H)-

yl)methyl)phenyl)boronic acid (78a) and 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-

fluorobenzyl)-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)phthalazin-1(2H)-one (78b) 

 

2-(4-Bromobenzyl)-4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)phthalazin-

1(2H)-one (80) (21.8 mg, 36.1 μmol), PdCl2(dppf)·CH2Cl2 (1.00 mg, 1.22 µmol), KOAc (10.1 mg, 103 

μmol) and B2Pin2 (10.1 mg, 39.8 μmol) were suspended in degassed 1,4-dioxane (800 µL) and heated 

to 80 °C for 2 days. During this time, additional PdCl2(dppf)·CH2Cl2 (1.00 mg, 1.22 µmol), KOAc (10.1 

mg, 103 μmol) and B2Pin2 (4.60 mg, 18.8 μmol) were added to aid conversion. Then, the reaction 

mixture was diluted with EtOAc (10 mL), filtered through a pad of celite, washed with EtOAc and 

concentrated in vacuo. The crude was then purified by reverse-phase FCC (10-100% MeCN in 0.5% 

formic acid (aq)) to yield 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-2-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)phthalazin-1(2H)-one (78b) (7.67 mg†, 11.8 µmol, 

33%) and (4-((4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxophthalazin-

2(1H)-yl)methyl)phenyl)boronic acid (78a) (2.23 mg†, 3.93 µmol, 11%) as an amorphous white solid 

mixture.  

†Calculated NMR yield of the mixture of boronic ester and acid products.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time ester 78b: 1.49 mins; acid 78a: 1.22 mins; 

1H NMR (400 MHz, CDCl3): δ 8.46 (m, 1H, Ht), 7.76 (d, 2H, J = 8.1 Hz, Hz), 7.71 (m, 3H, Hs, Hr, Hq), 7.44 

(d, 2H, J = 7.9 Hz, Hy), 7.34 (m, 1H, Hm), 7.23 (m, 1H, Hk), 7.00 (app t, 1H, J = 8.7 Hz, Hj), 5.41 (s, 2H, 

Hw), 4.25 (s, 2H, Hn), 3.81 (br, 4H, He/Hf), 3.56-3.24 (br, 4H, He/Hf), 1.69 (br, 1H, Hc), 1.32 (s, 9H*, 

Hac), 1.00 (m, 2H, Ha/Hb), 0.81 (br, 2H, Ha/Hb); 13C NMR (176 MHz, CDCl3): δ 172.4 (Cd), 165.4 (Cg), 

159.2 (Cv), 157.7-156.3 (d, 1JCF = 247.0 Hz, Ci), 144.5 (Co), 140.1 (Cx), 135.0 (Cz), 135.6-134.6 (d, 4JCF = 

3.1 Hz, Cl), 134.1 (Cp), 133.1 (Cs/Cr/Cq), 131.75-131.70 (d, 3JCF = 8.2 Hz, Ck), 131.5 (Cs/Cr/Cq), 129.2 

(Cm), 129.0 (Cu), 128.8 (Ch), 128.4 (Caa), 127.9 (Cy), 127.7 (Ct), 124.7 (Cs/Cr/Cq), 116.2 (br m, Cj), 83.8 

(Cab), 54.6 (Cw), 47.0-45.4 (br, Ce/Cf), 42.2 (br, Ce/Cf), 37.8 (Cn), 24.9 (Cac), 11.1 (Cc), 7.8 (br, Ca, Cb); 
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IR max /cm-1: 3053 w (O-H), 1638 s (C=O), 1264 m (B-O); HRMS (ESI): m/z calcd for [M+H]+ (78a): 

569.2366; found: 569.2388. 

*This material is a mixture of the boronic ester and acid, whereby proton signals between the two 

species are indistinguishable. Therefore, the pinacol protons Hac do not integrate to 12H as expected 

for pure boronic ester material.   

2-(4-Bromobenzyl)-4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-

phthalazin-1(2H)-one (80) 

 

Olaparib (50.5 mg, 0.116 mmol) and NaH (60% dispersion in mineral oil) (7.00 mg, 0.175 mmol), were 

dissolved in DMF (300 µL) and stirred at rt for 25 mins. Then, 1-bromo-4-(bromomethyl)benzene (40.2 

mg, 0.161 mmol) was added at rt and stirred for 30 mins. Then, the reaction was cooled to 0 °C and 

diluted with EtOAc (10 mL) then quenched with sat. NH4Cl (aq) (10 mL). The aqueous phase was 

extracted with EtOAc (3 x 10 mL) and the combined organic phases washed with H2O (2 x 10 mL). The 

aqueous phase still contained product by TLC, so was made more basic (~pH 8) with the addition of 

solid NaHCO3, then extracted with EtOAc (10 mL). The combined organic phases were dried over 

Na2SO4 then concentrated in vacuo before FCC (0-5% MeOH in CH2Cl2) to yield 2-(4-bromobenzyl)-4-

(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)phthalazin-1(2H)-one (80) (59.0 

mg, 0.0977 mmol, 84%) as an amorphous white solid.  

Rf = 0.27 (5% MeOH in CH2Cl2); 1H NMR (400 MHz, CDCl3): δ 8.42 (m, 1H, Ht), 7.70 (m, 3H, Hs, Hr, Hq), 

7.41 (d, 2H, J = 8.2 Hz, Hz), 7.32 (d, 2H, J = 8.3 Hz, Hy), 7.24 (m, 2H, Hm, Hk), 7.00 (app t, 1H, J = 8.8 Hz, 

Hj), 5.31 (s, 2H, Hw), 4.24 (s, 2H, Hn), 3.77 (br, 4H, He/Hf), 3.54 (br, 2H, He/Hf), 3.23 (br, 2H, He/Hf), 

1.70 (br, 1H, Hc), 0.97 (br m, 2H, Ha/Hb), 0.78 (br m, 2H, Ha/Hb); 13C NMR (101 MHz, CDCl3): 172.3 

(Cd), 165.2 (Cg), 159.0 (Cv), 157.9-155.9 (d, 1JCF = 247.9 Hz, Ci), 144.6 (Co), 135.9 (Cx), 134.4 (Cl), 133.1 

(Cs/Cr/Cq), 131.63 (Cs/Cr/Cq/Cz/Ck), 131.56 (Cs/Cr/Cq/Cz/Ck), 131.5 (Cs/Cr/Cq/Cz/Ck), 130.4 (Cy), 

129.1 (m, Cm), 128.9 (Cu), 128.3 (Cp), 127.5 (Ct), 124.7 (Cs/Cr/Cq), 123.7-123.6 (d, 2JCF = 18.6 Hz, Hh), 

121.7 (Caa), 116.1-116.0 (d, 2JCF = 24.5 Hz, Hj), 53.9 (Cw), 46.7-45.1 (br, Ce/Cf), 42.2 (Ce/Cf), 37.6 (Cn), 
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11.0 (Cc), 7.7 (br, Ca, Cb). IR max /cm-1: 1631 s (C=O), 1584 s (C=O); HRMS (ESI): m/z calcd for [M+H]+: 

603.1402; found: 603.1402. 

(4-(((4-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxo-1,2-

dihydrophthalazine-2-carbonyl)oxy)methyl)phenyl)boronic acid (81a) and 4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)benzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-

fluorobenzyl)-1-oxophthalazine-2(1H)-carboxylate (81b) 

 

4-Bromobenzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-

oxophthalazine-2(1H)-carboxylate (83) (25.0 mg, 38.6 μmol), PdCl2(dppf)·CH2Cl2 (63.0 mg, 77.1 μmol), 

B2Pin2 (21.6 mg, 85.1 μmol) and KOAc (22.8 mg, 232 μmol) were suspended in degassed 1,4-dioxane 

(1 mL) and heated to 80 °C for 1 h. The cooled mixture was filtered through a celite pad, then 

concentrated in vacuo followed by reverse-phase FCC (10-100% MeCN in 0.5% formic acid (aq)) then 

lyophilised to yield a mixture of boronic ester product, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxophthalazine-

2(1H)-carboxylate (81b) (11.7 mg†, 16.8 μmol, 44%) and boronic acid product (4-(((4-(3-(4-

(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxo-1,2-dihydrophthalazine-2-

carbonyl)oxy)methyl)phenyl)boronic acid (81a) (8.97 mg†, 14.6 μmol, 38%).  

†Calculated NMR yield of the mixture of boronic ester and acid products.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.42 mins; 1H NMR* (700 MHz, CDCl3): δ 

8.51 (br, 1H, Ht), 7.86 (m, 2H, Haa), 7.75 (m, 3H, Hs/Hr/Hq), 7.51 (m, 2H, Hz), 7.37 (m, 2H, Hm, Hk), 

7.07 (br, 1H, Hj), 5.55 (s, 2H, Hx), 4.33 (s, 2H, Hn), 3.79 (br, 4H, He/Hf), 3.62 (br, 2H, He/Hf), 3.29 (2H, 

br, He/Hf), 1.78 (br, 1H, Hc), 1.36 (m, 6H, Had†), 1.03 (s, 2H, Ha/Hb), 0.84 (br, 2H, Ha/Hb); 13C NMR‡ 

(700 MHz, CDCl3): δ 172.3 (Cd), 165.2 (Cg), 158.4 (Cv), 158.4-157.8 (d, 1JCF = 247.8 Hz, Ci), 152.4 (Cw), 

146.1 (Co), 135.1 (Caa), 134.4 (Cs/Cr/Cq), 133.7 (Cl), 133.5 (Cy), 132.3 (Cs/Cr/Cq), 131.7 (Cm/Ck), 129.3 

(Cm/Ck), 128.9 (Cp/Cu/Cab), 128.8 (Cp/Cu/Cab), 128.6 (Cp/Cu/Cab), 128.4 (Ct), 127.5 (Cz), 125.3 

(Cs/Cr/Cq), 116.3 (Cj), 83.9 (Cac), 70.1 (Cx), 46.8-45.2 (Ce/Cf), 42.3 (br, Ce/Cf), 38.1 (Cn), 24.9 (Cad), 
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11.1 (Cc), 7.8 (Ca, Cb); IR max /cm-1: 3490 br (O-H), 1654 s (C=O), 1621 s (C=O); HRMS (ESI): m/z calcd 

for [M+H]+ (81b): 695.3047; found: 695.3038, [M+H]+ (81a): 613.2264; found: 613.2276.  

*The proton NMR of this compound has broad signals, presumably due to the presence of boronic 

acid. †The pinacol protons do not integrate to 12H because the sample contains a mixture of the 

boronic ester and acid form. ‡Ch could not be identified. Because it is a quaternary carbon and has 2JCF 

coupling, it is presumed splitting renders it too low intensity to observe within the noise.  

4-Bromobenzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-

oxophthalazine-2(1H)-carboxylate (83) 

 

Olaparib (250 mg, 0.575 mmol) was suspended in DMF (2.5 mL) and NaH (60% dispersion in mineral 

oil) (23.0 mg, 0.575 mmol) and 18-crown-6 (152 mg, 0.575 mmol) were added and stirred at rt for 10 

mins until the cloudy solution became clear. Then, 4-bromobenzyl (4-nitrophenyl) carbonate (31) (203 

mg, 0.577 mmol) was added and stirred at rt for 2.5 h. The reaction was concentrated under a stream 

of N2 and then purified by reverse-phase FCC (10-100% MeCN in 0.5% formic acid (aq)) then lyophilised 

to yield 4-bromobenzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-

oxophthalazine-2(1H)-carboxylate (83) (149 mg, 0.231 mmol, 40%) as an amorphous white powder.  

LCMS (5-95% MeCN in H2O, 2% formic acid) retention time 1.42 mins; 1H NMR (400 MHz, CDCl3): δ 

8.47 (m, 1H, Ht), 7.76 (m, 2H, Hs/Hr/Hq), 7.66 (m, 1H, Hs/Hr/Hq), 7.52 (d, 2H, J = 8.5 Hz, Haa), 7.39 (d, 

2H, J = 8.5 Hz, Hz), 7.34 (m, 2H, Hm, Hk), 7.03 (app t, 1H, J = 8.9 Hz, Hj), 5.45 (s, 2H, Hx), 4.31 (s, 2H, 

Hn), 3.83-3.26 (br, 8H, He, Hf), 1.75-1.65 (br, 1H, Hc), 1.01 (m, 2H, Ha/Hb), 0.81 (br, 2H, Ha/Hb); 13C 

NMR (176 MHz, CDCl3): δ 172.5 (Cd), 165.2 (Cg), 158.4 (Cv), 158.1-156.1 (d, 1JCF = 249.4 Hz, Ci), 152.4 

(Cw), 146.3 (Co), 134.5 (Cs/Cr/Cq), 133.7 (d, 4JCF = 3.1 Hz, Cl), 133.6 (Cy), 132.4 (Cs/Cr/Cq), 131.9 (Caa), 

131.7 (d, 3JCF = 7.7 Hz, Cm/Ck), 130.1 (Cz), 129.3 (m, Cm/Ck), 128.8 (Cp), 128.5 (Cu), 128.4 (Ct), 125.4 

(Cs/Cr/Cq), 122.8 (Cab), 116.4 (d, 2JCF = 20.7 Hz, Cj), 69.4 (Cx), 47.0- 45.2 (br, Ce/Cf), 42.3 (br, Ce/Cf), 

38.1 (Cn), 11.1 (Cc), 7.8 (Ca, Cb); IR max /cm-1: 1773 s (C=O), 1636 s (C=O); HRMS (ESI): m/z calcd for 

[M+H]+: 647.1300; found: 647.1268. 
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*Ch could not be identified. Because it is a quaternary carbon and has 2JCF coupling, it is presumed 

splitting renders it too low intensity to observe within the noise.  
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4.3 Bioconjugations  

To a solution of trastuzumab or durvalumab (40 μL, 16.9 μM, 2.5 mg/mL) in tris-buffered saline (TBS) 

(25 mM Tris HCl pH 8, 25 mM NaCl, 0.5 mM EDTA) was added TCEP (10 eq.). The mixture was vortexed 

and incubated at 37 °C for 1 h with shaking at 400 rpm. A solution of DVP-linker-payload (20 mM in 

DMSO) was added with additional DMSO (final concentration of 0.61 mM, for 40 eq. of linker or 1.22 

mM for 80 eq of linker, 10% DMSO (v/v)) and the reaction mixture incubated at 37 °C for 4 h with 

shaking at 400 rpm. The excess reagents were removed by size-exclusion chromatography with a Zeba 

Spin desalting column (40K MWCO, 0.5 mL) and exchanged into PBS with an Amicon-Ultra centrifugal 

filter (10K MWCO, Merck Millipore).  

Table 20: Summary of final bioconjugation reaction conditions of trastuzumab and durvalumab to generate 
ADCs 1-4 and ADCs 5-7 respectively. 

ADC Antibody Linker 
Linker 

eq. 

Reaction 

time 

Average 

DAR 

1 Trastuzumab DVP-unsubstituted-MMAE (20c) 40 4 h 3.7 

2 Trastuzumab DVP-difluoro-MMAE (21c) 80 4 h 3.7 

3 Trastuzumab DVP-non-cleavable-MMAE (23) 80 4 h 3.8 

4 Trastuzumab DVP-Val-Cit-MMAE (24) 80 4 h 3.9 

5 Durvalumab DVP-unsubstituted-MMAE (20c) 40 4 h 3.6 

6 Durvalumab DVP-non-cleavable-MMAE (23) 40 4 h 3.7 

7 Durvalumab DVP-Val-Cit-MMAE (24) 40 4 h 3.7 

 

4.4 SDS-PAGE  

Non-reducing Tris-Glycine SDS-PAGE with 12% acrylamide with 4% stacking gel was performed as 

standard. Broad range molecular weight marker (10-200 kDa, New England BioLabs) was run in all gels. 

Samples (5 µL, 2.5 µg unless stated otherwise) were prepared with reducing loading dye (5 μL, 

containing β-mercaptoethanol) and heated to 90 °C for 5 min before loading. Gels were run at constant 

voltage (200 V) for 45-60 min in 1 x Laemmli running buffer (LRB). All gels were stained with Coomassie 

blue dye and imaged on a Syngene gel imaging system.  
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4.5 Size-Exclusion Chromatography (SEC)  

Analytical size-exclusion chromatography (SEC) was carried out on an AKTA pure chromatography 

system using a Superdex™ 200 Increase 10/300 GL column. Samples were injected at a concentration 

of 1 mg/mL and eluted with TBS pH 8 (25 mM Tris HCl, 200 mM NaCl, 0.5 mM EDTA) at a flow rate of 

0.5 mL/min. 

4.6 Hydrophobic Interaction Chromatography (HIC) 

Analytical hydrophobic interaction chromatography (HIC) was carried out on a Tosoh Bioscience TSKgel 

Butyl-NPR column (3.5 cm  4.6 mm, 2.5 m). Samples were injected at a concentration of 1 mg/mL 

and eluted with a linear gradient of solvent A in solvent B (solvent A: 1.5 M ammonium sulfate, 25 mM 

NaPi, pH 7 and solvent B: 25% isopropyl alcohol in 25 mM NaPi, pH 7 at a flow rate of 0.6 mL/min. The 

drug-to-antibody ratio was calculated by the integration of the signals at 280 nm:  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝐴𝑅 =  
(𝐷𝐴𝑅1  +  2 ×  𝐷𝐴𝑅2 + 3 ×  𝐷𝐴𝑅3 +  4 ×  𝐷𝐴𝑅4  + 5 ×  𝐷𝐴𝑅5)

(𝐷𝐴𝑅0 +  𝐷𝐴𝑅1 +  𝐷𝐴𝑅2 +  𝐷𝐴𝑅3 +  𝐷𝐴𝑅4 +  𝐷𝐴𝑅5)
 

 

4.7 Chapter 1: Model linker peroxide-cleavage studies  

Data from all cleavage studies were processed using GraphPad Prism Version 9.3.0. 

Human and mouse plasma were obtained from Sigma Aldrich.  

4.7.1 Release from model linkers 1b, 2b, 5b and 3 with 0, 1, 5, 10 equivalents of hydrogen 

peroxide  

Model linkers 1b, 2b, 5b and 3 (7.2 μL, 2.5 mM DMSO) were vortexed with PBS (280.8 μL) before adding 

hydrogen peroxide solution (72.0 μL at 1, 5 or 10 equivalents – final concentration of 50 μM, 250 μM 

and 500 μM respectively). 340 μL of the resulting solution was added to a 96-well plate (Greiner, black, 

clear flat bottomed). Fluorescence intensity was monitored at λem = 441 nm over 20 h at 37 °C. An 

adhesive film (BioRad) was used to prevent solvent evaporation. Readings were taken at 30-35 second 

intervals. The reactions were performed in triplicate, with three technical replicates for each set of 

conditions. Control wells contained water (72.0 μL) instead of hydrogen peroxide.  

4.7.2 Release from 1b and 2b at different pH 

Model linkers 1b and 2b, (7.2 μL, 2.5 mM DMSO) were vortexed with either PBS (pH 7.4), sodium 

acetate buffer (pH 4.5) or carbonate buffer (pH 9) (280.8 μL). Hydrogen peroxide solution (72.0 μL, 10 

equivalents, 500 μM final concentration) was then added to the solutions and 340 μL of the resulting 

solution was added to a 96-well plate (Greiner, black, clear flat bottomed). Fluorescence intensity was 

monitored at λem = 441 nm over 25 h at 37 °C. An adhesive film (BioRad) was used to prevent solvent 
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evaporation. Readings were taken at 1.5-minute intervals. The reactions were performed in duplicate, 

with three technical replicates for each set of conditions.  

4.7.3 Release in the presence of GSH, and hydrogen peroxide scavenger CAT 

Model linkers 1b and 2b, (7.2 μL, 2.5 mM DMSO) were vortexed with either PBS (280.8 μL) containing 

10 equivalents of reduced glutathione (GSH), or PBS containing ~2000 U/mL catalase (CAT) from bovine 

liver. Hydrogen peroxide solution (72.0 μL, 10 equivalents) or water (72.0 μL) for control wells, was 

then added to the solutions and 340 μL of the resulting solution was added to a 96-well plate (Greiner, 

black, clear flat bottomed). Fluorescence intensity was monitored at λem = 441 nm over 25 h at 37 °C. 

An adhesive film (BioRad) was used to prevent solvent evaporation. Readings were taken at 1.5-minute 

intervals. The reactions were performed in triplicate with three technical replicates for each set of 

conditions. Catalase was obtained from MERCK LIFE SCIENCE UK LTD.  

4.7.3.1 Long term release in the presence of scavenger CAT 

Once complete, the plate was covered in foil and placed in an incubator at 37 °C for 7 days. 

Additional fluorimetry measurements were taken at t = 24, 48, 72 and 168 h. This was 

performed in duplicate, with three technical replicates of each condition.  

4.8 Chapter 1: Model linker stability studies  

4.8.1 Stability of 1b and 2b by fluorimetry in the presence of different pH and GSH 

Model linkers 1b and 2b, (7.2 μL, 2.5 mM DMSO) were vortexed with either PBS (pH 7.4), sodium 

acetate buffer (pH 4.5), carbonate buffer (pH 9) or PBS containing 10 equivalents of reduced 

glutathione (GSH) (all 280.8 μL). Water (72.0 μL) was then added to the solutions and 340 μL of the 

resulting solution was added to a 96-well plate (Greiner, black, clear flat bottomed). An adhesive film 

(BioRad) was used to prevent solvent evaporation. Fluorescence was monitored at λem = 441 nm. The 

reactions were performed in duplicate, with three technical replicates for each set of conditions.  

4.8.2 Stability of 1b and 2b in unconditioned cell media 

Unconditioned cell media used had not been in contact with cancer cells. McCoy’s = High glucose 

McCoy’s 5A medium, supplemented with GlutaMAX™. RPMI = RPMI1640 medium supplemented with 

2 mM L-glutamine. DMEM = Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 2 mM L-

glutamine. All cell media were supplemented with 10% heat-inactivated foetal-bovine serum FBS (HI-

FBS), 50 U/mL penicillin and 50 μg/mL streptomycin.  

Model linkers 1b and 2b, (7.2 μL, 2.5 mM DMSO) were vortexed with unconditioned cell media (280.8 

μL) and then 272 μL of the resulting solution was added to a 96-well plate (Greiner, black, clear flat 

bottomed). Water (68 μL) or hydrogen peroxide solution (68 μL, 10 eq.), was then added to the 
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appropriate wells and fluorescence was monitored at λem = 441 nm over 24 h at 37 °C. An adhesive 

film (BioRad) was used to prevent solvent evaporation. The reactions were performed in triplicate, 

with three technical replicates for each set of conditions.  

4.8.2.1 Long term release in the presence of unconditioned cell media 

Once complete, the plate containing linkers in unconditioned cell media were covered in foil 

and placed in an incubator at 37 °C for the remaining 3 days. Additional fluorimetry 

measurements were taken at t = 48, 72 and 96 h. This was performed in triplicate, with three 

technical replicates of each condition.  

4.8.3 Stability of 2b, 3 and 4 in human and mouse plasma – HPLC study  

2c, 3 and 4 (10 mM) were incubated with PBS (149 μL), human/mouse plasma (265 μL), DMSO (86 μL) 

and caffeine (10 μL, 15 mg/mL, internal standard) at 37 °C for 10 days. 50 μL aliquots of the mixture 

were taken at t = 1, 2, 3, 4, 5, 10 days and flash frozen in liquid nitrogen and stored at -20 °C before 

HPLC analysis of all samples on the same day. After thawing, the samples were precipitated with 1:1 

EtOH:DMSO (100 μL), centrifuged (17,000G, 3 mins) and 50 μL of the supernatant analysed by HPLC. 

The linker peak area was calibrated to the caffeine internal standard for quantification of degradation 

over time.  

For raw HPLC data, please see appendix 3, Table 21-Table 25. 

4.8.4 Stability of 1b and 2b in human and mouse plasma – Fluorimetry, 20 h 

Model linkers 1b and 2b (36.0 μL, 2.5 mM DMSO) were vortexed with PBS (774 μL) and 153 μL of the 

resulting solution was added to a 96-well plate (Greiner, black, clear flat bottomed). Then, human 

plasma (187 μL) was added to each well. Fluorescence intensity was monitored at λem = 441 nm over 

20 h at 37 °C. An adhesive film (BioRad) was used to prevent solvent evaporation. Readings were taken 

at 30-35 second intervals. The reactions were performed in triplicate, with three technical replicates 

for each set of conditions.  

4.8.5 Stability of 1b, 2b and 4 in human and mouse plasma – Fluorimetry, 10 days 

Linkers 1b, 2b and 4 (28 μL, 2.5 mM in DMSO) were vortexed with PBS (602 μL) and 90 μL of this 

solution was added to the wells of a 96-well plate (Greiner, black, clear flat bottomed). To this, plasma 

(from human or mouse, 110 μL) was added. An adhesive film (BioRad) was used to prevent solvent 

evaporation. Control wells replaced plasma with PBS. Each condition had three technical replicates. 

The plate was incubated at 37 °C for 10 days, with readings at λem = 441 nm at t = 1, 2, 3, 4, 5, 7, 10 

days.  
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4.9 Cell Lines  

SKBR3, MDA-MB-231 and BT474 cells were obtained from the American Type Culture Collection (ATCC) 

and HER2-negative MCF7 and MDA-MB-468 cells were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC).  

SKBR3 cells were maintained in high glucose McCoy’s 5A medium, supplemented with GlutaMAX™. 

MCF7, MDA-MB-468, MDA-MB-231 and HEK-293T cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 2 mM L-glutamine. BT474 and MDA-MB-231 cells were 

maintained in RPMI1640 medium supplemented with 2 mM L-glutamine. SKBR3, MCF7, HEK-293T, 

BT474, MDA-MB-468 and MDA-MB-231 cells were maintained in media supplemented with 10% HI-

FBS and 50 U/mL penicillin and 50 μg/mL streptomycin. MCF10A cells were maintained in Mammary 

Epithelial Cell Growth Basal Medium (MEBM) with mammary epithelial cell growth medium additive 

(MEGM, Lonza). All cell lines were incubated at 37 °C with 5% CO2.  

4.10 General Cell Viability Protocol 

Cells were seeded in 96-well plates for 24 h at 37 °C with 5% CO2. SKBR3 cells were seeded at 15,000 

cells/well, BT474 cells were seeded at 20,000 cells/well, MCF7 cells were seeded at 7,500 cells/well, 

MDA-MB-468 cells were seeded at 10,000 cells/well, MCF10A cells were seeded at 5,000 cells/well, 

HEK-293T cells were seeded at 1,000 cells/well and MDA-MB-231 cells were seeded at 5,000 cells/well. 

Serial dilutions of ADCs or trastuzumab/durvalumab were added to the cells in complete growth 

medium and incubated at 37 °C with 5% CO2 for 96 h. Cell viability was determined using a CellTiter-

Glo viability assay (Promega) according to the manufacturer’s instructions. Cell viability was plotted as 

a percentage of that of untreated cells. Each measurement was taken in triplicate unless stated 

otherwise. Three independent replicates were performed. Data was processed using GraphPad Prism 

Version 9.3.0 and best-fit IC50 values of each compound were calculated using the log (inhibitor) vs 

response (variable slope) function.  

4.11 In Vitro Cytotoxicity with Washout  

Cells were seeded in 96-well plates for 24 h at 37 °C with 5% CO2. Serial dilutions of ADCs or 

trastuzumab were added to the cells in complete growth medium and incubated at 37 °C with 5% CO2 

for 1 h, 4 h, 8 h or 24 h. After the selected washout time, the cell media was removed and replaced 

with complete growth medium. The medium was removed once again and replaced with complete 

growth medium. For experiments where exogenous H2O2 was introduced, the media replacement 

contained 0.1 mM H2O2. After washout, the cells were incubated for the remaining time to allow a 4 

day-treatment.  
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4.12 In Vitro Cytotoxicity with Catalase Scavenger 

Cells were seeded in 96-well plates for 24 h at 37 °C with 5% CO2. Cell media was then removed and 

replaced with 100 µL complete growth media containing catalase (400-1000 U/well) and incubated at 

37 °C for 2 h. Then serial dilutions of ADCs in 100 µL complete growth media were added and cell 

growth was monitored on an IncuCyte® S3 Live-Cell Analysis System for 96 h with incubation at 37 °C 

and 5% CO2. Cell viability was determined using a CellTiter-Glo viability assay (Promega) according to 

the manufacturer’s instructions. Cell viability was plotted as a percentage of that of untreated cells. 

Each measurement was taken in triplicate. Two independent replicates were performed. Data was 

processed using GraphPad Prism Version 9.3.0 and best-fit IC50 values of each compound were 

calculated using the log (inhibitor) vs response (variable slope) function. Confluency increase was 

calculated using the equation: [
𝑐𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦𝑓𝑖𝑛𝑎𝑙−𝑐𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑐𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
] ∗ 100 whereby confluencyinitial is the 

% cell confluency at t = 3h after ADC treatment, and confluencyfinal is the % cell confluency at approx. 

t = 96 h.  

4.13 Quantification of Extracellular Hydrogen Peroxide with Amplex™ Red  

Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) was used following the 

manufacturer’s instructions. Briefly, 20,000 cells/well were seeded in 100 µL F-12 Ham’s nutrient 

mixture (for the no cell control, wells contained only F-12 Ham’s nutrient mixture). After seeding for 

24 h at 37 °C with 5% CO2, 100 µL of the Amplex™ Red reaction mixture was added to each well and 

the fluorescence intensity monitored on a CLARIOstar plate reader over 30 minutes. Data shown is the 

reading at t = 30 minutes.  

For catalase scavenging, after seeding, the media was removed and replaced with Ham’s nutrient 

mixture containing catalase (approx. 400-1000 U/well) (100 µL) and incubated at 37 °C, 5% CO2 for 2 h. 

Then, 100 µL of the Amplex™ Red reaction mixture was added to each well and the fluorescence 

intensity monitored on a CLARIOstar plate reader over 30 minutes. Data shown is the reading at t = 30 

minutes.  

4.14 Chapter 3: Crude Olaparib Prodrug Cleavage Study  

A solution of 78a/78b or 81a/81b in MeCN:H2O was added 30 w/w% H2O2 (10 µL) at rt and analysed 

by HPLC at various time intervals with UV detection (λmax = 220 nm). In-between HPLC analysis, the 

same sample was analysed by LCMS for identification of masses corresponding to the observed HPLC 

peaks.  
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tert-Butyl 4-(piperazin-1-yl)benzoate (64) 

 

 



270 
 

2-Bromo-5,5-dimethylcyclohex-1-ene-1-carbaldehyde (67)  
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tert-Butyl 4-(4-((2-bromo-5,5-dimethylcyclohex-1-en-1-yl)methyl)piperazin-1-yl)benzoate (71)  
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(2-Bromo-5,5-dimethylcyclohex-1-en-1-yl)methanol (72)  
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1-Bromo-2-(bromomethyl)-4,4-dimethylcyclohex-1-ene (73)  
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(4-((4-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxophthalazin-2(1H)-

yl)methyl)phenyl)boronic acid (78a) and 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-

fluorobenzyl)-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)phthalazin-1(2H)-one (78b) 
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2-(4-Bromobenzyl)-4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-

phthalazin-1(2H)-one (80)  

 



276 
 

(4-(((4-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-oxo-1,2-

dihydrophthalazine-2-carbonyl)oxy)methyl)phenyl)boronic acid (81a) and 4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)benzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-

fluorobenzyl)-1-oxophthalazine-2(1H)-carboxylate (81b)  
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4-Bromobenzyl 4-(3-(4-(cyclopropanecarbonyl)piperazine-1-carbonyl)-4-fluorobenzyl)-1-

oxophthalazine-2(1H)-carboxylate (83)  

 



 
 

 

 

 

 

 

 

Appendix 2: Protein LCMS 
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Figure 126: Typical TIC trace of trastuzumab sample with arrow indicating region of analysis.   

 

 

Figure 127: LCMS of unmodified, deglycosylated, reduced trastuzumab. Top = non-deconvoluted MS. Bottom = 
deconvoluted MS; heavy chain expected 49,153 Da, observed 49,152 Da; light chain expected 23,439 Da, 
observed 23,440 Da.  
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Figure 128: LCMS of ADC 1. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 75,327 Da, 
observed 75,303 Da. (40 V cone voltage).  

 

 

Figure 129: LCMS of ADC 2. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 75,399 Da, 
observed 75,371 Da. (40 V cone voltage).  
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Figure 130: LCMS of ADC 3. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 74,998 Da, 
observed 74,999 Da. 

 

Figure 131: LCMS of ADC 4. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 76,074 Da, 
observed 76,072 Da.   
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Figure 132: LCMS of ADC 5. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 75,774 Da, 
observed 75,728 Da. 

 

 

Figure 133: LCMS of ADC 6. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 75,444 Da, 
observed 75,446 Da. 
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Figure 134: LCMS of ADC 7. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 76,520 Da, 
observed 76,519 Da. 



 
 

 

 

 

 

 

 

Appendix 3: Small-molecule HPLC 



285 
 

Table 21: Val-Cit model linker 4 HPLC assay stability in human plasma.  

Time 

(days)  

Linker 

Peak Area  

 Caffeine 

Peak Area 

Linker/ 

Caffeine 

Normalised 

Linker %  

0 193.9  1605.6 0.121 100 

1 189.6  1581.1 0.120 99 

2 184.3  1628.6 0.113 94 

3 181.2  1493.4 0.121 100 

4 195.2  1625.4 0.120 99 

5 200.6  1729.7 0.116 96 

10 180.6  1661.7 0.109 90 

 

Table 22: Val-Cit model linker 4 HPLC assay stability in mouse plasma 

Time 

(days)  

Linker 

Peak Area  

 Caffeine 

Peak Area 

Linker/ 

Caffeine 

Normalised 

Linker %  

0 185.1  1548.1 0.120 100 

1 115.9  1564.4 0.074 62 

2 65.9  1547.8 0.043 36 

3 48.7  1658.5 0.029 25 

4 29.0  1578.0 0.018 15 

5 25.1  1547.3 0.016 14 

10 0.0  1873.3 0.000 0 

 

Table 23: Di-fluoro model linker 2b HPLC assay stability in human plasma  

 

 

 

 

 

 

 

 

 

Time 

(days)  

Linker 

Peak Area  

 Caffeine 

Peak Area 

Linker/ 

Caffeine 

Normalised 

Linker %  

0 421.2  1075.9 0.391 100 

1 783.4  2299.7 0.341 87 

2 662.2  2205.9 0.300 77 

3 1009.5  3215.4 0.314 80 

4 672.4  2111.7 0.318 81 

5 608.3  2022.6 0.301 77 

10 517.7  1989.2 0.260 66 
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Table 24: Di-fluoro model linker 2b HPLC assay stability in mouse plasma 

 

 

 

 

 

 

 

 

Table 25: Non-cleavable model linker 3 HPLC assay stability in human plasma 

 

 

 

 

 

 

 

Time 

(days)  

Linker 

Peak Area  

 Caffeine 

Peak Area 

Linker/ 

Caffeine 

Normalised 

Linker %  

0 1317.7  1743.6 0.756 100 

1 1330.4  1607.6 0.828 110 

2 1486.9  1712.3 0.868 115 

3 1321.4  1634.9 0.808 107 

4 1394.4  1649.7 0.845 112 

5 1193.8  1537.1 0.777 103 

10 1335.6  1646.1 0.811 107 

Time 

(hours)  

Linker 

Peak Area  

 Caffeine 

Peak Area 

Linker/ 

Caffeine 

Normalised 

Linker %  

0 1597.7  1028.2 0.644 100 

24 1596.5  934.6 0.585 91 

48 1629.4  1046.3 0.642 100 

72 1496.4  970.3 0.648 101 

96 1547.6  959.5 0.620 96 

120 1599.8  963.5 0.602 94 

240 1811.0  852.9 0.471 73 
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Appendix 4: Protein HPLC 
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Hydrophobic Interaction Chromatography 

Average DAR values were calculated using the following equation, where DARx refers to the peak area 

corresponding to that DAR species.  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝐴𝑅 =  
(𝐷𝐴𝑅1  +  2 ×  𝐷𝐴𝑅2 + 3 ×  𝐷𝐴𝑅3 +  4 ×  𝐷𝐴𝑅4  + 5 ×  𝐷𝐴𝑅5)

(𝐷𝐴𝑅0 +  𝐷𝐴𝑅1 +  𝐷𝐴𝑅2 +  𝐷𝐴𝑅3 +  𝐷𝐴𝑅4 +  𝐷𝐴𝑅5)
 

 

 

Figure 135: HIC trace for ADC 1 including the peak areas used for calculation of average DAR. 

 

 

Figure 136: HIC trace for ADC 2 including the peak areas used for calculation of average DAR. 

 

 

 

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

0 5.0 1.8 

1 5.6 6.4 

2 6.1 13.1 

3 6.8 33.4 

4 7.6 34.5 

5 8.5 5.3 

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

1 5.5 2.7 

2 6.1 10.7 

3 6.9 35.4 

4 7.6 40.1 

5 8.6 5.5 
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Figure 137: HIC trace for ADC 3 including the peak areas used for calculation of average DAR. 

 

Figure 138: HIC trace for ADC 4 including the peak areas used for calculation of average DAR. 

 

Figure 139: HIC trace for ADC 5 including the peak areas used for calculation of average DAR. 

 

 

 

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

2 5.9 1.7 

3 6.3 20.7 

4 6.8 53.5 

5 7.6 6.0 

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

2 6.3 3.9 

3 7.3 24.4 

4 8.1 57.3 

5 9.2 12.7 

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

2 6.4 7.2 

3 7.2 31.9 

4 8.0 50.2 

5 8.9 5.6 
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Figure 140: HIC trace for ADC 6 including the peak areas used for calculation of average DAR. 

 

Figure 141: HIC trace for ADC 7 including the peak areas used for calculation of average DAR.  

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

2 5.9 4.2 

3 6.5 26.2 

4 7.0 43.7 

5 7.8 7.7 

DAR 

Species 

Elution 

Volume / mL 

Peak 

Area 

2 7.0 5.5 

3 8.0 34.4 

4 8.8 50.9 

5 9.9 6.0 
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Size-Exclusion Chromatography  

Size-exclusion chromatography could not be obtained for ADC 2. ADCs 5-7 are not included here since 

no aggregated species were observed.  

 

Figure 142: SEC trace for ADC 1 including a zoom of the peak corresponding to aggregated antibody species.  

 

Figure 143: SEC trace for ADC 3  including a zoom of the peak corresponding to aggregated antibody species.  

 

Figure 144: SEC trace for ADC 4 including a zoom of the peak corresponding to aggregated antibody species.  

 

 

Species 
Elution 

Volume / mL 

Peak 

Area 

Aggregate 14.1 0.8 

ADC 16.4 99.2 

Species 
Elution 

Volume / mL 

Peak 

Area 

Aggregate 13.9 0.6 

ADC 16.3 99.4 

Species 
Elution 

Volume / mL 

Peak 

Area 

Aggregate 14.1 0.8 

ADC 16.4 99.2 
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