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Abstract 

Antibody-drug conjugates (ADCs) are an emerging class of targeted therapies comprised of 

cytotoxic small molecule payloads bound to a monoclonal antibody by covalent linkers. The 

linkers are integral components of ADCs as they must be both stable in circulation and release 

the payload following target engagement. Enzyme-cleavable linkers utilise intracellular 

enzymes to trigger payload release following ADC binding and internalisation. Recently, 

arylsulfatase-cleavable linkers have been explored, illustrating several desirable characteristics 

for application to ADCs. Sulfatases hydrolyse sulfate monoesters to form alcohols. While each 

enzyme is highly selective for its natural substrates, sulfatases also hydrolyse small synthetic 

arylsulfates to phenols. The binding mode of sulfatases with their substrates is poorly defined, 

thus improved understanding of substrate recognition/binding is required to design optimal 

sulfatase cleavable linkers. This work aimed to generate empirical structure activity 

relationships of sulfate hydrolysis and payload release for model sulfatase-cleavable linkers 

against human arylsulfatase A (ARSA). Eight model arylsulfatase-cleavable linkers were 

synthesised from commercially available phenols and screened against ARSA. Following 

sulfate hydrolysis these linkers undergo a 1,6-elimination of a phenol intermediate to release a 

coumarin payload. This thesis identified ortho-difluoro and ortho-nitro substituted sulfate 

linkers as the most promising sulfate substrates for development of ARSA-cleavable linkers. 

These linkers were excellent ARSA substrates with the fastest rates of sulfate hydrolysis in this 

library. This work found low steric impact and electron withdrawal as beneficial properties for 

sulfate hydrolysis. The resonance withdrawing effect of the nitro group is able to overcome its 

steric effect, while a trifluoromethyl analogue was a poorer substrate than an unsubstituted 

control despite its strong inductive withdrawing effect. However, the resonance effect of the 

nitro substituent significantly reduced the rate payload release. Indeed, reducing pKa of the 

phenol intermediate reduced the rate of fragmentation and subsequently payload release. These 

sulfates linkers can be investigated in ADC development in order to elucidate the optimal 

combination of these properties. 
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Introduction 

1. Introduction  

1.1 Cancer Chemotherapy 

Cancer is the second leading cause of death worldwide, accounting for one in six deaths (1). 

Cancer does not constitute one disease but comprises over 200 conditions characterised by 

genetic changes leading to uncontrolled cell growth and proliferation. Traditionally, cancer 

treatment has relied on small-molecule chemotherapy in combination with surgery and 

radiotherapy (2). As cancer develops from healthy cells, differentiating between healthy and 

cancerous cells is inherently difficult. Antiproliferative small molecules used in chemotherapy 

aim to exploit rapid proliferation to disproportionally impact cancers by killing replicating 

cells. However, healthy replicating cells are also killed, causing severe adverse effects. 

 

 

Figure 1. Dose-response curve depicting therapeutic index. Therapeutic effect is represented by the 

blue line, and toxic effect is represented in red. The MED is defined as the ED50, the dose to which 50% 

of patients have an effective response. The MTD is defined by the TD50, the dose in which 50% of 

patients experience dose-limiting toxicity. Created with Biorender.com. 

Therapeutic index is defined as the ratio between the minimum effective dose (MED), and the 

maximum tolerated dose (MTD) (Figure 1); this reflects a treatment’s safety. The therapeutic 
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index of traditional chemotherapies is low, and their accompanying adverse effects are 

notoriously debilitating. The development of new therapies strives to achieve wider therapeutic 

indexes to provide safe, efficacious, and well-tolerated treatments for patients. 

1.2 Antibodies  

The aim of targeted therapies is to achieve a wider therapeutic index through greater selectivity. 

Recent advances in biotherapies, such as monoclonal antibodies (mAbs), have achieved 

selectivity greater than small molecules alone (3,4). Antibodies are large (~150 kDa) Y-shaped 

glycoproteins belonging to the immunoglobulin (Ig) superfamily. Produced by B-cells, 

antibodies recognise and bind foreign antigens and recruit immune cells as a part of the 

adaptive immune system. Antibodies are comprised of two heavy chain and two light chain 

polypeptides held in a Y-shape by disulfide bonds and extensive non-covalent interactions. 

Their structure may be sub-categorised into the Fab (fragment antigen binding) and Fc 

(fragment crystallisable) regions (Figure 2). The Fab regions are each comprised of a pair of 

constant and variable domains, the latter containing the complementary determining regions 

(CDRs). The CDRs are encoded to correspond to a specific antigen epitope, facilitating 

selective antigen recognition and binding.  

 

Figure 2. Structure of an antibody. Created with BioRender.com. 

 

mAbs are antibodies derived from cloned B-cells. mAbs have become a major class of cancer 

therapy, due to their outstanding selectivity and long circulatory half-lives, a well-recognised 

example being the anti-human epidermal growth factor receptor 2 (HER2) mAb trastuzumab 
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(3,5). Generally, mAb therapies are well tolerated, and adverse effects are clinically 

manageable (6). The first therapeutic mAbs were murine molecules and once recognised as 

foreign by the patient’s immune system were rapidly cleared. Technological developments 

have allowed the transition away from murine mAbs towards fully human mAbs has minimised 

the risk of these events (6). The extended half-lives of mAbs allow effective plasma 

concentrations to be maintained with infrequent dosing. Renal elimination of antibodies is 

insignificant as their molecular weight is higher than the glomerular filtration threshold (55 

kDa). Instead, antibodies are eliminated through target specific or non-specific (pinocytosis) 

uptake and subsequent proteolysis within lysosomes. Antibodies that undergo non-specific 

uptake may be recycled back into circulation by recognition of the Fc regions by Fc receptors 

within the endosome, protecting them from lysosomal degradation and lengthening their 

circulatory half-life. Despite their selectivity, mAbs are often limited by a lack of antitumour 

efficacy (Figure 3) (7). Due to their large molecular size, mAbs suffer from poor solid tissue 

penetration. Consequently, the mAbs remain primarily in circulation, with no more than 20% 

of an administered dose interacting with solid tumours (8). A study of radiolabelled antibodies 

in patients found these factors limited the number of injected antibodies to accumulate in solid 

tumours was as little as 0.003-0.008% per gram of solid tumour. Additionally, mAbs are 

limited to targets expressed as antigens on the cell’s surface. Finally, the highly selective nature 

of mAbs limits efficacy against a varied and adaptable target like cancer. Tumours are typically 

heterogenous mixtures; consequently, only some tumour cells will be sensitive to the therapy, 

and resistance can quickly develop (7,9). 

 

Figure 3. Limitations of monoclonal antibodies against solid tumours. a. mAbs only affect antigen 

positive cells in heterogenous tumours. b. Poor tissue penetration protects antigen positive cells in the 

tumour mass. Created with BioRender.com. 
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1.3 Antibody-Drug Conjugates 

Antibody-Drug conjugates (ADCs) are a rapidly emerging class of powerful, targeted 

biopharmaceuticals comprised of a mAb and cytotoxic small molecule “payloads” attached via 

chemical linkers (Figure 4) (10,11). Typically, several of the same drug-linker moieties are 

attached to the same mAb defining the drug-to-antibody ratio (DAR). This strategy aims to 

combine the outstanding selectivity and convenient pharmacokinetic profile of mAbs as 

delivery vehicles for extremely potent cytotoxic small molecule chemotherapies. To date, most 

ADC development has been targeted towards cancer, although other targets, such as infectious 

bacteria, have been investigated (12). The use of mAbs as delivery vehicles is not novel. 

Investigation into the three components of ADCs began in the 1980s, ultimately leading to the 

first in class approval of gemtuzumab ozogamicin in 2001 (13). However, the following 15 

years of development saw only limited success. Gemtuzumab ozogamicin was removed from 

the market in 2010 due to a lack of efficacy and increased morbidity, while drentuxumab 

vedotin and Ado-trastuzumab emtansine achieved approval in 2011 and 2013 respectively (14–

16). Despite slow progression, interest in ADCs remained high, and following the 

developments in mAbs, payloads and linker technologies the field has recently matured into a 

major treatment class. Currently, there are 11 FDA-approved ADCs (Figure 4), including 

gemtuzumab ozogamicin, reinstated in 2017 under a new dosing regimen, and more than 80 

examples are currently in clinical development (10,16–20). However, this success has not been 

without its setbacks. Belantamad mafoditon-blmf was given fast track approval by the FDA in 

2020 for treating multiple myeloma (21) but was recently removed from the market due to a 

lack of clinical efficacy (22). Indeed, there is no one-size-fits-all strategy for ADC success, and 

significant development is still required for this emerging class of targeted therapies. 
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Figure 4. Chemical structures of the 11 clinically approved antibody drug conjugate drug linkers. 

Antibodies, trade names and approval dates and DAR are listed above. Linkers are illustrated in blue, 

and payloads and their names are in red. Gemtuzumab ozogamicin (Mylotarg®), inotuzumab 

ozogamicin (Besponsa®), brentuximab vedotin (Adectris®), polatuzumab vedotin (Polivy®), 

enfortumab vedotin (Padcev®), tisotumab vedotin (Tivdak®), trastuzumab emtansine (Kadcyla®), 

sacituzumab govitecan (Trodelvy®), mirvetuximab soravtansine-gynx (Elahere®), loncastuximab 

tesirine (Zylonta®). 
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1.3.1 Mechanism of Action of ADCs 

ADCs mechanism of action can be divided into two classes, one requiring internalisation and 

one where activity is derived from the extracellular release of the payload. For most ADCs, 

antigen binding triggers endocytosis in which the ADC-antigen complex is internalised and 

subsequently trafficked into lysosomes (Figure 5) (11). Within lysosomes proteolytic enzymes 

degrade the mAb into its constituent amino acids, freeing the drug-linker. The low pH and high 

concentration of hydrolytic enzymes unique to the lysosomes are used to trigger linker cleavage 

and subsequent payload release. In some cases, the payload may then diffuse into and affect 

neighbouring cells. Unlike mAbs, this “bystander effect” allows ADCs to affect antigen 

negative cells in heterogenous tumours. An alternative non-internalising mechanism of action 

has also been explored (23,24). In this case, linker cleavage and payload release is triggered 

extracellularly in the tumour microenvironment. This mechanism potentially improves activity 

towards tumours with heterogenous antigen expression and allows a broader range of antigens 

to be targeted. Extracellular release may, however, lead to lower cancer selectivity. To date, no 

ADCs employing a non-internalising mechanism have achieved clinical approval.  

 

Figure 5. Antibody-Drug Conjugate Mechanism of action. An extracellular mechanism is highlighted 

in blue. Created with BioRender.com. 
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1.3.2 Considerations in ADC design 

Over 40 years of research have produced insight into what makes a successful ADC, revealing 

the desirable characteristics of each key structural components, the mAbs, payload, and linker 

and corresponding drug-to-antibody ratio and hydrophobicity of the conjugate. These 

components are discussed in detail below. 

1.3.2.1 Monoclonal antibody characteristics in ADC design 

The properties of mAbs influence the safety, efficacy, and pharmacokinetics of the ADCs they 

are applied to (25). The important properties of mAbs for ADCs are their; target antigen, size, 

binding affinity, immunogenicity, and available functionalities for bioconjugation. Antibodies 

are extremely selective for their target antigen; therefore, the success of an ADC, like 

therapeutic antibodies, depends on the high expression of the target antigen on the surface of 

cancer cells compared to healthy cells (25). IgG antibodies represent the vast majority of mAbs 

used in ADCs; however, their large size contributes to poor tissue penetration. Smaller antibody 

formats and even antibody fragments have been explored, although they have proven inferior 

to their IgG counterparts. All currently approved ADCs employ IgG antibodies. Tissue 

penetration can be improved by using antibodies with lower binding affinities. High affinity, 

rapidly internalised antibodies bind to antigens on cells closest to the tumour vasculature. In 

contrast, antibodies with higher antigen dissociation rates have more opportunity to penetrate 

deeper into solid tumours before being internalised (26). ADC antibodies should be non-

immunogenic. The first ADCs employed murine-mAbs that elicited a strong immune response, 

producing antibodies against the ADC, reducing efficacy and causing immune-related 

toxicities (25). Consequently, non-immunogenicity is an important criterion in gaining 

regulatory approval for ADCs (27). Development of new ADCs now utilises humanised or 

fully human mAbs (6,25). Finally, mAbs must have suitable functionalities as handles for 

conjugation to drug-linkers. Originally, the reactivity of natural amino acids was employed for 

conjugation; however, these techniques are difficult to control. Alternative approaches include 

using engineered antibodies with built-in functionalities for more controlled conjugation at the 

risk of being identified as foreign (Section 1.5.2.2). 
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1.3.2.2 Payload characteristics in ADC design 

Drugs employed as ADC payloads bypass the stringent safety and pharmacokinetic parameters 

of small molecule therapies, allowing extremely potent drugs without suitable TI for systemic 

distribution to be used (28). Due to the poor tissue penetration of ADCs and the limited number 

of antigens expressed on the cell surface (typically ~105), high potency is essential for ADC 

payloads as the quantity reaching the target is low. However, potency alone does not satisfy 

the criteria for a successful payload. ADC payloads must be metabolically stable in circulation 

to survive the extended circulatory half-lives of the conjugate and must contain a chemical 

handle capable of being attached to the linker moiety. Ideally, these payloads will lack 

susceptibility to multidrug resistance protein 1 mediated efflux, a common mechanism of 

resistance to ADCs (17,29). Most ADC payloads are highly hydrophobic, contributing to 

increased clearance and limiting the achievable DAR, (discussed in Section 1.3.2.4). 

Therefore, payload optimisation often favours decreased hydrophobicity. 

1.3.2.3 Linker characteristics in ADC design 

The characteristics of the linker are vital to the success of ADCs as they influence selectivity, 

efficacy, and pharmacokinetics (30,31). Ideal ADC linkers must be highly stable in circulation 

to avoid non-specific payload release and toxicity. At the same time, the linker must efficiently 

release the payload following antibody-antigen binding. ADC linkers are categorised into non-

cleavable linkers, which release their payload with an additional charged appendage following 

antibody degradation in lysosomes, and cleavable linkers, which release the unmodified 

payload when specific conditions are met (see Section 1.5.2) (30). Enzyme-cleavable linkers 

are a class of cleavable linkers that employ lysosomal enzymes to trigger payload release (see 

Section 1.5.3) and are now the most common linkers in ADC development. Finally, the 

contribution from the linker to hydrophobicity can be detrimental to ADCs (see Section 

1.3.2.4), therefore employing linkers with low hydrophobicity is ideal.  

1.3.2.4 Drug to antibody ratio and hydrophobicity 

Given the limited number of antigens expressed on the cell’s surface (typically ~105), and the 

low number of mAbs which actually interact with solid tumours (Section 1.2, Figure 3) 

multiple of the same drug-linker are bound to each antibody to improve delivery efficiency 

(17,32,33). Maximising the DAR improves the potency of the delivery vehicle in vitro; 



Introduction 

however, this is not necessarily reflected in vivo (34). Instead, increasing the DAR past a certain 

point becomes detrimental to the pharmacokinetics of the conjugate, reducing its efficacy in 

vivo. The addition of each drug-linker increases the hydrophobicity of the conjugate, causing 

antibody aggregation and increasing clearance. Ultimately, the hydrophobicity of many 

established drug-linkers limits the ideal DAR to between three and four (Figure 4). The use of 

less hydrophobic drug-linkers allows higher DARs to be achieved without promoting clearance 

or aggregation, thereby allowing the higher in vitro efficacy of high DAR analogues to be 

reflected in in vivo experiments (32). The recently approved ADCs trastuzumab deruxtecan 

(Enhertu ®, 2019) and sacituzumab govitecan (Trodelvy ®, 2020) have both achieved 

exceptional efficacy with DARs >7 carrying the camptothecin payloads Dxd and SN-38 

respectively which are less hydrophilic and less potent than other ADC payloads (35,36) 

(Section 1.4.4).  

1.4 Payloads 

Moderately cytotoxic payloads such as methotrexate and doxorubicin were employed in the 

early development of ADCs (37,38). However, the combination of limited expression of 

antigens on a cell’s surface and, along with inefficiency in internalisation and payload release 

resulted in these low potency payloads providing insufficient therapeutic benefit. Indeed only 

a small proportion of injected mAbs interact with solid tumours (Section 1.2), while the real 

number of ADCs internalised is expected to be lower than the ADCs which bind to the target 

cells surface (28,39). Subsequently, payloads for ADCs have shifted to highly potent cytotoxins 

with nano-molar to high-femtomolar IC50s (Figure 6). Generally, ADC payloads can be 

categorised into microtubule-disrupting agents (auristatins and maytansinoids) and DNA-

damaging agents (calicheamicins, topoisomerase I inhibitors, duocarmycins and 

pyrrolobenzodiazepine dimers).  
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Figure 6. Comparison of cytotoxicity of reported ADC payloads. Auristatins MMAE and MMAF 

(40,41), DM1 (42), N-actetyl-ƴ-calicheamicin (43), Dxd (44), SN-38 (44,45), Duocarmycins (46,47), 

PBD dimers (48), and Duocarmycin dimers (46). Adapted from (49). Created with Biorender.com. 

1.4.1 Auristatins 

Auristatins are analogues of a cytotoxic marine natural product, dolastatin 10 (50) (Figure 7). 

These cytotoxins inhibit microtubule assembly at high pico-nanomolar concentrations, causing 

metaphase arrest and apoptosis (40,51). Clinical evaluation of dolastatin 10 and other auristatin 

analogues failed to achieve significant activity in patients at tolerated doses when employed as 

a single agent. Interest in auristatins moved to application as ADC payloads to improve their 

therapeutic index. Structure-activity relationship (SAR) studies of dolastatin 10 identified 

monomethylauristatin E (MMAE) and F (MMAF) as potent and stable analogues with 

appropriate handles for conjugation (Figure 7) (40,52). MMAE payloads have been approved 

in brentuxumab vedotin, polatuzumab vedotin-piiq, enfortumab-vedotin-ejfv, and tisotumab -

vedotin-tftv. MMAF payloads originally found clinical approval in belantamab mafoditin, 

however, this was recently removed from the market due to a lack of efficacy. Given their 

clinical success auristatins make up a large portion of ADC payloads in ongoing clinical trials 

(10).  
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Figure 7. Structure of Auristatin analogues Dolastatin 10, MMAE and MMAF. 

1.4.2 Maytansinoids  

Maytansinoids are a class of potent tubulin inhibitors derived from the natural product 

maytansine (Figure 8). Maytansine is a 19-member lactam structure originally isolated from 

an Ethiopian shrub Maytenus ovatus (53). Maytansinoids inhibit microtubule assembly by 

binding tubulin, causing mitotic arrest with sub-nanomolar potency making them interesting 

candidates as anticancer drugs. Despite its potency, maytansine failed in clinical trials due to 

severe toxicity caused by poor selectivity (54). Interest in Maytansinoids as ADC payloads 

began in the 1980s. Thiol derivates DM1, DM3, and DM4 were developed, allowing 

conjugation to a linker via a thiosuccinimide or disulfide linkage (Figure 8) (42). Each 

analogue presents varied steric bulk around the thiol moiety, adjusting linker stability and 

antitumour activity; thus, the payload can be optimised for the ADC it is applied to. Ado-

trastuzumab emtansine employs a DM1 payload conjugated to the anti-HER2 antibody 

trastuzumab (15).  

 

Figure 8. Structure of Maytansinoid analogues Maytansine, DM1, DM3, and DM4. 
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1.4.3 Calicheamicins 

Calicheamicins are a class of cytotoxin derived from Micromonospora echinospora (Figure 9) 

(43,55). These cytotoxins bind the DNA minor groove causing strand breaks via the formation 

of a reactive diradical species. Preclinical evaluation of calicheamicin ƴ1
I reported potent 

picomolar activity however, poor selectivity and subsequently poor therapeutic index shifted 

attention to development as ADC payloads. Two approved ADCs (Gemtuzumab ozogamicin 

and Inotuzumab ozogamicin) employ calicheamicin derivatives (56), however, there is 

relatively little use of these payloads in the development of new ADCs, presumably due to their 

complicated and expensive synthesis.  

 

Figure 9. Structure of calicheamicin. 

1.4.4 Topoisomerase I inhibitors 

Camptothecin analogue topoisomerase I (Top I) inhibitors Dxd and SN-38 (Figure 10) are 

employed in the approved ADCs trastuzumab deruxtecan and sacituzumab govitecan 

respectively (35,36). During DNA replication, Top I binds and cleaves DNA forming a Top I-

DNA complex (57), this allows rotation of the cleaved strand around the helix, preventing DNA 

supercoiling. Top I then re-ligates the broken strand reforming the double helix. Top I 

inhibitors such as Dxd and SN-38 bind the TopI-DNA complex, preventing strand re-ligation 

and initiating apoptotic cell death. While less potent than other ADC payloads (44,45) (SN-38 

IC50 = 1-6 nM, Dxd IC50 = 0.1 nM, Figure 6), these payloads are considerably less hydrophobic 

allowing more drug-linker moieties to be loaded onto each antibody without causing 

aggregation. Both trastuzumab deruxtecan and sacituzumab govitecan achieve DAR >7, 

significantly greater than the average of 3-4 for other approved ADCs (Figure 4). 
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Figure 10. Structures of Top1 inhibitors Dxd (left) and SN-38 (right) employed in trastuzumab 

deruxtecan and sacituzumab govitecan respectively. 

1.4.5 Pyrrolobenzodiazepine dimers 

Pyrrolobenzodiazpine (PBD) dimers are potent DNA alkylators based on the naturally 

occurring anthramycin PBD monomers (Figure 11) (58). These PBD dimers bind guanine 

residues in the DNA minor groove to form inter- or intra-strand cross-links, halting DNA 

replication and initiating apoptosis. These dimers are attractive for several reasons. They are 

synthetically straightforward, offer a novel mechanism of action compared to other ADC 

payloads, and are among the most potent cytotoxins available for ADCs achieving picomolar 

IC50 in vitro (48). As a result, PBD dimers have recently found extensive use in ADC 

development, reaching clinical approval in 2021 with loncastuximab tesirine (18,59,60). 

 

Figure 11. PBD dimer SG3199 employed by loncastuximab tesirine. 

1.4.6 Duocarmycins 

Duocarmycins (Figure 12) are a class of potent DNA alkylators that bind adenine residues, 

causing double-strand DNA breaks and inducing apoptosis in both replicating and non-

replicating cells (61). In clinical investigation of various duocarmycins as single agents, all 

caused severe adverse effects and failed to establish a therapeutic index (62,63). While not 

suitably selective for systemic therapy, their novel mechanism of action, potent picomolar 

cytotoxicity in preclinical studies, and potential to be turned into symmetrical dimers make 

them attractive payloads for ADCs (47,64). Similar to PBDs duocarmycin dimers achieve high-
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femtomolar single agent cytotoxicity in vitro (Figure 6). However, duocarmycins have 

received less attention due to the success of the mechanistically related PBDs (Section 1.4.3). 

Recently, the investigational ADC [vic-]trastuzumab duocarmazine (SYD985) comprised of 

the trastuzumab, cleavable linker, and a duocarmycin payload was approved for fast-track 

designation by the FDA and is currently in advanced clinical trials (65–67). Interestingly, 

SYD985 is effective against breast cancers which have developed resistance to the anti-HER2 

trastuzumab emtansine (66) and unlike trastuzumab emtansine, is able to induce a bystander 

effect. ADCs carrying duocarmycin dimer payloads have also been explored and have so far 

reported promising preclinical results in vivo (47,64).  

 

Figure 12. Structure of duocarmycin payload of SYD985. R = conjugation site, payload released as a 

phenol (R= H). 

1.4.7 Duocarmycin-PBD heterodimers 

Given the success of symmetrical PBD dimers, and the potential for duocarmycin dimers, 

duocarmycin-PBD heterodimers have also been explored (61,68). These heterodimers form 

cross-links between adenine and guanine residues in a sequence specific manner at 5’-Cys-

Ala-Ala-Thr-Thr-Ala*-3’, the 5’-cysteine provides a complementary guanine for the PBD unit 

to bind and the 3’-adenine (*) is alkylated by the duocarmycin unit. These dimers are picomolar 

cytotoxins in human cancer cell lines in vitro (69). There is only one report of in vivo 

antitumour activity of these heterodimers. The heterodimer (Figure 13) produced a significant 

growth delay at its maximum tolerated dose (69). The lack of development of these payloads 

may be due to their more challenging synthesis versus symmetrical dimers. More examples of 

the class and insight into their in vivo antitumour activity and safety profile are required to 

clarify if this class offers an advantage over their symmetrical counterparts.  
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Figure 13. Structure of a duocarmycin-PBD dimer. 

1.4.8 Non-cancer drugs  

The potential of ADCs extends beyond their use as cancer therapies. Indeed, the development 

of ADCs targeting other indications has already begun. ADCs DSTA4637A and ABBV-3373 

are in clinical trials carrying small molecule payloads that treat Staphylococcus aureus 

infection and rheumatoid arthritis, respectively (70,71). As the development of ADCs targeting 

non-cancer indications grows, so too will the range of payloads.  

1.5 Linkers 

The linker is a crucial component of ADCs. The nature of the linker is central to the safety, 

efficacy, and composition of ADCs (30,72). Linkers have two essential functions, attachment 

to the mAb, and attachment to the payload. The linker-mAb attachment defines the composition 

of ADCs and the number of species present in a dose. The drug-linker attachment defines the 

nature of the active payload and the timing of its release (30). Development of ADC linkers 

has focused on producing ADCs with homogenous DAR, high stability in plasma and which 

release an effective payload following target identification. Additionally, development has 

aimed to actively introduce groups to reduce the hydrophobic character of the ADC, allowing 

higher DARs to be achieved without modification to established payloads (30).  

1.5.1 Homogeneity in bioconjugation 

As discussed in Section 1.3.2.4, the DAR significantly influences both efficacy and 

pharmacokinetics of ADCs. The attachment site for each drug-linker to the mAb is just as 

significant, with preference for a site distal to the CDR so as not to affect antibody binding 

(Figure 14) (73). Additionally, the attachment site influences linker stability and thus should 

be taken into consideration. Ideally, each individual ADC in a batch would have homogenous 

DAR and attachment sites (73–75). ADCs varied attachment sites have different physical 
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properties, pharmacokinetics, and pharmacodynamics, and heterogenous DAR further 

increases the variability between heterogenous species. For example, DAR populations 

containing unconjugated antibodies (DAR = 0) suffer from competition between these 

antibodies and higher DAR ADCs for the limited number of target antigens. At the same time, 

species at the other end of the DAR distribution may present significantly different 

pharmacokinetics. Importantly, high DAR is only a liability for hydrophobic drug-linkers as 

illustrated by the success of the less hydrophobic trastuzumab deruxtecan and sacituzumab 

govitecan, each achieving DARs >7 (35,45,76). These less hydrophobic ADCs can achieve 

higher DARs without causing antibody aggregation or clearance. 

 

Figure 14. Effects of DAR, attachment site and homogeneity on the characteristics of ADCs. 
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1.5.2 Conjugation Methods 

1.5.2.1 Naturally occurring amino acids 

Drug-linkers are conjugated to antibodies through reaction with amino acid side chains (Figure 

15) (75). There are approximately thirty accessible lysine residues on IgG antibodies for 

conjugation. When targeting these amino acids, the average DAR of a batch can be controlled 

by stoichiometry and reaction conditions; however, controlling the conjugation site is 

impossible. This results in a distribution of DARs and conjugation sites within a batch. A study 

using the common conjugation motif, N-hydroxysuccinimide (NHS)-ester, yielded an ADC 

mixture containing around 4.5 million different species with DARs ranging from 0-6 (77). 

Gemtuzumab ozogamicin, ado-trastuzumab emtansine and inotuzumab ozogamicin all employ 

lysine bioconjugation methods and are administered as heterogeneous mixtures. Highlighting 

this characteristic, gemtuzumab ozogamicin consists of a remarkable 50% unconjugated mAb 

with the remaining 50% averaging a DAR of 6 to afford an overall average DAR of ~3 despite 

almost no species being found at this DAR (13).  

 

Figure 15. Conjugation by a. the reaction of NHS-ester reagent with Lysine residues and b. the reaction 

of maleimide reagents with cysteine residues.  

 

Cysteine residues offer a more attractive target for bioconjugation due to their lower natural 

abundance and unique nucleophilicity among amino acids. The reduction of four interchain 

disulfide bonds on IgG antibodies unmasks eight cysteine residues as reactive thiol species 

while retaining the antibody’s quaternary structure (78). Reaction with soft electrophiles 

affords a means of selective bioconjugation at these eight sites. However, conjugation of all 

cysteines would result in a DAR of 8 being too high with many hydrophobic drug-linkers. In 

this system, DAR is still controlled through stoichiometric bioconjugation chemistry, whereby 

the quantity of reductants and drug-linker are used to afford a heterogenous mixture with a 

controlled average DAR. This method produces ADCs with average DARs of 2-4, although as 

fewer conjugation sites are available (relative to lysine) a less heterogeneous mixture is 
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produced (75). Cysteine conjugation is typically mediated via a 1,4-conjugate addition to N-

substituted maleimides. Maleimides are especially attractive reagents due to their synthetic 

accessibility and mild conjugation conditions. Indeed, most approved and developmental 

ADCs employ maleimide conjugation chemistry (Figure 4). A disadvantage of this technique 

is that the resulting thiosuccinimide conjugates are liable to a retro-Michael addition in solution 

to release the payload-linker prematurely (Figure 16.a) (79).  

 

Figure 16. Illustration of, and a strategies to overcome maleimide linker liabilities a. Thiosuccinimide 

linker retro-Michael addition releases the ADC payload. b. self-hydrolysing maleimide linkers form of 

a product highly stable to payload release, as promoted by nearby amine, PEG or N-aryl functional 

groups (Blue). 

 

This instability can be mitigated by post-conjugation hydrolysis of the thiosuccinimide ring to 

form a more stable linker (Figure 16). A series of rapidly self-hydrolysing maleimides utilising 

amine, PEG and N-aryl functional groups have been described (79–81). Disulfide re-bridging 

offers a more controlled approach to cysteine conjugation (Figure 17). Here interchain 

disulfide cleavage is followed by reaction with specially designed linkers that participate in 

new interchain covalent bonds. This method yields highly homogenous products with DARs 

up to 4 and retains interchain bonds, useful in developing homogeneous ADCs at appropriate 
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moderate DARs. Several cysteine rebridging agents have been developed, including bis-

sulfones, dibromomaleimides, divinylpyrimidines, and pyridazinediones (82–85). 

 

Figure 17. Use of disulfide rebridging using bis-reactive rebridiging reagents. a. Illustration of disulfide 

rebridging. b. Use of dis-reactive dibromomaleimide rebridging agent. The reduction of disulfide bonds 

is followed by reaction with dibromomaleimide re-joining the strands via a maleimide linker.   

1.5.2.2 Engineered antibodies 

Rather than rely on naturally occurring amino acids, reactive residues can be engineered into 

the primary structure of the antibody, thereby providing specific functionalities for conjugation. 

This strategy improves versatility and selectivity over natural antibodies; however, it is more 

expensive and potentially immunogenic (86). The most prevalent method used in producing 

engineered antibodies is THIOMABTM, in which cystine residues are installed at desired points 

by site-directed mutagenesis (87). These engineered cysteines can be selectively cleaved to 

allow conjugation while leaving interchain disulfide bonds intact. Maleimide retro-Michael 

reaction instability is largely governed by solvent accessibility and may be limited by 

conjugation at sterically hindered sites (79,88). ADCs with >90% homogeneity have been 

produced with this method, retaining efficacy with decreased toxicity compared to ADCs 

produced with natural antibodies. Almost all THIOMABTM ADCs are produced with a 

moderate DAR of 2, however, a DAR of 4 has been achieved (89). Non-canonical amino acids 

with bioorthogonal reactive handles can also be engineered into proteins (75,86). For example, 

azide containing amino acids have been introduced, allowing site-selective payload attachment 
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via azide-alkyne click reactions. Although these approaches offer unrivalled selectivity and 

versatility, the expression yields tend to be lower than natural proteins and bear an increased 

immunogenic risk.  

1.5.3 Drug-linker attachment 

Drug-linker attachment is a crucial component of ADCs. The properties of the drug-linker 

define the nature of the active species and the timing of its release (30). Consequently, 

significant effort has been placed into developing a variety of linkers aiming for the 

“Goldilocks zone” of plasma stability and selective release at the target. Three major classes 

of linkers exist, non-cleavable, chemically cleavable, and enzyme-cleavable linkers. 

1.5.3.1 Non-cleavable linkers 

Non-cleavable linkers, as their name implies, contain no trigger to release the payload. Instead, 

following antibody degradation in the lysosome, the payload is released with the linker and a 

charged amino acid still bound (90). This strategy benefits from potentially improved plasma 

stability over cleavable linkers and reduced efflux through multidrug-resistance transporters 

due to the hydrophilic charged appendage, however, it is dependent on payload efficacy not 

being hindered by the residual linker. Furthermore, these payloads can typically only affect 

antigen-positive cells as the charged species prevent passive diffusion (bystander effect).  

 

Figure 18. Noncleavable SMCC and mc linkers are released with an additional charged Lys or Cys 

appendage respectively following enzymatic degradation of the mAb within lysosomes. 
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There are two commonly used non-cleavable linkers, succinimidyl-4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (SMCC) and maleimidocaproyl (mc), used with DM1 and MMAF 

payloads, respectively. Degradation of the ADC releases these drug-linkers with either charged 

cysteine (mc) or lysine (SMCC) appendages (Figure 18). Ado-trastuzumab emtansine is 

comprised of a SMCC-DM1 drug-linker that, despite the additional attachment, retains 

excellent intracellular cytotoxicity comparable to free DM1 (91). However, the drug-linker 

payload cannot elicit a bystander effect by diffusing into neighbouring cells (92). The sulfo-

SMCC-MMAF drug-linker, employing and additional sulfate monoester to reduce 

hydrophobicity has achieved approval with belantamab mafodotin, however, this ADC was 

recently removed from the market due to a lack of efficacy (17,21,22).  

1.5.3.2 Cleavable linkers  

Cleavable linkers exploit specific conditions to trigger payload release at the target cell. 

Typically these conditions are met in lysosomes following endocytosis due to the uniquely low 

pH or high concentration of hydrolytic enzymes (30). Alternatively, cleavable linkers may be 

susceptible to extracellular conditions in the tumour-microenvironment or exogenous stimuli, 

thereby avoiding antibody internalisation requirements. Importantly, cleavage from these 

linkers does not leave residual charged moieties, instead yielding the unmodified payload. 

Being released unmodified allows suitable payloads to elicit a bystander effect, potentially 

benefiting activity against heterogenous tumours. The effectiveness of these strategies is 

reflected in their predominance among approved ADCs and those in clinical development (30).  

1.5.3.3 Acid cleavable linkers 

Acid cleavable linkers aim to exploit the acidity of lysosomes (pH 4.5-5) to trigger payload 

release while remaining stable in circulation at pH 7.4. Gemtuzumab ozogamicin and 

inotuzumab ozogamicin contain the same acid cleavable “ozogamicin” drug-linker. This drug-

linker contains an acid sensitive N-acyl hydrazone linkage, which undergoes hydrolysis to 

release a hydrazide-payload and a ketone (Figure 19.b) (93). Analysis of Inotuzumab 

ozogamicin stability in vivo revealed hydrolysis in circulation occurs at a rate of only 1.5-2% 

a day (94), whereas other hydrazone containing linkers have demonstrated significant 

discrepancies between buffer and plasma stability (95). The tumour microenvironment is also 

slightly acidic (pH 6), providing an opportunity for extracellular drug release at the target site 

(96). Indeed, an ADC comprised of non-internalising mAb rituximab and an ozogamicin drug-



Introduction 

linker was more efficacious than unconjugated mAb ,yet ineffective when replaced with a non-

cleavable linker (97). 

 

Figure 19. a. Hydrazone containing “ozogamicin” drug-linker delivers a N-acyl calicheamicin payload. 

b. Hydrolysis of the N-acyl hydrazone occurs at acidic pH. 

Alternatively, acid-sensitive carbonates have been explored as cleavable motifs. Simple alkyl-

carbonates are too unstable for use, however, introducing a para-amino benzyl (PAB)-spacer 

(Figure 20) improves ADC serum stability (98). The recently approved ADC sacituzumab 

govitecan employs this more stable carbonate linker (36). 

 

Figure 20. Acid-cleavable para-aminobenzyl carbonate employed in sacituzumab govitecan. 

Despite their clinical success, acid cleavable linkers have fallen out of favour in ADC 

development. The requirement for selectively between pH 5 and 7.4 is inherently difficult, and 

development now focuses on other approaches with superior tumour selectivity (30). 

1.5.3.4 Reducible disulfides 

Disulfides are the most prominent class of chemically cleavable ADC linkers. Disulfide bonds 

are stable to hydrolysis at pH 7.4 but are susceptible to nucleophilic attack by thiols (Figure 

21) (30,99). Disulfide-containing linkers exploit the high intracellular glutathione (GSH) 

concentrations (1-10 mM) compared to the limited availability of GSH or other thiols in plasma 

(<1% of whole blood GSH found in plasma) to achieve selective release following 

internalisation (100). Furthermore, cancer cells often express elevated GSH levels to cope with 

increased oxidative stress, potentially offering additional tumour selectivity (101).  
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Figure 21. Reduction of disulfide linkers by glutathione (represented as GSH). Increasing the steric 

bulk around the disulfide (R1-4) increases circulatory stability but decreases release efficiency. The 

optimal composition of R1-4 varies for specific ADCs in vivo. 

1.5.3.5 Extracellular disulfide reduction 

Reducible disulfide linkers have been applied to non-internalising ADCs combining tumour 

vascular targeting mAbs with "linker-less" disulfide technology (102,103). Payload release is 

triggered by high concentrations of reductants released by dying cells into the extracellular 

space and the often-hypoxic microenvironment associated with tumours. This way, initial cell 

death causes a chain reaction, increasing the concentration of reductants in the extracellular 

tumour microenvironment, triggering further payload release. Non-internalising ADCs of this 

type have not yet attained clinical approval.  

1.5.3.6 Cleavage by exogenous stimuli  

Rather than rely on an innate physical or biological liability of the linker, cleavage can be 

triggered by exogenous stimuli administered after the ADC. As this strategy is not dependent 

on factors intrinsic to individual patients, it has the potential to decrease interpatient variations 

in payload release. However, this strategy requires co-administration of an additional 

component to act as a trigger, complicating therapy. An example of this approach is an alkynyl 

thioether-containing ADC linker which releases an amine-linked payload upon exposure to 

Pd0. While effective and selective in vitro, appropriate Pd complexes are not yet available for 

systemic therapy (104). Photocleavable linkers do not require an additional reagent. Instead, 

light is applied to the target site to trigger payload release. Photosensitive protecting groups 

such as o-nitrobenzyl groups and their derivatives are commonly used in chemical and 

biological research and have been investigated as potential ADC linkers (105,106). An example 

of this is a 4,5-dimethoxy-2-nitrobenzyl (DMNB) linker that following irradiation by light at 

360 nm forms a highly active diradical species triggering payload release (Figure 22) (106).  
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Figure 22. UV-cleavable DMNB linker. Following irradiation by light at 365 nm, the linker undergoes 

a self-immolation to release an MMAE payload, a ketone and CO2. 

These linkers have been applied to ADCs, affording promising stability, binding capacity, and 

selectivity in vitro (106). Payload release was effectively triggered by irradiation with light at 

365 nm, while the unirradiated drug-linker was 7-fold less cytotoxic and poorly cell permeable, 

providing an added benefit by limiting off-target toxicity due to non-specific uptake. In cell 

growth assays these ADCs were 100-fold more cytotoxic against antigen positive than antigen 

negative cells. However, the use of UVA irradiation (λ=315-400 nm) at high dosage does cause 

toxicity, while lower wavelength UV blue light poorly penetrates through skin/tissue 

preventing exposure deep within the tumour area. Further in vivo development is required to 

progress these treatments (106). As an alternative for photoactivation, infrared (IR) light is less 

toxic and penetrates deeper into tissues. Linkers based on heptamethine cyanine dyes (HMCDs) 

have been applied to ADCs carrying duocarmycin payloads (107). Cyanine-based linkers 

undergo a two-step cleavage following exposure to IR light (Figure 23). The use of HMCDs 

has two additional advantages: HMCDs accumulate in tumours, a property that has been 

investigated as a standalone delivery vehicle for cancer drugs (108), and HMCDs fluoresce at 

a near IR wavelength (690 nm), which could allow ADCs with these linkers to be monitored 

in vivo. A key downside of HMCD linkers is a significantly more complex synthesis versus 

their o-nitrobenzyl counterparts. Development of photocleavable linkers for ADCs is ongoing.  
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Figure 23. IR-cleavable HMCD linker. Exposure to light at 780 nm causes photooxidation cleaving the 

cyanine via dioxetane intermediates, and a following cyclisation hydrolyses the linker carbamate to 

release an alcohol payload. 

1.5.3.7 Enzyme cleavable linkers 

Enzyme-cleavable linkers comprise the most widely used group of ADC linkers (30). This 

linker class aims to exploit the high concentrations of unique hydrolysing enzymes found 

within lysosomes or hydrolases in the extracellular tumour microenvironment to trigger 

selective payload release. The general lack of metabolising enzymes in circulation and the 

diverse range of potential functional groups available to enzyme cleavable linkers make them 

attractive options in ADC development. Unlike established non-cleavable and chemically 

cleavable linkers, enzyme cleavable linkers have achieved “traceless release”, in which 

payloads are released without residual chemical matter from the linker.  

1.5.4 Enzyme cleavable linkers 

1.5.4.1 Cathepsin-cleavable 

Cathepsin-cleavable linkers are the most prevalent linkers in ADCs reaching clinical 

development, including the approved ADCs brentuximab vedotin, polatuzumab vedotin-piiq, 

enfortumab-vedotin-ejfv and trastuzumab deruxtecan. There are eleven members in the 

cysteine-cathepsin family of proteolytic lysosomal enzymes, with cathepsin B (CatB) being the 

most highly expressed, presenting a particularly attractive target for enzyme cleavable linkers 

(109,110). Proteolysis is an important process in cell signalling pathways, such as activation 

of growth factors and is required for both angiogenesis and tumour invasion into surrounding 

tissues. Unsurprisingly cathepsins are implicated in cancer progression and metastasis, and 

CatB is often found overexpressed in tumours, particularly in advanced or metastatic solid 

tumours (111,112). The increased expression among advanced tumours potentially provides 
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additional tumour selectivity to these ADC therapies (110,111). Although CatB is the primary 

target, evidence suggests the linkers are substrates across various cathepsin family members 

(113–115). Indeed gene suppression of CatB-expression does not affect payload release in vitro 

(114). Therefore, these linkers are not CatB specific and are more accurately labelled 

"cathepsin cleavable".  

The first cathepsin cleavable linkers developed were valine-citrulline (Val-Cit) and 

phenylalanine-lysine (Phe–Lys) dipeptides separated from the payload by a self immolative 

para-aminobenzyl carbamate (PABC) spacer (Figure 24) (116–118). Following enzymolysis, 

a 1,6-elimination releases CO2, aza-quinone methide and the free unmodified payload (Figure 

25). Development of these linkers is complicated by long term instability in mouse plasma (t1/2 

= 12.5 h) due to a susceptibility to cleavage by rodent carboxylesterase 1C (Ces1C). The 

instability of Val-Cit-PABC linkers in rodent plasma presents a major problem in drug 

development by complicating accurate modelling of the safety and efficacy of Val-Cit-

containing ADCs in vivo. Regardless, high in vivo activity, therapeutic index and impressive 

human plasma stability have led to the Val-Cit-PABC linker being employed across a broad 

range of payloads and antibodies. Seattle Genetics’ Val-Cit-PABC-MMAE drug-linker, under 

the name “vedotin”, is present in four approved ADCs: Brentuxumab vedotin, Polatuzumab 

vedotin-piiq, Enfortumab-veedotin-ejfv and tisotumab vedotin-tftv (14,19,30,119,120). Val-

Cit dipeptide linkers are highly hydrophobic, resulting in ADCs employing the hydrophobic 

vedotin drug-linkers being limited to DAR of around 4. 

 

Figure 24. Structure and mechanism of cleavage of dipeptide (Val-Cit) cleavable linkers. Proteolysis 

releases a self-immolative para-aminobenzyl carbamate which undergoes a 1,6-elimination to release 

the payload. 
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The clinically approved ADC trastuzumab deruxtecan utilises a glycine (Gly), Gly-Gly-Phe-

Gly linker cleaved by most cathepsin family members (121). Importantly, trastuzumab 

deruxtecan is able to achieve a maximal DAR of 8 without significant aggregation due to the 

reduced hydrophobic nature of the drug-linker (122). However, CatB and cathepsin H (CatH) 

primarily cleave the sequence incorrectly, leaving a Gly appendage on the payload the resulting 

modified payload is 20-190 times less potent than the free payload.  

1.5.4.1.1 Other Cathepsin cleavable linkers 

Val-Alanine(Ala)-PABC dipeptide linkers have emerged as an effective, less hydrophobic 

alternative to their Val-Cit counterparts (123–125). For this reason, Val-Ala-PABC linkers are 

often employed alongside PBD-dimer payloads due to the exceptionally high hydrophobicity 

of these payloads. Val-Ala linkers have substantially slower CatB cleavage rates compared to 

their Val-Cit analogues. The Val-Ala motif also has a Ces1C liability in mouse plasma (126). 

More recently, CatB selective linkers have been reported (127). Given CatB's implications in 

cancer metastasis, an ADC whose release mechanism depends entirely on CatB may have 

enhanced selectivity against cancers with increased CatB expression.  

Non-internalising Val-Cit ADCs have also been explored as cathepsins have been found in the 

secretomes of a range of cancers (128). Impressively, non-internalising ADCs with Val-Cit-

PABC linkers were efficacious in vivo against two xenograft models. Later reports found Val-

Ala-PABC linkers imparted the best antitumour efficacy of all the linkers considered (129). 

While evidence suggests that payloads are being released selectively in the tumour 

microenvironment, no evidence has yet been provided as to which enzymes are responsible. 

Without this knowledge, it is difficult to predict efficacy in primates (130). Given the 

pharmacogenetic complications of selectively targeting enzymes and the success of general 

cathepsin cleavable linkers, further development of CatB selective and other cathepsin-

cleavable strategies is unclear. Instead, the development of new strategies is focused on novel 

mechanisms of payload release. 

1.5.4.2 Glycosidase cleavable linkers 

1.5.4.2.1 β-glucuronidase-cleavable linkers 

β-glucuronidases are lysosomal enzymes that catalyse the hydrolysis of β-glucuronic acid 

residues in polysaccharides. As with cathepsins, β-glucuronidases are overexpressed and 

secreted in some tumours and have been the target of drug delivery therapies as early as 1998 
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(128,131). The use of β-glucuronidase as a release trigger for ADCs was first reported in 2006, 

with a benzyl spacer bearing an additional carboxamide substituent for bioconjugation (132). 

Following metabolism by β-glucuronidase, the benzyl spacer undergoes a self-immolative 1,6-

elimination to release an amine payload (Figure 25.a). Benefiting from improved 

hydrophilicity over other linkers, this motif has been employed with a wide range of 

hydrophobic payloads to achieve high DARs without significant antibody aggregation (30). 

Furthermore, this linker has illustrated outstanding stability in rodent and primate blood, with 

an extrapolated half-life of 81 days in rat plasma (132). ADCs employing these linkers have 

typically been as efficacious as Val-Cit-PABC analogues and have been shown to be equally 

capable of eradicating heterogeneous tumours (31,133). 

 

Figure 25. Structure and mechanism of release of examples of a. β-glucuronidase and b. β-galactosidase 

cleavable linkers. 

1.5.4.2.2  β-galactosidase-cleavable linkers 

β-galactosidase (β-gal) prodrugs have been described in other targeted cancer therapies 

including as linkers in ligand directed prodrug monotherapy. More recently, this β-

galactosidase prodrug strategy has been applied to linkers for ADCs (Figure 25.b) (134,135). 

These linkers achieved higher efficacy in linking trastuzumab and MMAE than a Val-Cit-

PABC analogue. Further, this drug-linker combination illustrated superior efficacy against 

HER2+ mammary tumours in mice than the clinically approved trastuzumab emtansine.  
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1.5.4.3 Phosphatase-cleavable linkers  

Pyrophosphatase and acid phosphatase are lysosomal enzymes capable of hydrolysing 

pyrophosphates and terminal monophosphates respectively. Targeting these enzymes for drug 

release offers two advantages over cathepsins: the substrates are naturally hydrophilic, and the 

payloads are able to be released as either alcohols or amines, broadening the scope of potential 

payloads (30). The initial use of phosphatases employed terminal phosphates as leaving groups 

for known Val-Cit-PAB linkers (136). The improved hydrophilicity allowed for conjugation to 

lipophilic glucocorticoids to produce potent and selective ADCs. The proteolysis of the Val-

Cit group and immolation of the PAB spacer release the payload monophosphate, which is 

rapidly hydrolysed by acid phosphatases to reveal the glucocorticoid drug (Figure 26.a). 

Although potent and selective, the plasma stability of the linker is modest (half-life = ~6 h), 

and in vivo data has yet to be reported.  

 

 

Figure 26. Structure and mechanism of release of dual enzyme Cathepsin/phosphatase and 

Pyrophosphatase/phosphatase cleavable linkers. 

More recently, simple pyrophosphate containing linkers have been reported that release alcohol 

payloads (137). Here lysosomal pyrophosphatase first cleaves the phosphate-diester revealing 

the payload monophosphate. The phosphate is then cleaved by acid-phosphatase followed by 

hydrolysis of the resulting acetal to release formaldehyde and the free payload (Figure 26.b). 

Crucially these drug-linkers were soluble in water above 5 mg/mL, facilitating conjugation to 

lipophilic glucocorticoids in aqueous media, where other linker technologies have failed.  



Introduction 

1.6 Sulfatase-cleavable linkers 

Recently Bargh et al. reported the development of novel sulfatase-cleavable linkers (138). 

These linkers illustrate several attractive properties for application to ADCs.  

Sulfatases are hydrolytic enzymes responsible for the hydrolysis of sulfate monoesters and 

sulfamates to alcohols and amines respectfully (see Section 1.7) (Scheme 1) (139).  

 

Scheme 1. Sulfatase hydrolysis of sulfate monoesters (X= O) and sulfamates (X = NH). 

Sulfatases are attractive targets for enzyme-cleavable linkers as their activity is almost absent 

in circulation and highest within lysosomes. Further, sulfatases are reportedly over expressed 

in several cancer cell lines (140), potentially improving the tumour selectivity of sulfatase-

dependent ADCs. Sulfate monoesters are a highly polar functional group which exist as anions 

at physiological pH. The inclusion of this charged group improves the aqueous solubility of 

drug-linkers aiding conjugation and minimising antibody aggregation (138,141). 

Simple para-sulfooxy benzyl carbamate “arylsulfatase-cleavable” linkers release amine 

payloads following sulfate-hydrolysis and subsequent 1,6-elimination (Figure 27.a). These 

linkers take advantage of sulfatases substrate tolerance for small synthetic aryl sulfate esters. 

Indeed, all eight lysosomal sulfatases illustrate some degree of activity against arylsulfates, 

four of which are described by the generic name “arylsulfatase”, reflecting their high activity 

against small arylsulfates monoesters (139,142). Arylsulfatase activity is highest within 

lysosomes. Ultimately this provides significant enzymatic redundancy for these “arylsulfates-

cleavable” linkers. An initial report indicates these linkers are stable in both human and rodent 

plasma and efficiently released their payload in the presence of snail and human arylsulfatases. 

When the arylsulfatase-cleavable linkers were incorporated into ADCs, they produced 

effective conjugates which killed antigen positive cancer cells with similar efficacy to Val-Cit-

PABC analogues and were inactive against antigen-negative cell lines (138). In this report by 

Bargh et al, (138) only three linker analogues were prepared, two with differing sites of 

antibody conjugation (Figure 27.b-c) and a third with an additional electron-withdrawing nitro 

group that produced the most efficacious ADC in cell assays (Figure 27.d). The improved 
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efficacy observed with the third linker analogue could be due to an increased rate of sulfate 

hydrolysis and payload release caused by the electron withdrawing effect of the nitro group; 

however, this nitro analogue was not investigated in enzyme assays. Therefore, what factors 

make the inclusion of the nitro substituent favourable remains unclear and could be linked to 

other aspects of ADC pharmacology. Interestingly sulfatases are found across all domains of 

life with a remarkably conserved active site and common arylsulfatase activity (Section 1.7) 

(139,143). Therefore, arylsulfatase-cleavable linkers have the potential to be applied to ADCs 

across indications outside of cancer such as against infectious bacteria. 

 

Figure 27. a. Structure and mechanism of release of para-sulfooxy-benzyl carbamate sulfatase 

cleavable linkers. b-d. Arylsulfatase-cleavable linker structures investigated by Bargh et al, (138). 

A follow-up publication from this same group reported the development of sulfatase β-

galactosidase dual enzyme cleavable linkers (141). These linkers mimic the natural metabolic 

pathway of sulfatide, the natural substrate of human arylsulfatase A (ARSA). First, the sulfate 

ester is hydrolysed by ARSA followed by cleavage by β-gal and subsequent 1,6-elimination 

mediated release of the payload (Figure 28). These linkers were stable in plasma and readily 
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cleaved in the presence of both enzymes in vitro. The addition of the anionic sulfate monoester 

improved aqueous solubility over analogous β-gal cleavable linkers lacking this functionality. 

When these linkers were applied to ADCs, the resulting conjugates were found to be as 

cytotoxic as arylsulfatase cleavable- and dipeptide-linked analogues at equal DAR implying 

similar efficiency of payload release between strategies, although no rate of release 

experiments to compare the linkers and other factors may be influencing efficacy.  

 

Figure 28. Structure and mechanism of release of dual enzyme cleavable sulfatase/β-galactosidase 

cleavable linkers.  

The ARSA/β-gal ADCs benefit from the hydrophilic character provided by both the anionic 

sulfate monoester and pyranose functionalities and additional lysosomal targeting by relying 

on two lysosomal enzymes. However, this approach comes at the expense of the enzymatic 

redundancy of its arylsulfatase-cleavable counterpart. Further development of these strategies, 

including higher DAR ADCs and in vivo data, is required before conclusions can be drawn on 

either strategy. The use of prodrug strategies to improve hydrophilicity is well established in 

drug development, however, prior attempts to develop small molecule sulfatase prodrugs were 

unsuccessful (144,145). Sulfate prodrugs of phenytoin were stable in plasma and readily 

converted to the active species in the presence of sulfatases, although, no activity was achieved 

in vivo. Blood samples from rats found no conversion to the active species. Instead, the sulfate 

prodrug was rapidly cleared from circulation achieving a half-life of only 34 minutes, leading 

to the strategy being abandoned. Alternatively, sulfatases have been explored for antibody 

directed enzyme prodrug (ADEPT) strategies (146). Here antibody bound sulfatases were used 

to selectively activate circulating sulfate prodrugs in the extracellular tumour environment. 

Although preliminary studies reported that the sulfate prodrugs were activated in the target 

environment the strategy was not pursued further, likely due to rapid clearance of the sulfate 

prodrug. Charged species like anionic sulfates have poor cell permeability stranding the 

prodrugs in circulation away from sulfatase activity and tagging them for renal elimination. 

Indeed, sulfation is a physiological mechanism for clearing exogenous compounds such as 
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xenobiotics (147). However, these traits provide an excellent opportunity for application to 

ADCs. ADCs are not cleared renally due to the size of the mAb limiting this liability while 

intact, therefore, any sulfate-drug-linker released in circulation would be rapidly cleared 

limiting the risk of instability related toxicity.  

1.7 Sulfatases 

Sulfatases are a family of hydrolytic housekeeping enzymes found across all domains of life 

that hydrolyse sulfate monoesters and sulfamates to alcohols and amines respectively (139). In 

humans, sulfatases play key roles in glycolipid metabolism, hormone regulation, and cell 

signalling. There are 17 known human sulfatases, eight of which are lysosomal (142). These 

enzymes are highly selective for their physiological substrates and have little functional 

redundancy; indeed, eight distinct disorders are caused by deficiencies in single sulfatases 

(148). The known human sulfatases all have alkyl sulfate and sulfamate substrates except 

arylsulfatase C (ARSC) which hydrolyses an aryl substrate (Figure 29) (139,149). Despite this, 

all sulfatases are active against small xenobiotic arylsulfates such as para-nitrocatechol sulfate 

(pNCS) and 4-methylumbelliferyl sulfate (MUFS) (139). In some cases, this activity was 

discovered in vitro prior to the identification of the enzyme's physiological substrates, and as a 

consequence, many sulfatases carry the generic name “arylsulfatase” (ARS). The degree of 

arylsulfatase-activity across the family is quite varied, and some sulfatases such as idurinate-2 

sulfatase (IdoA2S) and glucosamine-6-sulfatase (GalN6S) have only negligible activity 

towards aryl substrates earning the moniker non-arylsulfatases. Indeed, ARSA and 

arylsulfatases (ARSB) mediate a 4000-fold and 3000-fold higher turnover of MUFS than the 

non-arylsulfatase GalN6S (150). To date interest in sulfatases has been primarily driven by 

their roles in various physiological conditions, including lysosomal storage diseases and 

hormone dependent cancers (148).  
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Figure 29. Known human sulfatase substrates. The substrates target sulfate are highlighted in red, 

lysosomal sulfatases are listed in blue; non-lysosomal sulfatases are listed in purple. a. physiological 

substrates. b. Synthetic arylsulfate monoester probes. R is varied between substrates. 

1.7.1 Structure 

To date, the structures of six human sulfatases have been solved by X-ray crystallography 

ARSA (151), ARSB (152), ARSC (149), IdoA2S (153), GalN6S (154), and SGSH (155) 

(Figure 31). All share significant sequence and three-dimensional structural similarities. Each 

sulfatase is a globular enzyme of mixed αβ topology comprised of a conserved N-terminal 

domain and a more varied C-terminal “substrate specific” domain. The N-terminal domain 

comprises several α-helices surrounding a larger mixed β-sheet (Figure 30). The active site 

cavity is found at the C-terminal end of the large β-sheet. The β-sheet comprises ten strands for 
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most family members yet is shortened to seven and eight strands in IdoA6S and SGSH 

respectively. The C-terminal is comprised of a four stranded antiparallel β-sheet packed against 

a long α-helix. Some sulfatases also present a “meander” motif that helps define the active sites 

of ARSA, B, and GlaN6S but is absent in other family members. The C-terminal domain has 

higher structural diversity between sulfatases and presumably plays the most significant role 

in substrate discrimination between these selective enzymes. A stretch of high sequence 

similarity between the C-terminal domain of human GlcN6S and GlcNAc transferase from 

Arabidopsis thaliana supports this, suggesting this homologous region is responsible for 

substrate recognition of their shared substrate GlcNAc (156).  

 

Figure 30. Cartoon representation of human arylsulfatase A (PDB: 1AUK). The C-terminal domain is 

comprised of a long α-helix (yellow), an antiparallel β-sheet (green) and meander motif (cyan). The N-

terminal domain is comprised of α-helixes (red) and a large β-sheet (blue). The conserved active site 

residues are represented in orange; the metal cation is illustrated in purple.  
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1.7.2 Sulfatase active site 

The active site is highly conserved across the enzyme family and is found at the bottom of a 

narrow cleft lined with charged residues leading to a unique formylgylcine (FGly) residue 

(139,151,157). All sulfatases contain a 5’-C/S-X-P-S/X-R-X-X-X-L/X-T/X-G/X-R/X-3’ 

(Single letter amino acid codes where X is any amino acid) sequence motif. This motif is 

believed to direct the formation of this unique residue through post translational modification 

of the active site cystine by formylgylcine generating enzyme (FGE) (139,158). This 

modification is essential to sulfatase activity; inactivation of FGE results in the fatal global 

inactivation of all sulfatases found in multiple sulfatase deficiency (MSD) (159). Further, the 

core motif C/S-X-P-X-R is conserved across nature from eukaryotic to prokaryotic organisms 

suggesting a common mechanism of sulfate hydrolysis is conserved. A crystal structure of 

ARSA at resting state solved the FGly in a two-fold electron density pattern suggesting the 

FGly naturally exists as a formyl glycine hydrate (FGH) at resting state (discussed in Section 

1.7.3) (151). As well as the unique FGly several other key residues contribute towards substrate 

binding and hydrolysis (139). Ten interconnected polar residues and a divalent metal cation are 

conserved in the active site. In the case of ARSA, the importance of these residues was further 

established in a mutational scanning experiment (157). Their identity and proposed function 

are outlined in Table 1. 

Table 1. Identity and proposed function of conserved active site residues. 

Residue Function 

FGly Catalytic nucleophile (as FGH) 

Metal cation (Ca2+) Substrate binding/activation 

Stabilisation of FGH 

AsnA (Gln in ARSC) Metal co-ordination 

Activation of FGH 

AspA Metal co-ordination 

AspB Metal co-ordination  

AspC Metal co-ordination  

ArgA Metal co-ordination 

HisA Stabilization of FGH 

Elimination of enzyme-sulfate intermediate 

HisB Substrate binding/activation 

Alcohol protonation 

LysA Substrate binding/activation 

Stabilization of FGH 

LysB Substrate binding/activation 

Alcohol protonation 
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The residues AspA, AspB, AspC, and AsnA (Gln in ARSC) form the metal binding region. 

This region, alongside an oxygen from the FGH and an oxygen from the sulfate ester substrate 

coordinate to form a divalent metal cation. Initially, a study of ARSA’s crystal structure found 

the cation to be an octahedrally coordinated Mg2+, however, subsequent studies have instead 

found a hepta-coordinated Ca2+ (151,157,160). It is likely the initially observed Mg2+ cation 

was an artifact caused by the high concentration of Mg2+ used in the enzyme purification 

process displacing the native Ca2+ cation. Mutation of any residues in the metal binding region 

severely decreased substrate binding and activity (157). This underscores the importance of 

this region to catalysis, presumably by binding the substrate in the active site and priming it for 

nucleophilic attack. The charged LysA, LysB, HisB, and metal cation act to neutralise the 

anionic sulfate, withdraw electron density to create an electrophilic sulfur centre, and position 

the tetrahedral sulfate for nucleophilic attack by FGH (see below). The expression and 

geometry of these essential active site residues are tightly conserved across the family, 

suggesting a shared mechanism of sulfate hydrolysis. While the sequence and geometry of the 

key active site residues are tightly conserved, the overall size, shape, and electrostatics of the 

active site pockets are extensively varied across the family, reflecting their selectivity towards 

their physiological substrates. The active site pocket of IduA2S is relatively wide and shallow, 

compared to ARSA/B, shortened by the three fewer strands of IduA2S’s central β-sheet (153). 

While the active site of ARSA/B are both described as deep narrow clefts, the ASRB active 

site holds a higher positive charge than ARSA to accommodate its polyanionic substrate. 

Visual analysis of the active sites illustrates significant variation in the substrate binding 

pockets across the family (Figure 31), however, literature describing the pockets can be 

inconsistent. For example, the active site of ARSB is described as deep and narrow by 

Demydchuk et al., yet “flat and open” by Rivera-Colon et al. (153,154). Due to their rapid 

activity, no co-crystal structures of sulfatases binding their natural substrates have been solved, 

limiting the conclusions which can be drawn on substrate binding. Therefore, while proposals 

for sulfatase-substrate binding have been put forward, they await experimental confirmation.  
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Figure 31. Illustrations of the contiguous substrate binding pockets of human sulfatases generated using 

Pymol®. a. ARSA (1E2S) b. ARSA top view. c. ARSB (1FSU) d. ARSB top view e. ARSC (1P49) f. 

ARSC top view g. IduA2S h. SGSH i. GlcN6S.  
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1.7.3 Mechanism 

Initially, sulfatases were hypothesised to share an “addition-hydrolysis” mechanism (Scheme 

2) similar to that of alkaline phosphatases (APs) due to structural similarities between these 

enzyme families. APs are the only known non-sulfatase enzymes containing an active site 

FGly, and as with sulfatases, the formation of this FGly group is directed by a core C/S-X-P-R 

active site sequence (161).  

 

Scheme 2. Proposed Addition-Hydrolysis mechanism of sulfate hydrolysis. 

 

The elucidation of an FGH, not FGly at resting state, suggested an alternative mechanism in 

which FGH acts as a nucleophile, attacking the sulfate substrate to form an intermediate and 

release the alcohol product in an SN2 reaction (Scheme 3.b). The cleavage of the sulfate-

enzyme intermediate was more unclear. It was speculated to either progress through an E2 

elimination by deprotonation of the remaining FGH hydroxyl group by the conserved HisA 

(Scheme 3 c) or through an SN2 substitution at the sulfur by hydroxide/water (151,152). Mutant 

ARSA and ARSB carrying serine in the place of FGly were exposed to radiolabelled p-NCS 

containing a 35S atom to probe these proposed mechanisms (162). Both mutant enzymes could 

bind the substrates to form the sulfate-enzyme intermediate and release p-nitrocatechol. 

However, unlike wild-type enzymes, the Ser-mutants could not cleave the labelled sulfate-

enzyme intermediate. If the sulfate-enzyme intermediate was cleaved by an SN2-like attack by 

water, then the serine mutant would be expected to retain at least partial activity. Additionally, 

a study using chiral substrates found that the substrates are stereochemically inverted when 

metabolised by Aspergillus sulfatases suggesting the substrate passes through a single SN2 

transition state (163). Chiral substrates undergoing hydrolysis by an SN2-SN2 mechanism 

would have their stereochemistry retained. It is now generally accepted that sulfatases employ 

the E2 “transesterification-elimination” mechanism of sulfate hydrolysis as outlined in Scheme 

3 (139,162).  
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Scheme 3. Transesterification-elimination mechanism of sulfate hydrolysis. The FGly is illustrated in 

blue, and other participating residues are illustrated in red. a. Resting state, FGly exists as FGH (diol). 

The FGH is primed for nucleophilic attack by AspC. b. Enzyme attacks sulfate forming the sulfate-

enzyme intermediate, and an alcohol product is released. c. E2 elimination of the remaining FGH 

hydroxyl group cleaves the sulfate-enzyme intermediate. d. Reformation of the FGly, FGH is reformed 

upon the addition of H2O.  

1.7.4 Arylsulfatase activity 

The co-crystal structure of an inactive mutant ARSA lacking the FGly modification was solved 

bound to the small arylsulfate p-NCS (162). Here, the phenyl ring of the substrate sits 

disordered outside the binding pocket. Therefore, suggesting that the binding site on the 

enzyme surface that discriminate and align their large natural substrates, does not select for, 

but also does not exclude small arylsulfates such as p-NCS.  

The significant differences between human sulfatases active site pockets influences activity 

towards aryl substrates. The rate of hydrolysis of both p-NCS and MUFS varies significantly 

between arylsulfatase ARSA, ARSB, and ARSC Table 2. ARSA metabolises p-NCS 80-fold 

faster than ARSB, while the rate of MUFS hydrolysis is similar between the enzymes (139). 

Similarly, ARSC hydrolyses p-NCS at a faster rate than ARSB yet hydrolyses-MUFS 

significantly slower. Inclusion of two ortho fluorine substituents to MUFS (3,5-difluoro-4-

methylumbelliferyl sulfate, DiFMUFS) influences the activity from ARSA, ARSB, and ARSC 

significantly differently (164). DiFMUFS has >10-fold higher affinity than its unfluorinated 

analogue MUFS for all three arylsulfates. The influence on rate (Vmax) varies significantly. 
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ARSA achieves a ~200-fold higher Vmax, while its lysosomal counterpart ARSB only achieves 

a relatively modest four-fold rise, and the Vmax for the non-lysosomal ARSC is reportedly 3.4-

fold slower relative to MUFS despite the higher affinity (Table 2) (164). Clearly the structure 

of the arylsulfate substrates influences interaction with the varied enzymes, however very little 

work has focused on this arylsulfatase SAR.   

Table 2. Rate (nM/min/mg enzyme) and affinity (Km) of arylsulfate probes against human arylsulfatase 

A-C.  

Enzyme p-NCS MUFS DiFMUFS 

 Rate  

(nM/min/mg 

enzyme) 

Km  

(μM) 

Rate 

(nM/min/mg 

enzyme) 

Km 

(μM) 

Rate 

(relative to 

MUFS) (164) 

Km 

(μM) 

ARSA 160,000 400 40,000 12,500 ~200 503 

ARSB 2,000 60 48,500 1,180 ~4 190 

ARSC 4,000 400 7,000 800 -3.4 85  

Rate and affinity for MUFS and pNCS taken from (139), primary literature inaccessible. Due to differences in 

experimental design DiFMUS Vmax is described relative to MUFS. 

 

The most significant exploration of human arylsulfatase SAR focused on development of 

ARSC inhibitors (165–169). These irreversible inhibitors undergo the initial SN2 

transesterification step but instead form a sulfamate-enzyme intermediate that cannot be 

cleaved. Importantly, this initial reaction is the rate limiting step for sulfatase activity. Various 

inhibitor structures have been explored, demonstrating remarkably non-specific binding 

interactions for arylsulfamates. Analysis of a series of phenol sulfamates (Ar-OSO2NH2) found 

that the most potent inhibitors contained phenolic leaving groups with an optimal pKa of 8 for 

the series (166,167). Hydrophobicity also improved activity, potentially due to increased non-

polar interactions on the enzyme's surface (165,169). However, the influence of hydrophobicity 

may be heightened in the case of the membrane bound ASRC. The selectivity of these 

inhibitors against other arylsulfatases has not been reported. Therefore, given the general 

arylsulfatase activity across the family, it can be speculated this pharmacophore would have 

activity outside of ARSC alone. However, ARSC is especially different to other arylsulfates. 

ARSC is a non-lysosomal sulfatase, instead existing bound within the membrane of the rough 

endoplasmic reticulum. Consequently, the pH optimum of ARSC (pH 7) is significantly higher 

than the lysosomal sulfatases (pH 4-6). The active site pocket of ARSC is significantly less 

polar than other family members. The active pocket is lengthened by two transmembrane 

regions, potentially acting as gatekeeping domains by recognising substrates and directing 

them to the active site gorge close to the membrane surface (139,149). ARSC is the only human 
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sulfatase to target arylsulfates as their physiological substrates (Figure 29). Ultimately, ARSC 

is significantly different to other arylsulfatases in structure, substrate selection and cellular 

location.  

Studies of bacterial sulfatases and isolated Helix pomatia (garden snail) arylsulfatase against 

various aryl substrates concluded electron withdrawal away from the arylsulfate enhanced 

activity (139,143). Presumably, electron withdrawal increases the rate of the initial SN2 

reaction by both priming the sulfate for nucleophilic attack and decreasing the pKa of the 

released phenol making it a better leaving group. The snail arylsulfatase also favoured larger 

bi- and tri-cyclic substrates, perhaps due to increased hydrophobic binding. However, the snail 

arylsulfatase is characterised by its substrate promiscuity potentially making it a poor model 

for the more selective human sulfatases 

The arylsulfatase SARs described to date have highlighted the importance of the pKa of the 

phenolic leaving group however, these reports have been carried out on sulfatases which poorly 

represent the general features of human arylsulfatases as described above. Given the significant 

differences in the substrate binding pockets (Figure 31), and the efficacy against arylsulfates 

probes (Table 2), suggest that aryl-substrate SARs may differ significantly between enzymes 

and exploration of other human sulfatases is required. 

1.7.5 Human arylsulfatase A (ARSA) 

ARSA was among the first sulfatases discovered and has been extensively characterised 

(139,142,151). As a lysosomal sulfatase, its activity is optimum under acidic conditions at pH 

5 where the enzyme exists as a highly stable octamer. ARSA illustrates the highest activity 

towards the arylsulfate probes p-NCS and 4-MUS among human sulfatases (139,170,171). 

Consequently, ARSA is of particular interest to the development of arylsulfatase prodrugs, 

including ADC linkers, given its especially high arylsulfatase activity and lysosomal location. 

To date, there is a current knowledge gap in understanding the SAR of ARSA arylsulfate ester 

metabolism that is yet to be explored.  

The structure of ARSA is well defined as several crystal structures of the enzyme have been 

solved (151,157,160,162). The structure is generally consistent with the class (Section 1.7.1), 

ARSA is a globular enzyme of mixed αβ topography and includes a C-terminal meander motif 

which helps to define the substrate binding pocket. Unique among the human lysosomal 

sulfatases, hARSA hydrolyses lipid substrates cerebroside-3-sulfate (sulfatide), seminolipid-
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3S, and psychosine-3S (Figure 29). All other lysosomal sulfatases act on glycosaminoglycans 

(GAGs) (139). Sulfatide is an essential sphingolipid component of myelin, and ARSA 

deficiency is responsible for the demyelination and leukodystrophy observed in metachromatic 

leukodystrophy disorder (139,172). Unlike other sulfatases, ARSA requires a co-factor, 

Saponin B, to aid the proper binding and metabolism of its natural hydrophobic lipid substrates 

to the hydrophilic enzyme, although this co-factor is not necessary for arylsulfate substrates 

(173). Despite its non-aryl substrate ARSA retains the generic name arylsulfatase due to its 

initial characterisation. However, this remains somewhat fitting as ARSA had the highest 

arylsulfatase activity towards common synthetic arylsulfate esters probes p-NCS, MUFS and 

DiFMUFS (Table 2) (170).  

1.8 This work 

The evolution of targeted drug delivery therapies such as ADCs creates a need for development 

of new mechanisms to achieve selective drug release. Enzyme cleavable linkers are an 

attractive approach due to their selectivity towards specific enzymes in their target 

environment, however, established linkers such as dipeptide linkers have shortcomings 

including hydrophobicity and instability in rodent plasma (30). Sulfatase cleavable linkers are 

a promising lead in the development of novel enzyme cleavable linkers due to their hydrophilic 

character, prolonged plasma stability, variety of potential activating enzymes, and efficacy 

when applied to ADCs in vitro (138). However, the factors that influence sulfate hydrolysis 

and payload release have not been explored and the arylsulfatase activity of this family of 

enzymes is poorly understood. Knowledge of the ARSA arylsulfate ester SAR could be applied 

to development of more effect sulfatase cleavable linkers or other ARSA arylsulfate prodrugs.  

This study aims to synthesise a library of related model sulfatase cleavable linkers with the 

general structure 1 (Scheme 4). The fluorescent probe 7-amino-4-methylcoumarin (AMC, 3) 

employed as a model payload allowing release to be monitored by fluorimetry and UV-vis 

spectroscopy. AMC is a commonly used fluorescent probe in proteolytic enzyme assays. 

Fluorescence is quenched by functionalisation of the aniline with electron-withdrawn groups 

(e.g., as part of the model linker 1) and returned once released as a free AMC.  

This library will be applied to an enzyme activity assay using ARSA in the aim of developing 

an empirical structure activity relationship between the rates of sulfate hydrolysis and payload 
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release. Hydrolysis of sulfate 1 by ARSA will ignite by the 1,6-elimination of phenol 2 to 

release the AMC payload (3). 

 

Scheme 4. Hydrolysis and fragmentation of model arylsulfatase cleavable linkers. 

It is hypothesised that structural features of the linkers will influence sulfate hydrolysis and 

payload release independently. It is expected that the electronic character of the parent phenol 

will influence both the sulfate hydrolysis and subsequent fragmentation. It is also expected that 

strong electron withdrawing substituents in the R1, R2, and R3 positions may accelerate sulfate 

hydrolysis but hinder the rate of elimination. 

It is envisaged that this empirical SAR against a human arylsulfatase will aid in the 

development of more efficacious sulfatase cleavable linkers for application to a variety of 

ADCs or indeed other targeted drug-delivery strategies.
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2. Discussion  

2.1 Synthesis 

2.1.1 Synthetic objectives 

This project aims to synthesise a series of substituted para-sulfooxybenzyl carbamate linkers 

1 as model sulfatase cleavable linkers. The retrosynthesis of 1 is shown in Scheme 5.. 

 

Scheme 5. Retrosynthesis of sulfates 1a-z from phenols 9a-z. 

The sulfate functionality is typically installed in the final step of synthesis as their anionic 

nature limits solubility in organic solvents and hinders purification by normal phase silica gel 

chromatography. In this project, the sulfate functionality must be installed prior to the 

formation of the carbamate linker, as the para-hydroxy benzyl carbamate 2 is, by design, 

unstable (Scheme 4). Instead, an approach was envisioned whereby the sulfate functionality is 

introduced as a protected diester earlier in synthesis, followed by deprotection to unveil the 

sulfate monoester in the final step. Following this approach, a disconnection can be made 

through the carbamate creating two fragments: the known coumarin isocyanate 6 (138,174–

176) and the other benzyl alcohol 7. Benzyl alcohol 7 can be prepared from commercially 

available phenols 9 following the introduction of the protected sulfate diester and subsequent 

deprotection of the benzaldehyde or ketone 8.  

Several strategies have been reported for the conversion of alcohols to sulfate diesters as 

precursors in the synthesis of sulfate monoesters (Table 3.). Phenyl-protected sulfate diesters 

have been employed in the synthesis of aliphatic sulfates; however, they are incompatible with 

the synthesis of arylsulfate monoesters due to their deprotection conditions (177). Here the 
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diester is cleaved by hydrogenation of the benzyl ring using PtO2/H2 followed by treatment 

with a strong base (177). Widlanski et al. reported the use of neopentyl chlorosulfate 11 and 

isobutyl chlorosulfate 12 to prepare sulfate diesters, followed by deprotection to afford 

arylsulfates in good yields (178). Neopentyl sulfate diesters are stable to acidic and basic 

conditions, hydrogenation, and storage at room temperature. Isobutyl sulfate diesters are stable 

to hydrogenation but unstable to acids, bases, and storage at room temperature. The isobutyl-

protecting group can be deprotected with sodium iodide in hot (55 °C) acetone. Due to their 

higher stability, neopentyl sulfate diesters are deprotected with harsher conditions, requiring 

azide or cyanide in hot (60-70 °C) DMF overnight. Bargh et al. successfully applied the 

neopentyl protecting strategy to prepare their sulfatase cleavable linkers. More recently, 

Desoky et al. reported using 2,2,2-trichloroethyl (TCE) and trifluoroethyl (TFE) sulfate 

diesters to synthesise arylsulfate monoesters (179–181). TCE-sulfate diesters are stable to acids 

and weak bases but are reactive towards nucleophiles and strong acids. TCE-protected sulfates 

can be deprotected in >80% yields by either zinc or 10% Pd/C and ammonium formate; 

however, this strategy may not be compatible with functional groups sensitive to reducing 

reagents (182). TCE-protected sulfate diesters can be prepared by reaction of alcohols with 

TCE-chlorosulfate 13 (182), or sulfuryl imidazolium salt 14 (179), the latter providing 

selectivity over aliphatic alcohols. TFE-sulfate diesters can be prepared from pyridine/SO3 

followed by 2,2,2-trifluorodiazoethane; however, this reagent must be freshly prepared, is 

highly toxic, and potentially explosive (183). Deprotection with strongly basic KOt-Bu is 

incompatible with the synthesis of arylsulfate monoesters. Instead, Desoky et al. have prepared 

an alternative strategy employing a TFE-sulfurylimidazolium salt 15 and deprotection with 

NaN3 in hot (65-70 °C) DMF suitable for the synthesis of arylsulfate monoesters (179,180). 

TFE-protected sulfates were stable in the presence of organic acids, are thermally stable but 

are unstable in the presence of mineral acids and hydrogenation conditions. It was envisioned 

that TCE protection would apply to most of the library due to the mild deprotection conditions. 

The neopentyl protecting strategy could be employed for targets including functional groups 

sensitive to reducing agents such as nitro functionality. 
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Table 3. Arylsulfate ester protecting strategies. Conditions from respective references above. 

Protecting strategy (Pg) Installation Conditions 

Phenyl 

 
 

10, NaH, N2, oxolane, rt, 20 h, 75% 

Neopentyl 

 
 

11, NaH or NAHMDS, DMPU, THF, -75 °C, 80% 

Iso-butyl 

  
12, NaHMDS, THF, -10 °C, 95% 

TCE 

 

 
13, Et3N, 4-DMAP, THF, rt, 10 h, 90% 

 
1.2 eq. 14, DBU, THF, rt 

Phenol selective >80% 

TFE 

 
 

2 eq. 15, 2.5 eq.1,2-dimethylimidazole, DCM, 24 h, 78% 

2.1.2 Synthesis of sulfuryl imidazolium salt 14 

 

Scheme 6. Methylation of imidazole sulfonate 14. i. MeOTf, Et2O, 0 °C, 2 h, 90%. 

Given the potential for selective phenol sulfation, 14 was synthesised from the precursor 

imidazole 16, which had previously been prepared in-house following literature procedures 

(181). Imidazole 16 was readily methylated with methyl triflate following conditions set out in 

Ingram et al. (Scheme 6.) (181). 
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2.1.3 Synthesis of 7a 

The first synthetic target was the unsubstituted (R1-3=H) analogue 7a. Two different routes 

were used to prepare this compound. 

 

Scheme 7. Preparation of 7a from 9a. i. 1.2 eq. 14, 2.5 eq. 1,2-dimethylimidazole, 0 °C DCM, 89%. 

ii. 2 eq. NaBH4, MeOH, 70%. 

Aldehyde 9a was reacted with 14 and 1,2-dimethylimidazole in 0 °C DCM as set out in Ingram 

et al. (Scheme 7.) (181). Following aqueous workup, aldehyde 8a was purified by column 

chromatography to give the desired product an 82% yield. The 1H NMR spectrum was 

consistent with the expected structure, including the presence of a characteristic two-proton 

singlet at 4.87 ppm arising from the methylene of the tricholoroethyl group. The subsequent 

reduction with sodium borohydride (NaBH4) was challenging to monitor by TLC analysis as 

alcohol 7a was not readily visualised under UV light. Following an aqueous workup, 7a was 

purified by column chromatography to give the desired product in a lower-than-expected yield 

(40%) (179). Staining the TLC plate with potassium permanganate bleached the desired 

product allowing the reaction and purification to be more readily monitored. A repeat reaction 

with a longer reaction time improved the yield to 70%.  

 

Scheme 8. Preparation of alcohol 7a from 17. i. 1.2 eq 14, 2.5 eq. DBU, DCM, 0 °C to rt, 2 h, 46%. 

Next, the phenol selectivity of reagent 14 was assessed. Alcohol 7a was prepared from 

hydroxymethyl phenol 17 with 14 and 1,8-diazabiocyclo[5.4.0]undec-7-ene (DBU) in DCM as 

set out in Taylor and Desoky (179) (Scheme 8.). Following aqueous workup, the crude material 

was purified by column chromatography to give 7a in a 46% yield. The product was confirmed 

to be 7a by comparison of TLC analysis and the 1H NMR spectrum with the authentic product 

produced from 9a.  
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Overall, the yield starting from benzaldehyde 9a (57%) proved higher than via the reaction 

with phenol 15 (46%). No by-products were isolated from the reaction with 17, suggesting the 

low yield was not due to the side reaction of the aliphatic alcohol. Taylor and Desoky (179) 

reported a significantly higher yield (84%) preparing 7a from phenol 17, suggesting the lower 

yield was likely due to a technical error and could be optimised. 

2.1.4 Synthesis of 7b-h 

8b-h were prepared from their corresponding commercially available phenols 9a-d,f-h. 9e was 

prepared via demethylation of 18 in aqueous HBr (Scheme 9.).  

 

Scheme 9. Preparation of phenol 9e from methoxy benzaldehyde 18. i. 48% HBr, 82%. 

Experimentation employing DBU in preference to 1,2 dimethylimidazole provided comparable 

yields with a significant advantage in handling the reagent in liquid form versus 

1,2- dimethylimidazole, a low melting point solid. Reaction yields are summarised in Table 

4.. 

Table 4. Summary of reactions in preparation of 7a-k.  

 

Compound Sulfation yield Reduction yield 

a (R1 = R2 = R3 = R4 = H) 82% 76% 

b (R1= Me, R2 = R3 = R4 = H) 72% 74% 

c (R1= OMe, R2 = R3 = R4 = H) 78% 76% 

d (R1=F, R2 = R3 = R4 = H) 55% 88% 

e (R1=NO2, R2 = R3 = R4 = H) 64% 88% 

f (R1= R2 = F, R3 = R4 = H) 62% 72% 

g (R1= CF3, R2 = R3 = R4 = H) 73% 36% 

h (R2= Me, R1 = R3 = R4 = H) 74% NA 

i (R2=OMe, R1 = R3 = R4 = H) 65% 89% 

j (R2=F, R1 = R3 = R4 = H) NC NA 

k (R1 = R2 = R4 = H, R3= Me)  0% NA 

NA – reaction not attempted, NC- reaction not characterised due to time constraints. 

i. 1.2 eq. 43, 2.5 eq. DBU, DCM, rt, 2 h. ii. 2 eq. NaBH4, MeOH, rt, 2 h. Percentages represent isolated yields. 
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Generally, these reactions were easily monitored by TLC with permanganate staining and could 

be readily purified by column chromatography. 1H NMR, attached proton test (APT) 13C NMR 

and 2D NMR (heteronuclear multiple quantum correlation (HSQC) and heteronuclear multiple 

bond correlation (HMBC) analysis or analogy confirmed the identity of the sulfate diesters. All 

sulfate diesters included a characteristic peak corresponding to the methylene of the 

tricholoroethyl group at ~5 ppm (1H NMR) and ~ 80 ppm (13C NMR), as well as signals 

between 6.9 and 8 ppm consistent with the aromatic substituents. All attempts to collect high-

resolution mass spectra of these compounds were unsuccessful. However, low-resolution mass 

spectra of these compounds were obtained, reporting masses ~35 g/mol higher than expected 

with the appropriate splitting for chlorine isotopes included in the tricholoroethyl moiety. This 

suggests the compounds were flying as chlorine adducts. 

Not every reaction progressed without issue. The first attempt to synthesise benzaldehyde 8d 

yielded a by-product for which retention by TLC and signal in the low-resolution mass 

spectrum were consistent with expectations. However, the 1H NMR spectrum analysis showed 

the product lacked the characteristic trichloroethylene singlet at ~5 ppm. Only a small amount 

of the desired product could be isolated by repeated column chromatography using alternative 

solvent mixtures. The batch of reagent 14 used for this reaction had been left at ambient 

conditions for >6 months during the August 2021 Covid-19 lockdown and subsequent leave of 

absence, and we considered it may have degraded. A repeat reaction with freshly prepared 14 

afforded the target 8d in higher yield without the by-product, although the reaction did not 

proceed to completion. Sulfation of 9k produced acetophenone 8k as the minor product and an 

unidentified by-product with the same Rf by TLC analysis. Formation of 8f progressed slowly 

and did not run to completion over 4 hours, yielding 27% of the desired product after isolation. 

The recovered 9f was returned to the reaction with increased equivalents of 14, resulting in an 

improved 62% yield.  

All reductions progressed in acceptable yields, and products were purified by column 

chromatography and structure confirmed by the presence of a characteristic ~4.7 ppm ethyl 

singlet. The exception was benzyl alcohol 7g, where co-eluting impurities impeded isolation 

of the desired product resulting in a diminished 37% recovery of the pure product; however, 

enough mass was collected to progress with the synthesis. Benzaldehyde 8k was not reduced 

due to the low mass collected and the analogue was abandoned. 
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2.1.5 Synthesis of 5a and 5c 

With the alcohols 7a and 7c in hand, the arylsulfate triggers were to be conjugated to the 

payload AMC via a carbamate linker. The AMC aniline is a poor nucleophile and is unlikely 

to be competent for reaction with a mixed carbonate. Instead literature precedent suggested that 

the best method would be exposure of AMC to triphosgene 19 to form isocyanate 6 as a highly 

reactive intermediate, followed by the addition of 7 to form 5 (Scheme 10.) (138,174–176). 

 

Scheme 10. Initial preparation of 5a and 5c. i. 0.4 eq. triphosgene 19, dry toluene, reflux, 2 h. ii*. 7, 

0.1 eq., THF, rt, overnight. * 0.1 equivalents of dibutyltin diacetate included in the synthesis of 5a. 

Formation of the carbamates 5a and 5c proved less facile than anticipated. 0.4 equivalents of 

19 were stirred in dry toluene at reflux with 1.2 equivalents of AMC for 2 hours. Then the 

reaction was cooled to room temperature and purged of phosgene with N2. Alcohol 7c was 

added in dry THF, and the mixture was stirred at room temperature overnight. Additional care 

was taken when handling 19 and when purging due to the risk of phosgene toxicity. LRMS and 

TLC indicated 5c was a minor component while both AMC and 7c remained. Previous 

literature suggested the inclusion of a tin catalyst to facilitate the reaction through an organotin 

alkoxide intermediate(138,184,185). Including 0.1 equivalents of dibutyltin diacetate in the 

reaction of 7a and stirring over three days saw no improvement.  

2.1.6 Model carbamate formation  

To find suitable conditions for the carbamate formation, a model study was conducted 

employing methyoxybenzyl alcohol 20, 19, and 3 to prepare carbamate 21 (Table 5.). 

Literature conditions for this type of transformation varied in the solvent employed, the 

inclusion of a base and catalyst, and order of reagent addition (138,174–176,184,185). 
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Table 5. Summary of reaction conditions for preparation of 21. 

 

Conditions A Conditions B Yield 

1.1 eq. AMC, 0.4 eq. 19, toluene, reflux 0.1 eq. dibutyltin diacetate, THF 4% 

1.1 eq. AMC, 0.4 eq. 19, THF, 80 °C 0.1 eq. dibutyltin diacetate, THF No reaction 

1.1 eq. AMC, 0.4 eq. 19, THF, 80 °C sealed 

tube 

0.1 eq. dibutyltin diacetate, THF No reaction 

1.1 eq. AMC, 0.4 eq. 19, toluene, 117 °C 

sealed tube 

0.1 eq. dibutyltin diacetate, THF 10% 

1.1 eq. AMC, 0.4 eq. 19, 3 eq. Et3N, toluene, 

117 °C sealed tube 

0.1 eq. dibutyltin diacetate, THF 71% 

1.1 eq. AMC, 0.8 eq. 19, 3 eq. Et3N, toluene, 

117 °C sealed tube 

0.1 eq. dibutyltin diacetate, THF 82% 

Yields calculated from NMR analysis of crude material following workup. 

Bargh et al. prepared similar model linkers with yields up to 92% using a tin catalyst but 

without a base. AMC isocyanate 6 was prepared in refluxing toluene, and the subsequent 

reaction with alcohol and the catalyst was carried out in THF (138). Repeating the conditions 

from Bargh et al. only achieved a yield of 4%, and no reaction was observed refluxing 3 in 

THF. Fearing phosgene was escaping the reaction, these reactions were repeated in sealed 

tubes, increasing the yield in toluene to 10%. Morihiro et al.(174) included a base, DIPEA, 

with 19 to form the isocyanate 6. Including three equivalents, Et3N significantly increased the 

observed yield to 71%. Presumably, the base buffers the reaction from HCl released as a by-

product of the phosgene reaction (Scheme 11.). Finally, doubling the equivalents of 19 to 0.8 

increased the yield to 82%.  
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Scheme 11. Mechanism of reaction of AMC 3 and triphosgene 19 to prepare isocyanate 6. a. Reaction 

of one equivalent of 19 produces an isocyanate and two equivalents of phosgene. b. Phosgene reacts 

with 3 to afford isocyanate 6 and HCl. 

2.1.7 Resynthesis of 5a and 5c 

These optimised conditions were successfully applied to the synthesis of 5a and 5c. 5a was left 

stirring at room temperature for 2 months, then rested at room temperature for a further 4 

months during the 2021 August Covid-19 lockdown and period of absence. Both reactions 

were colourless solutions with a thick white precipitate. Both 5a and 5c suspensions were 

filtered through diatomaceous earth and flushed with EtOAc, and the filtrates were then 

collected and concentrated in vacuo. The crude extracts were insoluble suspensions in EtOAc, 

DCM, and DCM-MeOH, with the desired carbamate present in both the filtrate and precipitate. 

Attempts to dry load and purify the carbamates by column chromatography were unsuccessful 

due to the presence of a shared fluorescent impurity streaking through both columns. Removal 

of this impurity proved difficult. Neither 5a or 5c could be purified by repeat chromatography 

or crystallisation from EtOAc (which had previously been used to purify 5a in the laboratory). 

The impurity was removed by trituration in MeOH, and collected as a white solid by filtration. 

This shared impurity was identified as the methylcarbamate 22 following analysis of an 

authentic sample (Scheme 12.) with 1H NMR matching reported literature (186).  

 
 

Scheme 12. Synthesis of an authentic sample of the common impurity methylcarbamate 22. 
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2.1.8 Synthesis of 5a-i 

Table 6. Summary of reactions in preparation of 5a-g, i. 

 

Compound Yield 

5a (R1 = R2 = R3 = R4 = H) 28% 

5b (R1 = Me, R2 = R3 = R4 = H) 44% 

5c (R1 = OMe, R2 = R3 = R4 = H) 54% 

5d (R1 =F, R2 = R3 = R4 = H) 7% 

5e (R1 =NO2, R2 = R3 = R4 = H) 34% 

5f (R1 = R2 = F, R3 = R4 = H) Impure 

5g (R1 = CF3, R2 = R3 = R4 = H) Impure 

5i (R2 = OMe, R1 = R3 = R4 = H) 39% 

i. 1.1 eq. AMC, 0.8 eq. 19, 3 eq. Et3N, toluene, 117 °C sealed tube, ii. 5a-i, 0.1 eq. dibutyltin diacetate, THF. 

The yields for the synthesis of 5a-i are summarised in  

Table 6. Modest yields were achieved across the library; however, enough of each compound 

was obtained to continue to the final step. All reactions generated impurity 22 despite efforts 

to mitigate its formation. LRMS analysis taken following phosgene purging found 22 had been 

formed before the addition of 7d-i. New stocks of triphosgene, dry toluene, and Et3N were used 

without change. For the formation of 5d, AMC was first suspended in DCM and then the 

solvent was removed in vacuo overnight before thia reaction to remove any MeOH present. 

Following the standard procedure, the reaction yielded a brown suspension, unlike the white 

suspensions for all previous carbamate formations. Following the workup, residual alcohol 7d 

and AMC were recovered as well as impurity 22 with only a small quantity of carbamate 5d, 

achieving an overall 7% yield.  

There is a negative relationship between the presence of electron-withdrawing substituents and 

carbamate yield. Indeed, 5d-g achieved the lowest yields  

Table 6.) and increased amount of AMC was recovered relative to previous carbamate 

formation reactions. Low conversion in this step meant 5f and 5g could only be isolated as 

mixtures with AMC, which were carried through to deprotection. Electron-withdrawing groups 

pull electrons away from the alcohol, reducing its nucleophilicity. The relevance of this effect 

was illustrated by the increased yield of 5c, including an electron-donating methoxy substituent 
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that primed the alcohol for nucleophilic attack by the isocyanate (Scheme 13.). Interestingly, 

the movement of the methoxy substituent from the R1 position (5c) to the R3 (5i) position was 

accompanied by a significant reduction in yield. The 5c alkoxide is more nucleophilic than the 

alkoxide of 5i due to the resonance donation from the 5c methoxy group increasing electron 

density around the alkoxide. The methoxy group pf 5i is unable to donate electrons to the 

alkoxide through resonance from the R3 position.  

 

Scheme 13. Mechanism of carbamate 5a formation from benzyl alcohol 7a and AMC isocyanate 6. 

TCE represents the tricholoroethyl protecting group. 

2.1.9 Synthesis of 1a-g,i 

Finally, carbamates 5a-g,i were deprotected to afford the target sulfates 1a-g,i as ammonium 

salts (Table 7.). Carbamates 5a-c were readily deprotected with zinc dust and ammonium 

formate in DMF to afford sulfates 1a-c. It was presumed that the isolated sulfate esters exist as 

ammonium salts; however, this was not confirmed. Sulfates 1a and 1c were produced in 

excellent yields and purified by column chromatography (82% and 87%, respectively, Table 

7.). ortho-methyl-sulfate 1b could not be purified by column chromatography, but the 

concentrated fractions were triturated with EtOAc collecting the target sulfate as a white solid 

with high purity albeit in a diminished yield (Table 7.). The structures were confirmed by 

analysis of the 1H NMR spectra with loss of the trichloroethylene singlet at ~5 ppm, a key 

signifier, and the corresponding CH2 peak at ~80 ppm absent from 13C NMR spectra. HRMS 

identified the sulfate ions in negative-mode, and the final purity was confirmed by HPLC.  
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Table 7. Summary of reactions in preparation of 1a-g, i. 

 

Compound  Deprotection Purity 

a (R1 = R2 = R3 = R4 = H) 82% 98% 

b (R1 = Me, R2 = R3 = R4 = H) 44% 98% 

c (R1 = OMe, R2 = R3 = R4 = H) 87% 95% 

d (R1 = F, R2 = R3 = R4 = H) 25%1 95 % 

e (R1 = NO2, R2 = R3 = R4 = H)* 45% 96% 

f (R1 = R2 = F, R3 = R4 = H) 251 97% 

g (R1 = CF3, R2 = R3 = R4 = H) 22% 98% 

i (R2 = OMe, R1 = R3 = R4 = H) 62% 95% 

l (R1 = NH2, R2 = R3 = R4 = H) failed - 

Yield from impure reagents, calculated accounting all mass to the target reagent. i. 4 eq. Zn Dust, 6 eq. 

NH4HCO2, DMF. * 10% wt. 10% Pd/C, 6 eq. NH4HCO2, DMF 

 

Expecting these reductive conditions to reduce the nitro group of 5e, alternative deprotection 

conditions using 10% weight, 10% Pd/C and ammonium formate were used (182). Initially, 

these conditions did not afford any deprotection, although increasing the reaction temperature 

to 70 °C and adding additional Pd/C to 60% (w/w) and accompanying addition of 36 

equivalents ammonium formate rapidly formed sulfate 1e, which was purified by column 

chromatography. Following this success, 5e was submitted to reductive Zn conditions to 

attempt to afford 1l; however, even with a large excess of reagents and heat, no reaction product 

was observed by TLC and LRMS analysis. 

2.2 Enzyme activity assays 

2.2.1 Enzyme condition 

Purified recombinant human arylsulfatase A, (ARSA) was produced by Dr James Dickson at 

the School of Biological Sciences, University of Auckland. Protein aliquots were prepared and 

stored at -4 °C in TRIS buffer. Stock solutions of ARSA were received in 2020 and activity 

was assessed through conversion of MUFS to the hydrolysis product over time. MUFS (50 

μM) and ARSA (50 μM/mL) were incubated in formate buffer at pH 4.5 and 37 °C to model 

the physiological conditions of the lysosome. During this project this MUFS assay was 

repeated to compare the enzyme condition between 2020 and 2022. Compared to the 2020 

results there was a significant decrease in the percentage of MUFS hydrolysed after 2 hours 
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(P=0.045). In 2020 29.8 % (7.45 μM/h) MUFS was hydrolysed over two hours, and this 

dropped to only 12.0 % (3 μM/h) in 2022, a 59.8% reduction in activity under the same 

conditions. The lost activity was attributed to degradation of the enzyme from storage in the 

freezer over time (Figure 32.).  
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Figure 32. Assessment of ARSA activity through conversion of MUFS in 2020 vs. 2022. 

2.2.2 AMC (3) standard curve 

A standard curve of AMC 3 was generated to enable quantification of payload released in 

model linker metabolism assays. A twofold dilution series from 50 μM to 3.125 μM 3 was 

analysed at 320 nm by a diode array detector, and fluorescence was monitored at 345 nmex 445 

nmem. Three replicate dilution series were conducted and plotted as the mean peak area. Buffer 

alone was used as a control for 0 μM. Fluorescence saturated the detector beyond 12.5 μM and 

was therefore only valid for small amounts of payload release and to confirm the identity of 

the AMC peak.  
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Figure 33. a) AMC standard curve at 320 nm for quantification of payload release. Y = 

16.30×X+4.272, R2 = 9.9987, LOD = 3.58, -0.04 μM, LOQ = 10.86, 0.4 μM. b) AMC fluorescence 

standard curve for quantification of payload release (345 nmex, 445 nmem). Y = 685.1×X+43.12, LOD = 

0.04 μM, LOQ = 0.25 μM. Calculations made using GraphPad, points are mean of three replicates, error 

bars are the standard deviation and may be obscured by points.  

2.2.3 Method development 

The MUFS assay method was applied to analysis of the model linkers 1. Three replicate assays 

were run at 50 μM 1 and 50 μg/mL ARSA sampling at 0, 2, 4, 6, 8 , 12, and 24 hours incubation 

time, however, this method produced a high degree of variability. The loss of sulfate peak area 

did not reliably correspond to AMC release within experiments for a given substrate. 

Replicates from an assay using ortho-methoxy sulfate 1c are illustrated in Figure 34.. In 

replicate B hydrolysis of 1c occurs almost twice as fast as in replicate C (34% loss vs. 66% 

loss respectively), however this is not reflected in the amount of AMC released achieving a 

very similar 45% (23 μM) and 50% (25 μM ) release of AMC respectively. The starting peak 

areas of all assays were completely consistent. 

b) 
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Figure 34. Change in % sulfate and % total AMC over time. Results from replicate 1c assays at 50 μM. 

Calculations made using graph pad. AMC released calculated AMC concentration from peak area 

against the standard curve and is plotted as a % of 50 μM. 

Further the peak areas for both sulfate and AMC would significantly fluctuate over time. This 

was typically observed as a gradual rise in sulfate peak area for no enzyme controls, although 

the sulfates appeared stable in the absence of enzyme by-product formation was not observed 

– even with extended chromatographic runs. Several strategies were explored to mitigate these 

issues. Firstly, assays were run with or without reaction vials caps to determine if particulate 

from the cap interfered with the injection, or if the buffer was evaporating, but no difference 

was observed. To determine if the issue lay in sulfate insolubility leading to increased 

dissolution over time assays were conducted at a reduced concentration (25 μM), along with 

warming of stock solutions to 37 °C before dilution to assay conditions. Finally, a separate 

HPLC was used to account for instrument error, however the issues persisted despite these 

changes.  

New assay conditions were developed in an effort to avoid these issues. A higher ratio of 

enzyme to sulfate was used to increase the speed of reactions and reduce error introduced 

through the aging of solutions. The substrate concentration was reduced to 25 μM to limit 

potential problems with solubility. The sampling interval was reduced to every 2 hours 

conducting three replicates and a MUFS control assay sequentially using a 30-minute run 

profile. This aimed to reduce the influence of passive factors such as ambient temperature 
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between assays. Finally, the total volumes were reduced to allow a single frozen aliquot of 

ARSA to be used across all four experiments with the MUFS assays acting as an external 

control for enzyme condition. Despite these changes, peak areas of both the sulfates and AMC 

continued to fluctuate (Figure 35.).  
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Figure 35. Inconsistent peak areas over time under new 25 µM assay conditions with 1a and AMC. 25 

µM 1a was incubated with ARSA. Y-axis reports peak areas. 

Assays were continued under these conditions as the number of sulfatase aliquots limited the 

scope of further investigation. The source of variability remained unclear, however, the assays 

still provided useable information although some quantitative analysis was not possible. 

2.2.4 Assessment of sulfate hydrolysis 

Analysis of the data across assays enabled division of the substrates into two groups, i) 

substrates slower than the unsubstituted sulfate 1a and ii) substrates faster than 1a (Figure 36.).  

Each assay was run in triplicate, and peak areas were converted to percentages of the no enzyme 

control peak area. The mean and standard deviation of each time point were calculated and 

graphed in Figure 36., with error bars representing the standard deviation. 
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Figure 36. Normalised rate of sulfate 1a-g,i hydrolysis with ARSA. a. all substrates. Calculations made 

using GraphPad, points are the mean of three replicates, error bars are the standard deviation and may 

be obscured by points. Comparisons made using the mean % sulfate peak area vs 1a using a one-way 

ANOVA, P-values vs. 1a calculated using Dunnett’s test to compare means at each time point. 

ARSA mediated hydrolysis of all substituted sulfates (1b-f, i) was significantly different to the 

unsubstituted parent 1a (Error! Not a valid bookmark self-reference.).  

Table 8. Anova analysis of sulfate hydrolysis of 1b-g,i and 1a. 

 

Substrate Group Difference of means vs 1a (P value) 

1b (R1 = Me, R2 = R3 = R4 = H) i 0.0020 

1c (R1 = OMe, R2 = R3 = R4 = H) i 0.0051 

1d (R1 = F, R2 = R3 = R4 = H) ii 0.0022 

1e (R1 = NO2, R2 = R3 = R4 = H) ii 0.0002 

1f (R1 = R2 = F, R3 = R4 = H) ii <0.0001 

1g (R1 = CF3, R2 = R3 = R4 = H) i 0.0427 

1i (R2 = OMe, R1 = R3 = R4 = H) i <0.0001 



Discussion 

2.2.4.1 Group i substrates 

Analysis of the group i substrates suffered from significant sampling error, limiting the scope 

of comparisons that can be made between the group. Group i substrates suffered from 

fluctuating peak areas increasing the standard deviation of the means and causing some samples 

to rise at various points (Figure 37. 1g,1b, 1i). The peak area for meta-methoxy analogue 1i 

rose 41% above the starting control area despite also reporting release of the AMC payload 

(Figure 39.). Due to these issues comparisons cannot be made with 1i. As 1i was the only R3 

substituted analogues this limited this aspect of our SAR study. Despite the apparent error 

limited conclusions can still be drawn from this group. The electronic characteristics of the 

substrates appear to influence their rate of hydrolysis. The ortho-trifluoromethyl sulfate 1g was 

hydrolysed significantly faster than the non-fluorinated methyl analogue 1b (P = 0.0001), 

suggesting that an electron withdrawing substituent promotes sulfate hydrolysis. The sulfates 

with electron donating substituents 1b, 1c and 1i were the slowest three substrates. The 

reduction in activity from the unsubstituted 1a to the ortho-substituted substrates 1b, 1c, and 

1g may result from steric hinderance. suggest that both steric and electronic factors influence 

substrate binding. 
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Figure 37. Normalised sulfate hydrolysis over time of group i substrates. Calculations carried out on 

GraphPad. Comparison of substrates made using paired t-tests. 
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2.2.4.2 Group ii substrates 

Analysis of group ii substrates did not suffer from variable sulfate peak area (Figure 38). The 

sulfates were rapidly hydrolysed and each group ii substrate was consumed within 12 hours, 

indicating that the issues seen with group i substrates may be linked to the rate of hydrolysis, 

although we were unable to investigate this further. 
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Figure 38. Normalised rate of sulfate hydrolysis of group ii substrates 1d-f. Sulfates 1e and 1f were 

assayed with 30-minute time intervals due to their rapid rate of hydrolysis. Calculations were made 

using GraphPad, Comparison of % sulfate peak area over time were made using paired t-tests. 

The ortho-difluoro sulfate 1f and the ortho-nitro sulfate 1e were hydrolysed faster than the 

ortho-fluoro sulfate 1d. Only trace concentrations of sulfates 1e and 1f were present after 2 

hours so follow up assays were conducted with 30-minute sampling intervals. Both 1e and 1f 

were rapidly hydrolysed with 28% ± 5.2%, and 53% ± 40% reduction in peak area respectively 

at the t=0 sampling point, <2minutes after the enzyme was injected. The delay in sampling is 

unavoidable as it results from the time taken for the autosampler to mediate injection. No 

significant difference was found between the hydrolysis of 1e and 1f, with 88% ± 3% and 91% 

± 1% reduction in peak area respectively after 30 minutes of incubation. A method with shorter 

sampling intervals would be required to determine if there is a difference in the rate of 

hydrolysis between these two substrates. The results from group ii support the conclusions 

from group i. All three group ii substrates include electron withdrawing substituents indicating 

that electron withdrawing substituents positively influence the rate of sulfate hydrolysis. 

Another contributor to the rate of hydrolysis of the fluorinated substrates 1d and 1f may be 

attributed to the limited steric influence of fluorine substituents as the halogen is a weak 
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electron withdrawing group. Inclusion of the second fluorine in 1f appears to increases the rate 

of hydrolysis at the initial time point over its monosubstituted counterpart 1d, however these 

points were not significantly different (P > 0.05), although at the 30 minute time point the 

difference in hydrolysis is clear. Re-assay of 1d using a shorter sampling interval would be 

necessary to make this comparison clear, however, this was not possible due to time constraints. 

The ortho-nitro substituted sulfate 1e is significantly faster than 1d (P = 0.0243) despite 

including a sterically bulkier nitro group indicating that compromise between steric and 

electronic effects is accommodated. This may be due to the strongly electron withdrawing 

negative mesomeric effect of the nitro group. In contrast ortho-trifluoromethyl sulfate 1g 

(group i) is also strongly electron withdrawing however lacks a mesomeric effect. 

2.2.4.3 Sulfate hydrolysis structure activity relationship 

Previous literature SAR of garden snail and bacterial arylsulfatases and SAR of ARSC 

inhibitors found the pKa of the phenol leaving group is an important factor determining a rate 

of sulfate hydrolysis (139,143,166,167,169). Decreasing the pKa makes the phenol a better 

leaving group, resulting in an increased rate of sulfate hydrolysis. This work did find a 

relationship between calculated pKa of the relevant phenol and the rate of sulfate hydrolysis 

(Table 9). Indeed, the increased activity of substrates with electron-withdrawing groups can 

be attributed to reduction of the pKa through stabilisation of the conjugate base, which exists 

as a phenolate at pH 4.5. From this perspective the rapid hydrolysis of ortho-nitro sulfate 1e 

results from a negative mesomeric effect as the nitro group is able to form resonance structures, 

stabilising the phenolate. We propose that this increased rate of reaction may compensate for 

any steric effect that could compromise access to the enzyme active site. The ortho-nitro sulfate 

1e has the lowest calculated pKa of the substrates explored (Table 9).  
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Table 9. Sulfate hydrolysis analysis including the calculated pKa, % sulfate loss at 2 hours and group 

designation. 

 
Substrate phenol pKa % Sulfate Loss at 2 h Group 

1a (R1 = R2 = R3 = R4 = H) 9.401 28.7 - 

1b (R1 = Me, R2 = R3 = R4 = H) 9.637 6.3 i 

1c (R1 = OMe, R2 = R3 = R4 = H) 9.053 9.3 i 

1d (R1 = F, R2 = R3 = R4 = H) 8.102 65.5 ii 

1e (R1= NO2, R2 = R3 = R4 = H) 5.596 95.6 ii 

1f (R1 = R2 = F, R3 = R4 = H) 6.799 95.7 ii 

1g (R1 = CF3, R2 = R3 = R4 = H) 7.627 19.9 i 

1i (R2 = OMe, R1 = R3 = R4 = H) 9.236 0 i 

 

Sulfate hydrolysis is not determined by pKa alone. The inclusion of an electron withdrawing 

ortho-trifluoromethyl substituent on 1g reduced the rate of sulfate hydrolysis relative to the 

unsubstituted sulfate 1a despite 1g having the third lowest calculated pKa of the series. This 

reduction in activity from 1a to 1g could be due to steric hindrance limiting the number of 

orientations the substrates can access ARSA's narrow active site, thereby introducing an 

entropic barrier. A SAR investigation of garden snail arylsulfatase activity found a trend 

favouring bi- and tri-cyclic compounds, presumably due to increased hydrophobic binding 

opportunities on the cells surface (143). These snail sulfatases are notoriously promiscuous and 

likely do not accurately model the more selective human sulfatases (187). The dramatic 

increase in hydrolysis of the ortho-difluoro sulfate 1f is consistent with the increased activity 

illustrated by DiFMUFS (164). Fluorine may be the ideal substituent for ARSA substrates due 

to their electron withdrawing effect and minimal steric bulk.  

2.2.5 Assessment of payload release 

Payload release was monitored at λab 320 nm, and concentrations of AMC were calculated 

against the standard curve Figure 33. Across these assays the calculated concentrations of 

AMC did not directly correspond to the expected maximum (25 μM) derived from the amount 

of sulfate included in each assay. All three group ii substrates were completely hydrolysed and 

appeared to release more than 25 μM of AMC. In the ortho-nitro sulfate 1d assay the 

concentration of AMC continued rising hours after all of the sulfate and the intermediate 

phenol had been consumed eventually reaching 37 μM at t = 18 hours (Figure 39.). We 
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anticipate that the theoretical achievable concentration of AMC should be lower than 25 μM 

due to reaction of AMC with the by-product 23 forming minor amounts of 25, an effect noted 

during preliminary investigations supporting this project (Scheme 14.). 
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Figure 39. Normalised rate of AMC (3) release. Calculations made using GraphPad, concentrations 

derived from the AMC standard curve. Comparisons made using paired t-tests. 

 

 

Scheme 14. Minor reaction of AMC and 2 forming 25. 

Despite this issue, conclusions can still be drawn from this work. The rate of hydrolysis of all 

group i substrates was sufficiently slow that the phenol intermediate did not reach the limit of 

detection before fragmentation occurred. Therefore, we infer that the rate of payload release 

from group i linkers is limited by the rate of sulfate hydrolysis. Hydrolysis of all three group ii 
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substrates was sufficiently rapid that we could detect accumulation of their phenol 

intermediates and therefore able to compare their rates of fragmentation. Due to the inherent 

instability of these intermediate species authentic standards cannot be prepared and a standard 

curve could not be used to quantify the concentrations of each phenol. With the fluorinated 

analogues 1d and 1f very little 2d and 2f was detected (1f, Figure 40.). In fact, the rate of 

payload release is roughly equal to the rate of sulfate hydrolysis and >25 μM AMC is released 

before their respective sulfates have been consumed. Therefore, we infer like the group i 

substrates, the rate of payload release of 1d and 1f is limited by the rates of sulfate hydrolysis. 

The intermediate fragmentation to release the payload is less facile for the nitro analogue 1e 

where intermediate accumulation was more pronounced (Figure 41.).  

 

Figure 40. HPLC diode array data of 1f assay, absorbance 320 nm, t = 0, t = 30 mins. 

Regardless of having similar rates of sulfate hydrolysis, the 1e had a significantly slower rate 

of AMC release (P = 0.0008). In fact, phenol 2e was still present after 10 hours, 8 hours after 1e 
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had been completely consumed. Therefore, we infer that unlike all the other substrates the rate 

of payload release of 1e is limited by the rate of fragmentation of its intermediate. We attribute 

the differences in rate of fragmentation to the substituents mesomeric effects. Fluorine is a 

resonance donor, increasing the electron density around the phenolate and destabilising the 

intermediate, causing rapid fragmentation (188). Conversely, nitro groups are resonance 

acceptors, stabilising the phenolate by withdrawing electrons and distributing the anionic 

charge across the ring and nitro group. This is illustrated by the pKa difference of 1d-f (Table 

9), with 1d having the lowest calculated pKa of 5.59. Importantly the 1e achieves a significantly 

faster rate of sulfate hydrolysis than the unsubstituted sulfate 1a (P = 0.0125), despite the 

stabilisation of the intermediate. However, the rates of payload release of 1d and 1e are 

indistinguishable despite 1e being hydrolysed significantly faster than 1d (P = 0.0243). Thus, 

we can see the two-step sulfate hydrolysis, fragmentation linker-activation process is 

influenced by factors that must be balanced creating a complex SAR picture.  

 

Figure 41. HPLC diode array data of 1e assay, absorbance 320 nm. t=0, t= 30 mins. 

2.2.6 Application as ADC linkers 

The most promising motifs identified from this library were the othro-difluoro 1f and ortho-

nitro 1e which reported the fastest rates of sulfate hydrolysis against ARSA. Interestingly the 

rate the of payload release was significantly different between these model linkers due to 

stabilisation of intermediate 2. Importantly the rate of payload release from 1e was still faster 
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than the unsubstituted 1a supporting the hypothesis the improved efficacy of the nitro analogue 

(Figure 39, Figure 27d) over its unsubstituted counterparts is due to an increased rate of 

payload release (138). Therefore, when applied to ADCs ortho-difluoro linkers have the 

potential to increase efficacy further due to their increased rate of payload release over their 

nitro-substituted counterparts.  

The ortho-difluoro linkers may be the ‘Goldilocks’ structure for ARSA specific cleavable 

linkers due to the unique steric and electronic characteristics of fluorine. Fluorine induces a 

strong inductive withdrawing effect, and a weaker resonance donating effect. When ortho to 

the sulfate fluorine increases the rate of sulfate hydrolysis through electron withdrawal without 

adding steric bulk, while then donating electrons to the resulting phenol intermediate through 

resonance to increase the rate of fragmentation. However, investigation into the effect these 

properties have on ADCs will be required to determine the optimal characteristics when applied 

to the multifaceted role of ADC linkers. However, it is unclear if rapid fragmentation itself is 

desirable, instead the fast sulfate hydrolysis and slow fragmentation as seen with the nitro 

analogue may be ideal. Indeed, investigation of the effect these properties have when applied 

to ADCs will be required to elucidate the optimal balance for ADC linkers and potentially 

allow for the rate of fragmentation to be altered for application to different ADCs.  

2.3 Limitations and Future work 

The chemical synthesis of these linkers progressed with consistently lower yields than reported 

literature. Only eight of the twelve substrates afforded their final sulfate monoesters. 

Conducting reactions at larger scale may have facilitated successful synthesis of more 

substrates that were abandoned as there was not sufficient compound to complete the final 

steps. The key difficulties were experienced following conjugation of the AMC payload and 

presence of the methylcarbamate 22 impurity. Efforts to identify the source of the impurity 22 

were unsuccessful and the problem persisted through synthesis. The problems encountered 

during assay analysis were also related to the AMC payload and its fluorescence was not 

required to quantify payload release. Therefore, future work could employ a non-coumarin 

payload potentially avoiding these issues.  

The small sample size of substrates (n =8), and sampling error from the HPLC (discussion in 

Sections 2.2.3, 2.2.5) limited the conclusions that can be drawn on ARSA’s aryl substrate SAR. 

Future work should expand the substrate library to include substrates with R3 and R4 
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substituents as these were not explored in this work. Interrogation of the properties of the lone 

R3 substituted linker 1i suffered from significant sampling error and no sound conclusions 

could be drawn from its assay results. The sampling interval was too long to compare the rate 

of hydrolysis of 1e and 1f. Follow up assays could reduce the sampling interval by quenching 

samples with MeOH at the desired time points prior to analysis. 

Future work should investigate the best substrates (group i) with lysosomal extracts to better 

reflect the physiological picture. Linker 1f should be applied to synthesis of ADCs and efficacy 

compared to dipeptide linkers and the previous nitro-containing arylsulfatase-cleavable linker 

from Bargh et al. under the same conditions to investigate the influence of fragmentation rate 

(30). Further work could aim to develop explore the effects of these linkers of drug-linker 

hydrophobicity, including the feasibility of developing ADCs with increased DAR. 

2.4 Conclusions  

This work synthesised a small library of eight para-sulfooxybenzyl carbamate linkers 1a-g,i 

and assessed their suitability as both ARSA substrates and cleavable linkers for application to 

ADCs. This thesis found low steric impact and electron withdrawal as beneficial properties for 

arylsulfate substrates of ARSA. Further, this work described ARSAs strong preference 

substrates with mesomeric electron withdrawal, as strong inductive withdrawal was unable to 

overcome the steric effect. Further development of this library is required to investigate this 

effect further. This work identifies the ortho-difluoro (1f) and ortho-nitro (1e) sulfate linkers 

as the most promising sulfate substrates for development of ARSA-cleavable linkers. The 

electronic characteristics of the substrate must also be considered for application to ADC 

linkers. The resonance effect of the nitro substituent significantly reduced the rate payload 

release by stabilising the immolative phenol intermediate. Future development of these 

arylsulfatase cleavable linkers is required to determine the optimal combination of these 

properties as applied to ADCs. 
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3. Experimental  

3.1 General details 

All reactions were carried out using freshly distilled laboratory grade solvents unless otherwise 

specified. Dry THF and toluene were purchased from Acros Organics pre-dried and stored over 

a molecular sieve. Organic solutions were dried over MgSO4 and solvents evaporated under 

reduced pressure on a rotary evaporator. Room temperature (rt) refers to the ambient room 

temperature. Thin-layer chromatography (TLC) was carried out on an aluminium-backed silica 

gel plates (Merck 60 F254) with visualization of components by UV light (254, 366 nm). 

Column chromatography was carried out on Merck 230-400 mesh silica gel, using pre-distilled 

laboratory grade solvents. DCM refers to dichloromethane, DMF refers to dimethylformamide, 

EtOAc refers to ethyl acetate, MeOH refers to methanol. X4 refers to petroleum ether, boiling 

fraction 40 – 60 °C, Et2O refers to diethyl ether, Et3N refers to triethylamine, DBU refers to 

1,8-diazabicyclo[5.4.0]undec-7-ene. Tris buffer refers to trisamineomethane. Eq. refers to 

molar equivalents. Recombinant human arylsulfatase A (ARSA) was provided by Dr James 

Dickson from the University of Auckland. ARSA was expressed as a secreted protein on 

HEK293 cells, purified by IMAC, dialysed and concentrated to afford a 1.61 mg/mL stock 

(based on A280 nm) in 25 mM Tris buffer (pH 7.5) containing 150 mM NaCl. The stock 

solution of ARSA was separated into 30 μL aliquot and stored at -4 °C from its arrival in 

November 2019. Calculations were preformed using GraphPad. 

3.2 Characterisation 

Purity of all final compounds was analysed by reverse-phase HPLC (LUNA-C18 column. 5u, 

3.0 X 150mm) using an Agilent Technologies 1260 Infinity equipped with a diode-array 

detector by Mr Sisira Kumara. Gradients of 80% acetonitrile/20% H2O (v/v) in 45 mM buffer, 

pH 3.5 and 1.0 mL/min were used as the mobile phase. Peak areas were monitored at 330 ± 

50nm and were >95% relative to other components. Melting points were obtained on an 

electrothermal 2300 Melting Point Apparatus by Mr Wilson Sun. NMR spectra were obtained 

on a Bruker Avance 400 spectrometer at 400 MHz for 1H and 100 MHz for 13C spectra using 

appropriate deuterated solvents. Chemical shifts and coupling constants were recorded in units 

of ppm (2 d.p. 1H NMR, 1 d.p. 13C NMR) and Hz (1 d.p.). Shifts are referenced to the residual 

non-deuterated solvent peak (CDCl3: 7.26, DMSO-d6: 2.50, CD3OD: 3.31, D2O: 4.79 ppm). 

13C NMR experiments conducted as attached proton tests (APTs). Assignments supported by 
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1H-13C HMBC and 1H-13C HSQC spectra or analogy to related analogues unless otherwise 

stated. Low resolution mass spectra (LRMS) were gathered by direct injection of methanolic 

solutions into a Agilent 6120 mass spectrometer using atmospheric pressure chemical 

ionization (APCI) mode with a fragmentor voltage of 50 V and a drying gas temperature of 

250 °C. High resolution mass spectra (HRMS) were measured by Mr Sree Bhavan on an 

Agilent Technologies 6530 Accurate-Mass Quadrupole Time of Flight (Q-TOF) LC/MS 

interfaced with an Agilent Jet Stream Electrospray Ionization source allowing positive or 

negative ion detection. Data reported as; chemical shift, multiplicity (s, singlet; d, doublet; t, 

triplet; m , multiplet; or a combination of thereof. Assignment, mass (observed, expected). The 

numbering systems do not necessarily follow the IUPAC convention to make clarity easier 

when assigning 1H NMR and 13C NMR peaks.. Assignments nc refer to coumarin peaks as 

labelled. NMR spectra were processed using TopSpin (Bruker ®). 

3.2.1 Safety risks 

Extreme care was taken when conducting reactions with methyl triflate and triphosgene. All 

handling was conducted in a fume hood while wearing person protective equipment (Lab coat, 

glasses, nitrile gloves) and notices placed on the front of the fume hood during operation. 

Increased fume hood airflow was used when handling triphosgene and when purging the 

respective reactions of phosgene. Triphosgene was weighed inside a pre-weighed sealed tube.  

3.3 Assay procedures 

Assays were analysed by repeat sampling on a reverse-phase HPLC (L7-C18 column. 5u, 3.0 

X 150mm) using an Agilent Technologies 1260 Infinity equipped with a diode-array detector 

and fluorescence detector. Gradients of 80% acetonitrile/20% H2O (v/v) in 45 mM ammonium 

formate buffer, pH 4.5 and 0.4 mL/min were used as the mobile phase. Peak areas were 

monitored at 320 ± 50nm and fluorescence λex = 375 nm, λem = 475 nm. The substrates 1 were 

believed to be ammonium salts, and this mass was considered when preparing stock 

concentrations. Substrates were weighted on analytical scales and made to concentration in 

DMSO.  

3.3.1 Assay procedure A.  

Substrates (3 μL, 10 mM, DMSO) were added to 45 mM ammonium formate buffer (579 μL, 

pH 4.5) and warmed to 30 °C and sampled to determine purity and peak area. ARSA (18.6 μL, 
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1.61 mg/mL, 30mM Tris buffer) was added to a vortexed substrate buffer solution and 

incubated at 37 °C. Assay was monitored by direct injection at 0-, 1-, 2-, 3-, 4-, 8-, and 24 hour 

time points. Assays were run in triplicates.  

3.3.2 Assay procedure B.  

Substrates (25 μL, 2 mM, DMSO) were added to 45 mM formate buffer (975 uL, pH 4.5) and 

warmed to 37 °C and sampled to determine purity and peak area. ARSA (7.5 uL, 1.61 mg/mL, 

25 mM Tris buffer) was added to vortexed aliquot (243 μL) of the substrate-buffer solution and 

incubated at 37 °C. The assay was monitored by direct injection with 2-hour intervals for 20 

hours. Where indicated the sampling interval was reduced to 30-minutes. Assays were repeated 

3 times with MUFS external control. Assays were carried out simultaneously. Calculations 

were performed using GraphPad. Comparisons between substrates is made using paired t-tests. 

Error bars represent the standard deviation, where no error bars are present the standard error 

is too small to be illustrated graphically.  

3.3.3 Standard curve 

3 (2.5 μL, 5 mmol in DMSO) was added to formate buffer (45 mM ,pH 4.5) at 37 °C and 

vortexed. Final volume (250 μL, 50 μM AMC) vortexed and a conducted a two-fold dilution 

series to 3.125 μM. The dilution series was conducted in triplicate. Buffer alone was used for 

0 μM controls. HPLC Analysis was conducted as above. Standard curves were fitted to a liner 

regression model, limit of detection (LOD) and limit of quantification (LOQ) were calculated 

using the formulas 𝐿𝑂𝐷 = 3.3 ∗ (
𝜎

𝑎
) and 𝐿𝑂𝑄 = 10 ∗ (

𝜎

𝑎
) where σ = the standard deviation of 

the Y-intercept and a is the slope of the curve. 

3.4 Synthesis 

2,3-Dimethyl-1-((2,2,2-trichloroethoxy)sulfonyl)-1H-imidazol-3-ium (14) 

 

To 2,2,2-tricholoroethyl 2-methyl-1H-imidazole-1-sulfonate 13 (2.0 g, 6.8 mmol) in cold (0 

°C) Et2O (25 mL) was added dropwise methyl trifluoromethanesulfonate (7 mmol, 0.77 mL). 
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The mixture was stirred at 0 °C for 2 hours forming a white precipitate. Solids were filtered off 

and washed with cold Et2O and dried under vacuum to afford the title product 14. The filtrate 

was cooled to -20 °C for 20 minutes and more precipitate was collected. Total yield 2.42 g, 

90%. 1H NMR consistent with reported data. 1H NMR (CDCl3) δH 2.97 (3H, s, H-2), 4.01 (3H, 

s, H-3), 5.19 (2H, s, CH2CCl3), 7.53 (1H, d, J = 4.33 Hz, H-4), 7.64 (1H, d, J = 2.17 Hz, H-5). 

General procedure A. Synthesis of benzaldehydes 8 

 

To a solution of hydroxybenzaldehyde 9 in DCM was added 14 (1.2 eq.) and DBU (2.5 eq.) 

and the mixture was stirred at room temperature for 2 h. The reaction mixture was diluted with 

H2O (25 mL), extracted with DCM (3 x 50 mL) and the extracts were dried over MgSO4. The 

solvent was removed in vacuo and the residue was purified by column chromatography to 

afford the title products. Purification details are given below. 

General procedure B. Synthesis of benzyl alcohols 7 by reduction of benzaldehydes 8. 

 

To a solution of benzyl alcohol 8 bin MeOH was added NaBH4 (4 eq.) and the mixture was 

stirred at room temperature for 2 h. The reaction was quenched with H2O, and aqueous NH4Cl 

was added dropwise until the solution reached a pH of 6. The mixture was extracted with DCM 

(3 x 50 mL), and the extracts were dried over MgSO4 and concentrated in vacuo. Purification 

details are given below. 

  



Experimental 

General procedure C. Synthesis of carbamates 5. 

 

 

i) 3 eq. 3, 0.8 eq. 19, 3 eq. Et3N, toluene, 117 °C, N2 (g). 2h. ii) 7, dibutyltin diacetate (10 % 

eq.), THF, rt, >48 h. 

i) To a suspension of 7-amino-4-methyl coumarin 3 (1.2 eq.) in dry toluene added triphosgene 

19 (0.8 eq.) and Et3N (3 eq.) and stirred at 117 °C under N2 in a sealed tube for 2 h. Reaction 

cooled to room temperature and purged with N2 to remove excess phosgene. Additional care 

was taken handling triphosgene and bubbling with N2 due to the toxicity of phosgene gas. ii) 

Added benzyl alcohol 7, and dibutyltin diacetate (10 mol%) in dry THF and stirred at room 

temperature under N2 for at least 48 hours in a sealed tube. Purification details are given below. 

General procedure D for sulfate deprotection 

 

To a solution of 5 in DMF (4 mL) was added Zn dust (4 eq.) and ammonium formate (6 eq.) 

and the mixture stirred vigorously overnight at room temperature. The reaction was monitored 

by TLC and LRMS. Purification varied between analogues; details are given below.  

4-Formylphenyl (2,2,2-trichloroethyl) sulfate (8a) 

 

To 4-hydroxybenzaldehyde 9a (0.10 g, 0.9 mmol) in DCM (8 mL) at 0 °C was added 14 (0.46 

g, 1.0 mmol) and 1,2 dimethyl imidazole (0.18 g, 1.8 mmol). The mixture was stirred at room 
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temperature for 2 hours during which time the solution became pale yellow. The reaction was 

diluted with H2O (25 mL), extracted with DCM (3 x 50 mL) and the extract dried with MgSO4. 

The solvent was removed in vacuo and the crude product purified by column chromatography 

(10 – 20% EtOAc-X4) to afford 8a as a white solid. (0.24 g, 82%). 1H NMR (CDCl3) δH 4.87 

(2H, s, CH2CCl3), 7.54 (2H, ddd, J = 1.84, 2.5, 8.6 Hz, H-3,5), 7.99 (2H, ddd, J = 2.04, 2.5, 

8.83 Hz, H-2,6), 10.04 (1H, s, CHO). 13C NMR (CDCl3) δC 80.8 (CH2CCl3, 1), 92.3 (CCl3, 2) 

121.9 (2C, 3, 5), 131.9 (2C, 2,6), 135.6 (C 1), 154.1 (C 4) 190.4 (CHO). Molecular ion not 

observed by HRMS. LRMS m/z [M+H]+ = 368, C9H7Cl3O5S required 333.58. 

4-(Hydroxymethyl)phenyl (2,2,2-trichloroethyl) sulfate (7a) 

 

Following general procedure B 8a (0.15 g. 0.40 mmol) was reduced to yield 7a as a colourless 

oil (0.08 g, 40%), identical by 1H NMR to reported literature (179) and the material described 

below. 

Following general procedure A, reaction of 4-hydroxybenzyl alcohol 17 (0.10 g, 0.80 mmol), 

was incomplete after 2 h. Additional 14 was added (0.27g, 0.70 eq.) and the mixture was stirred 

for a further 1 hours at room temperature. Following workup 7a was purified by flash column 

chromatography (20% EtOAc-X4) to afford a colourless oil (0.08 g, 30%). 1H NMR (CDCl3) 

δH 4.73 (2H, s, CH2OH) 4.83 (2H, s, CH2CCl3) 7.32 (2H, dt, J = 2.14, 2.71, 8.74 Hz,, H-3,5) 

7.44 (2H, dt, J = 2.07, 2.71, 8.83 Hz, H-2, 6), OH proton not observed. 13C NMR (CDCl3) δC 

64.5 (CH2OH), 80.6 (CH2CCl3), 92.6 (CCl3) 121.4 (2C, (C-3, 5), 128.6 (C-2. 6), 140.9 (C 1), 

149.5 (C 4). Molecular ion not observed by HRMS. LRMS m/z [M+H]+ = 370, C9H8Cl3O5S 

required 335.58. 
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4-((((4-Methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl (2,2,2-

trichloroethyl) sulfate (5a) 

 

Following general procedure C, benzyl alcohol 7a (0.11g, 0.33 mmol) reacted to yield 

carbamate 5a. The reaction was stirred for 2 months and rested for a further 4 months in a 

sealed tube under N2 at room temperature due to the August 2022 Covid19 outbreak and 

subsequent lockdowns. The attempts to purify the crude product by column chromatography 

(MeOH-DCM) was unsuccessful affording a mixture of 5a and 22 (see discussion). The 

impurity was Trituration with MeOH allowed the insoluble impurity 22 (see discussion) to be 

filtered off and 5a was isolated by evaporation of the filtrate to yield the title product (0.05g, 

28%). 1H NMR (d6-DMSO) δH 2.38 (3H, s, 4c), 5.23 (2H, s, Ar-CH2OCN), 5.37 (2H, s, 

CH2CCl3), 6.24 (1H, s, H-3c), 7.41 (1H, dd, J = 2.07, 8.77 Hz, H-6c) 7.55 (3H, m, H-3, 5, 8c), 

7.61 (2H, d, J = 8.83 Hz, Ar-H, 2,6), 7.70 (1H, d, J = 8.71 Hz, H-5c), 10.32 (1H, s, NH). 13C 

NMR (d6-DMSO) δC 17.9 (CH3- 4c), 65.2 (CH2- 1c), 80.0 (CH2OCON), 92.9 (CCl3), 104.4 

(CH, 8c), 111.9 (CH, 3c), 114.2 (CH, 6c), 114.4 (C, 4ac), 121.6 (2CH, 3, 5), 126.0 (CH, 5c), 

130.1 (2CH, 2, 6), 136.5 (C 4), 142.5 (C 7c) 149.1 (C 2), 153.0 (C 4c), 153.1 (C 8ac), 153.8 (C 

CH2OCON), 159.9 (C 2c). HRMS m/z [M+H]+ = 535.9729, C20H16Cl3NO8S required 535.9729 

4-((((4-Methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl sulfate (1a) 

 

Following general procedure D, carbamate 5a (0.04 g, 0.08 mmol) was deprotected to afford 

the title product 1a. After 18 hours with standard conditions the reaction was incomplete and a 

further portion of Zn dust ( 0.02 g, 0.32 mmol) and ammonium formate (0.03 g, 0.48 mmol) 

and stirred over 66 h. The reaction mixture was concentrated in vacuo and the residue was 

suspended in MeOH. The insoluble fraction was filtered off and the soluble fraction was 
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evaporated onto diatomaceous earth and purified by flash column chromatography (0-30% 

MeOH-EtOAc) to yield 1a as a white sold (0.025g, 82%, HPLC purity = 99%). 1H NMR 

(CD3OD) δH 2.44 (3H, d, J = 1.15, Ar-CH3, 4c), 5.18 (2H, CH2OCOR), 6.19 (1H, d, J = 1.13 

Hz, 3c), 7.31 (2H, dt, J = 2.11, 2.49, 8.68 Hz, H-3, 5), 7.55 (3H, m, H-2, 6, 5c), 7.62 (1H, d, J 

= 2.05 Hz, H-8c) 7.67 (2H, d, J = 8.73, H-6c). 13C NMR (CD3OD) δC 18.6 (CH3, 4c), 67.6 

(CH2OCON), 106.4 (CH, Ar-H, 8c), 113.0 (CH, 3c), 116.0 (CH, 6c), 116.3 (C 4ac), 122.6 (2C, 

H-3, 5), 126.9 (CH, 5c), 130.4 (2C, H-2, 6), 134.2 (C 4), 144.6 (C 7c), 154.1 (C 2), 155.3 (C 4c) 

155.6 (C 8ac), 155.8 (C, OCON), 163.3 (C 2c). HRMS m/z [M]- = 404.0446, C18H14NO8S 

required 404.0446. 

4-Formyl-2-methylphenyl (2,2,2-trichloroethyl) sulfate (8b) 

 

Following general procedure A, 4-hydroxybenzaldehyde (0.10 g, 0.73 mmol) to afford 8b. 

Following workup the crude residue was purified by flash column chromatography (20% 

EtOAc-X4) to yield 8b as a colourless oil (0.175 g, 72%) 1H NMR (CDCl3) δH 3.99 (3H, s, H-

2), 4.97 (2H, s, CH2CCl3), 7.51 (1H, d, J = 1.82 Hz, 3), 7.54 (1H, dd, J = 1.72, 6.99 Hz, 5), 

7.60 (1H, d, J = 8.13 Hz, 6), 9.98 (1H, CHO). 13C NMR (CDCl3) δ 56.5 (CH3, 2), 80.7 

(CH2CCl3, 1), 92.5 (CCl3), 111.6 (CH 3), 123.9 (CH 5), 124.7 (CH 6), 136.6 (C 4), 143.1 (C 

1), 152.0 (C 2), 190.2 (CHO). Molecular ion was not observed by HRMS. LRMS m/z [M+H]+
 

= 382, C10H9Cl3O5S required 347.59. 

4-(Hydroxymethyl)-2-methylphenyl (2,2,2-trichloroethyl) sulfate (7b) 

 

Following general procedure B, benzaldehyde 8b (0.15 g, 0.44 mmol) was reduced to 

afforded benzyl alcohol 7b. Following workup, the crude residue was purified by flash column 

chromatography (20% EtOAc-X4) to yield 7b as a colourless oil (0.11 g, 74%). 1H NMR 

(CDCl3) δH 2.40 (3H, 2), 4.69 (2H, CH2OH), 4.83 (2H, CH2CCl3), 7.24 (1H, dd, J = 1.69, 8.43 
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Hz, H-5), 7.30 (1H, d, J = 1.09 Hz, H-3), 7.36 (1H, d, J = 8.37 Hz, H-6). OH peak not observed. 

LRMS m/z [M+H]+ = 384, C10H11Cl3O5S required 349.60 

2-methyl-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl (2,2,2-

trichloroethyl) sulfate (5b) 

 

Following general procedure C, benzyl alcohol 7b (0.16 g, 0.42 mmol) stirred at room 

temperature under N2 for 92 h. The reaction was quenched with H2O (5 mL) and concentrated 

in vacuo. The residue was suspended in EtOAc and evaporated onto silica for column 

chromatography (0.5 % MeOH in DCM). 5a was purified from mixed fractions by trituration 

with MeOH collecting 5b in the soluble fraction and concentrated in vacuo to yield the 5b as 

a white solid (0.11 g 44%). 1H NMR (DMSO) δH 2.35 (3H, s, 2), 2.38 (3H, d, J=1.06 Hz, 4c), 

5.19 (2H, s, CH2OCON), 5.39 (2H, s, CH2CCl3), 6.24 (1H, d, J = 1.16, H-3c), 7.41 (2H, m, H-

5, 6c), 7.49 (1H, s, H-5c) 7.50 (1H, d, J = 8.44 Hz, H-6), 7.55 (1H, d, J = 2.01 Hz, H-8c), 7.70 

(1H, d, J = 8.71 Hz, H-5′′′′) 10.3 (1H, NH). LRMS m/z [M+H]+ = 550.9, C21H18Cl3NO8S 

required 550.78. 

2-methyl-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl sulfate 

(1b) 

 

Following general procedure D, carbamate 5b (0.04 g, 0.07 mmol) was reduced in 2 hours to 

afford 1b. After 16 hours the reaction was concentrated in vacuo and the residue suspended in 

MeOH. The insoluble fraction was filtered off the filtrate was exaporated silica. 1b was unable 

to be purified by flash chromatography (0 - 30% MeOH/ EtOAc). Attempts to purify by the 

mixed fractions by trituration with MeOH or acetone were unsuccessful. 1b was purified by 
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trituration in EtOAc filtering off the filtrate to collect 1b as a white solid (0.01 g, 44%, HPLC 

purity = 98%). 1H NMR (CD3OD) δH 2.34 (3H, s, 4c), 2.45 (3H, s, 2), 5.15 (2H, s, CH2OCON), 

6.19 (1H, d, J = 1.43, H-3c), 7.22 (1H, dd, J = 2.18, 8.41 Hz, H-5), 7.40 (1H, dd, J = 2.13, 8.73 

Hz, H-6c), 7.42 (1H, d, J = 8.19 Hz, H-5c), 7.63 (1H, d, J = 2.05, H-3), 7.67 (1H, d, J = 8.74, 

H-6). 13C NMR (d6-DMSO), δC 18.0 (CH3, 4c), 56.6 (CH3, 2), 66.2 (CH2), 104.4 (CH, 8c), 

111.9 (CH, 3c), 114.3 (CH, 3), 114.3 (CH 6c), 114.4 (C 4ac), 120.2 (CH, 5), 122.3, 122.3 (CH, 

6), 126.1 (CH, 5c), 130.1 (C 4), 132.2 (C 1), 142.8 (C 7c), 149.1 (C 2), 153.2 (C, 4c), 153.3 (C 

8ac), 153.8 (C, OCON), 160.1 (C 2c). HRMS m/z [M]- = 418.0602, C19H16NO8S required 

418.0602. 

4-formyl-2-methoxyphenyl (2,2,2-trichloroethyl) sulfate (8c) 

 

Following general procedure A, hydroxybenzaldehyde 9c (0.290 g, 0.72 mmol) reacted to 

afford 8c. Following workup, the crude residue was purified by column chromatography (20% 

EtOAc-X4) to yield 8c as a yellow oil (0.300 g, 78%). 1H NMR (CDCl3) δH 3.99 (3H, s, 2), 

4.97 (2H, s, CH2CCl3), 7.51 (1H, d, J = 1.82 Hz, H-3), 7.54 (1H, dd, J = 1.72, 6.99 Hz, H-5), 

7.60 (1H, d, J = 8.13 Hz, 6), 9.98 (1H, CHO). Molecular ion not observed by HRMS. LRMS 

m/z [M+H]+ = 398, C1=H9Cl3O6S required 363.59. 

4-(hydroxymethyl)-2-methoxyphenyl (2,2,2-trichloroethyl) sulfate (7c) 

 

Following general procedure B, benzaldehyde 8c (0.290 g, 0.72 mmol) was reduced to yield 

7c. Following workup, the crude residue was purified by column chromatography (30% 

EtOAc-X4) to yield 7c as a colourless oil (0.230 g, 77%). 1H NMR (CDCl3) δH 3.92 (3H, s, 2), 

4.71 (2H, s, CH2OH), 4.96 (2H, s, CH2CCl3), 6.95 (1H, dd, J = 1.91, 7.27 Hz, H-5), 7.08 (1H, 

d, J = 1.79 Hz, H-6), 7.37 (1H, d, 8.27 Hz, H-3), OH peak not observed. Molecular ion not 

observed by HRMS. LRMS m/z [M+H]+ = 401, C10H11Cl3O6S required 365.60. 
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2-methoxy-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl (2,2,2-

trichloroethyl) sulfate (5c) 

 

Following general procedure C, benzyl alcohol 7c (0.16 g, 0.42 mmol) was reacted to afford 

carbamate 5c. ii) benzyl alcohol 7c stirred in the reaction mixture at room temperature for 70 

h. The reaction quenched with H2O (5 mL) and the mixture concentrated in vacuo. The crude 

residue was suspended in EtOAc (50 mL) and filtered through diatomaceous earth and 

collecting the filtrate. The solution was washed with H2O (20 mL) and extracted with EtOAc 

(3x 50 mL) then dried and concentrated in vacuo. The crude residue was purified by repeat 

trituration (3x 5 mL) in MeOH to afford the title product 5c (0.12 g, 54%). 1H NMR (d6-

DMSO) δH 2.38 (3H, s, H-4c), 3.90 (3H, s, H-2), 5.20 (2H, s, CH2OCON), 5.30 (2H, s, CH2Cl3), 

6.23 (1H, s, H-3c), 7.13 (1H, d, J = 7.86 Hz, H-5), 7.37 (1H, s, H-3), 7.41 (1H, d, J = 8.72, H-

6c), 7.51 (1H, d, J = 8.29 Hz, 6) 7.55 (1H, s, H-8c), 7.69 (1H, d, J = 8.67 Hz, H-5c), 10.32 (1H, 

s, NH). 13C NMR (d6-DMSO), δC 17.9 (CH3, 4c), 56.2 (CH3, 2), 65.6 (CH2OCON), 79.9 

(CH2CCl3), 92.8 (CCl3), 104.5 (CH 8c) 111.9 (CH, 3), 113.6 (CH, 3c), 114.3 (CH, 6c), 114.4 

(C 4ac), 120.4 (CH, 5), 122.8 (CH, 6), 126.0 CH, 5c), 137.6 (C, 4), 138.0 (C, 1), 142.5 (C, 7c), 

150.8 (C, 2), 153.0 (C, 4c), 153.1 (C, 8ac) 153.8 (C, OCON), 159.9 (C, 2c). LRMS m/z [M+H]+ 

= 567, C21H18Cl3NO9S required 566.78 

2-methoxy-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl sulfate 

(1c) 

 

Following general procedure D, carbamate 5c (0.05 g, 0.09 mmol) was reduced to 1c over 18 

h. The reaction mixture was and concentrated in vacuo and the crude residue was suspended in 

MeOH, evaporated onto silica and purified by flash column chromatography (0 -20% MeOH 
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in EtOAc) to yield 1c as a white powder (0.04 g, 87%, HPLC purity = 99%). 1H NMR 

(CDOD3), δH 2.45 (3H, d, J = 1.09 Hz, 4c), 3.85 (3H, s, 2), 5.17 (2H, s, CH2CCl3), 6.19 (1H, 

s, H-3c), 6.98 (1H, dd, J = 2.0, 8.32 Hz, H-5), 7.11 (1H, d, J = 1.94 Hz, H-3), 7.40 (1H, dd, J 

= 2.13, 8.7 Hz, 6c), 7.45 (1H, d, J = 8.21 Hz, 6), 7.63 (1H, d, J = 2.06 Hz, 8c), 7.68, (1H, d, J 

= 8.73 Hz, 5c). 10.29 (1H, s, NH). 13C NMR (d6-DMSO) δC 17.9 (CH3, 4c), 55.7 (CH3, 2), 66.4 

(CH2OCON),104.4 (CH, 8c), 111.8 (CH, 3), 113.1 (CH, 3c), 114.2 (CH, 6c), 114.2 (C 4ac), 

120.4 (CH, 5), 120.7 (CH, 6), 126.0 (CH, 5c), 130.9 (C 4), 142.7 (2C 7c,1), 150.4 (C 2), 153.2 

(2C 4c,8ac), 153.8 ( OCON), 160.0 (C 2c). HRMS m/z [M]- = 434.403, C19H16NO9S
- required 

434.403. 

3-fluoro-4-hydroxybenzaldehyde (9d) 

 

4-methoxybenzaldehyde 18 (0.800, 5.2 mmol) in HBr(aq) (48%, 30 mL) was stirred at 110 °C 

under reflux for 48 h. The reaction was diluted with H2O (50 mL) and extracted in DCM (4 x 

100 mL) dried and concentrated in vacuo to afford the crude residue as a red powder. The crude 

residue was purified by column chromatography (20-40% EtOAc-X4) to yield the title product 

9d as a colourless oil crystalising in DCM (0.648 g, 82%). 1H NMR (CDCl3), δH 7.07 (1H, d, 

J = 8.6 Hz, H-2), 7.57 (2H, m, H-5, 6), 9.76 (1H, d, J = 2.0 Hz, CHO), OH proton not observed. 

Melting point 120-124 °C. LRMS m/z [M+H]+ = 140, C7H5FO2 required 140.11. 

1H NMR and melting point consistent with characterisation by previously reported literature 

(189). 

2-fluoro-4-formylphenyl (2,2,2-trichloroethyl) sulfate (8d) 

 

Following general procedure A, benzaldehyde 9d (0.04 g, 0.28 mmol) reacted to yield 

benzaldehyde 8d. Following work up the crude residue was purified by flash column 
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chromatography (30% EtOAc-X4) to afford 8d as a white solid (0.055 g, 55%). 1H NMR 

(CDCl3), δH 4.9 (2H, s, CH2CCl3), 7.64 (1H, m, H-3), 7.77 (2H, m, H-5, 3), 10.0 (1H, d, J = 

2.0 Hz, CHO). LRMS m/z [M+H]+ = 386, C9H6Cl3FO5S required 351.55. 

2-fluoro-4-(hydroxymethyl)phenyl (2,2,2-trichloroethyl) sulfate (7d) 

 

Following general procedure B, benzaldehyde 8d (0.090g, 0.25 mmol), was reduced to afford 

7d . After workup the crude residue was purified by column chromatography (20% EtOAc-X4) 

to yield the title product 7d as a clear oil (0.090g, 99%). 1H NMR (CDCl3) δH 4.73 (2H, d, J = 

5.3 Hz, CH2OH), 4.91 (2H, s, CH2CCl3), 7.19 (1H, dd, J = 1.3, 9.0 Hz, H-6), 7.29 (1H, dd, J = 

1.9, 10.9 Hz, H-5), 7.44 (1H, t, J = 7.8 Hz, H-3), OH peak not observed. LRMS m/z [M+H]+
 

= 389, C9H8Cl3FO5S required 353.57 

2-fluoro-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl (2,2,2-

trichloroethyl) sulfate (5d) 

 

Following general procedure C, benzyl alcohol 7d (0.09g, 0.25 mmol) reacted to afford 

carbamate 5d. The reaction produced a thick white suspension. The reaction was quenched 

with H2O (5 mL) and precipitate filtered off. The filtrate was concentrated in vacuo and the 

crude residue evaporated onto silica. Purification by column chromatography (0.1-2.5 % 

MeOH-DCM) and trituration in Methanol (5 mL) was unsuccessful affording a mixture with 

residual 3. The presence of 5d was confirmed by TLC, LRMS and 1H NMR analysis and the 

crude mixture was carried through without further purification. LRMS m/z [M+H]+ = 555, 

C20H15Cl3FO8S required 554.75. 
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2-fluoro-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl sulfate 

 

Following general procedure D, a mixed fraction of 5d (0.05 g, ~ 0.09 mmol) was deprotected 

to yield 1d. No reduction was observed by TLC and LRMS after 2 hours and a further portion 

of Zn dust (0.02 g, 0.36 mmol) and ammonium formate (0.07 g, 0.98 mmol) were added to the 

mixture and stirred vigorously for a another 2 h. After 2 hours neither 5d or 1d were observed 

by TLC or LRMS analysis. The reaction was concentrated in vacuo and the crude residue was 

suspended in MeOH. TLC and LRMS of the crude mixture confirmed the presence of 1d and 

the mixture was evaporated onto silica. 1d was purified by column chromatography (1-30% 

MeOH-DCM) to afford the title product (0.01 g, 9% yield from 7d, HPLC purity 95%).  

1H NMR δH 2.45 (3H, d, J = 1.2 Hz, H-4c), 5.18 (2H, s, CH2), 6.20 (1H, d, J = 1.2 Hz, 3c), 

7.17-7.22 (2H, m, H-5, 5c), 7.41 (1H, dd, J = 2.1, 8.7 Hz, H-5c), 7.53, 1H, d, J = 8.2 Hz, H-6), 

7.63 (1H, d, J = 2.0 Hz, H-3), 7.68 (1H, d, J = 8.8 Hz, 6c). 13C NMR acquisition prevented by 

limited compound supply. HRMS m/z [M]= = 422.035, C19H15FNO8S- required 422.0422 

4-formyl-2-nitrophenyl (2,2,2-trichloroethyl) sulfate (8e) 

 

Following general procedure A, 4-hydroxy-2-nitrobenzaldehyde 9e (0.10 g, 0.60 mmol) 

reacted to afford benzaldehyde 8e. Following workup, the crude residue was purified by 

column chromatography (20% EtOAc-X4) to yield the title product 9e as a brown oil (0.14 g, 

64%). 1H NMR (CDCl3) δH 5.01 (2H, CH2Cl3), 7.89 (1H, d, J = 8.49 Hz, H-6), 8.24 (1H, dd, 

J = 2.04, 8.50 Hz, H-5), 8.58 (1H, d, J = 2.01 Hz, H-3), 10.09 (1H, s, CHO). LRMS m/z 

[M+H]+ = 413, C9H6Cl3NO7S required 378.56 
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4-(hydroxymethyl)-2-nitrophenyl (2,2,2-trichloroethyl) sulfate (7e) 

 

Following general procedure B, benzaldehyde 8e (0.12 g, 0.33 mmol) was reduced to afford 

benzyl alcohol 7e. Following work up the crude residue was purified by column chromotograpy 

to yield the title product 7e as a clear oil (0.11 g, 88%). 1H NMR (CDCl3) δH 4.84 (2H, d, J = 

3.56 Hz, CH2OH), 4.97 (2H, s, CH2CCl3), 7.65 (1H, d, J = 8.51 Hz, H-6), 7.72 (1H, dd, J = 

2.12, 8.59 Hz, H-5) 8.12 (1H, d, J = 2.03 Hz, H-3), OH peak not observed. 13C NMR (CDCl3) 

δC 61.2 (CH2OH), 80.4 (CH2CCl3), 92.6 (CH2CCl3), 123.7 (CH, 3) 124.0 (CH, 5), 133.0 (CH, 

6) 139,2 (C, 4), 141.4 (C, 1), 144.8 (C, 2). HRMS m/z [M+H]+ = 377.9020, C9H8Cl13NO7S 

required 378.9093.  

4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)-2-nitrophenyl (2,2,2-

trichloroethyl) sulfate (5e) 

 

Following general procedure C, benzyl alcohol 7e (0.19 g, 0.5 mmol) was reacted to afford 

5e. Following reaction for 62 hours the reaction mixture was a thick white suspension. The 

reaction was quenched with H2O (5 mL) and concentrated in vacuo. The crude residue was 

triturated in MeOH, (5 mL x2) and the soluble fraction evaporated onto silica. 5e was purified 

by flash column chromatography (0.1-5% MeOH-DCM) to yield the title product 5e as a white 

solid (0.10 g, 34%). 1H NMR (dd-DMSO) δH 2.39 (3H, d, J=1.05 Hz, H-4c), 5.34 (2H, s, 

CH2CCl3), 6.24 (1H, d, J = 1.17 Hz, 3c), 7.41 (1H, dd, J = 2.07, 8.7 Hz, H-6c), 7.55 (1H, d, J 

= 2.01 Hz, H-3), 7.71 (1H, d, J = 8.72 Hz, 8c) 7.91 (1H, d, J = 8.5 Hz, H-6), 8.00 (1H, dd, J = 

2.10, 8.84 Hz, H-5), 8.34 (1H, d, J = 2.05 Hz, H-5c), 10.40 (1H, s, NH). 13C NMR (d6-DMSO) 

δC 18.0 (CH3, 4c), 64.3 (CH2OCON), 80.5 (CH2CCl3), 92.6 (CCl3), 104.5 (CH 8c), 112.0 (CH 

3c), 114.3 (CH 6c), 114.5 (C 4ac), 124.4 (CH, 3), 125.7 (CH 5), 126.1 (CH 5c), 134.9 (CH, 6), 
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138.4 (C 4), 140.2 (C 7c), 141.5 (C 2), 142.4 (C, 1), 152.8 (C 4c) 153.1 (C 8ac), 153.8 (OCON), 

160.0 (C 2c). HRMS m/z [M]- = 580.9579, C20H15Cl3N2O10S required 580.9579. 

4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)-2-nitrophenyl sulfate 

(1e) 

 

To 5e in DMF (5 mL) added 10% Pd/C (10% w/w, ~0.002g) and ammonium formate (0.02, 6 

eq.) and stirred vigorously at 50 °C for 16 hours. TLC and LRMS analysis indicated no reaction 

had occurred and a further portion of 10% Pd/C (~0.015 g, 70% w/w) and ammonium formate 

(0.09, 42 eq.) and stirred vigorously at 70 °C for 1 h. The reaction mixture was concentrated in 

vacau and the crude residue purified by flash column chromatography (0.1 – 30% MeOH-

DCM) to yield 1e as a white solid (0.01g, 62%, HPLC purity 96%). 1H NMR (CD3OD) δH 

2.38 (3H, d, J = 1.14 Hz, 4c), 5.20 (2H, s, CH2OCON), 6.23 (1H, d, J = 1.21 Hz, 3c), 7.41 (1H, 

dd, J = 2.10, 8.70 Hz, 6c), 7.54 (1H, d, J = 2.0 Hz, H-3), 7.63 (1H, d, J = 8.24 Hz, H-6), 7.69 

(2H, m, H – 8c, 5), 7.91 (1H, d, J = 2.0 Hz, H-5c), 10.32 (1H, s, NH). 13C NMR (CD3OD) 18.0 

(CH3 4C), 64.9 (CH2, CH2OCON), 104.5 (CH, 8c) 111.9 (CH, 3c), 114.3 (CH, 6c), 114.5 (C, 

4ac), 123.5 (CH, 2), 124.0 (2CH, 3, 5), 126.1 (CH, 5c), 131.7 (C, 4), 133.2(CH, 6), 142.5 (C, 

7c), 142.6 (C, 2), 145.6 (C, 1), 153.0 (C, 4c), 153.3 (C, 8ac), 153.8 (C, OCON), 160.1 (C, 2c). 

HRMS molecular ion not observed. 

2,6-difluoro-4-formylphenyl (2,2,2-trichloroethyl) sulfate (8f) 

 

Following general procedure A, phenol 9f was reacted to yield 8f. The reaction was 

incomplete after 2 hours so added further portion of 14 (0.20 g, 0.3 eq.) and stirred for 30 

minutes. Following workup the crude residue was purified by flash column chromatography to 

yield 8f as a brown oil (0.13 g, 30%) and 9f recovered as the major product.1H NMR (CDCl3) 
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δH 4.99 (2H, d, J = 1.56 Hz, CH2CCl3), 7.61 (2H, sex, J = 1.04, 1.28, 2.33, 6.94 Hz, H- 3, 5). 

LRMS m/z [M+H]+ = 404, C9H5Cl3F2O5S required 369.54. 

2,6-difluoro-4-(hydroxymethyl)phenyl (2,2,2-trichloroethyl) sulfate (7g) 

 

Following general procedure B, 8f (0.13, 0.35 mM) was reduced to afford 7f. Following 

workup the crude reaction residue was purified by flash column chromatography to yield 7a as 

a clear oil (0.09 g, 72%) and 8f as a minor product. 1H NMR (CDCl3) δH 4.72 (2H, d, J = 5.5n 

Hz, CH2OH), 4.96 (2H, s, CH2CCl3), 7.09 (2H, q, 3.89, 8.31 Hz, H-3,5), OH peak not observed. 

LRMS m/z [M+H]+ = 407, C9H7CL3F2O5S required 371.56.   

2,6-difluoro-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl 

(2,2,2-trichloroethyl) sulfate (5f) 

 

Following general procedure C, 7f (0.07 g, 0.24 mM) was reacted to afford 5f as a mixture 

with 3. The reaction was stirred for 64 hours producing a thick white suspension. T added H2O 

(5 mL) to quench the reaction and the precipitate filtered off washing with MeOH (20 mL). 

The filtrate was collected and concentrated in vacuo. The crude residue was unable to be 

purified by column chromatography (0.1-2.5 MeOH-DCM) affording a mixture with residual 

3. The presence of 5f was a confirmed by TLC and LRMS m/z [M+H]+ = 572, 

C20H14Cl3F2NO8S required 572.74. 
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2,6-difluoro-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl 

sulfate (1f) 

 

Following general procedure D, a mixture of 7f and 3 (0.06 g) was reduced to afford 1e. After 

18 hours the reaction mixture was concentrated in vacuo. The crude residue was suspended in 

DMC (10mL) and precipitate filtered off. The filtrate was purified by flash column 

chromatography (0.1-30% MeOH-DCM) to yield 1f (0.01 g, 11% total yield from 7f, HPLC 

purity = 97%). 1H NMR (CD3OD) δH 2.45 (3H, d, J = 1.17 Hz, 4c), 5.18 (2H, s, CH2OCON), 

6.20 (1H, d, J = 1.81 Hz, 3c), 6.98 (2H, d, J = 8.60 Hz, H-3,5), 7.41 (1H, dd, J = 2.14, 8.71 Hz, 

H-6c), 7.64 (1H, d, J = 2.05 Hz, H-8c), 7.69 (1H, d, J = 8.73 Hz, H-5c) NH peak not observed., 

HMRS m/z [M-] = 440.0260, C18H13F2NO8S required 441.0325. 7.10 (2H, d, J = 8.83 Hz, 3,5), 

4-formyl-2-(trifluoromethyl)phenyl (2,2,2-trichloroethyl) sulfate (8g) 

 

Following general procedure A, 9g was reacted to afford 8g. The reaction mixture was stirred 

at room temperature for 16 hours. Following workup the crude reaction residue was purified 

by flash column chromatography to yield 8g (0.306 g, 73%). 1H NMR (CDCl3) δH 4.93 (2H, 

s, CH2Cl3), 7.91 (1H, d, J = 8.55 Hz, H-3), 8.19 (1H, dd, J = 2.02, 8.55 Hz, H-5), 8.27 (1H, d, 

J = 1.69 Hz, H-6), 10.07 (d, J = 2.04 Hz, CHO). LRMS m/z [M+H]+ = 437, C10H6Cl3F3O5S 

required 401.56. 
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4-formyl-2-(trifluoromethyl)phenyl (2,2,2-trichloroethyl) sulfate (7g) 

 

Following general procedure B, 8g (0.30, 0.84 mmol) was reduced to afford 7g. After workup 

the reaction residue was purified by flash column chromatography to afford 7g as a colourless 

oil (0.11 g, 36%) and a second impure fraction. 1H NMR (CDCl3) δH 4.79 (2H, s, CH2OH), 

4.92 (2H, s, CH2CCl3), 7.66 (2H, m, H-5,3), 7.75 (1H, d, J = 0.70 Hz, H-6), OH peak not 

observed. LRMS m/z [M+H]+ = 439, C10H8Cl3F3O5S required 403.57.  

4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)-2-

(trifluoromethyl)phenyl (2,2,2-trichloroethyl) sulfate (5g) 

 

Following general procedure C, 7g (0.11 g, 0.27 mmol) was reacted to afford 5g. The reaction 

mixture was stirred for 1 week producing a thick white suspension. The reaction was quenched 

with H2O (5 mL) and precipitate filtered off, washing with MeOH (20 mL). The filtrate was 

concentrated in vacuo and the crude residue purified by flash column chromatography (0.1-

2.5% MeOH-DCM) and trituration of fractions in MeOH collecting pure 5g in the filtrate (0.11 

g, 55%). 1H NMR (d6-DMSO) δH 2.39 (3H, d, J = 0.97 Hz, H-4c), 5.31 (2H, s, CH2OCON), 

5.48 (2H, s, CH2CCl3), 6.24 (1H, d, J = 1.13 Hz, H-3c), 7.41 (1H, d, J = 2.0, 8.7 Hz, H-6c), 7.55 

(1H, d, J = 1.96 Hz, H-6), 7.71 (1H, d, J = 8.75 Hz, H-8c), 7.81 (1H, d, J = 8.53 Hz, H-3), 7.96 

(1H, d, J = 8.67 Hz, H-5c) 8.03 (1H, dd, J = 1.78, 6.99 Hz, H-5), 10.36 (1H, s, NH). LRMS 

m/z [M+H]+ = 605, C21H15Cl3F3NO8S required 604.76. 
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4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)-2-

(trifluoromethyl)phenyl sulfate (1g) 

 

Following general procedure D, 5g (0.11 g, 0.18 mmol) was reduced to afford 1g. After 2 

hours the Zn had been consumed and TLC and LRMS analysis reported the reaction was not 

complete. A further portion of Zn (4 eq.) and ammonium formate (6 eq.) and stirred at room 

temperature for 30 minutes. The reaction mixture was concentrated in vacuo and the crude 

residue purified by flash column chromatography (0-30% MeOH-DCM) to yield 1g as a white 

solid (0.02 g, 22%, HPLC purity = 98%). 1H NMR (CD3OD) δH 2.45 (3H, d, J = 1.18 Hz, H-

4c) 5.23 (2H, s, CH2OCON), 6.20 (1H, d, J = 1.18 Hz, H-3c), 7.39 (1H, dd, J = 2.14, 8.71 Hz, 

H-6c), 7.63 (1H, d, J = 2.14 Hz, H-8c), 7.68 (3H, m, H-3, 5c, 6), 7.85 (1H, d, J = 8.58 Hz, H-

5). The NH peak was not observed. 13C NMR (CD3OD) δC 18.7 (CH3 4c), 66.9 (CH2), 106.5 

(CH 8c), 113.1 (CH 3c), 116.1 (C 4ac), 116.4 (CH 6c), 122.5 (C 5), 122.9 (CH 6), 123.4 (C CF3), 

126.1 (CH 5c), 126.9 (CH 3), 127.7 (C 4), 134.2 (C 1), 144.5 (C 7c), 152.3 (C 4c), 155.2 (C 2), 

155.7 (C 8ac), 155.8 (C OCNO), 163.6 (2c). HRMS m/z [M]- =472.0322, C18H14F3NO8S 

required 473.0387. 

4-formyl-3-methylphenyl (2,2,2-trichloroethyl) sulfate (8h) 

 

Following general procedure A, phenol 9h (0.30 g, 1.96 mmol) was reacted to afford 8h. 

Following work up the crude reaction residue was purified by column chromatography (20% 

EtOAc-X4) to yield 8h (0.28 g, 29%). 1H NMR δH (CDCl3), 2.48 (3H, s, H-3), 4.87 (2H, s, 

CH2CCl3), 7.57 (1H, d, J = 8.36 Hz, H-5), 7.70 (1H, ddd, J = 0.47, 1.62, 8.38 Hz, H-6), 7.82 

(1H, d, J = 0.48 Hz, H-2), 10.00 (1H, s, CHO). LRMS m/z [M+H]+ = 393, C10H9Cl3O5S 

required 347.59.  
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4-formyl-3-methoxyphenyl (2,2,2-trichloroethyl) sulfate (8i) 

 

Following general procedure A, phenol 9i (0.30 g, 1.96 mmol) was reacted to afford 8i. 

Following work up the crude reaction reside was purified by flash column chromatography to 

yield 8i as a brown oil (0.46 g, 65%). 1H NMR δH 3.96 (3H, s, OMe), 4.87 (2H, s, CH2CCl3), 

7.02 (2H, m, H-2, 6), 7.91 (1H, d, J = 8.3 Hz, H-5), 10.41 (1H, s, CHO). 13C NMR δC 56.42 

(CH3), 80.7 (CH2), 92.4 (C CCl3), 105.2 (CH), 113.3 (CH), 124.3 (C), 130.7 (CH), 155.1 (C), 

163.1 (C), 188.2 (CHO). Molecular ion not observed by HRMS, LRMS m/z [M+H]+ = 398, 

C10H9Cl3O6S required 363.59. 

4-(hydroxymethyl)-3-methoxyphenyl (2,2,2-trichloroethyl) sulfate (7i) 

 

Following general procedure B, aldehyde 8i (0.15 g, 0.4 mmol) was reduced to afford 7i. 

Following work up the crude reaction residue was purified by flash column chromatography 

(20% EtOAc-X4), to yield alcohol 7i as a clear oil ( 0.09 g, 60%) 1H NMR (CDCl3) δH 3.87 

(3H, s, OMe), 4.68 (2H, d, J = 6.09 Hz, CH2OCON), 4.83 (2H, s, CH2Cl3), 6.88 (1H, d, J = 

2.29 Hz, H-2), 6.95 (1H, dd, J = 2.31, 8.24 Hz, H-6), 7.36 (1H, d, J = 8.26 Hz, H-5), OH peak 

not observed. 13C NMR δC 56.0 (CH3), 61.3 (CH2, CH2OH), 80.6 (CH2, CH2CCl3), 104.2 (CH), 

122.9 (CH), 129.2 (C 4), 129.5 (CH), 150.5 (C, 1), 158.4 (C,2). Molecular ion not observed by 

HRMS. LRMS m/z [M+H]+= 401, C10H11Cl3O6S required 365.60. 
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3-methoxy-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl (2,2,2-

trichloroethyl) sulfate (5i) 

 

Following general procedure C, alcohol 7i (0.06 g, 0.68 mmol) was reacted to afford 5i. Prior 

to the reaction stock AMC was dissolved in DCM and concentrated in vacuo. Following 

addition of 7i the reaction was stirred at room temperature for 18 hours becoming a brown 

suspension. The reaction was quenched with H2O and precipitate filtered off washing with 

MeOH. The filtrate was concentrated in vacuo and the crude reaction mixture purified by flash 

column chromatography (0.1 – 2.5% MeOH-DCM) collecting fractions with 5i and and 

trituration of the crude fractions in MeOH collecting 5i in the filtrate. The filtrate was 

concentrated in vacuo to yield 5i as a white solid (0.05 g, 13%). 1H NMR (d6-DMSO) δH 2.29 

(3H, d, J = 0.85 Hz, H-4c), 3.88 (3H, s, OMe), 4.31 (2H, d, J = 5.92 Hz, CH2OCO), 5.37 (2H, 

s, CH2CCl3), 5.91 (1H, d, J = 1.04 Hz, 3c), 6.36 (1H, d, J = 2.15 Hz, 8c), 6.62 (1H, dd, J = 2.2, 

8.7 Hz, H-6c), 7.04 (1H, dd, J = 2.32, 8.37 Hz, H-6), 7.17 (1H, d, J = 2.33 Hz, H-2), 7.31 (1H, 

d, J = 8.39 Hz, H-5), 7.46 (1H, d, J = 8.77 Hz, H-5c), 10.36 (1H, s, NH).  

 LRMS m/z [M+H]+ = 566, C12H18Cl3NO9S required 566.78.   

3-methoxy-4-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)phenyl sulfate 

(1i) 

 

Following general procedure D, 5i (0.02 g, 0.04 mmol) was reduced to afford 1i. After 18 

hours the TLC and LRMS saw no formation of 1i, and a further portion of Zn (12 eq,) and 

ammonium formate (24 eq.) and stirred vigorously at room temperature for 6 hours. The 

reaction was concentrated in vacuo and the crude reaction residue purified by flash column 



Experimental 

chromatography (2%-40% MeOH-DCM). The resulting white solid was freeze dried to afford 

1i (0.01g, 62%, HPLC purity = 95%). 1H NMR (CD3OD) δH 2.37 (3H, d, J = 0.99 Hz, H-4c), 

3.89 (3H, s, H-3), 4.58 (2H, s, CH2), 6.43 (1H, d, J = 2.29 Hz, H-2), 6.65 (1H, dd, J = 2.29, 

8.78 Hz, H-6), 6.82 (1H, dd, J = 2.17, 8.26 Hz, H-6c), 6.95 (1H, d, J = 2.13 Hz, H-8c), 7.20 

(1H, d, J = 8.25 Hz, H-5), 7.45 (1H, d, J = 8.81 Hz, H-5c). 13C NMR (CD3OD) δC 18.7 (CH3), 

42.6 (CH2) 56.2 (CH3), 105.4 (CH), 111.1 (CH), 114.3 (C), 124.3 (2C) , 126.9 (CH), 127.0 

(CH), 127.3 (CH), 129.7 (CH), 130.6 (CH) 154.43 (2C) 156.7 (2C), 157.7 (C), 159.3 (C). 

HRMS m/z [M]- = 434.0516, C19H17NO9S
- required 435.0590 

methyl (4-methyl-2-oxo-2H-chromen-7-yl)carbamate (22) 

 

Following general procedure D, MeOH (20 mL) was reacted to afford methylcarbamate 22. 

Following removal of excess phosgene, MeOH (20 mL) was added to the reaction mixture and 

left to stir at room temperature for 2 hours. The reaction mixture became a white suspension 

and was quenched with additional MeOH (20 mL). The reaction mixture was concentrated in 

vacuo and suspended in MeOH and filtered collecting the purified 22 as a white solid. Yield 

not recorded. 1H NMR consistent with previous literature(186).
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