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Abstract 

 

Bioconjugation, a technique to covalently attach molecules to biomolecules, is employed 

for a range of applications, e.g. studying biological systems, developing therapeutics and 

imaging. Bioconjugates that can undergo photochemical transformations are gaining 

significance as these occur with precise spatiotemporal control, only upon exposure to 

specific wavelengths of light. Despite this, there is slow progression of the field due to the 

lack of photoactive molecules that can selectively be attached to biomolecules. 

 

Next-generation maleimides have previously been shown to selectively react with 

cysteine residues on proteins and peptides to produce thiomaleimide conjugates. 

Furthermore, thiomaleimides have displayed the ability to undergo efficient exo-selective 

[2+2] photocycloaddition reactions. Combining these two modes of reactivity has led to 

the ability to photochemically rebridge protein and peptide disulfide bonds. The work 

conducted in this thesis has expanded the scope of this rebridging through development 

of an intramolecular version which reverses the stereoselectivity to produce endo 

products. Electronic and vibrational transient absorption spectroscopies have then been 

used to observe the excited states involved in the thiomaleimide [2+2] 

photocycloaddition, deepening current knowledge on the reaction mechanism. The 

determination of excited state lifetimes has shown the intramolecular version to have an 

accelerated triplet state decay due to faster carbon-carbon bond formation, providing 

evidence for the increased photoefficiency. 

 

Interestingly, dithiomaleimides were also discovered to undergo a second photochemical 

reaction, namely a photodecarboxylation. In this thesis, the reaction was developed 

further to improve the photocleavage yield upon decarboxylation and confirm the nature 

of the released cargo. The photoreaction was then exemplified on an antibody fragment 

for initial establishment of a photocleavable antibody-drug conjugate. The research in 

this thesis was further extended towards wavelength tunability of both the [2+2] 

photocycloaddition and photodecarboxylation reactions. This was achieved by studying 

other substituted maleimides which provides the basis for orthogonal photoreactions 

through wavelength-selective chromophores.  
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Impact Statement 

 

Bioconjugation is a strategy to attach a molecule to a biomolecule via a covalent bond. 

This can serve to replicate natural post-translational modifications, but further 

diversification of the attachment moieties and methodologies has widened the 

applications to half-life extension, peptide therapeutics and imaging. The combined field 

of photochemistry and bioconjugation has received greater interest recently due to the 

precise spatiotemporal control of biological systems that light can offer. Light is a simple 

yet effective tool for controlled studies of bioconjugates, with its orthogonality to 

biological processes and non-invasive nature, provided low energy wavelength light is 

used. The interdisciplinary field has led to novel developments such as fluorescent 

diagnostic imaging and targeted photodynamic therapy. Current research also involves 

studying protein function through light-mediated conformational changes and for photo-

targeted drug delivery. Nevertheless, to date, research into photoactive bioconjugates has 

not reached its full potential and novel methods with improved biocompatibility and 

photoefficiency are highly desirable for future success. 

 

Next-generation maleimides are powerful cysteine-selective reagents forming 

thiomaleimide conjugates with the conjugated double bond retained, meaning they are 

chromophores. Thiomaleimides have recently been discovered to undergo fast [2+2] 

photocycloaddition reactions and employing this strategy to thiomaleimide conjugates 

has resulted in a method to photochemically rebridge disulfide bonds. The work in this 

thesis has shown that through the design of an intramolecular [2+2] photocycloaddition 

reaction, the stereoselectivity can be reversed. The intramolecular endo-selective version 

results in bringing the sulfur atoms into closer proximity. This was demonstrated on an 

antibody fragment to photochemically rebridge a disulfide bond, producing a thiol-stable 

conjugate with the structural integrity retained. We envisage that through further 

functionalisation of the next-generation maleimides, this approach will have applications 

in generating novel stable antibody-drug conjugates. The power to control the reaction 

stereoselectivity could be utilised to change properties of polymers upon photochemical 

conformational transformations, and more broadly, the [2+2] photocycloaddition could 

have applications in photochemical surface patterning and immobilisation. 
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The [2+2] photocycloaddition reaction of maleimides is widely known but not many 

investigations into the photophysics have been conducted. The work in this thesis has 

used electronic and vibrational transient absorption spectroscopies to observe the 

excited states in the photochemical pathway, a major contribution towards 

understanding this class of reactions in greater depth, including the increased efficiency 

of the intramolecular reaction and the evolvement of the carbonyl bond between the 

different excited states. The knowledge revealed from these experiments will guide 

photochemists in designing further optimised reagents for these reactions. 

 

The photodecarboxylation mode of reactivity of dithiomaleimides was previously 

discovered when exploring the [2+2] photocycloaddition reaction. The work in this thesis 

aimed to exploit the photodecarboxylative elimination towards applications in 

photocleavable conjugates. Improvement of the dithiomaleimide systems resulted in 

quantitative photorelease of an attached cargo and provides an applicable technique for 

the development of targeted photocleavable conjugates. This was initially attempted on 

an antibody fragment with fluorophore release quantified. We believe that this work 

demonstrates the full capability of this photodecarboxylative elimination strategy and 

hope it will be adopted towards the generation of photocleavable antibody-drug 

conjugates. Furthermore, the photodecarboxylative elimination was diversified with 

alternative substituted maleimides, and the potential of these towards orthogonal 

wavelength-selective photorelease was exemplified. 
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1: Introduction 

This research project explores the combination of protein modification and 

photochemistry to expand this interdisciplinary field. The introduction is split into three 

sections: the first covers the background of protein modification, with a focus on next-

generation maleimides (NGMs) for cysteine-selectivity; the second discusses the 

fundamentals of photochemistry and the photoreactions of NGMs; and the final serves to 

describe recent advances through the union of both fields. 

 

1.1: Protein modification 

Proteins and peptides perform fundamental roles in biological processes that take place 

in the human body. They are encoded by genes: sequences of triplet nucleotide codons in 

DNA.1,2 The total number of human genes is estimated to be around 30,000 and so it 

would be expected that the total number of proteins would also be the same. However, 

the total number of human proteins is thought to be at least 10-100-fold higher, leading 

to a much higher complexity than initially expected. There are many reasons for this huge 

protein diversification, but there are two major contributions.3 The first is due to mRNA 

splicing4,5 and the second is at the protein level and caused by enzyme-mediated chemical 

reactions known as post-translational modifications (PTMs).1,2,6,7 There are many types 

of PTMs that can occur and the most common examples of covalent modifications include 

phosphorylation, methylation, acetylation, glycosylation and oxidation (Scheme 1).1,2 

 

Scheme 1: Examples of PTMs of amino acids: A) serine phosphorylation; B) asparagine 
methylation; C) lysine acetylation; D) serine glycosylation and E) cysteine oxidation.1,2 
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In addition to the different types of modifications, PTMs can occur on different numbers 

and types of amino acids. These three factors introduce a vast array of possible 

modifications resulting in a range of proteins with various conformations, charge 

distributions, and polarities,1,2 which will all have different interactions, stabilities and 

reactivities.8 This method of diversification means that proteins and peptides have many 

different functionalities allowing them each to drive unique biological processes, such as 

signal initiation, controlling cellular function, gene silencing and transcription 

regulation.2,6,7 

 

By reproducing these natural modifications in a specific manner, it is possible to probe 

and study the structure and function of these proteins.7 One way to mimic these PTMs is 

through bioconjugation: the attachment of two molecules, where at least one is a 

biomolecule, via a covalent bond, either in vitro or in vivo. When the second molecule is 

chosen to have a similar functional group to that presented during a PTM, the natural 

process is replicated. This controlled method to introduce a PTM is key to further develop 

our knowledge of biological processes and forms one aspect of the chemical biology field. 

The current diversity of available attachments means that chemical bioconjugation can 

also be utilised for purposes beyond simply probing biological function. Examples include 

synthetic small molecules or even secondary biomolecules, such as proteins.6,7 These 

unnatural protein modifications cause functions to be altered and hence the biological 

processes they take part in can be modulated. The field of protein bioconjugation is ever-

growing and is employed for a whole range of innovative purposes. This includes 

fluorescent imaging,9 disease diagnostics,10 improving drug-like properties of peptide 

therapeutics,11 and as targeted therapeutics, e.g. antibody-drug conjugates (ADCs).12,13 

 

1.1.1: Bioconjugation methods 

Protein bioconjugation requires reagents that can react efficiently and site-selectively.7 

There are 20 natural amino acid side chains on proteins which provide a variety of 

reactive moieties.14 These have been wholly exploited by identifying reagents for site-

selectively modifying amino acid residues, and a comprehensive review has been written 

by Wagner et al.14 Lysine and cysteine residues are the most popular targets due to the 

ease of modifying their highly nucleophilic side chains.15 For example, the primary amine 

group in lysine can readily attack electrophiles, such as N-hydroxysuccinimide (NHS) 
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esters6 and isothiocyanates16 (Scheme 2A-B). Targeting other residues is less common, 

e.g. the reaction of the phenolic group on tyrosine with aryl diazonium salts;17,18 histidine 

reacting with epoxides via a ring-opening reaction;19,20 and arginine forming pyrimidine 

derivatives through reactions with α-dicarbonyls21,22 (Scheme 2C-E). 

 

Scheme 2: Examples of chemical bioconjugation of A) lysine with NHS esters;6 B) lysine 
with isothiocyanates;16 C) tyrosine with aryl diazonium salts;17,18 D) histidine with 

epoxides;19,20 and E) arginine with α-dicarbonyls.21,22 
 

Despite the popularity of lysine modification, there are two major limitations. At 

physiological pH, lysines exist largely in their protonated form (R-NH3+) due to their high 

pKa of ~10.5.23 This reduces the nucleophilicity of the amine meaning it competes with 

other nucleophilic residues (e.g. cysteine, tyrosine, serine and threonine),14 causing a loss 

in chemoselectivity.14,15 Secondly, lysines are abundant, representing 5.9% of all body 

amino acids.23,24 Although this increases the chance of lysine modification, any possibility 

of regioselective control is largely eliminated. This gives rise to heterogenous mixtures of 

products25,26 which is undesirable, especially for therapeutic uses.27,28 

 

1.1.2: Cysteine modification 

Cysteine residues contain a reactive thiol group which display excellent nucleophilicity, 

allowing modifications with electrophilic reagents. Additionally, cysteine provides 

solutions to the drawbacks involved with lysine modification. At physiological pH, ~10% 
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of cysteine residues exist as thiolate anions due to their low pKa of ~8.2,29 making 

cysteine the most nucleophilic amino acid residue.14,15 Therefore, it is straightforward to 

chemoselectively modify cysteine residues over other amino acid residues, including 

lysine, without the need to alter pH. The second point is the much lower abundance of 

cysteine residues at a mere 1.9% of all body amino acids.23,24 A high proportion of these 

cysteine residues exist in the form of disulfide bonds, requiring a reduction step to release 

the free thiols.6 Therefore modification of cysteine residues can be site-selective to 

produce homogeneous conjugates. In addition, site-directed mutagenesis means it is 

simple to incorporate new cysteine residues into a protein, allowing predetermined site-

selectivity, if required.14,30 Both these characteristics of cysteine, namely low pKa and low 

abundance, provide an elegant technique for cysteine-selective bioconjugation, and this 

method is becoming preferable over targeting lysine residues. 

 

Many methods of cysteine modification have been developed over the years (Scheme 

3).27 This includes alkylation with Michael acceptors, e.g. maleimides31 and vinyl 

sulfones;32 alkylation with α-halocarbonyls, such as iodoacetamides;33 oxidative disulfide 

formation, e.g. with the well-known example of Ellman’s reagent;27,34 and oxidative 

elimination to form the electrophilic dehydroalanine (Dha) Michael acceptor, which can 

further react with nucleophilic thiols.35 

 

Scheme 3: Selective cysteine modifications: A) addition of maleimide; B) alkylation by 
iodoacetamide;33 C) oxidative disulfide formation;27,34 and D) dehydroalanine (Dha) 

formation by using O-mesitylenesulfonylhydroxylamine (MSH).35 
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1.1.3: Next-generation maleimides (NGMs) vs classical maleimides 

The addition of maleimide,  discovered as early as 1949 by Simon-Reuss et al.,31 is the 

most prevalent cysteine modification technique due its rapid reaction rates and highly 

cysteine-selective nature.14 Nevertheless, there are some disadvantages of the protocol. 

Maleimides conjugate to cysteine residues via the thiolate anion to form succinimide 

conjugate 1 (Scheme 4). In many instances, succinimide conjugates were observed to be 

susceptible to thiol exchange in plasma over a few days.36–39 This is via a retro-Michael 

pathway to release the free maleimide, which can go on to react with other thiols such as 

albumin and glutathione (GSH). Although reversibility is useful in the field of 

bioconjugation, including as a temporary protecting group,40–42 or to release cargo at a 

particular site,40,41,43 it is only valuable if the reversibility is controlled. It was accepted 

that the succinimide conjugates could not provide a platform for controlled reversibility. 

 

On the other hand, the retro-Michael reversibility meant the succinimide conjugates 

could also not be utilised as non-cleavable conjugates, e.g. for therapeutics or probes.44  

Thus a means to supress thiol exchange was explored. It was found that hydrolysis of 

succinimide conjugate 1 caused a ring-opening, leading to the formation of succinic acid 

2, which was no longer vulnerable to any thiol exchange (Scheme 4).37,38 Though this 

new conjugate solves the thiol stability concern, the hydrolysing conditions to achieve 

this is non-optimal. In these basic conditions, the retro-Michael reaction of succinimide 

conjugate 1 to produce free maleimide is enhanced and becomes a significant 

competitor.39 This free maleimide can react with other thiols, but more severely, it is 

prone to irreversible hydrolysis itself. This can considerably diminish the yield of the 

stable conjugate 2. 

 

Scheme 4: Maleimide conjugation and subsequent pathways upon hydrolysis.37–39 
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To address the issues of classical maleimides, the Baker and Caddick groups developed a 

new class of reagents, known as next-generation maleimides (NGMs). Gratifyingly, these 

novel reagents were able to resolve both concerns, producing conjugates with a 

controlled reversibility mode and also non-cleavable thiol-stable conjugates.44 NGMs are 

maleimides with a leaving group (LG), such as a halogen or thiophenol, on the double 

bond. These NGMs can react with cysteine residues in an addition-elimination reaction to 

form maleimide conjugate 3 which, in contrast to a succinimide conjugate, retains a 

double bond (Scheme 5A).40,41 Upon exposure to excess thiol, such as GSH or β-

mercaptoethanol (BME), a conjugate addition to the double bond occurs, followed by a 

retro-Michael pathway, releasing the free cysteine residue.44 This allows the maleimide 

conjugation to be reversed by controlling the surrounding thiol concentration (Scheme 

5B). As well as reversibility, the retention of the double bond provides a second point of 

attachment via a another nucleophilic attack, e.g. by stoichiometric addition of a thiol to 

give a dithiosuccinimide (Scheme 5C).41 Non-cleavable conjugates could also be obtained 

via the same hydrolysis pathway as for succinimide conjugates. Fortunately, the 

hydrolysis of conjugate 3 quantitatively forms the thiol-stable maleamic acid 4 (Scheme 

5D).44 This is because maleimide conjugate 3 cannot mechanistically undergo the retro-

Michael reaction, allowing easy access to high-yielding non-cleavable conjugates.39 

 

Scheme 5: A) NGM conjugation;40 B) reversibility of conjugation;44 C) attachment of a 
second thiol;41 and D) hydrolysis to solely produce a thiol-stable conjugate.39,44 
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The development of NGMs solved the issues associated with classical maleimides, and 

since their initial discovery, they have been employed for multiple uses in chemical 

biology: for cleavable biotinylation for protein pull-down;44,45 as fluorescence ‘turn-on’ 

reagents;46 the generation of serum stable albumin-drug conjugates for therapeutic half-

life extension;39,47 and for synthesising THIOMAB antibody-drug conjugates (TDCs).48 

However, it is important to note that this strategy is only applicable to rare free cysteine 

residues39,47 or by engineering a new cysteine into a protein.44,45,48 Alternatively, the 

much more common disulfide bonds can be targeted with a prior reduction step, e.g. with 

dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP), to release two free 

thiols.41,44 

 

1.1.4: Disulfide bridging 

Disulfides can play a role in the biological activity of a protein,49 but the majority provide 

stability to the tertiary structure of proteins.50 This is thermodynamically achieved: the 

disulfide bridge can destabilise the unfolded form of a protein by reducing its entropy; 

and it can also have an enthalpic impact by bringing together groups for favourable local 

interactions.51 Therefore, cysteine conjugation procedures that involve breaking 

disulfide bridges would cause a concurrent loss in stability. Thus, in 2006, Brocchini et al. 

introduced the new technique of disulfide rebridging.52,53 They achieved site-selective 

PEGylation to disulfides on various proteins with a sequence of two thiol attacks on an 

enone-sulfone reagent (Scheme 6). This reformed the disulfide via a three-carbon bridge, 

without any destruction to the tertiary structure or biological activity, and likely, this also 

ensured the regeneration of stability.  

 

Scheme 6: Conjugation to an enone-sulfone to achieve disulfide bridging.52,53 
 

With the success of monosubstituted maleimides, disubstituted maleimides were 

envisioned to be model candidates for disulfide stapling.41 The presence of two LGs on 

the double bond would offer the opportunity to rebridge disulfide bonds via a double 

thiol conjugation, additionally retaining the maleimide double bond, giving these 
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conjugates further application potential. This was achieved on a small cyclic peptide 

when conjugating a fluorophore via dibromomaleimide (Scheme 7).41,44 The rebridged 

fluorescent conjugate generated was thiol cleavable due to the reversibility mode of 

NGMs, but a hydrolysis step provided access to a thiol-stable fluorescent conjugate.44 

 

Scheme 7: Generating thiol cleavable and thiol-stable conjugates with 
dibromomaleimides to simultaneously achieve disulfide stapling via a two-carbon 

bridge.41,44 
 

These novel dibromomaleimide reagents offer rebridging advantages over Brocchini’s 

reagent as they provide a more rigid bridge with a π-bond; the two-carbon bridge 

introduces no chirality, unlike the three-carbon bridge; and the two-carbon bridge means 

the cysteines are held in closer proximity to each other and hence are likely to retain even 

more structural integrity.41 Therefore, these dibromomaleimides provide exceptional 

conjugation potential whilst stapling the disulfide bridge to maintain protein stability.44 

Since, the initial proof of conception, this rebridging method with disubstituted 

maleimides has been employed for a variety of applications, including PEGylation,54 

introducing polymers into biological systems,55 optical and nuclear imaging,56 

synthesising homogeneous ADCs,57–59 and constructing homogeneous bispecifics.60 

 

Disubstituted maleimides have also been utilised for cross-linking two proteins, namely 

antibody fragments with human serum albumin (HSA).61,62 This involves disulfide 

rebridging and single cysteine modification, respectively. It was noted that HSA reacts 

with disubstituted maleimides via its free cysteine followed by attack from a proximal 

lysine to form an aminothiomaleimide. This conjugate was not susceptible to hydrolysis, 

but the electron-donation of the amine into the ring provided thiol stability.62 Further 

exploration has permitted this extra amine conjugation to simultaneously incorporate 

thiol stability whilst providing dual functionalisation of the protein (Scheme 8).63 
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Scheme 8: Simultaneous functionalisation and thiol stabilisation with amine addition.63 
 

1.1.5: Bromo-pyridazinediones (PDs) 

Further extensions to the novel breakthrough of NGMs was led by the discovery of 

bromo-pyridazinediones (PDs) by the Chudasama and Caddick groups (Figure 1).64 

These reagents, like NGMs, were found to be highly selective for cysteine residues over 

lysine residues and follow a similar mechanistic pathway that retains the double bond 

upon conjugation. They also offered the same thiol reversibility as NGMs with high thiol 

concentrations but interestingly, were found to have full hydrolytic stability at 

physiological temperature.64,65 However, as with NGMs, non-cleavable conjugates can 

still be generated through the formation of aminothio-PDs, which confer thiol stability, 

due to the reduced electrophilicity of the ring.65 The added benefit of PDs is they have 

four points of attachment, compared to three with NGMs, due to possible 

functionalisation at both nitrogen atoms. The downside to PDs is they are less reactive 

than NGMs for thiol conjugation.66 This is due to the lower ring strain of a six-membered 

ring vs. a five-membered ring, and also due to the ring being less electrophilic caused by 

the electron-donating nature of two nitrogen atoms. These PDs have been used for a host 

of functions including ubiquitin conjugation,66 installing dual modifications to antibody 

fragments,67 synthesising tri-functional proteins,65 and creating homogeneous ADCs.68,69 

 

Figure 1: Structure of A) monobromo-PD and B) dibromo-PD.64 
 

1.1.6: Peptide conjugates 

Peptides are a subset of small size proteins, with specific biological roles through 

selective receptor binding. For the last couple of decades, the peptide therapeutic 
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industry has boomed.70 This is due to their benefits over small molecule drugs, which can 

show toxicity, non-specificity and low efficacy; and their cost-benefits and ease of 

synthesis compared to protein therapeutics. However, naturally occurring peptides are 

unsuitable due to their poor pharmacokinetic profile, such as short half-life and 

instability, but structural modifications to their amino acid sequence can show great 

improvements. There are now over 60 approved peptide therapeutics and more than 400 

in clinical development.71 

 

Somatostatin is a natural cyclic peptide hormone produced in the hypothalamus but 

transported widely around the body for a multitude of functions: inhibiting growth 

hormone release; regulating endocrine secretion; preventing cell proliferation; and 

acting as a neurotransmitter to manipulate the nervous system.72–74 There are two forms 

of the somatostatin hormone: somatostatin-14 (SST-14) and somatostatin-28 (SST-28), 

with a length of 14 and 28 amino acids, respectively.72,75 These exist in different amounts 

depending on the cell, organ type and function required. The activity is initiated through 

binding to somatostatin receptors, of which there are five human subtypes (SSTR1-5) 

expressed in various proportions throughout the body.74,75 Interestingly, these receptors 

are found to be overexpressed by some cancers and hence somatostatin was considered 

for use as a natural therapeutic through inhibition of the growth hormone.76 However, it 

is limited for clinical use by its extremely short half-life of about two minutes,77,78 its low 

oral bioavailability79 and as it suffers from immunogenicity.79 

 

Developments of SST-14 (Figure 2A) led to many analogues of which some are now 

approved therapeutics.80 Changing from L-Trp to D-Trp increased the efficacy compared 

to the natural peptide, likely due to the lack of enzymatic degradation of D-amino acids 

(i.e. a longer half-life).81 The disulfide was key for activity due to stabilisation of the 

tertiary structure.82 Additionally, the vital pharmacophore was confirmed to be the Phe7-

Trp-Lys-Thr10 β-turn section, as alterations to this caused a reduction in binding and 

potency.83 These structure-activity relationships eventually led to the synthesis of the 

octreotide analogue in 1982 (Figure 2B).84 This analogue displays a 20-fold increased 

potency, a longer in vivo half-life of around two hours and is principally selective for the 

SSTR2 receptor.77–79 In 1983, octreotide was approved as a therapeutic to treat 

neuroendocrine tumours,79 which overexpress the SSTR2 receptor.80 The presence of a 
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disulfide which is key for activity makes this peptide therapeutic a perfect target for 

further bioconjugation studies with disulfide stapling reagents. 

 

Figure 2: Structure of A) somatostatin-1472 and B) octreotide.84 
 

1.1.7: Antibody conjugates 

Antibodies are large Y shaped proteins (Figure 3), also known as immunoglobins (Igs), 

which form part of the immune response when a foreign substance enters the body.85 

Antibodies are made up of two heavy and two light chains which are held together by 

disulfide bonds and non-covalent interactions.86 Igs generated by the immune system are 

highly specific to antigens displayed on a foreign cell, and this function arises from the 

antigen binding fragment (Fab).85 Specifically, it is the complementarity-determining 

regions (CDRs), hypervariable domains found at the top of the Fab, that allows antibodies 

to bind to such a vast range of antigens. The second component of an antibody is the 

crystallisable fragment (Fc) responsible for interactions with other proteins in the 

immune system. There are five types of Igs found in the human body (IgA, IgD, IgE, IgG 

and IgM) defined by the type of Fc present.85,86 IgG is the most abundant, which itself is 

split into four subclasses (IgG1, IgG2, IgG3 and IgG4).87 These differ in their interchain 

disulfides, including number, e.g. IgG1 contains four, whilst IgG2 has six.88 

 

Figure 3: Structure of an IgG1 antibody.86,88 
 

The specific nature with which antibodies can bind to antigens make them ideal for 

targeted therapeutics.85 This idea became closer to reality in 1975 when monoclonal 

antibodies (mAbs) were first synthesised.89 In 1986, the very first mAb approved for 

clinical use against transplant rejection was muromonab-CD3,85,90 and 11 years later, 

rituximab was approved as the first antibody therapeutic for treating a cancerous disease, 
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namely B-cell non-Hodgkin’s lymphoma.91 Since then, there has been an exponential rise 

in the development of antibody therapeutics85,92 and today, there are over 100 approved 

antibody therapeutics,93 with the majority based on the IgG1 scaffold.90,94 Although, 

antibodies are specific to a particular cancer cell antigen, allowing a targeted treatment, 

they are often not sufficiently potent in killing the tumour cells, which led to the 

development of antibody-drug conjugates (ADCs).12,95–100 These consist of a cytotoxic 

drug covalently attached to an antibody amino acid residue via a linker.12,97,98 The 

attached drug provides the potency against cancerous cells and the antibody affords the 

tumour-targeting capability.12,97–101 

 

There are currently eleven FDA approved ADCs on the market: Mylotarg,97,98,102 

Adcetris,103–105 Kadcyla,106,107 Besponsa,99,108,109 Polivy,110 Padcev,111 Enhertu,112 

Trodelvy,113 Blenrep,101 Zynlonta,114 and Tivdak;115 with the latter seven only introduced 

since 2019. The choice of antibody and drug are naturally critical for the therapeutic 

profile, but also vital to the success of the ADC is the nature of the linker.12,97–100 The linker 

must remain stable when circulating in the bloodstream to prevent off-target toxicity. 

Upon reaching the target site, it must release the drug payload to allow its cytotoxicity to 

be unleashed. Linkers fall under two categories: non-cleavable and cleavable. A non-

cleavable linker depends on break down of the mAb by proteolytic digestion in the 

lysosome upon internalisation, and has been used in Kadcyla106,107,116 and 

Blenrep.101,117,118 In contrast, a cleavable linker is one that will cleave in certain 

environmental conditions.12,97–100 Methods include acid-facilitated hydrolysis of 

hydrazone used in Mylotarg97,98,102 and Besponsa;99,109 pH sensitive hydrolysable 

carbonate linkers as in Trodelvy;113,119 protease-mediated valine-citrulline cleavage used 

in Adcetris;103–105 Polivy,110,120,121 Padcev111,122,123 and Tivdak;115,124,125 protease-

mediated glycine-glycine-phenylalanine-glycine cleavage as in Enhertu;112,113,126 

protease-mediated valine-alanine cleavage used in Zynlonta;114,127,128 and thiol-sensitive 

disulfide reduction as in many ADCs that are currently going through clinical 

development.12,97–101 The linker cleavage is extremely crucial for controlled drug release 

and must be a major consideration when designing new ADCs. 

 

The success of full antibodies and ADCs is evident through the many clinical approvals 

since their conception. However, antibody fragments, such as Fabs, may be more 
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beneficial than their full antibody counterpart in some instances. The Fc is responsible 

for Fc-mediated immune responses85 and serves to increase the half-life of the antibody 

due to FcRn (neonatal Fc receptor) binding and recycling.129,130 Therefore, loss of the Fc 

may appear seemingly disadvantageous. However, the key benefit of the smaller sized 

Fab is the improved tumour penetration131,132 and the ability to target obscure binding 

sites that are inaccessible to full antibodies.133 Despite this, there are currently only four 

FDA approved Fab therapeutics.90 This is likely due to the low molecular size, on par with 

the renal cut-off (~50 kDa), resulting in faster clearance compared to full antibodies.133 

This makes them less suitable for tumour therapeutics, but more appropriate for in vivo 

imaging purposes, with three on the market.134 However, half-life extension can be 

achieved with PEGylation and HSA conjugation.135 

 

In addition to conjugation strategies to improve the half-life, conjugation of payloads to 

Fab has also been attempted, with the aim to introduce cytoxicity, since the Fc-mediated 

immunogenicity is negated.131 To date, no Fab-drug conjugate has been approved for 

therapeutic use and these type of entities are still in preclinical development.135–138 In 

comparison to a full IgG1 antibody, its Fab is made up of a part of the heavy chain 

covalently held together with the light chain by a single disulfide bond, which confers 

stability to the protein.86 Additionally, this disulfide is distant from the CDRs, thus the 

considerably simpler single disulfide modification would also leave the antigen binding 

properties intact. The isolation of the Fab can be achieved by enzymatic digestion of the 

full antibody: pepsin results in extensive degradation of the Fc to leave behind F(ab’)2, 

and papain causes a vital cleavage above the hinge region resulting in the formation of 

two single Fabs (Scheme 9).86 Therefore, for these reasons, antibody Fabs are excellent 

systems for testing and applying disulfide bridging conjugations. 

 

Scheme 9: Proteolytic digestion of an IgG1 antibody.86 
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1.2: Photochemistry 

In the simplest of terms, as stated in the Grotthuss-Draper law, a photochemical reaction 

can occur when light is absorbed by a chemical substance.139 Natural photochemical 

reactions have taken place since the earliest of times, due to the ultraviolet (UV) and 

visible radiation emitted from the sun, and continue to do so.140,141 This includes initial 

photolysis of water vapour to produce molecular oxygen, followed by formation of the 

ozone layer via oxygen photolysis;141 plant photosynthesis;142,143 and the UV-initiated 

damage to human DNA leading to melanoma or skin cancer.144 Between the 18th and 20th 

centuries, chemists were fascinated by photoreactions and were harnessing natural 

sunlight to make their own photochemical discoveries.140,145 Many of these are now 

named reactions, including the Paternò-Büchi reaction and Ciamician photocoupling 

reaction.146 Moving into the 20th century, exploration into photochemistry grew, due to 

advances in UV lamps as alternative light sources.145 This allowed for a better 

understanding of photochemical reactions, and notably led to the construction of the 

Stark-Einstein law of photochemistry, which states that for every photon absorbed, one 

molecule undergoes a primary photochemical reaction.139 

 

Further progress in the 1950s led to the recognition of excited states as the short-lived 

species through which photochemical reactions proceed.147,148 Excited states are 

considered as species with the same structural features as their corresponding ground 

states, but with differing electronic distributions and hence a unique mode of reactivity. 

A particularly remarkable example of such contrasting reactivity is the reversal of 

benzene’s electron donating and withdrawing ability from the ortho and para positions 

in the ground state to the ortho and meta positions in the excited state.147 This was seen 

through the example of the more efficient photosolvolysis of meta-substituted 

methoxylbenzyl compared to its para-substituted counterpart. By acknowledging excited 

states, it was possible to build up mechanistic interpretations of the experimental 

reactions. Work in Zimmerman’s group explored and hypothesised the excited state 

mechanisms of a range of photochemical reactions.149–155 The first mechanism they 

elucidated was the light initiated rearrangement of 4,4-diphenylcyclohexadienone 5 to 

2,3-diphenylphenol 10 (Scheme 10).149,150 
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Scheme 10: Photochemical rearrangement of 4,4-diphenylcyclohexadienone.149,150 
 

There are four mechanistic steps in this photochemical reaction.149,150 The first step is a 

n→π* (non-bonding to anti-bonding) transition of 4,4-diphenylcyclohexadienone 5 to 

form the excited state 6 with an increased π-electron density. This electron-rich excited 

state allows formation of a covalent bond between carbons 3 and 5 to generate the excited 

state 7. Next, relaxation via a π*→n transition gives the new ground state 8, with an 

electron-deficient π-system. This allows a final carbonium-type rearrangement to form 

6,6-diphenylbicyclo[3.1.0]hex-3-en-2-one 9. This mechanistic sequence repeats a second 

time to yield 2,3-diphenylphenol 10 (Scheme 10). This general mechanism was found to 

be applicable to other organic syntheses, including the photoreaction of santonin, 

discovered as early as 1860.149,150,156 However, it was noted that this scheme could only 

be employed for a selection of ketone n→π* photoreactions.150 Other ketone based 

photoreactions involve differing rearrangements, such as cleavage or hydrogen 

abstraction, and hence these would proceed via alternative mechanisms.  

 

1.2.1: Photochemical processes 

Since this first example, there has been a large growth in the knowledge base of excited 

states, which can have different multiplicities. For organic molecules, it is normally the 

excited singlet and triplet states that are involved in photoreactions (Figure 4). An 

excited singlet state has an electron promoted from an orbital it occupied in the ground 

state to a higher orbital. The promoted electron has an opposite orientation to its 

corresponding unpaired electron in the lower orbital; total spin, S=0, and multiplicity, 

2S+1=1. Excited triplet states are when the two electrons have the same orientation; S=1 

and 2S+1=3. 
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Figure 4: Difference between singlet and triplet states. 
 

There are two types of decays possible for electronic excited states: radiative and non-

radiative. Both processes can be spin allowed or spin forbidden. Spin allowed is when the 

transitions occur between same spin states (singlet to singlet or triplet to triplet) and 

there is no change in spin multiplicity. Opposing this are spin forbidden transitions which 

occur between different spin states (singlet to triplet and vice versa) and involve a change 

in spin multiplicity. 

 

The photophysical processes that occur from electronic excited states are best 

represented by a Jablonski diagram, first proposed in 1933 (Figure 5).157 Photon 

absorption (A) causes an electronic transition from a lower energy state to a higher 

energy state and is the essential first step for any photochemical reaction to take 

place.158,159 It is usually an electron promotion from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) leading to excitation 

from the ground state (S0) to the first excited singlet state (S1). Non-radiative processes 

include vibrational relaxation, internal conversion (IC) and intersystem crossing (ISC). 

Vibrational relaxation (B) and IC (C) are both fast, spin allowed transitions with typical 

timescales of 10-14 to 10-11 s. IC involves a transition from a high energy excited state to 

lower energy state (e.g. S2 to S1 or T2 to T1) whilst vibrational relaxation occurs between 

vibrational levels within one electronic state. ISC (D) is a much slower (usually 10-11 to 

10-4 s) non-radiative process as it is spin forbidden. The most common ISC transition is 

from S1 to the first excited triplet state (T1). 

 

Non-radiative processes are fast between higher energy excited states; this can often be 

attributed to the smaller energy gaps between the excited states.158 In contrast, these are 

usually much slower from the S1 and T1 states and can be outcompeted by radiative 

pathways, which involve emission of a photon of light. This is essentially Kasha’s rule, 

which states that ‘the emitting level of a given multiplicity is the lowest excited level of 
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that multiplicity’, i.e. radiative transitions only take place from S1 or T1.160 Photochemical 

reactions can also ensue from these two states, competing with the radiative processes.158 

Fluorescence (E) is a spin allowed radiative transition with a typical timescale of 10-9 s 

and the main transition occurs from S1 to S0. Phosphorescence (F) is also radiative but is 

spin forbidden and hence has a slower timescale (normally 10-3 to 101 s). The main 

phosphorescence transition seen is from T1 to S0. 

 

Figure 5: Jablonski diagram to show different transitions between the ground state and 
excited states.157 

 

Today there is a better understanding of excited states and transitions, and 

photochemistry has been employed widely in chemical synthesis.161 It can be considered 

a green chemical process over conventional methods that require heating and additional 

reagents,145,161 it can overcome high activation energy barriers145 and it is a route to many 

novel products that cannot be readily formed thermodynamically, such as small rings 

(e.g. cyclobutane).145 Aside from total synthesis, photochemistry in polymeric substances 

has led to a whole host of functionalities such as photography, printing and UV-cured 

inks.162 Additionally, photochemistry is seeing increased attention for biomedical 

applications, including photodynamic therapy (PDT) for tumour eradication via singlet 

oxygen formation;163,164 photochemical tissue bonding;165–167 and photocrosslinking to 

study molecular interactions.168–170 
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1.2.2: Quantum yields 

The Jablonski diagram illustrates that there is a range of possible fates for a 

photochemically excited molecule, owing to the different processes that can follow initial 

photoexcitation. Therefore, it is useful to know the efficiency of each light-induced 

process, e.g. fluorescence or a photoreaction, with respect to the amount of light that is 

absorbed. This measurement is known as the quantum yield, Φ, given by Equation 1:171 

 𝛷X =
Number of molecules formed (in process X)

Number of photons absorbed
 1 

The value of Φ for each process can vary between zero, where the process does not take 

place at all, and unity, where there are no other competing pathways. Intuitively, efficient 

photochemical processes will have high quantum yields. The quantum yield may vary 

with irradiation wavelength as different excited states are accessed, which could have 

alternative competing pathways. 

 

The absorbance of a molecule, A, at a given wavelength is defined by the Beer-Lambert 

Law (Equation 2):171 

 𝐴 = 𝜀𝑐𝑙 2 

Here, ε is the extinction coefficient (cm-1 M-1), which remains constant for a substance at 

the stated wavelength; c is the concentration (M); and l is the path length (cm). By 

choosing an irradiation wavelength where the extinction coefficient is high, the number 

of photons absorbed will be higher. Photoactive molecules can have multiple peaks in 

their absorption spectra, but usually the longest wavelength peak is targeted for 

irradiation, as many photochemical reactions occur following excitation to the S1 state. 

 

The number of photons absorbed per unit time Iabs (M s-1) can be computed from the 

molecule’s absorbance at the irradiation wavelength, A, and the photon flux (number of 

photons emitted per unit time) of the light source, I0 (M s-1), through Equation 3: 

 𝐼abs = 𝐼0(1 − 10−𝐴) 3 

The photon flux, I0, can be measured accurately using a chemical actinometer. An 

actinometer is a molecule that undergoes a photochemical reaction with a known 

quantum yield Φ at a given wavelength.172 The first order rate constant, kfit (s-1); initial 

concentration, c0 (M); absorbance at the irradiation wavelength, A; and the known 

quantum yield, Φ can be used to calculate the photon flux using Equation 4:173 
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 𝐼0 =
𝑘fit𝑐0

𝛷(1 − 10−𝐴)
 4 

This method for calculating the photon flux is only valid when the absorbance at the 

irradiation wavelength remains constant over the course of the reaction. 

 

Many actinometers have been well established over the years172 and the most popular 

actinometers to date are: ferrioxalate,174 uranyl oxalate,175 azobenzene176 and o-

nitrobenzaldehyde.173,177 These actinometers are valid over different wavelength ranges, 

allowing a choice of actinometer dependent on the irradiation wavelength. 

 

1.2.3: Time-resolved spectroscopy 

Quantum yields can define the efficiency of a photochemical reaction; however, they do 

not give insight into the mechanism of the reaction or the behaviour of the short-lived 

excited states that are involved. In 1967, Norrish, Porter and Eigen won the Nobel Prize 

for their breakthrough in ‘the studies of extremely fast chemical reactions’.178 Half the 

award went to the combined efforts of Norrish and Porter for their method of flash 

photolysis to study photochemical processes, illustrated in Figure 6. They achieved their 

first example of flash photolysis in 1950 where they recorded intermediates of 

photodissociation on a microsecond timescale.179 Discharge lamps, originally used for 

aerial photography, were used to provide a high intensity flash to produce higher 

concentrations of the intermediates than ever seen before. Synchronised flashes from a 

second discharge lamp were then used to photograph a series of absorption spectra at 

short intervals. The duration of the photolysis flash was kept shorter than the half-life of 

the intermediates to be studied, whilst the spectroscopic flash was kept even shorter to 

record multiple spectra. Importantly, the spectroscopic flash covered the whole UV 

spectral region to allow a full absorption spectrum to be measured. 

 

Figure 6: Illustration of the flash photolysis technique. 
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From this first microsecond technique discovery, shorter and shorter time resolutions 

were achieved over the next half a century.180 Most notably, the development of dye 

lasers181 and solid-state Ti-sapphire lasers182 were key, as they could provide much 

shorter pulses than previously.180 This gave rise to a step-change in photochemical 

investigations, allowing faster non-radiative processes on the picosecond level to also be 

studied.183,184 Finally, another breakthrough was made, for which Zewail won the Nobel 

Prize in 1999, for accomplishing photochemical observations on a femtosecond scale.180 

 

Time-resolved monitoring is now routinely used for state-of-the-art photophysical 

characterisation in the nanosecond and picosecond scale, whilst femtosecond monitoring 

is gaining popularity.185,186 The technique draws upon the original pump-probe setup 

allowing changes in absorption to be monitored after initial photoexcitation. The practice 

is now known as transient electronic absorption spectroscopy (TEAS).186 Although TEAS 

is useful in understanding mechanisms, conclusions about the structural properties of the 

intermediates cannot be made. Hence, Schaffner et al. were inclined towards flash 

photolysis with infrared (IR) detection, first achieved in 1982.187 Analysis using this 

method, known as transient vibrational absorption spectroscopy (TVAS), is becoming 

more popular,188,189 especially in the study of organometallic compounds.190,191 TEAS 

provides information on the electronic states of molecules, whilst TVAS provides 

structural information. In combination, this allows researchers to build up a full picture 

of the excited states of the photomolecules. 

 

1.2.4: [2+2] photocycloadditions 

A cycloaddition reaction is the formation of two new σ bonds at the termini of two 

conjugated π-systems.192 A cycloaddition may proceed as a pericyclic reaction, involving 

a concerted flow of electrons via a cyclic transition state. The most established example 

is the Diels Alder ([4+2] cycloaddition) reaction,193,194 discovered as early as 1928.195 The 

geometrically favourable suprafacial reaction involves 4n+2 π electrons, making it 

symmetry-allowed thermally as per the Woodward-Hoffman rules.196 In contrast, a 

suprafacial [2+2] cycloaddition between two molecules, each with 2 π electrons (i.e. a 

total of 4n π electrons), is forbidden under thermal conditions, making cyclobutane 

products thermally inaccessible. However, the Woodward-Hoffman rules state that the 

reaction becomes allowed under photochemical conditions.196 This can be understood by 
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considering frontier molecular orbital (FMO) theory introduced by Fukui.197 The reaction 

requires in-phase overlap of the termini of the HOMO (bonding π-character) of one π-

system with the LUMO (antibonding π*-character) of a second π-system. A theoretical 

example with two ethene molecules shows the orbital interactions (Scheme 11). 

 

Scheme 11: Orbital overlap for two ethene molecules under A) thermal and B) 
photochemical conditions. 

 

Under thermal conditions, the HOMO of one ethene and LUMO of another ethene are not 

in phase and thus suprafacial overlap is impossible, stopping the reaction from occurring 

(Scheme 11A).197 In contrast, UV irradiation promotes an electron from the HOMO of one 

ethene molecule into its LUMO and becomes known as a singly occupied molecular orbital 

(SOMO).196 This SOMO and the LUMO of a second ground state ethene are in phase, 

allowing suprafacial overlap and so the reaction can proceed (Scheme 11B). 

 

Despite the allowed nature of this reaction in terms of molecular orbital (MO) symmetry, 

the reaction of two non-conjugated π-systems is challenging.198 This is because the π→π* 

(HOMO→LUMO) transition to form the S1 state requires high energy in the far UV region. 

This issue can only be resolved by reducing the photoexcitation energy required. One way 

to achieve this is through the presence of a metal catalyst.199 The olefin and metal form a 

complex, allowing the photoexcitation to occur via a metal-to-ligand charge transfer 

(MLCT) or ligand-to-metal charge transfer (LCMT).198 A second option is to conjugate the 

alkene’s π-system to reduce the HOMO-LUMO energy gap. This has been shown with the 

[2+2] photocycloaddition of aromatic substituted alkenes, e.g. styrenes and stilbenes. 

 

The pericyclic [2+2] photocycloaddition mechanism also has a second drawback.198 The 

S1 state formed is short-lived. It can undergo efficient IC and fluorescence to the ground 
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state, which compete and prevent the [2+2] cycloaddition pathway. To this extent, it is 

highly desirable to have a longer-lived state from which the photoreaction can take place 

and this is observed in a subset of alkenes: alkenes conjugated to a carbonyl, known as 

enones or α,β-unsaturated ketones. Enone-olefin [2+2] photocycloadditions were first 

identified in 1908 when carvone was discovered to form camphor upon exposure to 

sunlight,200 and have been well studied since.201 Enones are conjugated π-systems but 

unlike the aromatic substituted alkenes, the [2+2] photocycloaddition proceeds in a 

stepwise fashion via a 1,4-diradical intermediate (Scheme 12),201 no longer obliged to 

the Woodward-Hoffman selection rules.196 

 

Scheme 12: Mechanism of the enone-olefin [2+2] photocycloaddition.201–204 
 

The HOMO for enone 11 is a non-bonding orbital due to the carbonyl oxygen lone pair. 

An n→π* transition is usually symmetry forbidden, due to insufficient overlap of the n 

and π* orbitals, explaining the low absorption cross-sections of this transition. However, 

vibronic coupling and intensity borrowing from an allowed π→π* transition can result in 

the n→π* transition becoming allowed, albeit with a weak absorption cross-section.205 

Thus it is possible to achieve direct promotion to the S1 (nπ*) excited state 12.202,206,207 

This S1 (nπ*) state 12 then decays to the T1 state 13 via a relatively fast and efficient 

ISC.201,203,204 The faster and more efficient ISC for enones compared to alkenes is due to 

the increased conjugation resulting in a smaller energy gap between the S1 (nπ*) state 

and T1 state.201 Triplet states are longer-lived than singlet states as their decay processes 

are much slower.198 This means the triplet state 13 can interact with the ground state 

olefin 14 to form exciplex (excited complex) 15. A new C-C bond is formed and generates 

triplet 1,4-diradical 16a or 16b.201 This is followed by decay to singlet diradical 17a or 

17b, which forms a second C-C bond in a ring closing reaction to make cyclobutane 18. 
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The extensive study of enone-olefin [2+2] photocycloadditions means it has become one 

of the most common photoreactions in organic synthesis to access cyclobutane groups;208 

normally difficult to reach using traditional synthetic approaches. The reaction proceeds 

with regio- and stereo-selectivity, giving it potential for a host of applications.208 It has 

been used to synthesise natural products, such as grandisol209 and biyouyanagin A,210 and 

also plays a key role in named reactions, such as the De Mayo reaction.211 

 

1.2.5: [2+2] Photocycloadditions of maleimides and NGMs 

Maleimides contain an alkene functional group conjugated to two carbonyls, making 

them a subset of enones, and hence the reaction of maleimides with alkenes can mimic 

the enone-olefin [2+2] photocycloaddition mechanism. Maleimides have been known to 

undergo [2+2] photocycloaddition reactions to form a dimer212 or with other olefins 

when exposed to UV (Scheme 13).213 Interestingly, intramolecular [2+2] 

photocycloadditions are not seen to occur when N-pentenyl maleimides are used.214,215 

Instead, these undergo an intramolecular [5+2] reaction (Scheme 13C). 

 

Scheme 13: [2+2] photocycloaddition of maleimides: A) to form a dimer212 and B) with an 
allyl alcohol.213 C) Intramolecular [5+2] photocycloaddition of an N-substituted 

maleimide.214,215 
 

Photochemistry work on NGMs in the Baker group has expanded the scope of maleimide 

[2+2] photocycloaddition reactions.216,217 Due to the interest in cysteine-maleimide 

bioconjugates, investigations into the photoreactivity of thiomaleimides was conducted 

(Scheme 14). Monothiomaleimides were found to undergo [2+2] photocycloadditions 

with themselves (Scheme 14A), whilst dithiomaleimides did not dimerise at all. 
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Nonetheless, both could undergo photocycloadditions with other alkene coupling 

partners (Scheme 14B-C). However, for monothiomaleimides, a high excess of alkene 

was required to prevent the competing dimerisation. A novel intramolecular [2+2] 

photocycloaddition was also discovered for monothiomaleimides (Scheme 14D), which 

contrasts with the intramolecular [5+2] photocycloaddition seen for N-alkenyl 

maleimides. 

 

Scheme 14: [2+2] photocycloaddition of: A) monothiomaleimide to form a dimer, B) 
monothiomaleimide with an alkene; C) dithiomaleimide with an alkene; and D) 

monothiomaleimide intramolecularly.216,217 
 

Remarkably, these [2+2] photocycloaddition reactions were found to be much faster than 

those of classical maleimides, some reaching completion within 5 minutes, as opposed to 

1 hour.216,217 The thiol substitution of the maleimides was found to cause a bathochromic 

shift of the lowest energy absorption maximum (λmax). Dithiomaleimide and 

monothiomaleimide had a λmax of 401 nm and 347 nm, respectively, compared to a much 

lower λmax of 272 nm for maleimide.217 Moreover, the thiol substitution caused a 

hyperchromic shift in λmax with ε401 = 4200 cm-1 M-1 for dithiomaleimide and ε347 = 9500 

cm-1 M-1 for monothiomaleimide, compared to a much lower extinction coefficient for 

maleimide at ε272 = 720 cm-1 M-1. It is also interesting to note the lower absorptivity for 

dithiomaleimide compared to monothiomaleimide. The bathochromic and hyperchromic 

shifts in the UV profile of thiomaleimides compared to classical maleimides show that 

their [2+2] photocycloadditions can possibly be achieved using lower energy excitations 

and that they possess an increased absorbing power. 
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The [2+2] photocycloaddition reactions all proceeded with regio- and stereo-selectivity, 

always giving the exo head-to-head product.216,217 The regioselectivity can be explained 

by FMO theory218 and stability of the biradical intermediate, whilst the stereoselectivity 

is likely the result of minimising steric clashes (Figure 7, shown for a thiomaleimide 

dimerisation). FMO theory states that large-large interactions between orbitals are 

energetically favourable.218 The main orbital interaction involved for a thiomaleimide 

dimerisation is between the SOMO of one molecule and the LUMO of a second. As both 

molecules are identical, the energies and coefficients of these orbitals will also be 

matching. Hence, the preferential large-large orbital overlap will only be achieved when 

there is a head-to-head orientation, regardless of the substituents present (Figure 7A).218 

Additionally, a head-to-head orientation means the two thiol substituents can stabilise 

the adjacent radicals in the intermediate, whilst in a head-to-tail orientation, only one 

radical is stabilised by a thiol substituent (Figure 7B). This head-to-head selectivity has 

been seen previously for similar enone systems.219–221 The steric clash between the two 

thiol substituents prevents the endo transition state from forming, preferentially 

producing only the exo head-to-head transition state (Figure 7C). This theory is as 

expected and observed for classical maleimides in the literature.213 

 

Figure 7: A) Orbital interactions for a head-to-head and head-to-tail interaction;218 B) 
biradical intermediates for a head-to-head and head-to-tail orientation; and C) transitions 

states of the possible endo and exo products. 
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1.2.6: Photodecarboxylation reactions 

A decarboxylation reaction involves the release of carbon dioxide (CO2) usually through 

cleavage of the carbon-carbon bond adjacent to a carboxylic acid functional group.222 

Decarboxylation processes take place naturally, e.g. the liberation of CO2 during 

respiration; and artificially, e.g. when burning fossil fuels or biomass as sources of energy. 

The mechanism involves heterolytic fission to release the carboxylic acid and a 

carbanion.222 The carbanion can then combine with a proton (reductive decarboxylation) 

or be trapped with another electrophile. In spite of the straightforward mechanism, 

decarboxylation of simple acids is challenging to achieve, as it is difficult to stabilise the 

negative charge on a carbon atom.223 However, β-ketoacids are an example of carboxylic 

acids which readily decarboxylate under mild heating (Scheme 15). The acid proton in 

the β-ketoacid 19 is abstracted by the carbonyl via a cyclic 6-membered transition state 

to form enol 20. The enol can then be stabilised through a rapid tautomerisation to the 

ketone product 21.  

 

Scheme 15: Decarboxylation mechanism of a β-ketoacid.223 
 

Decarboxylation can also be promoted through a radical initiating process.222 A famous 

example is the Barton reductive decarboxylation, which requires a radical initiator such 

as azobisisobutyronitrile (AIBN), a hydrogen donor such as tributylstannnane, and the 

pre-formation of a thiohydroxamate ester (Barton ester) (Scheme 16).224,225 

 

Scheme 16: Radical initiated Barton decarboxylation mechanism.224,225 
 

Carboxylic acid 22 is first reacted with N-hydroxypyridine-2-thione 23 to form Barton 

ester 24.224,225 The ester 24 is then heated in the presence of the radical initiator, AIBN, 

and tributylstannane. Upon heating, AIBN undergoes homolytic cleavage, and abstracts a 

proton from tributylstannane to form the tributylstannyl radical 25. This tin radical 25 
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reacts with the Barton ester 24 causing a thioketone reduction and producing the stable 

S-Sn bond in radical 26. This is considered one of the main driving forces of the reaction. 

A homolytic cleavage (electrons split equally between the two atoms) of the N-O bond 

forms carboxyl radical 27 and releases an aromatised ring as a second driving force for 

the reaction. Finally, the carboxyl radical 27 decarboxylates to produce the alkyl radical 

28 which can abstract a proton from tributylstanne to form the alkane 29. The Barton 

decarboxylation is a beneficial way to generate saturated hydrocarbons for organic 

synthesis, however the need for radical activators can be a limitation.226 Conveniently, 

there is a photochemical alternative that allows homolytic cleavage of the N-O bond in a 

Barton ester 24, meaning no extra activator is required.225 

 

Interestingly, carboxyl radicals can be generated directly through UV irradiation, without 

needing to form the Barton ester precursor.226 The first photodecarboxylation reaction, 

noticed as early as 1932, was of acetic acid in aqueous solution, leaving behind methane 

and carbon dioxide.227 Many other groups then went on to discover more 

photodecarboxylation reactions in the 1960s, for example the conversion of orotic acid 

to uracil.228–230 One method by which photodecarboxylation can occur is via 

photoinduced electron transfer (PET) to a photosensitiser (Scheme 17).231 The 

photosensitiser acts as an electron acceptor, commonly a heterocyclic compound, e.g. 

acridine or methylene blue, which is photochemically excited upon UV irradiation. In 

basic conditions, the carboxylate ion undergoes a PET to the excited electron acceptor, 

forming the carboxyl radical. This can then undergo a homolytic cleavage to liberate 

carbon dioxide and the alkyl radical. 

 

Scheme 17: PET mechanism for photodecarboxylation.231 
 

Systems with the presence of both a carboxylate ‘electron donor’ and a second half with 

an electron accepting nature means the reaction can proceed without the need for a 

separate electron acceptor reagent. One such system is phthalimides which were first 

discovered to undergo intramolecular photodecarboxylation as early as 1978.232 

However, it was not till much later that these systems were further explored by Griesbeck 

et al.233 They investigated the photochemistry of a range of N-phthaloyl amino acid 
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derivatives and many different reaction outcomes were observed. This was dependent 

on the photochemical pathway (singlet vs. triplet), nature of the solvent and which 

functional group on the amino acid acts as the electron donor. The irradiation of N-

phthaloyl serine 30 in various conditions is described herein to demonstrate the possible 

results (Scheme 18). 

 

Scheme 18: PET photodecarboxylation pathways for N-phthaloyl serine.233 
 

Acetone is a triplet photosensitiser that works by forming its own triplet state upon 

irradiation.234 This acts as a catalyst by transferring its energy to another species, which 

can then react from its triplet state.235 This was the case when the photodecarboxylation 

reaction of N-phthaloyl serine 30 was attempted in acetone. The PET took place from the 

carboxylate of triplet state 31, followed by decarboxylation and relaxation to give alkyl 

carbanion 32.233 This can then undergo elimination to product 33 (major) or protonation 

to product 34 (minor). When non-triplet sensitising solvents were used, e.g. acetonitrile 

and benzene, an additional product 37 was seen. This arises as small amounts of PET 

from the hydroxyl group can occur via the singlet state 35, leading to intermediate 

product 36. The intermediate 36 can then further decarboxylate to give product 37.233 

However, this singlet state pathway is not a huge competitor due to the efficiency of ISC 

from the singlet state 35 to triplet state 31 and a faster rate of PET from the carboxylate 

compared to quenching of the triplet state.236 Hence, the product from the singlet 

pathway is low yielding, despite no triplet sensitiser being present.233 By changing to a 

protic solvent, e.g. methanol or water, the triplet pathway was still the predominant 

route, as expected. However, the product selectivity was reversed to give product 34 as 
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the major product via protonation, rather than elimination to give product 33, due to the 

large concentration of protons in the solvent. 

 

Furthermore, Griesbeck et al. found it was possible to tune the triplet product by using 

two different diastereomers of acetylated N-phthaloyl threonine (Scheme 19).236 In both 

cases, although the singlet pathway activation via PET transfer from the acetyl was 

possible, further fragmentation was impossible. In the case of L-allo-threonine 38 (2S, 3S 

configuration), a mixture of the cis- and trans-elimination products 40a/b, as well as the 

protonated product 41 were isolated (Scheme 19A). The reaction proceeds with the first 

step being loss of carbon dioxide to form the alkyl carbanion 39. In contrast, irradiation 

of L-threonine 42 (2S, 3R configuration) led solely to the trans-elimination 43 product 

(Scheme 19B). This is because of the favoured anti-periplanar arrangement of the 

carboxylate and acetate groups, allowing the reaction to proceed via a concerted E2 

elimination mechanism.  

 

Scheme 19: Products of irradiating diastereomers of acetylated N-phthaloyl threonine.236 
 

1.2.7: Photodecarboxylation reactions of NGMs 

Previously, in the Baker group, the [2+2] photocycloaddition reaction on trastuzumab 

Fab conjugates was being explored (see section 1.3.1.3).237,238 During this work, an 

interesting side reaction was discovered. This involved loss of the maleimide unit and a 

further 76 Da on the light chain. The disulfide bond in the trastuzumab Fab is between a 

C-terminal cysteine on the light chain with an internal cysteine on the heavy chain. Thus, 
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this observation corresponds to the loss of the thiomaleimide unit from the light chain 

caused by a decarboxylative side-reaction to form an enamine (Scheme 20). 

 

Scheme 20: Photodecarboxylation of the C-terminal cysteine on the Fab light chain.237,238 
 

Owing to this novel discovery, it was pertinent to study this photochemical 

decarboxylation reaction on small molecule mimics and fully characterise and confirm 

the reaction taking place.237,238 The chosen model was Fmoc-L-Cys-N-methylmaleimide 

44, which upon irradiation in the presence of a base, produced the ene-carbamate 45 

confirming the photodecarboxylation reaction (Scheme 21). It is interesting to note that 

when no base was present, decarboxylation was not seen, and the sole product was the 

[2+2] cycloaddition dimer product. This indicates that the carboxylate produced from 

base extraction is key to the photodecarboxylation mechanism. The second product 

should be the thiomaleimide anion 46, however, isolation and detection was not possible. 

 

Scheme 21: Photodecarboxylation of Fmoc-L-Cys-N-methylmaleimide.237,238 
 

Despite this original photodecarboxylation mode of maleimides, one main restriction in 

a biological setting is that this would only work in the presence of C-terminal cysteines,238 

and this in itself does not have useful applications. However, due to the similarities of 

maleimides to phthalimides, the Baker group postulated that acetylated N-maleimide 

amino acids would also be able to undergo photodecarboxylation reactions. This would 

eliminate the need for C-terminal cysteines, yet still exploit the photodecarboxylative 

ability of maleimides, with the possibility of releasing a cargo. Thiomaleimides were still 

of interest as they could be considered as small molecule mimics of cysteine-maleimide 

bioconjugate systems, with the photodecarboxylation taking place on the N-side of the 

thiomaleimide. Dithiomaleimides were chosen as they would avoid any competing [2+2] 

photodimerisation reactions. Synthesis and subsequent irradiation of acetylated N-
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dithiomaleimide serine 47 under slightly basic conditions, to allow for the carboxylic acid 

to be deprotonated, produced both the elimination product 48 and protonated product 

49, confirming the hypothesis (Scheme 22).  

 

Scheme 22: Photodecarboxylation reaction of acetylated N-dithiomaleimide serine.238 
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1.3: Combining photochemistry and protein modification 

Spatial and temporal control are essential prerequisites to study biological systems 

effectively.239–241 Light, an external trigger, does not only afford this exquisite 

spatiotemporal control, but is highly specific allowing orthogonality to natural biological 

processes, and is non-invasive, provided there is careful selection of low energy light. 

Consequently, the last few decades have seen a huge growth in the interdisciplinary field 

of photochemistry and chemical biology. The combination of photochemistry and protein 

bioconjugation has been implemented in a range of applications, including fluorescent 

diagnostic imaging,242–244 targeted PDT for cancer treatment,245,246 light-induced 

manipulation of proteins for controlled studies of their function247,248 and for photo-

targeted small molecule delivery.249–253 The latter two form the basis of this project and 

so a further discussion of these is included herein. 

 

1.3.1: Photochemical manipulations 

Photochemical manipulations can either be reversible, through photoswitches, or 

irreversible, via phototriggers, each with their own set of pros and cons.239 Nevertheless, 

both can activate biological processes with elegant spatiotemporal control, allowing in 

depth study of protein functions. Initially, a photoactive molecule can be bound to a 

protein, at a site crucial to its function, rendering the protein inactive. Upon exposure to 

light, a photochemical transformation of the chromophore turns the biological system 

back on and the activity is restored. This light-induced change is permanent for 

phototriggers, whilst photoswitches have a reversible mode, allowing the protein to be 

activated and deactivated on numerous occasions. 

 

1.3.1.1: Photoswitches 

Photoswitches usually rely upon reversible photochemical conformational changes, and 

several such synthetic molecules have been developed.247 Two of the most popular 

photoswitches are azobenzenes and spiropyrans and their conformational changes are 

shown in Scheme 23. Azobenzene can exists in an equilibrium between its two isomeric 

forms: cis and trans.254,255 Both isomers have different absorption profiles allowing 

wavelength dependent conformational change. UV irradiation shifts the equilibrium 

towards the cis-isomer with reversibility towards the trans-isomer achieved through 
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irradiation with visible light. Similarly, spiropyran also exists as two conformations, with 

different absorbing wavelengths.256,257 Upon UV irradiation, it undergoes a ring opening 

to merocyanine via cleavage of the Cspiro-O bond, whilst visible light induces the reverse 

ring closing reaction. 

 

Scheme 23: Photoinduced conformational changes of A) azobenzenes254,255 and B) 
spiropyrans.256,257 

 

The application of spiropyrans in a biological context has been attempted on multiple 

occasions, however the drawbacks are hydrolytic instability258 and reduction in 

photoactivity upon attachment to a biomolecule.259,260 Conversely, azobenzenes are 

probably the most prevalently used photoswitches in biology due to their low 

photoactivity loss compared to spiropyrans, fast photoisomerisations, high quantum 

yields and ease of synthesis.261 Shifting between the two isomeric forms affords 

conformational modifications and changes in charge density to the biomolecule, 

impacting its secondary structure and interactions.247 This has permitted azobenzene 

photoswitches to be incorporated into DNA, peptides and proteins to photoregulate an 

array of processes such as RNA digestion and transcription;262,263 enzyme activity;264,265 

and antibody-antigen binding.266,267 

 

The reversibility presented through photoswitches is beneficial for multiple rounds of 

activation and deactivation, but nonetheless, there are two associated issues. Firstly, the 

two isomers are in equilibrium with one another, meaning complete conversion to just 

one isomer is impossible.240 The second problem is that usually one isomer suffers from 

thermal instability, e.g. the cis-isomer of azobenzene can thermally convert to the trans-

isomer.247,255 Together, both these issues mean it is difficult to attain a fully controlled 
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differentiation between the active and inactive modes of a biological system, limiting the 

investigations. 

 

1.3.1.2: Phototriggers 

Following on from this is the concept of phototriggers, which undergo irreversible 

photoreactions.248 Although this confines the utility to only a single activation, it ensures 

full light-based control of the system as a permanent complete transformation is always 

accomplished. The mechanism of action of a phototrigger on a biomolecule, such as a 

peptide, is shown in Scheme 24. The peptide is first conjugated to an organic molecule 

known as a photocleavable protecting group (PPG). The PPG prevents the peptide from 

attaching to its binding site, rendering it inactive, and is said to be photocaged. Upon 

irradiation, a photochemical uncaging reaction breaks the link between the PPG and 

peptide, releasing the free active peptide with light-mediated spatiotemporal control.  

 

Scheme 24: Mechanism of photocages.248 
 

Discovered by two separate groups in 1977268 and 1978,269 the most predominantly used 

PPG in biology is the o-nitrobenzyl group. Upon irradiation, the o-nitrobenzyl rearranges 

to form o-nitrosobenzaldehyde and uncages the biomolecule, regaining its activity 

(Scheme 25).270,271 This photolabile group and its derivatives have been widely used to 

study biological processes with spatiotemporal control. Some examples are studying 

neurological receptors with caged neurotransmitters,272–274 hormone-dependent gene 

expression,275,276 and gating processes of ion channels by caging specific side chains.277 

 

Scheme 25: Photoreaction of the o-nitrobenzyl group to release a biomolecule.268–271 
 

The prevalence of the o-nitrobenzyl PPG does not necessarily mean it is optimal. The 

ability for o-nitrobenzyl electrophiles to react with a range of functional groups (alcohols, 

amines and phosphates) may have synthetic benefits,271 but this lack of chemoselectivity 
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is not ideal for bioconjugation. The cleavage step is also slow, rendering the 

photoreaction inefficient270 and the released o-nitrosobenzaldehyde is biologically 

cytotoxic.278 To this extent, various photolabile groups have been introduced over the 

years, such as those based on coumarin, p-hydroxylphenacyl groups and 7-nitroindolinyl 

groups.271 

 

An interesting phototrigger to consider is the s-tetrazine moiety, which undergoes 

photofragmentation to release two nitrile compounds and molecular nitrogen.279 A 

collaboration between Hochstrasser and Smith demonstrated that thiol-substituted 

tetrazines could photodissociate with lower energy wavelengths than the parent 

tetrazine to produce the relatively inert thiocyanate and molecular nitrogen;280 and that 

biological systems did not interfere with the photolysis.281 This methodology was applied 

to an unprotected peptide, i.e. with two free cysteine residues (Scheme 26).282 

 

Scheme 26: Mechanism of the s-tetrazine phototrigger.282 
 

Selective bis-modification of the cysteine residues on peptide 50 with 3,6-dichloro-s-

tetrazine synthesised the s-tetrazine stapled peptide macrocycle 51, by formation of a 

disulfide bridge.282 On exposure to UV light, s-tetrazine produced the bis-thiocyanate 

peptide 52 in a photo-unstapling reaction. Furthermore, removal of the nitriles could be 

achieved with a facile addition of cysteine, mechanistically comparable to native chemical 

ligation, to regenerate the native peptide 50. This work was purely a proof of concept but 

has much potential for biological applications. The stapling with s-tetrazine puts high 

constraints on a peptide through formation of a macrocycle, whilst the native peptide can 

be restored with an elegant photochemical unstapling reaction. The facile conversion 

between these peptide forms could lay the foundations for a novel technique to study the 

relationship between peptide structure and biological activity.283 
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Additionally, the protocol was also applied to a disulfide containing protein, namely 

thioredoxin.282 Reduction of the disulfide with TCEP, followed by addition of the 3,6-

dichloro-s-tetrazine, restapled the disulfide. Upon irradiation, a photochemical 

unstapling reaction occurred and was followed with regeneration of the native 

thioredoxin. Unfortunately, the biological activity of thioredoxin was lost. However, it 

could be that the light is damaging the protein itself as photolysis of native thioredoxin 

also led to loss in activity. Despite this setback, this is the first example of photochemical 

method to remove a chemical staple, restoring the original protein. 

 

1.3.1.3: Photochemical manipulations with NGMs 

As discussed in section 1.1.6, octreotide is an excellent candidate for further conjugation 

studies. Octreotide contains a disulfide bond which is vital in maintaining the peptide’s 

cyclic structure.82 This in turn is significant for its biological activity through binding to 

the SSTR2 receptors.82 Hence, a disulfide bridging conjugation is warranted to preserve 

the structural integrity and function. Previous work in the Baker group explored 

photochemical disulfide stapling on octreotide using NGMs.237,238 The disulfide bond was 

reduced and monobromomaleimide was conjugated to octreotide to form conjugate 53. 

Furthermore, upon irradiation of conjugate 53 at 365 nm, a [2+2] photocycloaddition 

reaction restapled the disulfide bond to form bridged conjugate 54 (Scheme 27).  

 

Scheme 27: Synthesis and irradiation of an octreotide-maleimide conjugate.237,238 
 

The binding of octreotide to SSTR2 receptors and its efficacy in causing activation was 

measured using patch clamping with cells transfected with SSTR2 receptors.237,238 In 

short, the technique works as follows: the better the binding ability and efficacy of the 

substrate in question, the higher the activation of an ion channel.284 This leads to an 

increased production of ions which in turn gives rise to a larger measured current across 

the cell membrane. The peptide concentration that achieved maximum current activation 

was measured to quantify the binding ability and efficacy in activating the 
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receptors.237,238 A low concentration of just 10 nM of native octreotide was needed to 

reach the maximum current activation. Conjugate 53 did not cause any significant current 

activations, even up to concentrations of 1 μM concentration, indicating its inactive 

nature. Finally, the bridged conjugate 54 regained a much reduced maximum current 

activation than native octreotide with 100 nM concentration. This is an example of a novel 

phototrigger in activating the biological function of a peptide with spatiotemporal control 

via the thiomaleimide [2+2] photocycloaddition. 

 

The success paved the way forward for testing the strategy on a much larger protein, and 

trastuzumab Fab was chosen, with the technique again found to be effective (Scheme 

28).237,238 The disulfide bond in Fab does not affect its biological function, but rather 

confers structural stability to the protein.86 Hence, this photochemical rebridging does 

not act as a phototrigger for reactivation.237,238 Instead it demonstrates the ability of this 

method to photochemically regain the stability of a Fab conjugate. Through N-

functionalisation of the NGM, it would be possible to conjugate a drug to Fab, with a 

means to stabilise the conjugate through photochemical disulfide rebridging. This could 

form the basis for a novel route to synthesise ADCs. 

 

Scheme 28: Synthesis and irradiation of a Fab-maleimide conjugate.237,238 
 

1.3.2: Photochemical targeted small molecule delivery 

Photochemical targeted small molecule delivery can be achieved with three parts: a 

protein that is selective for a particular site; a payload to be delivered; and a PPG that can 

photodissociate to separate the payload from the protein (Scheme 29). This is somewhat 

different to photoswitches and phototriggers as the bioconjugate initially formed must 

not inactivate the protein, ensuring it is still selective for the target site of interest. This 

is a much more unique area of research with only a few examples in the literature.249–253 
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Scheme 29: Mechanism for a photochemical targeted small molecule delivery. 
 

1.3.2.1: Photocleavable antibody-drug conjugates (pADCs) 

As discussed in section 1.1.7, recently there is a largely increased attention in ADCs for 

targeted, potent therapeutics.12,97–100 One of the key requirements is controlled cleavage 

of the linker at the target site, and thus there is much need for novel selective techniques 

to release the drug. Light is an ideal tool to spatiotemporally control the release of a drug 

and leans towards the idea of a photocleavable linker on an ADC. This idea of a pADC was 

first coined by Senter’s group as early as 1985.249 They used the o-nitrobenzyl group as 

part of the photocleavable linker to conjugate the pokeweed antiviral protein S (PAP-S) 

to an antibody. PAP-S inhibits ribosome synthesis in cell-free assays. This mode was 

inactivated when the PAP-S antibody conjugate was subject to the assay, but full activity 

was regained upon UV irradiation at 365 nm by releasing free PAP-S (Scheme 30).  

 

Scheme 30: Photocleavable process of a PAP-S antibody conjugate.249 
 

This was then taken further and tested for whole cell cytoxicity.250 PAP-S alone does not 

have a significant cytotoxic effect on whole cells, due to its inability to undergo 

endocytosis. However, 24 h incubation of the PAP-S antibody conjugate led to a small 

reduction in the number of cells present. This suggests the targeting nature of the 

antibody is allowing the conjugate to enter cells. Upon irradiation of the conjugate, there 

was a significant increase in this cytotoxicity, due to the release of free PAP-S within the 

cells. This example shows the effectiveness of inducing cytoxicity with precise 

spatiotemporal control and could be particularly useful for melanomas, which are 

normally accessible to light.249,250 
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Although this appears to be an elegant method for controlled drug release249,250 and 

additional UV-cleavable linkers have since been designed,251 the use of UV light can be 

problematic because of its harmful nature.285 Additionally, it is limited to in vitro use, as 

absorption by melanin286 and haemoglobin287 results in poor cell penetration.285 Light in 

the near-IR region can overcome both these limitations285,288 and is already in clinical use, 

e.g. photoimmunotherapy (PIT) causing immunogenic cell death.289–291 This led to 

Schnermann et al. reporting on the first ever near-IR pADC, consisting of the 

heptamethine cyanine fluorophore scaffold (Scheme 31.).288 They chose the 

panitumumab antibody, which selectively binds to human epidermal growth factor 

receptor (EGFR), and the combretastatin A4 (CA4) drug, a microtubule polymerisation 

inhibitor.252 Upon irradiation of the pADC 55 in the near-IR region, specifically 690 nm, 

the cyanine group undergoes photooxidation. Specifically, the cyanine group acts as a 

photosensitiser: it excites to its triplet state, transferring its energy to molecular oxygen 

to generate the reactive singlet oxygen.292 This oxidises the ground state cyanine to 

produce carbonyls 56a and 56b via an intermediate dioxetane. In both, the nearby C-N 

bond is now unstable and undergoes enamine hydrolysis to form conjugate 57.252 This is 

followed by an intramolecular cyclisation to release conjugate 58 and the free CA4 drug 

payload. 

 

Scheme 31: Release of a drug payload due to cyanine photooxidation.252 
 

In vitro studies of this strategy showed a large reduction in the viability of EGFR 

containing cells only after irradiation of the pADC to release CA4, with an inhibitory 
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potency practically equal to that of free CA4 alone.252 The promising results allowed the 

system to be applied in vivo, specifically, in mice implanted with tumours. However, as 

CA4 is not potent enough to kill tumour cells, instead the fluorescent nature of the cyanine 

group was utilised for in vivo imaging of the conjugate. Significant accumulation at the 

tumour site was visualised through high fluorescence, illustrating the selective nature of 

the pADC. Upon irradiation, the fluorescence signal was diminished and was found to be 

linearly dependent with irradiation times, suggesting breakdown of the chromophore 

and hence release of the drug payload. 

 

Schnermann et al. went on to make further modifications to develop a second improved 

pADC.253 This included a more potent duocarmycin drug payload; change in the 

ethylenediamine linker for increased hydrolytic stability and a bathochromic shift in the 

irradiation wavelength; and addition of extra sulfonates to reduce aggregation and attain 

a drug-to-antibody ratio (DAR) of 4. This novel bifunctional pADC allowed in vivo 

fluorescent visualisation of the conjugate at the tumour site, followed by potent tumour 

growth inhibition upon irradiation, further confirmed by the loss of fluorescence. After 

this initial heptamethine cyanine based pADC, Zhu et al. also published on a dual imaging 

and therapeutic cyanine-based pADC,293 whilst further suggestions included combination 

therapies with PDT294 or PIT.295 These initial pADCs rely on the formation of singlet 

oxygen, which although can aid cancer cell death as in PDT, it can also damage 

surrounding healthy tissue. Therefore, as well as providing the foundation for further 

research, they suggest concerns that can be improved upon for novel therapeutics to 

release drug payloads at a targeted site with meticulous spatiotemporal control. 
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1.4: Project overview 

This introduction emphasises the impressive nature of utilising photochemistry to 

spatiotemporally control biological systems and describes how NGMs are promising 

reagents for expanding this interdisciplinary field. In this project, NGMs are explored 

towards the development of novel photoactive bioconjugates through two key 

photoreactions: [2+2] photocycloaddition and photodecarboxylation. The results and 

discussion is split into five sections. Each section includes its own aims and motivation 

behind the hypotheses, as well as conclusions with possible future work. A brief overview 

of the project objectives is given below. 

 

The purpose of section 2.1 was to explore the stereoselectivity of the [2+2] 

photocycloaddition reaction. We envisaged this to have applications as peptide and 

protein phototriggers through photochemical disulfide rebridging, with less perturbation 

from the native structures. Section 2.2 aimed to conduct photophysical investigations of 

the [2+2] photocycloaddition reaction using computational studies and quantum yield 

determination. Furthermore, the goal was to utilise ultrafast laser spectroscopy to gain a 

comprehensive understanding of the reaction mechanism, with hopes to guide the design 

of further optimised maleimide constructs; and to observe any differences between the 

intermolecular and intramolecular reactions. The objective of section 2.3 was to explore 

the wavelength tunability of the [2+2] photocycloaddition reaction by development of a 

library of maleimide chromophores through modulating double bond substituents.  

 

Section 2.4 aimed to focus on the photodecarboxylation reaction of dithiomaleimides by 

investigating how to improve and monitor the cargo cleavage. We imagined that this 

photodecarboxylation elimination reaction could be exploited towards photocleavable 

conjugates, such as pADCs. Moreover, the goal was to explore other substituted 

maleimides for wavelength tunability. We envisaged this would provide the opportunity 

for orthogonal wavelength-selective photodecarboxylative cargo release. The purpose of 

section 2.5 was to apply the photodecarboxylation elimination strategy to proteins with 

aims to quantify the cargo release. In particular, we intended to focus on the viability of 

the photodecarboxylation reaction on an antibody Fab as proof of concept of a pADC. 
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2: Results and Discussion 

2.1: Improving rebridging with [2+2] photocycloaddition 

2.1.1: Introduction and aims 

The [2+2] photocycloaddition reaction of thiomaleimides was previously utilised in the 

Baker group to develop a new phototrigger (see section 1.3.1.3).237,238 This 

photochemically rebridged the disulfide in octreotide, restoring the cyclic structure, 

which in turn, enabled peptide activity. Despite initial proof of concept, improvements 

were needed. Foremost, the conjugation step had led to multiple products being 

formed.237,238 Although photoreactivation was achieved, there was a large attenuation in 

the activity. Previously, rebridging the disulfide with a disubstituted NGM had also led to 

reduction of activity,56 albeit not as diminished as the photoconjugate.237,238 Therefore, it 

was rationalised that introduction of a 2-carbon bridge had a profound effect on the 

pharmacophore of octreotide, due to its usually small and rigid nature.56 We believed the 

further reduction in activity of the photoconjugate could be explained by the multiple 

isomers that are observed in the HPLC trace, which may have differing levels of receptor 

binding and thus activity.237,238 Small molecule studies indicated the reaction was 

exclusively selective for exo head-to-head products,216,217 however the tertiary structure 

of octreotide may influence the regio and stereo-chemical outcome.237,238 Additionally, 

the chirality of the peptide itself could lead to the formation of diastereomeric products. 

 

It can be argued that if the exo head-to-head product is formed as the major isomer, this 

could have a detrimental effect on the pharmacophore. In this conformation, the two 

sulfur atoms would be trans, with a predicted distance of 4.4 Å between them, compared 

with that of only 2.0 Å in native octreotide (Figure 8). This would result in the adjacent 

atoms on the peptide being held much further apart and hence the original rigid structure 

would not be reinstated. This destructive effect on the pharmacophore would reduce the 

binding ability and thus, activity. In contrast, an endo isomer would allow the two sulfur 

atoms to be cis, with a predicted distance of 3.2 Å (Figure 8); less of a perturbation from 

native octreotide. We postulated that this would result in increased binding and 

activation in comparison to the exo isomer. 
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Figure 8: 3D models of octreotide and the stereoselective conjugates. The Chem3D MM2 
algorithm with an RMS gradient of 0.01 was used to fit the lowest energy conformations. 

 

Interestingly, in 1973, De Schryver et al. acquired endo head-to-head cyclobutane 

products through intramolecular [2+2] photocycloadditions of N-tethered bis-

maleimides, with tether lengths of 3-7 methylene units (Scheme 32).296 When an ethyl 

linker was used, no photocycloaddition occurred, probably due to the highly strained 

transition state needed. Using much longer chain lengths also led to no intramolecular 

photocycloadditions, and some intermolecular polymerisation was seen instead. 

 

Scheme 32: Irradiation of bis-maleimides with different tether length. Note that all 
irradiations were conducted in DCM or MeCN, depending on solubility.296 

 

With all the above in mind, the first goal was to optimise the octreotide conjugation to 

give a single product. We aimed to synthesise a bis-thiomaleimide that undergoes an 

endo-selective intramolecular [2+2] photocycloaddition based on the results of De 

Schryver et al. We intended to apply this to octreotide with the idea to achieve improved 

photoreactivation of the peptide (Scheme 33). We also hypothesised that the newly 

designed photoreaction with endo selectivity would enable a wider scope of applications 

and so aimed to show its capability on a larger protein as proof of concept. 

 

Scheme 33: Intramolecular endo-selective [2+2] photocycloaddition strategy to improve 
octreotide photoreactivation. 

          Native octreotide              exo head-to-head (SS)             endo head-to-head (SR) 
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2.1.2: Inverting stereochemistry to endo product 

De Schryver et al. showed use of the three-carbon linker gave a quantitative yield of the 

cyclobutane in 4 h.296 Thus, we chose to synthesise the equivalent bis-thiomaleimide 61 

(Scheme 34), expecting an endo-selective intramolecular [2+2] photocycloaddition to 

take place. Hexylthiol substituents were chosen as they had been used previously.216,217 

 

Scheme 34: Synthesis of N-tethered bis-thiomaleimide 61. 
 

Bis-thiomaleimide 61 was synthesised in two facile steps from the starting bromomaleic 

anhydride 59 and diaminopropane (Scheme 34). The diaminopropane has two 

nucleophilic amine groups which can each attack one bromomaleic anhydride to form 

bis-bromomaleimide 60. The final step in the synthesis was an addition-elimination 

reaction with hexanethiol to form bis-thiomaleimide 61, isolated in a 58% yield. Analysis 

of the crude NMR indicated that the major side-product was formed from a ring opening 

reaction due to the nucleophilic methanol solvent attacking the maleimide carbonyls. 

This suggested that further addition-elimination reaction should be conducted in non-

nucleophilic solvents, but further investigations into this were not undertaken at this 

stage, as this was not key for the overall aims. 

 

A 2.5 mM solution of bis-thiomaleimide 61 in acetonitrile (MeCN) was irradiated using a 

medium pressure mercury lamp, with monitoring of the reaction by TLC and NMR every 

5 minutes (Scheme 35). This showed that the irradiation resulted in a [2+2] 

photocycloaddition reaction to give the cyclobutane product 62 in a quantitative yield in 

just 10 minutes. This was validated by the disappearance of the maleimide proton peak 

at 6.03 ppm in the 1H NMR spectrum, and the appearance of a cyclobutane proton peak, 

further upfield at 3.67 ppm. 

 

Scheme 35: Irradiation of bis-thiomaleimide 61. 
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Although the photoreaction occurred, the key success lay in the ability of the 

intramolecular reaction to proceed with endo selectivity. Therefore, we needed to 

confirm the regio- and stereo-chemistry of the cyclobutane product 62 by scrutiny of the 

13C satellite peaks in the 1H NMR spectrum. The 1.1% natural abundance of 13C means 

that all compounds contain traces of 13C and hence a small amount of one-bond 13C-H 

coupling is always seen. The ring strain in cyclobutane means there is more s-character 

in the orbitals involved in C-H bonding, which highly increases the 1JCH coupling constant 

(up to 134 Hz) compared to acyclic alkanes.297 In the case of the dimer 62, the presence 

of the cyclic succinimide substituents further increases the strain, and hence the coupling 

constant.298,299 Therefore, 13C satellite peaks with a coupling constant of 162 Hz was seen 

centred on the main cyclobutane proton peak in the 1H NMR spectrum of 62 (Figure 9). 

 

Figure 9: 1H NMR spectrum of dimer 62 showing the cyclobutane proton peak and 
corresponding satellite peaks. 

 

Additionally, the presence of the 13C breaks the symmetry of the cyclobutane, allowing 

normally absent vicinal 3JHH couplings to be seen.297 The 1H NMR spectrum of 62 showed 

the cyclobutane satellite peaks were further split into a doublet (Figure 9). This was 

consistent with the cyclobutane protons being three bonds apart, confirming that the 

head-to-head product had been formed. In the endo product, the protons are cis to each 

other, and a trans geometry for the protons is adopted for the exo product. By looking at 

the Newman projections, this shows an angle of ~25° for the cis protons and ~100° for 

the trans protons (Figure 10). The Karplus equation states that the vicinal coupling 

constant is dependent on these dihedral angles.300 Hence, the endo and exo products 

should give a 3J coupling of ~11 and ~3Hz, respectively. The cyclobutane satellite peak 

doublet for product 62 was shown to have a coupling constant of 10.8 Hz therefore 

establishing that the intramolecular reaction proceeded with endo selectivity (Figure 9). 
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Figure 10: Cyclobutane proton angles and coupling constants for endo and exo 
products.300 

 

The endo selectivity of this intramolecular reaction can be explained by the constraints 

posed by the carbon bridge between the two maleimides. This makes the formation of the 

high energy exo transition state impossible to form as normally expected (see section 

1.2.5). Instead, the two maleimides are in a much more ready conformation to form the 

endo transition state and react in this manner (Figure 11). 

 

Figure 11: Possible endo and exo transition states of the intramolecular reaction. 
 

With the achievement of the endo-selective intramolecular reaction of bis-thiomaleimide 

61, we wanted to directly compare it to an N-alkylated thiomaleimide. We chose to 

synthesise the simplest N-methyl thiomaleimide 65 (Scheme 36). 

 

Scheme 36: Synthesis of N-methyl thiomaleimide 65. 
 

A two-step procedure from N-methyl maleimide 63 was first used to synthesise the N-

methyl bromomaleimide 64 precursor via the N-methyl dibromosuccinimide, as per 

previous protocol.40 The next step involved an addition-elimination reaction with 

hexanethiol as before. Due to the ring opening that occurred with the nucleophilic 

methanol solvent when synthesising bis-thiomaleimide 61, the solvent was changed to 
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dichloromethane (DCM), and the base changed to triethylamine (TEA) for solubility. This 

resulted in no ring opening and thiomaleimide 65 was isolated in a 97% yield. 

 

Thiomaleimide 65 was then irradiated as a 5 mM solution (Scheme 37). This 

concentration was chosen so that there would be an equal number of chromophores, i.e. 

thiomaleimide entities, in both the bimolecular and unimolecular reactions. The reaction 

was seen to reach completion in 10 minutes, the same as bis-thiomaleimide 61, 

suggesting no substantial difference in the rates of the intermolecular and intramolecular 

reactions. Analysis of the 13C satellite peaks in the 1H NMR spectrum was done in 

deuterated acetonitrile to allow the cyclobutane proton peaks to be distinct from the 

other proton peaks. This confirmed dimer 66 to be the exo head-to-head photoproduct 

as the coupling constant was found to be 2.8 Hz. 

 

Scheme 37: Irradiation of N-methyl thiomaleimide 65. 
 

2.1.3: Application for rebridging the disulfide in octreotide 

The intramolecular photoreaction of bis-thiomaleimide 61 had proceeded with endo 

selectivity. Thus, there was next an opportunity to apply this to photochemically rebridge 

the disulfide in octreotide to try and improve the reactivation levels of the conjugate. 

However, previously in the Baker group, conjugation of N-methyl bromomaleimide 64 to 

octreotide had resulted in multiple products, as observed by HPLC, needing purification 

prior to irradiation.237,238 Thus, optimisation of the conjugation protocol was required. 

 

We initially repeated the conjugation with the same protocol, which employs a 50:50 

phosphate buffer (PB) pH 6.2:MeCN solvent (Solvent System A (SSA)) with a final pH of 

7.0 (Scheme 38).237,238 The reduction of the octreotide disulfide was achieved by adding 

1.2 eq. of tris(2-carboxyethyl)phosphine (TCEP), dissolved in SSA, and incubating at 37 

°C for 1 h. The reduced octreotide 67 was then added dropwise to a solution of 100 eq. of 

N-methyl bromomaleimide 64 in SSA and left at 22 °C for 30 min. LCMS was used to 

characterise the formed conjugates (Figure 12). The total ion chromatogram (TIC) 
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showed seven peaks of five m/z values, summarised in Table 1. The mass spectra of each 

individual peak in the TIC trace are shown in Figure 91 in section 5.2.1. 

 
Scheme 38: Reduction and conjugation of N-methyl bromomaleimide 64 to octreotide. 

 
Figure 12: A) TIC trace of the reaction mixture along with B) the associated mass 

spectrum. 
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4 (RT 7.65 min) with m/z 1243 corresponded to both maleimides being reduced (species 

70), whilst peaks 5 and 6 (RT 8.21 and 8.53 min) with m/z 1241 were attributed to 

reduction of one maleimide each (species 71). Moreover, peak 1 (RT 5.93 min) with m/z 

1019 corresponded to native octreotide, which could be due to partial disulfide reduction 

or disulfide re-oxidation. 

 

To ensure full reduction, the TCEP equivalents was increased from 1.2 to 2 eq. and the 

stock was made up in deionised water (dH2O) instead of SSA, as previous literature 

reports have shown that TCEP will eventually oxidise in phosphate buffer conditions.301 

We considered that re-oxidation of the disulfide might be possible if the N-methyl 

bromomaleimide 64 stock was deactivated by hydrolysis in SSA, and hence it was made 

up in MeCN. Despite these changes, native octreotide was still observed as well as the 

other side-products, and hence further investigations were pertinent. 

 

2.1.3.1: Optimisation of the octreotide conjugation 

The original protocol had always used SSA with PB pH 6.2, transferred from somatostatin 

conjugation work within the Baker group.41 This was based on literature, e.g. Balan et al. 

stated that pH above 6.2 had caused the somatostatin peptide to precipitate out of 

solution.53 However, we wanted to study the effect of varying the pH on octreotide. The 

conjugation was repeated in various 50:50 buffer:MeCN solvent systems with the 

following buffers: sodium acetate buffer pH 5.0, PB pH 6.2, phosphate buffered saline 

(PBS) pH 7.4 and borate buffered saline (BBS) pH 8.4. This gave rise to the four solvent 

systems SSB, SSA, SSC and SSD with final pHs of 6.1, 7.0, 8.2 and 9.8, respectively. The TIC 

traces obtained are shown in Table 2. 
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The general trend was that increasing pH decreased the amounts of the bridged 

succinimide 69 (RT 5.88 and 6.18 min), reduced species 70 (RT 7.17 min) and reduced 

species 71 (RT 7.75 and 8.04 min) relative to the amount of thiomaleimide conjugate 68 

(RT 8.47 min). Most drastically, by using BBS pH 8.4 in SSD, there was total disappearance 

of any bridged succinimide 69. This can be explained as follows: at lower pH, less thiolate 

ions on the reduced cysteine residues will be present. This means octreotide has a longer 

time to form a conformation in which it can readily attack the same N-methyl 

bromomaleimide 64 and form the bridged succinimide 69. Hence, we concluded that 

higher pH is preferential in promoting the formation of thiomaleimide conjugate 68. 

 

It should be noted that all conjugation attempts resulted in inconsistencies in the relative 

amounts of native octreotide present. We observed the reaction mixture was made up of 

two distinct colour layers: the MeCN layer was yellow, whilst the aqueous layer was 

colourless. This suggested that MeCN and the buffer had limited miscibility, leading to 

heterogeneity and could be causing the inconsistencies. Thus, dimethylformamide (DMF) 

was introduced as a more polar organic solvent. Somatostatin conjugation work within 

the Baker group had used a solvent system of 57.5% PB pH 6.2, 40% MeCN and 2.5% 

DMF.41,217 Thus, we chose a similar system with BBS pH 8.4 instead (SSE, final pH 9.6). 

Additionally, to minimise three solvents being used, a second solvent system of 70:30 BBS 

pH 8.4:DMF (SSF, final pH 9.8) was also tested. TCEP stocks were made in dH2O and N-

methyl bromomaleimide 64 stocks in DMF. The TIC traces are tabulated in Table 3. 

Solvent System E Solvent System F 

  
Table 3: TIC traces for the reaction in different solvent systems. 

 

Physical observations of the reaction mixture in SSE, i.e. when MeCN was present, still 

showed the presence of layers and the LCMS data showed a peak corresponding to native 

octreotide (RT 5.96 min). On the other hand, the conjugation in SSF showed no layers 

RT: 5.00 - 10.50

6 8 10

Time (min)

0

20

40

60

80

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

9.04

5.96
8.59

8.27
7.69

9.466.50

NL:
8.95E5

Base Peak  
MS 
RM155_1712
18

RT: 5.00 - 10.50

6 8 10

Time (min)

0

20

40

60

80

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

9.03
9.01

8.598.57

8.197.68

6.49 9.465.94

NL:
1.90E6

Base Peak  
MS 
RM157_1712
18



51 
 

forming and no peak for native octreotide was observed in the LCMS. Therefore, we had 

validated the hypothesis that MeCN was causing inhomogeneity, preventing full disulfide 

reduction from taking place, and leading to the presence of native octreotide in the LCMS. 

 

Increasing pH had minimised the relative amounts of the reduced species 70 and 71 but 

their presence had not been fully prevented. Previous experiments within the Baker 

group had observed TCEP reactivity with thiomaleimide conjugates, causing a cleavage 

to give reduced species 70 and 71.40 TCEP reactivity with classical maleimides is also 

known to occur in the literature.302 Additionally, side-products when rebridging 

somatostatin with dibromomaleimides had been observed in the group, indicating cross-

reactivity of TCEP and dibromomaleimides.54 Therefore, we hypothesised that TCEP may 

have an involvement in our octreotide conjugation. To this extent, experiments with 

various equivalents of TCEP were set up and an additional experiment where an extra 2 

eq. of TCEP was added after the conjugation. The TIC traces are given in Table 4. 

1.2 eq. TCEP 1.5 eq. TCEP 2 eq. TCEP 5 eq. TCEP 
2 eq. TCEP + 2 
eq. TCEP after 

conjugation 

     
Table 4: TIC traces for the reaction using different equivalents of TCEP. 

 

The general trend discovered was that increasing the number of equivalents of TCEP 

increased the relative amounts of reduced species 70 (RT 7.68 min) and 71 (RT 8.16 and 

8.55 min) in comparison to thiomaleimide conjugate 68 (RT 8.99 min). The final 

experiment, where 2 eq. of TCEP was added after conjugation of N-methyl 

bromomaleimide 64, showed that there was no change in the amount of the reduced side-

products 70 and 71. This indicated that TCEP was not reacting with the already formed 

thiomaleimide conjugate 68, but instead reacted with the excess N-methyl 

bromomaleimide 64 prior to octreotide conjugation to cause the maleimide reduction. 
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To confirm the cross-reactivity between TCEP and N-methyl bromomaleimide 64, an 

NMR reaction was set up in the original conjugation conditions, i.e. 50:50 PB pH 6.2:MeCN 

(SSA), as this had shown clear formation of side-products 70 and 71. Deuterated 

acetonitrile was chosen to allow 1H NMR signal locking. An approximate 1:1 ratio of TCEP 

and N-methyl bromomaleimide 64 was chosen to show any clear reactivity. The 1H NMR 

showed a shift in the TCEP peaks and new maleimide peaks were also visible even at time 

0 (Figure 13), demonstrating the reactivity of TCEP and N-methyl bromomaleimide 64. 

 

Figure 13: 1H NMR of SSA (lane 1), N-methyl bromomaleimide 64 (lane 2), TCEP (lane3), 
and the two together at time 0 (lane 4). 

 

A potential mechanism for this TCEP reactivity is postulated in Scheme 39. TCEP attacks 

N-methyl bromomaleimide 64 to generate phosphonium maleimide 72. In the presence 

of octreotide, the reduced cysteine thiolate anion then attacks maleimide 72 a second 

time to form succinimide 73. Finally, hydroxide attack on the phosphorus is followed by 

release of a phosphine oxide, driven by the formation of a strong P=O bond. This produces 

succinimides 70 or 71, depending on if the process occurs once or twice. 

 

Scheme 39: Postulated mechanism of TCEP reacting with N-methyl bromomaleimide 64. 

TCEP + 64 

TCEP 

64 

SSA 
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2.1.3.2: Conjugation of bis-bromomaleimide and subsequent irradiation 

The investigations undertaken had suggested that high pH, no MeCN and low TCEP 

equivalents were optimal for the octreotide conjugation to prevent the formation of side-

products. Thus, with the optimised protocol in hand, we turned our attention to the 

conjugation of bis-bromomaleimide 60 (Scheme 40). As this conjugation is 

intramolecular, we thought there would be less chance of forming any bridged 

succinimide conjugates. Therefore, we proposed that we would be able to use only 2 eq. 

of bis-bromomaleimide 60 in contrast to the 100 eq. of N-methyl bromomaleimide 64 

required. The TIC trace and mass spectrum upon conjugation is shown in Figure 14. 

  
Scheme 40: Formation of octreotide conjugate 74. 

 
Figure 14: A) TIC trace of thiomaleimide conjugate 74 along with B) the associated mass 

spectrum; expected and observed m/z 1251. 
 

The TIC trace after conjugation of bis-bromomaleimide 60 showed multiple peaks, 

namely those at RT 6.55, 6.87, 7.92 and 8.61 min, with m/z 1251 as is expected for 

conjugate 74. The multiple peaks indicated the presence of isomers, which we postulated 

might be as a result of cyclisation with an amine group in the octreotide peptide. 

However, from this experiment we could only infer that the conjugation of bis-

bromomaleimide 60, resulting in a larger ring system, was not very selective. The TIC 
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trace also showed the presence of other small peaks at RT 7.31, 7.45 and 7.56 min with 

m/z 1253. This corresponded to species with reduction of one maleimide ring, analogous 

to what was seen previously when conjugating N-methyl bromomaleimide 65. Three 

peaks of the same m/z again indicated the presence of isomeric products, but the final 

structures could not be verified at this stage. Despite the isomers and side-products, the 

reaction mixture was irradiated using a 365 nm LED torch (Scheme 41). The LCMS data 

is shown in Figure 15 (Figure 92 in section 5.2.2 for detailed spectra). 

 

Scheme 41: Irradiation of octreotide conjugate 74. 

 
Figure 15: A) TIC trace post-irradiation of conjugate 74 along with B) the associated 

mass spectrum. Conjugate 75, expected m/z 1251, not observed for the new peaks at RT 
4.24, 4.49 and 5.29 min. Instead, these peaks have observed m/z 1269. 

 

Upon irradiation for 2 min, the TIC trace showed peaks that match the TIC trace pre-

irradiation. The peaks for the reduced species with m/z 1253 (RT 7.41, 7.51, 7.62 min) 

were still present. This was expected as they are not photoactive due to loss of their 

conjugated double bond. Interestingly, the peaks with m/z 1251 at RT 6.60 and 6.82 min 

appeared to be identical to pre-irradiation suggesting that these isomeric conjugates 

formed were not photoactive. In contrast, the peaks with m/z 1251 at RT 7.99 and 8.67 

min, likely representative of conjugate 74, were reduced in intensity, suggesting that a 

photochemical reaction had occurred, but not reached full completion. 
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This was further confirmed by the growth of the three new peaks at RT 4.24, 4.49 and 

5.29 min all with m/z 1269. The photochemically rebridged conjugate 75 would be 

expected to have an m/z of 1251 as in the starting conjugate 74. Instead, this m/z of 1269 

was an extra +18 Da than expected, corresponding to water addition. The LCMS pre-

irradiation had not indicated any peaks that corresponded to hydrolysis and thus we 

concluded that the irradiation step led to a [2+2] photocycloaddition reaction to initially 

give conjugate 75, followed by rapid hydrolysis of one succinimide ring to produce 

conjugate 76 (Figure 16). This was a novel finding and was not observed in the 

intermolecular [2+2] photocycloaddition reaction on octreotide.237,238 Additionally, we 

were surprised to observe hydrolysis of only one succinimide ring, rather than hydrolysis 

of both rings, which would be associated with an extra +36 Da. Therefore, we concluded 

that the extremely fast hydrolysis of just one succinimide was taking place to release ring 

strain of the molecule, caused by the constraints presented by the tether. Despite this 

unexpected hydrolysis, the key inference was that the photochemical rebridging had 

occurred to produce three isomers of the hydrolysed rebridged conjugate 76. 

 

Figure 16: Structure of hydrolysed rebridged species 76. 
 

In the conjugation of bis-bromomaleimide 60, we believed we saw the formation of 

regioisomers, which we attributed to possible amine modification. Hence, we wanted to 

test if the amines on octreotide could readily react with monobromomaleimides. N-

methyl bromomaleimide 64 was added to octreotide without any prior TCEP reduction 

of the disulfide (Scheme 42). Despite leaving the reaction for a full 24 h, the LCMS only 

showed presence of native octreotide (Figure 17), demonstrating that no reaction had 

occurred. This experiment indicated that bromomaleimide type reagents cannot react 

easily with octreotide amines. Thus, upon disulfide reduction, there must be high 

selectivity for cysteine conjugation. For conjugation of bis-bromomaleimide 60, perhaps 

the possibility of amine attack increases due to the intramolecular nature of the reaction. 

However, at this stage, we still could not draw credible conclusions, except that the bis-

bromomaleimide 60 conjugation was not sufficiently selective. 
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Scheme 42: Addition of N-methyl bromomaleimide 64 without TCEP reduction. 

 
Figure 17: A) TIC trace after 24 h of N-methyl bromomaleimide 64 addition along with B) 

the associated mass spectrum; only native octreotide observed with m/z 1019. 
 

Both the conjugation of bis-bromomaleimide 60 and subsequent irradiation had resulted 

in the formation of multiple regioisomers and side-products. Therefore, octreotide was 

not the ideal peptide system to test the intramolecular [2+2] photocycloaddition reaction 

as a method of rebridging the disulfide. However, the experiments had shown the 

possible potential of this novel reaction for biological applications and thus we wanted to 

attempt this reaction on other protein systems. 

 

2.1.4: Application for rebridging the disulfide in trastuzumab Fab 

Previously, the intermolecular [2+2] photocycloaddition had been applied to an antibody 

Fab, namely trastuzumab Fab (Scheme 43).237,238 This illustrated that this photoreaction 

is not limited to small peptides and can be employed on large proteins. As previously 

mentioned in section 1.3.1.3, unlike with octreotide, the disulfide rebridging of the Fab 

does not cause it to be activated. Instead, it gives potential towards photochemically 

stabilising Fab conjugates through regeneration of the covalent bridge. The work on 

octreotide indicated that the intramolecular [2+2] photocycloaddition did take place, 

albeit not to completion. This gave us confidence to attempt this on the larger, structurally 
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constrained Fab protein. This would provide preliminary evidence that this novel 

photoreaction could have scope on a wider range of biological systems. 

 

Scheme 43: Synthesis and irradiation of a Fab-maleimide conjugate.237,238 
 

The protocol started with initial reduction of the Fab disulfide using 5 eq. of TCEP 

(Scheme 44). Due to the reactivity of TCEP and bromomaleimides seen in the octreotide 

bioconjugations (see section 2.1.3.1), TCEP was removed by ultrafiltration prior to 

addition of bis-bromomaleimide 60. Previously, 100 eq. of bromomaleimides were 

utilised for Fab conjugation,237,238 but we postulated (as seen with octreotide 

conjugation) that 2 eq. of bis-bromomaleimide 60 would be adequate for the conjugation 

to proceed (Scheme 44). Indeed, this was the case, with LCMS analysis confirming 

conjugate 77 to be the sole product (Figure 18C). Excess reagent 60 was then removed 

by ultrafiltration, followed by irradiation for 2 min (Scheme 44). PBS pH 6.0 was chosen 

for the irradiation as we had seen hydrolysis when using BBS pH 8.4 for octreotide and 

wanted to prevent this. LCMS analysis indicated a single peak; however, this was not the 

expected mass for conjugate 78. The peak corresponded to an extra +18 Da, suggesting 

that a single hydrolysis had taken place to give conjugate 79 (Figure 18D) as was seen 

with octreotide. Interestingly, no decarboxylation of the C-terminal cysteine was 

observed as was seen previously when attempting the intermolecular [2+2] 

photocycloaddition.237,238 This was confirmed as there was no presence of any heavy and 

light chain in both the LCMS or SDS-PAGE (Figure 18A). This could mean that the 

intramolecular [2+2] photocycloaddition reaction is more efficient than its 

intermolecular equivalent, thus proceeding before any decarboxylation can take place. 

 

Scheme 44: Conjugation of bis-bromomaleimide 60 to Fab, followed by irradiation. 
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Figure 18: A) SDS-PAGE analysis: lane M: protein ladder, lane 1: native Fab, lane 2: 
reduced Fab, lane 3: conjugate 77, lane 4: conjugate 79. Deconvoluted LCMS data for B) 

native Fab: observed 47638 Da; C) conjugate 77: expected 47870 Da, observed 47871 Da; 
and D) conjugate 79: expected 47888 Da, observed 47889 Da. Conjugate 78: expected 

47870 Da, not observed. 
 

The hydrolysis step to form conjugate 79 was exactly as seen with octreotide (see section 

2.1.3.1) and confirmed that the constrained cyclobutane product 78 produced via the 

intramolecular [2+2] photocycloaddition reaction must undergo rapid hydrolysis to 

release ring strain. The irradiation took place in PBS pH 6.0 (compared to BBS pH 8.4 for 

octreotide) meaning the number of hydroxide ions present were low. Additionally, no 

hydrolysis of conjugate 77 was seen pre-irradiation, despite this being in pH 7.4 

conditions. This indicated that the hydrolysis of conjugate 78 to produce conjugate 79 

was efficient. Although, this hydrolysis step took place, the experiment exhibited the 

capability of this intramolecular [2+2] photocycloaddition on a large protein. 

Furthermore, this photoreaction potentially adds some extra stability to the Fab 

conjugate: proceeding from conjugate 77 with a long disulfide bridge, via the two 

connected maleimide moieties, to conjugate 79 with the tighter two-carbon bridge. 

77 

79 

B 

C 

D 

A 

1 2 3 4 M 

250 

130 

100 

70 

55 

35 

25 

15 

kDa 



59 
 

2.1.4.1: Photochemically conferring thiol stability 

A key limitation of thiomaleimide conjugates is that they are thiol unstable.44 Specifically, 

thiomaleimide conjugates are known to undergo a conjugate addition in the presence of 

excess thiols, followed by a retro-Michael pathway to cleave off the maleimide and leave 

behind the free cysteines. This can be resolved through hydrolysis of the maleimide ring, 

to give the maleamic acid conjugate, no longer prone to thiol attack. Alternatively, 

irradiation of a thiomaleimide causes loss of the maleimide double bond, and thus these 

conjugates are no longer be susceptible to thiol attack.237,238 Therefore, we envisaged that 

the intramolecular [2+2] photocycloaddition on Fab could provide an elegant method to 

photochemically confer thiol stability. To test this hypothesis, we subjected conjugate 79 

to 100 eq. of BME at 22 °C for 2 h at pH 7.4 (Scheme 45). As predicted, LCMS analysis 

indicated no change, confirming the thiol stability of this conjugate (Figure 19). 

 

Scheme 45: Addition of BME to conjugate 79. 
Figure 19: Deconvoluted LCMS data upon BME addition to conjugate 79: expected 47888 

Da, observed 47889 Da. 
 

We also subjected conjugate 77 to the same conditions, i.e.  100 eq. of BME at 22 °C for 2 

h at pH 7.4, expecting to see cleavage to produce the free heavy and light chains (Scheme 

46). However, the LCMS showed that this BME addition had given rise to multiple 

products (Figure 20). Surprisingly, of all the peaks seen, no free heavy or light chain was 

observed, and only very minute amounts of re-oxidised Fab were seen, suggesting that 

cleavage of the maleimide did not occur. Instead, the major peaks observed corresponded 

to formation of one or two dithiosuccinimide moieties to give conjugates 80 and 81, due 

to conjugate addition of BME. This revealed that the subsequent retro-Michael 

mechanism required for conjugate cleavage was inhibited in this bis-thiomaleimide ring 

system. 

79 
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Scheme 46: Addition of BME to conjugate 77. 

 
Figure 20: Deconvoluted LCMS data upon BME addition to conjugate 77. Re-oxidised Fab: 

expected 47638 Da, observed 47640 Da. Conjugate 80: expected 47948 Da, observed 
47949 Da. Conjugate 81: expected 48026 Da, observed 48027 Da. 

 

To further promote cleavage of conjugate 77, we attempted the incubation of BME at 37 

°C for 2 h at pH 8.0. We hoped that an increase in pH and temperature would accelerate 

the retro-Michael reaction after initial formation of dithiosuccinimides 80 and 81. LCMS 

analysis showed the presence of re-oxidised Fab, but again multiple other peaks were 

present, different to those previously seen (Figure 21). One peak corresponded to 

hydrolysis of conjugate 77 to give conjugate 82, whilst the other products appeared to be 

formed due to hydrolysis of conjugates 80 and 81. 

 

Figure 21: Deconvoluted LCMS data upon BME addition to conjugate 77 at 37 °C for 2 h 
at pH 8.0. Re-oxidised Fab: expected 47638 Da, observed 47640 Da. Conjugate 82: 
expected and observed 47889 Da. Hydrolysis of conjugate 80: expected 47966 Da, 

observed 47967 Da. Hydrolysis of conjugate 81: expected 48044 Da, observed 48046 Da. 
 

The increased amount of hydrolysis that was seen can be attributed to the higher pH as 

there would be more hydroxide ions present. Therefore, the pH was reduced back down 

to 7.4 to prevent any competing hydrolysis. We chose to use ethanedithiol (EDT) instead 

80 81 
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of BME, designed to shift the reaction equilibrium to the right, by trapping the product in 

a stable 5-membered ring.45 We incubated conjugate 77 with 100 eq. of EDT at 37 °C for 

21 h at pH 7.4. This gave a much more promising result, with the major peak in the LCMS 

corresponding to re-oxidised Fab (Figure 22A). The other visible peaks corresponded to 

conjugate 82; conjugate 83 formed from single additions of EDT and water; and 

intriguingly a peak corresponding to an EDT rebridged disulfide conjugate 84. We 

postulated this to be due to initial cleavage of conjugate 77 to give the free heavy and 

light chains, followed by disulfide scrambling of the free cysteine residues, oxidising with 

the excess EDT. As a control, conjugate 79 was subjected to EDT in the same reaction 

conditions, with LCMS analysis again showing no change to the conjugate (Figure 22B). 

 
Figure 22: Deconvoluted LCMS data upon A) EDT addition to conjugate 77. Re-oxidised 

Fab: expected 47638 Da, observed 47639 Da. Conjugate 82: expected 47889 Da, observed 
47890 Da. Conjugate 83: expected 47982 Da, observed 47984 Da. Conjugate 84: expected 

47730 Da, observed 47731 Da. B) EDT addition to conjugate 79: expected 47888 Da, 
observed 47889 Da. 

 

The thiol-mediated cleavage of conjugate 77 had proven to be challenging, with 

dithiosuccinimide formation occurring. This was unexpected as thiomaleimide 

conjugates are known to be thiol unstable to cause cleavage in the presence of excess 

thiol.44 We hypothesised this to be as a result of the thermodynamic control offered by 

the cyclic nature of bis-thiomaleimide conjugate 77. Hence, we decided to conjugate N-

methyl bromomaleimide 64 to Fab, followed by thiol addition to see if this would undergo 

cleavage (Scheme 47). The conjugation proceeded efficiently to produce conjugate 85, 

shown by the presence of separate heavy and light chain conjugates in the LCMS and SDS-
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79 
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PAGE (Figure 23). The subsequent thiol addition led to the formation of re-oxidised Fab, 

and no dithiosuccinimide conjugates were seen (Figure 23C). Interestingly, a small 

amount of conjugate 84 was seen again, supporting our suggestion that EDT causes the 

free heavy and light chains on Fab to undergo disulfide scrambling. 

 

Scheme 47: Conjugation of N-methyl bromomaleimide 64 to Fab and subsequent addition 
of EDT. 

 
Figure 23: A) SDS-PAGE analysis: lane M: protein ladder, lane 1: native Fab, lane 2: 

reduced Fab, lane 3: conjugate 85, lane 4: EDT addition to conjugate 85. Deconvoluted 
LCMS data for B) conjugate 85: light chain expected and observed 23549 Da, heavy chain 
expected Da 24310 Da, observed 24311 Da; C) EDT addition to conjugate 85. Re-oxidised 
Fab: expected 47638 Da, observed 47639 Da. Conjugate 84: expected 47730 Da, observed 

47731 Da. 
 

The experiment showed that conjugate 85 can undergo a facile cleavage with thiol. This 

was consistent with our hypothesis that the thermodynamic control introduced by the 

cyclic nature of bis-thiomaleimide conjugate 77 hinders the required retro-Michael for 

cleavage. Nevertheless, the ability of conjugate 77 to react to form dithiosuccinimides 

shows their thiol instability, whilst conjugate 79 was found to be inert to thiols, 

establishing that the [2+2] photocycloaddition reaction conferred thiol stability to Fab-

thiomaleimide conjugates. This would allow further applications in serum settings, 
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where usual thiomaleimide conjugates run the risk of degrading due to the presence of 

blood thiols. 

 

2.1.4.2: Triggering a spontaneous second reaction upon irradiation 

Upon irradiation of the Fab conjugate 77, the [2+2] photocycloaddition reaction was 

followed by an unexpected spontaneous hydrolysis step to produce conjugate 79. This 

had also been seen with octreotide, producing conjugate 76. This indicated that the 

cyclobutane conjugates 78 and 75, initially formed after [2+2] photocycloaddition of the 

tethered conjugates 77 and 74, suffer from ring strain, and hydrolysis serves to relieve 

this strain as it results in a ring-opening. We envisaged that we could use this ring strain 

to our advantage as a method to trigger a second spontaneous reaction. 

 

Therefore, as a simple first experiment, we chose to irradiate the Fab conjugate 77 in the 

presence of hydrazine (Scheme 48). We hypothesised that the nucleophilic hydrazine 

would be able to attack the carbonyl of one of the succinimide rings, causing a ring-

opening to release the ring strain as in conjugate 86. We decided to use 1000 eq. of 

hydrazine in an attempt to outcompete the hydrolysis that we previously saw. Analysis 

of the LCMS data indicated that even 1000 eq. of hydrazine was not enough to outperform 

hydrolysis, with the sole product being conjugate 79 (Figure 24). Due to time constraints, 

higher equivalents or different nucleophiles were not attempted. However, the 

spontaneous hydrolysis observed did imply further potential for the [2+2] 

photocycloaddition to trigger its own secondary reaction to release the ring-strain.  

 

Scheme 48: Irradiation of conjugate 77 in the presence of hydrazine. 
Figure 24: Deconvoluted LCMS data upon addition of hydrazine, followed by irradiation 
of conjugate 77. Conjugate 86: expected 47902 Da, not observed. Conjugate 79: expected 

47888 Da, observed 47889 Da. 
 

 

79 



64 
 

2.1.5: Conclusions and future work 

The research herein has inverted the stereoselectivity of the [2+2] photocycloaddition 

reaction to produce an endo-selective cyclobutane product. This was achieved with an 

intramolecular [2+2] photocycloaddition of two thiomaleimides tethered together, i.e. 

bis-thiomaleimide 61. This has increased the scope of the [2+2] photocycloaddition 

reaction as it is no longer limited by its exo stereoselectivity. 

 

To apply this endo-selective reaction to octreotide, the conjugation strategy was first 

optimised. DMF was chosen over MeCN for increased peptide solubility. The formation of 

bridged succinimide was resolved by using higher pH conditions. We noted and found 

evidence for the cross-reactivity of TCEP and monobromomaleimides, which led to the 

formation of reduced thiomaleimide conjugates. Future octreotide conjugation work 

should attempt to find a purification method to remove TCEP prior to addition of 

bromomaleimide to the system or investigate the use of immobilised TCEP. 

 

Conjugation of bis-bromomaleimide 60 to octreotide was still challenging. The required 

macrocyclic conjugation led to the formation of several isomers. The reason for this was 

unclear, though we tentatively associate this with the possibility of competing reactions 

with amines. This lack of selectivity in conjugation meant the system was not functionally 

useful for the [2+2] photocycloaddition reaction. Thus, future work could investigate the 

conjugation capability on multiple peptides, e.g. somatostatin and oxytocin, and also 

include purification and isolation of each conjugate prior to irradiation. 

 

Bis-bromomaleimide 60 was conjugated and subsequently irradiated on an antibody Fab 

as proof of concept on a larger biological system. This required only 2 min of irradiation 

to photochemically regain the structural and thiol stability of Fab, through reformation 

of a disulfide bridge and loss of the double bond, respectively. Interestingly, it was found 

that the cyclic thiomaleimide conjugate 77 required harsher conditions for thiol cleavage 

than needed for previous thiomaleimide conjugates, likely due to the thermodynamic 

control introduced by the cyclic ring system. 

 

The key focus of the work herein was to explore new photochemical reactions on peptides 

and proteins with the view to expand the scope for future applications. The Fab 
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thiomaleimide conjugate 77 gains thiol stabilisation upon exposure to UV light via the 

intramolecular [2+2] photocycloaddition. This could have applications through further 

functionalisation of bis-bromomaleimide 60 with a drug molecule, resulting in the 

photochemical formation of a thiol-stable Fab ADC. A wider application of this 

photoinduced thiol stability approach could be for photopatterning of Fab on a surface. 

Through the [2+2] photocycloaddition reaction, the Fab would become inert to thiol 

attack, causing surface immobilisation. 

 

Excitingly, the conjugation and irradiation of bis-bromomaleimide 60 on Fab led to a 

spontaneous hydrolysis step to release ring-strain of the cyclic structure. Attempts to 

utilise this to trigger a second reaction, namely nucleophilic attack by hydrazine, was 

unsuccessful. However, this should be investigated much further with alternative 

nucleophiles and monitoring the equivalents. 

 

Aside from a nucleophilic attack, the strain generated upon the [2+2] photocycloaddition 

reaction may be exploited to trigger alternative reactions. For example, the ring-strain 

could be used to facilitate a strain-promoted azide-alkyne cycloaddition (SPAAC) 

reaction. SPAAC reactions are a result of the reduced bond angle of 163° in the sp-

hybridised alkyne carbons in cyclooctyne type reagents compared to the 180° in linear 

alkynes.303 This accelerates the ability of the alkyne to react with an azide in a [3+2] 

cycloaddition reaction, forming a triazole. For our bis-thiomaleimide system, this would 

work if the tether between the two maleimides contained an alkyne handle (Scheme 49). 

Upon irradiation, the [2+2] photocycloaddition reaction would result in the alkyne being 

part of a 10-membered ring. The ring-strain introduced would result in the sp-hybridised 

alkyne carbons having a bond angle less than the favourable 180° as in cyclooctynes, 

making it unstable. This could then induce a SPAAC reaction between the strained-alkyne 

and an external azide molecule, containing a cargo such as a fluorophore. This would be 

a form of a ‘photoclick’ reaction where light triggers the ‘click’ addition of a fluorophore. 

 

Scheme 49: [2+2] photocycloaddition triggering a SPAAC reaction.  
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2.2: Photophysics of the maleimide [2+2] photocycloaddition 

2.2.1: Introduction and aims 

The [2+2] photocycloaddition of thiomaleimide 65 was efficient, reaching completion in 

10 minutes, compared to 1 hour taken by classical maleimides. Hence, the first goal was 

to understand how sulfur substitution reduces the reaction time through comparison of 

the photophysical data and performing computational studies. In section 2.1.2, we 

explored the endo-selective [2+2] photocycloaddition of bis-thiomaleimide 61. Thus, we 

intended to develop further bis-thiomaleimide analogues to observe how the tether type 

would impact the reactivity of the intramolecular [2+2] photocycloaddition. 

 

Both the intermolecular and intramolecular reaction reached completion in 10 minutes. 

However, we theorised that the intramolecular reaction should proceed faster than the 

intermolecular one. This is because the two coupling maleimide moieties are likely 

already in a ready reactive conformation in bis-thiomaleimides, increasing the chance of 

forming the first carbon-carbon bond in the reaction mechanism. Thus, the key aim was 

to accurately determine the reaction rates and quantum yields of the various 

thiomaleimides at a range of concentrations to confirm our hypothesis. To further 

investigate our proposition, we wanted to use ultrafast laser spectroscopy to observe and 

characterise the excited states involved in the reaction. Not only would this give us insight 

into the reaction mechanism and perhaps guide further chromophore design, but we also 

envisaged it would display differences between the intermolecular and intramolecular 

reaction dynamics. 

 

2.2.2: Further bis-thiomaleimide analogues 

De Schryver’s group had tested the influence of tether length on the photocycloaddition 

of the bis-maleimide system.296 As the highest yields of the cyclobutane dimer were 

achieved with alkyl bridge lengths of 3-7 carbons, our next step was to investigate the 

photoreaction of four-carbon tethered bis-thiomaleimide 88 to see the effect of an 

increased chain length. De Schryver’s work had shown that a change in chain length from 

three to four carbon lengths had led to a 15% reduced yield296 and so we hypothesised 

that this may also be the case with our bis-thiomaleimide 88. A similar protocol to bis-

thiomaleimide 61 was used to synthesise bis-thiomaleimide 88 from bromomaleic 
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anhydride 59 via bis-bromomaleimide 87 (Scheme 50). Again, the addition-elimination 

step was conducted in DCM to prevent methanol attack. No side-products were seen and 

bis-thiomaleimide 88 was isolated in a 72% yield. 

 

Scheme 50: Synthesis of four-carbon N-tethered bis-thiomaleimide 88. 
 

Bis-thiomaleimide 88 was insoluble in MeCN and so a solvent system of 1:5 DCM:MeCN 

was chosen for the irradiation. The reaction proceeded to give the endo dimer product 89 

in a quantitative yield (Scheme 51). This was an improvement from the 85% yield seen 

by De Schryver et al. for bis-maleimides with a four-carbon tether after a 4 hour 

irradiation time.296 However, the reaction did appear to be slower than the propyl linked 

bis-thiomaleimide 61, taking 15 minutes to reach completion at equal concentrations (2.5 

mM). The reason for this could be due to the longer chain length allowing flexibility in the 

molecule, which reduces the likelihood of forming the reactive conformation. However, it 

should be noted that a different solvent system was used, and this may also have an effect 

on the reaction rate. Due to the insolubility of 88 in MeCN and the supposedly increased 

reaction time, the library of bis-thiomaleimides was not built up through extending the 

chain length. 

 

Scheme 51: Irradiation of bis-thiomaleimide 88. 
 

Instead, we considered using bis-thiomaleimide 91 which had a gem-dimethyl 

substituent on the propyl linker. This bis-thiomaleimide 91 was synthesised in a 

quantitative yield using the new methodology via bis-bromomaleimide 90 (Scheme 52). 

 

Scheme 52: Synthesis of bis-thiomaleimide 91. 
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We envisaged that this bis-thiomaleimide 91 would increase the reaction rate of the 

intramolecular photocycloaddition as per the Thorpe-Ingold effect.304 The first 

explanation for this effect is that changing the two protons on the central carbon to two 

methyl groups causes an increased repulsion between them. This results in a reduction 

in the bond angle between the other substituents on the quaternary carbon pushing them 

closer together, and thus speeds up the reaction. This explanation can hold when it is 

these direct substituents that are the reactive species.305 However, this is not the case in 

our bis-thiomaleimide system. Instead we considered that the two methyl groups would 

pose large steric hindrances on the molecule restricting the accessibility of some 

conformations.306 This would in turn increase the probability of the molecule taking on 

the reactive conformation and thus cyclisation would likely be faster (Figure 25). 

 

Figure 25: Linear conformation and reactive conformation of bis-thiomaleimide 91. 
 

Irradiation of bis-thiomaleimide 91 proceeded to give the intramolecular [2+2] 

photocycloaddition dimer product 92 in a quantitative yield in 10 minutes (Scheme 53). 

This was an identical time to bis-thiomaleimide 61 despite our initial hypothesis, 

although the limitations of the monitoring method (every 5 minutes) should be noted. 

 

Scheme 53: Irradiation of bis-thiomaleimide 91. 
 

2.2.3: Comparing thiomaleimides to classical maleimides 

The three different intramolecular endo-selective thiomaleimide reactions and the 

intermolecular exo-selective thiomaleimide reaction all appeared to show relatively 

similar reaction times when using equal chromophore concentrations, but a drastic 

improvement compared to classical maleimides (10 or 15 minutes compared to 1 hour). 
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Thus, we wanted to investigate how the sulfur substitution causes this reduced reaction 

time. We chose to compare thiomaleimide 65 with N-butylmaleimide 94, synthesised 

from the reaction of maleic anhydride 93 with butylamine (Scheme 54). 

 

Scheme 54: Synthesis of N-butylmaleimide 94. 
 

Preliminary comparison of thiomaleimide 65 and N-butylmaleimide 94 was performed 

by analysis of their experimental absorption spectra (Figure 26). The lowest lying 

observable absorption band for N-butylmaleimide 94 in MeCN was found at 297 nm, with 

an extinction coefficient of 690 cm-1 M-1. The relatively large extinction coefficient 

indicated that this band must arise from a π→π* transition; it cannot belong to a 

forbidden n→π* transition.307 Furthermore, this absorption peak has been confirmed to 

belong to formation of the S2 (π1π1*) state by ab initio calculations in the literature.215,308–

310 The lower intensity n→π* bands were not visible in the spectrum, but they are 

undoubtedly present, masked by the larger bands. The most notable difference for 

thiomaleimide 65 was the bathochromic and hyperchromic shift of its lowest lying π→π* 

transition to 354 nm with ε = 3600 cm-1 M-1 (compared to 297 nm with ε = 690 cm-1 M-1 

in N-butylmaleimide 94). This observed red-shift would be particularly beneficial for 

biological applications, as it would allow the photoreactions to occur using longer 

wavelength UV light, which is less damaging and has greater penetration. The increased 

absorptivity could also be the basis for explaining the faster reaction times observed. 

 

Figure 26:  UV spectra of N-butylmaleimide 94 and thiomaleimide 65 in MeCN (0.25 mM). 
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The bathochromic and hyperchromic shifts of thiomaleimides compared to classical 

maleimides suggested that the sulfur atom plays a big role in changing the photophysical 

characteristics of the maleimide. To rationalise these findings, ab initio calculations were 

conducted by Dr Michael Parkes at UCL Chemistry using EOM-CCSD and CAS methods. A 

simplified thiomaleimide 95 (Figure 27) was chosen, as removing the alkyl chains from 

the sulfur and nitrogen simplifies the calculations. This molecule acts as a model 

chromophore for thiomaleimide 65 as the electronic properties will be dominated by the 

ring and directly attached atoms. The calculation results are presented in Table 5 and 

full details of calculations are given in section 3.3.1. 

 
Figure 27: Model chromophore used for ab initio calculations. 

  EOM-CCSD(a) CAS-PT2(b) 

State Symmetry E / eV (f) λ / nm E / eV (f) λ / nm 

S1 (n1π1*) 1A’’ 4.18 (0.00) 297 3.47 (0.00) 358 

S2 (π1π1*) 1A’ 4.44 (0.09) 280 3.82 (0.09) 325 

S3 (n2π1*) 2A’’ 4.99 (0.00) 249 3.92 (0.00) 317 

S4 (π2π1*) 2A’ 5.76 (0.43) 216 5.13 (0.30) 242 

T1 (π1π1*) 1A’ 3.05 408 2.95 421 

T2 (n1π1*) 1A’’ 3.89 319 3.50 355 

Table 5: Calculated energies E, oscillator strengths f in parentheses and corresponding 
wavelengths for electronic transitions from S0 for the model chromophore 95 in Cs 

symmetry using (a) the EOM-CCSD method with a 6-311++G** basis set in Q-Chem 5.2311 
and (b) the CAS-PT2 method with a 6-311++G** basis set and an active space with 12 

electrons and 8 orbitals MolPro.312,313 Note that the oscillator strengths reported 
alongside the CAS-PT2 energies are from the CAS-SCF calculation. 

 

The calculated values for model compound 95 were reasonably consistent with the 

experimental absorption spectrum of thiomaleimide 65. They allowed us to confirm that 

the strong absorption bands at 354 and 262 nm belong to the S2 (π1π1*) and S4 (π2π1*) 

states, respectively (from hereon, π1* will be referred to as π* for convenience), and there 

was agreement with the large oscillator strengths seen for π→π* transitions. The S1 and 

S3 states were determined to be caused by n1→π* and n2→π* transitions, respectively, 

with calculated oscillator strengths of 0, as a result of being symmetry forbidden. This 

was consistent with the lack of observable n→π* bands in the experimental absorption 

spectrum of thiomaleimide 65. To explain the red-shifted S0→S2 absorption band at 354 
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nm, the π molecular orbitals (MOs) of model thiomaleimide 95 were examined (Figure 

28). The π1 MO, responsible for forming the S2 (π1π*) state, showed major electron 

density to be situated on the attached sulfur atom. The π3 MO confirmed that the electron 

density from the sulfur was in resonance with maleimide π-system, despite the inefficient 

orbital overlap expected from the sulfur 3p orbitals. Therefore, it is likely this observed 

conjugation that lowers the energy of the S2 (π1π*) state in comparison to classical 

maleimides,215,308–310 resulting in the bathochromic shift. 

 

Figure 28: The π3, π1 and π1* molecular orbitals (MOs) for the model chromophore 95 
generated from ab initio calculations using the CAS-PT2 method, performed using  

MolPro312,313 with the 6-311++G** basis set and an active space with 12 electrons and 8 
orbitals. The rest of the MOs included in the active space are shown in Figure 65 in section 

3.3.1. 
 

This computational work gave support to our notion that through substitution of 

maleimides with thiols, the sulfur atom’s involvement in the maleimide π-system results 

in improving the photoreactive properties of maleimides. This demonstrates that the 

novel [2+2] photocycloaddition reaction of thiomaleimides has huge potential for 

synthesis, biological applications and even polymer chemistry. 

 

2.2.4: Initial rates and quantum yields 

With a better understanding of how the attached sulfur atom can affect the maleimide’s 

absorption profile, we wanted to quantify the rates of the intermolecular and 

intramolecular reactions of thiomaleimides and classical maleimides with much greater 

accuracy. Additionally, we wanted to calculate the quantum yields to define the 

photoefficiencies of these novel thiomaleimide photoreactions, with a comparison to 

classical maleimides. Although the [2+2] photocycloaddition of maleimides is a renowned 

reaction, there is a lack of research being conducted into defining the quantum yields. To 

the best of our knowledge, the only report of a quantum yield for the [2+2] 
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photocycloadditions of maleimides is by De Schryver et al.296 They calculated and stated 

the values for N-butylmaleimide 94 and the three-carbon tethered bis-maleimide 96. 

Thus, we synthesised bis-maleimide 96 from maleic anhydride 93 and diaminopropane 

for measuring its quantum yield as a second control (Scheme 55). 

 

Scheme 55: Synthesis of three-carbon tethered bis-maleimide 96. 
 

We chose to use a 365 nm LED torch to accurately measure the initial reaction rates and 

quantum yields as this was close to the absorption maximum for thiomaleimides (354 

nm). We utilised an ‘online UV-spectroscopy’ method.173 This involved irradiation with 

the 365 nm LED torch, with simultaneous monitoring of the UV spectrum using a second 

spectrometer beam (Figure 29). 

 

Figure 29: Illustration of the ‘online UV-spectroscopy’ method for measuring quantum 
yields.173 

 

We chose to use o-nitrobenzaldehyde as our chemical actinometer because its 

photoconversion to o-nitrosobenzoic acid has a known quantum yield of 0.43 ± 0.02 at 

our chosen irradiation wavelength of 365 nm.173,177 This allowed quantification of the 

power and photo flux from the LED torch, followed by calculation of the number of 

photons absorbed by our maleimide chromophores (see section 3.3.2 for full calculation 

details). 

 

We first irradiated a 1 mM sample of N-butylmaleimide 94 in DCM as a control 

experiment. The reaction was followed by a decrease in absorption at 300 nm in the UV 

spectrum as the maleimide reagent was used up. With the known extinction coefficient 

at 300 nm, the concentration was calculated, allowing the initial rate to be measured until 
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a maximum of 10% conversion, to keep the absorbance at the irradiation wavelength 

constant.215 From this, the quantum yield of reactant disappearance was calculated (see 

section 3.3.2) to be 0.120, and therefore, the quantum yield of dimerisation as 0.060 ± 

0.004, consistent with the literature value of 0.06 (300 nm irradiation wavelength).296 

 

The experiment was repeated for N-butylmaleimide 94 in MeCN and the quantum yield 

was found to be slightly lower at 0.019. The experiment was then conducted for 0.5 mM 

bis-maleimide 96 in MeCN as a direct comparison to 1 mM N-butylmaleimide 94. Half the 

concentration was used to ensure equal numbers of chromophores and thus similar 

absorbance values. The change in the UV spectrum and the rate graph for 1 mM N-

butylmaleimide 94 and 0.5 mM bis-maleimide 96 in MeCN are shown in Figure 30. This 

clearly showed that the initial rate of reaction was faster (7-fold) for the bis-maleimide 

96 compared to N-butylmaleimide 94. From this initial rate, the quantum yield for bis-

maleimide 96 was calculated to be 0.25, which was an order of magnitude greater than 

that of N-butylmalemide 94 at 0.019. 

 

Figure 30: Change in UV spectrum upon irradiation and concentration vs. time graph for 
A) ~1 mM N-butylmaleimide 94 in MeCN and B) ~0.5 mM bis-maleimide 96 in MeCN. 
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Using the same method, the initial rates of reaction for thiomaleimide 65 and bis-

thiomaleimides 61 and 91 at a range of concentrations were measured and used to 

calculate the quantum yields. These reactions were monitored by the decrease in the 

absorption peak at 354 nm, at which the extinction coefficients were known. We did not 

conduct the experiments for bis-thiomaleimide 88 due to its insolubility in MeCN. Using 

the alternative solvent of DCM would not allow direct comparison, especially as solvent 

effects are known to play a role as seen with our attempts with N-butylmaleimide 94 and 

in the literature.296 The results obtained are summarised in Table 6. 

Molecule 
Concentration 

(mM) 
Φcycloaddition 

Initial rate of reactant 
use (×10-7 M s-1) 

N-butylmaleimide 94 1 (DCM) 0.060 ± 0.004 2.46 ± 0.08 

 

 

1 0.019 ± 0.001 0.515 ± 0.007 

Bis-maleimide 96 

 

0.5 0.25 ± 0.02 3.50 ± 0.09 

Thiomaleimide 65 1 0.05 ± 0.02 27 ± 8 

 

 

0.5 0.022 ± 0.002 11 ± 1 

0.1 0.0056 ± 0.0004 1.36 ± 0.08 

Bis-thiomaleimide 61 

 

0.5 0.24 ± 0.07 67 ± 19 

0.25 0.23 ± 0.06 61 ± 15 

0.05 0.17 ± 0.04 22 ± 5 

Bis-thiomaleimide 91 

 

0.5 0.26 ± 0.06 73 ± 17 

Table 6: Quantum yields and initial rates for the different maleimides at a range of 
concentrations in MeCN (unless otherwise stated). The initial rates were calculated from 

the gradient of the concentration vs. time graph at ≤10% conversion.215 
 

The first point we noted from the above results was the significantly increased initial rate 

of reaction of thiomaleimide 65 compared to N-butylmaleimide 94. The results showed 

an increase by ~50-fold (2.7×10-6 M s-1 for 65 vs. 5.2×10-8 M s-1 for 94) with 1 mM 

solutions, which is consistent with our previous experiments that showed a decreased 

reaction time from 1 hour to just 10 minutes. This can potentially be explained by the 
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largely increased extinction coefficient at the irradiation wavelength of 365 nm. However, 

the quantum yields were on the same order of magnitude (0.05 for 65 vs. 0.019 for 94). 

Irradiation of thiomaleimide 65 at lower concentration resulted in a decrease in both the 

initial rate and quantum yield, indicating the importance of concentration dependency in 

this bimolecular reaction. 

 

The data was found to be very similar when comparing 0.5 mM bis-thiomaleimide 61 to 

0.5 mM bis-maleimide 96. The initial rate increased by ~20-fold (6.7×10-6 M s-1 for 61 vs. 

3.5×10-7 M s-1 for 96) but the quantum yields were identical (0.24 ± 0.07 for 61 vs. 0.25 

± 0.02 for 96). The initial rates and quantum yields for bis-thiomaleimide 61 remained 

constant regardless of the concentration used, consistent with this intramolecular 

reaction being concentration independent. In the case of bis-thiomaleimide 91, the initial 

rate and quantum yield were the same as bis-thiomaleimide 61, within experimental 

error. This implies that incorporation of the gem-dimethyl group does not significantly 

increase the efficiency of the intramolecular [2+2] photocycloaddition reaction. 

 

More interestingly, we can also compare the intermolecular reaction of thiomaleimide 65 

and the intramolecular reaction of bis-thiomaleimide 61 at equivalent chromophore 

concentrations, i.e. the same number of thiomaleimide moieties (to keep absorbance 

similar). This was achieved with 0.5 mM and 0.25 mM, respectively. These concentrations 

were chosen as they are the maximum possible concentrations that would be used in a 

biological context. The results indicated a 6-fold increase in the initial rate of reaction 

(6.1×10-6 M s-1 for 61 vs. 1.1×10-6 M s-1 for 65) and the quantum yield increases by a factor 

of 10 (0.23 for 61 vs. 0.022 for 65). These results can be seen by the change in the UV 

spectrum and rate graphs (Figure 31). This improved initial rate and quantum yield gave 

evidence that the intramolecular [2+2] photocycloaddition is faster and more 

photoefficient than initially observed. These results implied that the enhanced rate 

observed may be due to the increased likelihood of forming the first carbon-carbon bond 

in the intramolecular variation, although further investigation and confirmation of this 

hypothesis was needed. Nevertheless, the quantum yield and initial rate data alone 

illustrated the efficiency of the bis-thiomaleimide photoreaction and displayed its 

potential for use in a wider range of applications. 
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Figure 31: Change in UV spectrum upon irradiation and concentration vs. time graph for 
A) ~0.5 mM thiomaleimide 65 in MeCN and B) ~0.25 mM bis-thiomaleimide 61 in MeCN.  

 

2.2.5: Transient absorption spectroscopy 

The quantum yield and rate data obtained was consistent with our hypothesis that the 

intramolecular reaction proceeds faster than the intermolecular one. This gave us further 

reason to explore the reaction mechanism and excited states involved in both 

photoreactions. To this extent, both transient electronic and vibrational absorption 

spectroscopy (TEAS and TVAS) experiments for thiomaleimide 65 and bis-thiomaleimide 

61 were conducted by Dr Michael Staniforth and Dr Jack Woolley at the Warwick Centre 

for Ultrafast Spectroscopy and the data analysis undertaken by myself. 

 

We proposed a likely mechanism upon photoexcitation at 354 nm, chosen as it is the first 

dominant band in the absorption spectra for thiomaleimide 61 and 65. This absorption 

band was confirmed to belong to the S2 (π1π*) excited state by ab initio calculations (see 

section 2.2.3). Therefore, it was believed that photoexcitation at 354 nm would initially 

result in population of the S2 (π1π*) state. The subsequent fate of the S2 (π1π*) excited 
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state was then predicted from literature precedent and is shown for thiomaleimide 65 in 

Scheme 56.201,203,204,310 Upon photoexcitation maleimide has recently been discovered to 

undergo rapid internal conversion (IC) from the initially formed S3 (π1π*) state to the S1 

(n1π*) state.310 Therefore, for our thiomaleimides 65, we anticipated that the initially 

formed S2 (π1π*) excited state would also undergo IC, relaxing back down the S1 (n1π*) 

state. Following this, the [2+2] photocycloaddition mechanism for α,β-unsaturated 

carbonyls has been reported201,203,204 and so a similar mechanism can be proposed for 

thiomaleimide 65. The S1 (n1π*) state is expected to undergo a fast intersystem crossing 

(ISC) to form a longer-lived triplet state (T). Ab initio calculations support this ISC 

pathway as it has been shown that there are triplet states of lower energy than the S1 

(n1π*) state (see Table 5 in section 2.2.3). As the triplet excited state formed is longer-

lived than the S1 (n1π*) state, it can react with a ground state thiomaleimide 65, resulting 

in the evolvement of this triplet state to form a triplet 1,4-diradical (T*).201 This can then 

go on to decay back to a singlet state and form the second carbon-carbon bond to produce 

the cyclobutane product 66. 

 

Scheme 56: Predicted mechanism for the [2+2] photocycloaddition reaction of 
thiomaleimide 65.201,203,204,310 

 

TEAS allows observation of ground and excited state absorptions (ESAs), whilst TVAS 

allows monitoring of the vibrational spectra of the ground and excited state 

intermediates. Therefore, it is useful to first consider the electronic absorption spectra 

and infrared (IR) spectra of both the starting thiomaleimides 61 and 65 and their 

photoproducts 62 and 66 (Figure 32). The UV spectra showed a key absorption band at 

354 nm for both thiomaleimides 61 and 65 which disappeared to <0.01 upon formation 

of the cyclobutane products 62 and 66, due to loss of conjugation (Figure 32A-B). The IR 
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spectra of the thiomaleimides 61 and 65 also showed differences in comparison to their 

photoproducts 62 and 66 (Figure 32C-D). The thiomaleimides 61 and 65 showed 

alkenyl C-H stretches at ~3100 cm-1 and C=C stretches at ~1556 cm-1 which were no 

longer present in the photoproducts 62 and 66. A second difference that was observed 

was a blue-shift of the major C=O stretch from ~1690 cm-1 in thiomaleimides 61 and 65 

to ~1720 cm-1 in the cyclobutane products 62 and 66.  

 

Figure 32: UV spectra for A) thiomaleimide 65 and photoproduct 66 (0.1 mM) and B) bis-
thiomaleimide 61 and photoproduct 62 (0.05 mM). IR spectra for C) thiomaleimide 65 

and photoproduct 66 and D) bis-thiomaleimide 61 and photoproduct 62. 
 

2.2.5.1: Transient electronic absorption spectroscopy (TEAS) 

The TEAS data for thiomaleimide 65 and bis-thiomaleimide 61 following photoexcitation 

at 354 nm can be visualised using false colour plots (Figure 33). For the TEAS 

experiments, the data was chirp-corrected using the KOALA package.314 The false colour 

plots then show any ESAs upon photoexcitation of the molecule (Figure 33C-D). Warm 

colours (red) represent a positive change in optical density (ΔOD), whilst cold colours 

(blue) would represent a negative change in ΔOD. 

3500 3000 2500 2000 1500 1000 500
0

10

20

30

40

50

60

70

80

90

100

T
ra

n
s
m

it
ta

n
c
e

 /
 %

Wavenumber / cm-1

 61

 62

200 250 300 350 400 450 500 550 600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 61

 62

A
b

s
o

rb
a

n
c
e

Wavelength / nm

3500 3000 2500 2000 1500 1000 500
0

10

20

30

40

50

60

70

80

90

100

 65

 66

T
ra

n
s
m

it
ta

n
c
e

 /
 %

Wavenumber / cm-1

200 250 300 350 400 450 500 550 600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 65

 66

A
b
s
o
rb

a
n
c
e

Wavelength / nm

A B 

C D 



79 
 

 
Figure 33: Static UV spectra for A) thiomaleimide 65 and its photoproduct 66 and B) bis-

thiomaleimide 61 and its photoproduct 62. Chirp-corrected TEAS spectra for C) 20 mM 
thiomaleimide 65 and D) 5 mM bis-thiomaleimide 61 taken following photoexcitation at 
354 nm pump in MeCN. Note for bis-thiomaleimide 61, the original chirp-corrected TEAS 

plot showed a major residual pump signal at 354 nm, causing the other signals in the 
region to be masked (see Figure 67A in section 3.3.3), thus this was removed for analysis.  

 

The TEAS false colour plots for both molecules showed three key electronic absorption 

bands at 585, 385 and 455 nm. Integrations across these three major bands were taken 

and plotted against the time delay between the pump and probe pulse (Figure 34). 

Sequential exponential fits using the equation of the form 𝑦 = 𝑦0 + 𝐴1 𝑒𝑥𝑝 (
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) +𝐴2 𝑒𝑥𝑝 (
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) +

⋯ were employed to determine the lifetimes of the different absorption bands observed 

and are summarised in Table 7. 

350 400 450 500 550 600 650

0.0

0.1

0.2

0.3

0.4
 61

 62

A
b

s
o

rb
a

n
c
e

Wavelength / nm
350 400 450 500 550 600 650

0.0

0.1

0.2

0.3

0.4
 65

 66
A

b
s
o

rb
a

n
c
e

Wavelength / nm

350 400 450 500 550 600 650

1000

100

10

1

0.1

Wavelength / nm

T
im

e
 D

e
la

y
 /

 p
s

-7.2x10-3

-5.4x10-3

-3.6x10-3

-1.8x10-3

0.0

1.8x10-3

3.6x10-3

5.4x10-3

7.2x10-3

350 400 450 500 550 600 650

1000

100

10

1

0.1

Wavelength / nm

T
im

e
 D

e
la

y
 /

 p
s

-2.5x10-3

-1.8x10-3

-1.2x10-3

-6.1x10-4

0.0

6.1x10-4

1.2x10-3

1.8x10-3

2.5x10-3

B A 

C D 

S2 S2 

S1 S1 

T  T 



80 
 

 

Figure 34: Exponential fits using the equation 𝑦 = 𝑦0 + 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏1
) +𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏2
) + ⋯ for 

the TEAS bands for A) thiomaleimide 65 and B) bis-thiomaleimide 61. 
 

 Thiomaleimide 65 Bis-thiomaleimide 61 
Absorbance 
band (nm) 

τgrowth τdecay τgrowth τdecay 

585 - 4.6 ± 0.1 ps - 
6.8 ± 0.2 ps 
699 ± 75 ps 

385* 2.8 ± 0.5 ps 18.8 ± 1.3 ps 
2.8 ± 0.5 ps 
1.4 ± 0.3 ns 

22.9 ± 1.3 ps 

455 23.2 ± 0.5 ps - 30.2 ± 0.9 ps 2.0 ± 0.4 ns 

Table 7: Summary of TEAS lifetimes calculated by exponential fittings with the equation 

𝑦 = 𝑦0 + 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏1
) +𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏2
) + ⋯. Note all fittings were undertaken from >1.3 ps, 

see section 3.3.3 for full experimental details. *Note that the band at 385 nm is obscured 
due to ground state bleach (GSB) and residual pump in this region. Hence, the values of τ 

may be skewed for this band. 
 

In the TEAS of thiomaleimide 65, we first observe a band at 585 nm. A single exponential 

fit revealed a lifetime of 4.6 ± 0.1 ps for this band. The next observed band at 385 nm was 

fitted using a double exponential function. This revealed the growth timescale to be 2.8 ± 
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0.5 ps, which is in broad agreement with the decay of the 585 nm band. A recent literature 

report indicated that IC from the S3 (π1π*) to the S1 (n1π*) for maleimide occurs on a 

femtosecond timescale.310 This IC process takes place along a coordinate that involves 

vibrational motion of the maleimide double bond carbon. Thus, in thiomaleimide 65, 

where this carbon is bound to a heavy sulfur atom, the IC process is likely to take an 

increased time and can rationalise the early ps lifetime that we have determined. Thus, 

the band at 585 nm can be attributed to an ESA of the initially formed S2 (π1π*) state, and 

the band at 385 nm could belong to ESA of the S1 (n1π*) state. 

 

The second timescale generated from fitting the 385 nm band was 18.8 ± 1.3 ps, 

corresponding to the decay of the S1 (n1π*) state. Fitting the 455 nm band with a single 

exponential function gave a growth timescale of 23.2 ± 0.5 ps, which is in wide agreement 

with the decay of the 385 nm band. The rate of ISC from the S1 (n1π*) to a triplet state for 

maleimide is reported to be > 1×1010 s-1,315 corresponding to a lifetime of <100 ps for the 

S1 (n1π*) state. Therefore, the ~20 ps timescale from our TEAS experiment indicates that 

ISC is taking place and so the band at 455 nm can be associated to ESA of a triplet state. 

 

The band at 455 nm remains until the end of the TEAS experiment with no observable 

decay. Previously, laser flash photolysis experiments on N-methylmaleimide were 

conducted by Jonsson et al. The group discovered its triplet state to have a self-quenching 

rate of 1.3×109 M-1 s-1,  consistent with an approximately diffusion-controlled rate.316 This 

is also consistent with the reasonably long-lived triplet state in our experiment, and 

suggests that it will eventually evolve via a self-quenching pathway to form the triplet 

1,4-diradical intermediate (T*) as shown in our proposed mechanism (Scheme 56). 

 

Conducting local exponential fits for the TEAS of bis-thiomaleimide 61 proved to be more 

challenging than for thiomaleimide 65, despite the false colour plots looking relatively 

similar. Attempts to fit the first 585 nm band using a single exponential function did not 

give a good fit (see Figure 95A in section 5.3.2). Upon closer inspection, the plot of this 

absorbance band against the time delay revealed that the band does not return to a 

pleateau and instead showed a much longer decay (Figure 34B), compared with 

thiomaleimide 65. Therefore, a double exponential function was used to fit the 585 nm 

band for bis-thiomaleimide 61 instead. This revealed two decay timescales of 6.8 ± 0.2 ps 
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and 699 ± 75 ps. The first decay timescale is similar to the 585 nm band decay in 

thiomaleimide 65, suggesting the same IC process is occurring. The much longer decay 

could be that some population remains trapped in the S2 (π1π*) state. This would be a 

breach of Kasha’s law, but molecules that disobey the rule do exist, e.g. azulene.317 The 

decay lifetime is similar to the 455 nm band decay, so a second rationale could be that the 

long-lived 585 nm absorption is an additional ESA feature of the triplet state. 

 

Similarly, the 385 nm band did not have a good fit with a double exponential function (see 

Figure 95A in section 5.3.2) and the plot displayed a second longer growth (Figure 34B). 

A triple exponential fit revealed two growth timescales of 2.8 ± 0.5 ps and 1.4 ± 0.3 ns, 

both in broad agreement with the decay of the 585 nm band. However, as this region is 

masked by residual pump and GSB, the additional ns growth was not considered in depth. 

The decay timescale generated from the fitting of the 385 nm band was found to be 22.9 

± 1.3 ps, similar to that seen for the 385 nm band in thiomaleimide 65. 

 

As with thiomaleimide 65, the 455 nm band grows in next, and the fitting revealed a 

growth timescale of 30.2 ± 0.9 ps, similar to the 385 nm band decay. Previously, Jonsson 

et al. established that the intramolecular reaction of bis-maleimide 96 proceeds via the 

singlet state to form the singlet 1,4-diradical.316 However, we have observed identical 455 

nm absorption bands in our femtosecond TEAS of both thiomaleimide 65 and bis-

thiomaleimide 61, which we propose are the ESAs of the associated triplet states. This 

suggests that the singlet pathway assumed by Jonsson et al. is not the case, at least for 

thiomaleimides. Excitingly, the false colour plot for bis-thiomaleimide 61 shows decay of 

the 455 nm band towards the end of the experiment. Thus, this band was fitted using a 

double exponential function, with the decay timescale found to be 2.0 ± 0.4 ns, suggesting 

that there is initial decay of the triplet state. It is thought that this decay of the triplet state 

is due to structural evolvement as it forms the triplet 1,4-diradical (T*). However, there 

is no appearance of T* ESA as it might form just outside the experimental window of 2.5 

ns or has a weak absorption. This 455 nm band decay is significantly different to the TEAS 

experiment of thiomaleimide 65 which shows no visible decay in the false colour plot. 

These observations are consistent with the intramolecular nature of forming the first C-

C bond, where the probability of the two tethered thiomaleimides reaching a favourable 

conformation is much higher than in the intermolecular reaction.  
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2.2.5.2: Transient vibrational absorption spectroscopy (TVAS) 

The TVAS experimental data was analysed in a similar fashion to the TEAS data, with the 

false colour plots showing any changes in the vibrational OD (Figure 35C-D). The 

vibrational bands of the alkenyl C-H stretches and C=C stretches in thiomaleimides 61 

and 65 could not be studied due to absorptions of the MeCN solvent in this region. 

Instead, the experiments were conducted over the carbonyl wavenumber range (1750-

1490 cm-1) to allow insight into thiomaleimide excited state C=O vibrations. 

 
Figure 35: Static IR spectra for A) thiomaleimide 65 and its photoproduct 66 and B) bis-
thiomaleimide 61 and its photoproduct 62. TVAS spectra for G) 20 mM thiomaleimide 65 
and H) 5 mM bis-thiomaleimide 61 taken following photoexcitation at 354 nm in MeCN. 

Note for bis-thiomaleimide 61, the original TVAS plot showed a major ground state bleach 
(GSB) at ~1690 cm-1 which obscures signals in this region (see Figure 67B in section 

3.3.3), thus this was removed for analysis. 
 

The TVAS false colour plots for both thiomaleimide 65 and bis-thiomaleimide 61 showed 

faintly visible ground state bleaches (GSBs) at 1690 and 1556 cm-1 as expected, which 

persisted throughout the entire experiment. Both thiomaleimide 65 and bis-

thiomaleimide 61 showed two key vibrational absorption bands at 1580 and 1615 cm-1 

in their false colour plots. Integrations across these two major bands were taken and 

plotted against the time delay between the pump and probe pulse (Figure 36). As with 
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the TEAS experiments, sequential exponential fits using the equation of the form 𝑦 =

𝑦0 + 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏1
) +𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏2
) + ⋯ were used to determine the lifetimes of the bands observed 

and are summarised in Table 8. The TVAS of thiomaleimide 65 showed a small 

absorption band at 1695 cm-1 but the reason for this band is uncertain and therefore, was 

not included in our analysis. 

 

Figure 36: Exponential fits using the equation 𝑦 = 𝑦0 + 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏1
) +𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏2
) + ⋯ for 

the TVAS bands for A) thiomaleimide 65 and B) bis-thiomaleimide 61. 
 

 Thiomaleimide 65 Bis-thiomaleimide 61 

Absorbance 
band (cm-1) 

τgrowth τdecay τgrowth τdecay 

1580 cm-1*1 1.3 ± 0.2 ps 18.6 ± 1.4 ps 1.5 ± 0.6 ps 20.1 ± 2.2 ps 
1615 cm-1 27.2 ± 1.4 ps >2.5 ns*2 28.5 ± 1.3 ps 1.4 ± 0.3 ns 

Table 8: Summary of TVAS lifetimes calculated by exponential fittings with the equation 

𝑦 = 𝑦0 + 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏1
) +𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏2
) + ⋯. Note all fittings were undertaken from >1.3 ps, 

see section 3.3.3 for full experimental details. *1Note that the band at 1580 cm-1 undergoes 
a vibrational shift, and thus a wide integration window was used to accommodate this. 

*2The decay lifetime extracted from the fit is 3 ns; this is just outside the experimental time 
window of 2.5 ns and hence cannot be reported with confidence. 
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The TVAS data and lifetimes obtained were found to be consistent with the TEAS data. 

The first band appears at 1565 cm-1 but not directly after photoexcitation. Upon 

photoexcitation, the S2 (π1π*) state is formed upon promotion of a π bonding electron 

into a π* antibonding orbital. This would result in weakening of the C=O bond, causing it 

to be red-shifted to lower wavenumbers. Thus, it is likely that the C=O vibrational mode 

of the S2 (π1π*) state would appear below 1490 cm-1, outside our experimental range of 

wavenumbers, and thus can explain why it might not be seen in the TVAS colour plots. 

 

The band at 1565 cm-1 was fitted with a double exponential function, revealing growth 

timescales of 1.3 ± 0.2 ps and 1.5 ± 0.6 ps for thiomaleimide 65 and bis-thiomaleimide 

61, respectively. These early ps timescales are in broad agreement with the S2 (π1π*) 

state lifetimes seen in the TEAS experiments and so the 1565 cm-1 band can be recognised 

as the C=O vibrational band of the S1 (n1π*) excited state. Furthermore, the S1 (n1π*) state 

is a result of an electron being removed from a non-bonding orbital rather than from a π-

bonding orbital as in the S2 (π1π*) state. This would strengthen the C=O bond compared 

to the carbonyl in the S2 (π1π*) state and therefore, this can explain the shift to higher 

energies. Interestingly, the false colour plots (Figure 35C-D) show the C=O stretching 

band for the S1 (n1π*) state undergoes a gradual blue-shift from 1565 to 1595 cm-1. This 

means that the S1 (n1π*) state is formed vibrationally hot, undergoing vibrational cooling 

to the bottom of the well. 

 

The exponential fits revealed full electronic relaxation of the S1 (n1π*) state to take place 

with a timescale of 18.6 ± 1.4 ps and 20.1 ± 2.2 ps for thiomaleimide 65 and bis-

thiomaleimide 61, respectively. The band at 1615 cm-1 was also fitted with a double 

exponential function revealing the growth timescales to be 27.2 ± 1.4 ps and 28.5 ± 1.3 ps 

for thiomaleimide 65 and bis-thiomaleimide 61, respectively. This is in broad agreement 

with the 1580 cm-1 band decay and supports the timescales from the TEAS data, 

confirming this process to be ISC. The 1615 cm-1 band has increased in wavenumber 

compared to the 1580 cm-1 band for the C=O stretch of the S1 (n1π*) state. A triplet state 

will have strengthened the C=O bond due to less repulsion between the parallel electronic 

spins and thus supports this blue-shifted wavenumber. Altogether, this all gives evidence 

that the band at 1615 cm-1 belongs to the C=O stretch of a triplet state. In contrast to the 

S1 (n1π*) state, the triplet state does not appear to undergo a vibrational cooling shift. 
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This would occur if the triplet state was formed near the bottom of the well, possible if it 

was nearly degenerate with the S1 (n1π*) state. The lack of shift could also simply imply 

that the vibrational cooling is faster than ISC. 

 

The fitting of the 1615 cm-1 band in bis-thiomaleimide 61 revealed a decay timescale of 

1.4 ± 0.3 ns, which is in agreement with the decay of the triplet state extracted from the 

TEAS experiment. Excitingly, a new band at 1665 cm-1 appears towards the end of the 

experiment. Integration across this band and plotting it against the time delay between 

the pump and probe was also conducted. However, unfortunately, a single exponential fit 

did not give a good fit (see Figure 95B in section 5.3.2), likely due to a lack of data points 

at these longer time delays. We believe this band is associated with the C=O stretch of the 

triplet 1,4-diradical (T*) formed when the triplet state interacts with a ground state 

molecule to form the first C-C bond. The C=O bond has again strengthened compared to 

the triplet state and is moving closer towards the product C=O at 1720 cm-1. Intriguingly, 

thiomaleimide 65 also shows decay of the 1615 cm-1 band with fitting revealing a longer 

lifetime than bis-thiomaleimide 61, just outside the 2.5 ns experimental window. This 

1615 cm-1 band decay might be as a result of molecular rearrangement causing a change 

in the C=O vibrational mode but is not complemented with a change in the electronic 

absorption in the TEAS.  Moreover, no new band at 1665 cm-1 appears for thiomaleimide 

65 and hence there is no indication of the triplet 1,4-diradical (T*) being formed in the 

intermolecular reaction. This provides further evidence that the C-C bond formation is 

faster intramolecularly. 

 

2.2.5.3: Global analysis 

To support the local exponential fits,318 global analysis was undertaken using the 

Glotaran software319 and including an instrument response function (IRF) (summarised 

in Table 22 in section 3.3.3). For the TEAS experiments, wavelengths below 380 nm were 

not included due to GSB and residual pump in this region. For the TVAS experiments, the 

global analysis was conducted in the range 1550-1630 cm-1 as this is where the key bands 

appear. The GSBs at 1690 and 1556 cm-1 were not included in the global fit as no new 

dynamical information would be gained. Attempts to include the 1665 cm-1 band were 

unsuccessful as the global fit did not recognise the band from the few data points. The 

decay associated spectra (DAS) from the global analysis are shown in Figure 37 and the 
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extracted lifetimes are summarised in Table 9. The DAS shows the flow of excited state 

population at each lifetime τ. Positive amplitudes denote decay of a spectral feature, 

whilst negative amplitudes denote growth. 

 
Figure 37: Chirp-corrected TEAS spectra for A) 20 mM thiomaleimide 65 and B) 5 mM 
bis-thiomaleimide 61 taken following photoexcitation at 354 nm pump in MeCN. TVAS 

spectra for C) 20 mM thiomaleimide 65 and D) 5 mM bis-thiomaleimide 61 taken 
following photoexcitation at 354 nm pump in MeCN. Decay Associated Spectra (DAS) 

generated from global fitting analysis undertaken using the Glotaran software319 for the 
E) TEAS of thiomaleimide 65; F) TEAS of bis-thiomaleimide 61; G) TVAS of thiomaleimide 

65; and H) TVAS of bis-thiomaleimide 61. 
 

 TEAS TVAS 
Lifetime 65 61 65 61 

τ1 
(S2→S1) 

2.9 ± 0.1 ps 2.7 ± 0.1 ps 2.7 ± 0.1 ps 2.9 ± 0.2 ps 

τ2 
(S1→T) 

20.5 ± 0.1 ps 23.0 ± 0.1 ps 18.9 ± 0.5 ps 23.7 ± 0.9 ps 

τ3 
(T→T*) 

>>2.5 ns*1 >2.5 ns*2 >2.5 ns*3 2.4 ± 0.1 ns 

Table 9: Summary of lifetimes generated from the global fittings using the Glotaran 
software.319 Errors are half the FWHM of the IRF (TEAS) (see Table 22 in section 3.3.3) or 
standard errors obtained from the Glotaran fit (TVAS). *1The lifetime extracted from the 

global fit is 80 ns; this is significantly greater than the experimental time window of 2.5 ns 
and thus cannot be quoted with confidence. *2The lifetime extracted from the global fit is 4 

ns; this is just outside the experimental time window of 2.5 ns and hence cannot be 
reported with confidence. *3The lifetime extracted from the global fit is 5 ns; this is just 

outside the experimental time window of 2.5 ns and hence cannot be reported with 
confidence. 

 

Overall, the results from the global analysis support the local fittings and the extracted 

lifetimes are in broad agreement. The first lifetime τ1 is in the early ps region 
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corresponding to relaxation of population from the S2 (π1π*) state into the S1 (n1π*) state. 

For the TEAS experiments, these are 2.9 ± 0.1 ps and 2.7 ± 0.1 ps for thiomaleimide 65 

and bis-thiomaleimide 61, respectively, and the DAS shows decay of the 585 nm 

absorption band (positive amplitude) and growth of the 385 nm absorption band 

(negative amplitude) with this first lifetime. Similarly, for the TVAS experiments, we can 

see that on this lifetime of 2.7 ± 0.1 ps and 2.9 ± 0.2 ps, respectively, there is a negative 

signal for the band at 1580 cm-1. 

 

The second lifetime τ2 represents ISC from the S1 (n1π*) to a triplet state. In the TEAS 

experiments, this can be observed in the DAS due to decay of the 385 nm absorption band 

and growth of the 455 nm absorption band on a timescale of 20.5 ± 0.1 ps and 23.0 ± 0.1 

ps for thiomaleimide 65 and bis-thiomaleimide 61, respectively. Comparably, the DAS of 

the TVAS reveals that on a lifetime of 18.9 ± 0.5 ps and 23.7 ± 0.9 ps, respectively, there 

is decay of the 1580 cm-1 absorption band and growth of the 1615 cm-1 absorption band. 

 

Finally, the third lifetime τ3 is in the ns region, corresponding to decay of the triplet state, 

observed by disappearance of the 455 nm and 1615 cm-1 absorption bands in the TEAS 

and TVAS, respectively. For the TEAS of thiomaleimide 65, this was a long lifetime, 

considerably greater than the experimental time window of 2.5 ns and therefore, we can 

conclude that this triplet state is relatively long-lived, consistent with the local fits. The 

TEAS of bis-thiomaleimide 61 revealed a lifetime >2.5 ns (just outside the experimental 

window). This is slightly longer than predicted in the local fits, perhaps as the global 

analysis is attempting to take into account the longer decay and growth of the S2 (π1π*) 

state and S1 (n1π*) state, respectively (previously seen in section 2.2.5.1). However, the 

significance is that the lifetime predicted is much shorter than for thiomaleimide 65, 

supporting the visual decay seen in the false colour plots. The global fit of the TVAS of 

thiomaleimide 65 revealed a lifetime >2.5 ns (just outside the experimental window), 

which supports the local fits that a decay is beginning to occur. For bis-thiomaleimide 61, 

the global analysis suggested a lifetime of 2.4 ± 0.1 ns, broadly agreeing with the local fits. 

Overall, the global fits indicate the same dynamics, with bis-thiomaleimide 61 showing 

an accelerated decay of the triplet state compared to thiomaleimide 65. This in agreement 

with our hypothesis that there is an increased likelihood for the bis-thiomaleimide 61 to 
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form a favourable conformation in the intramolecular reaction, resulting in the faster 

decay of the triplet state. 

 

The information extracted from the TEAS and TVAS experiments can be best visualised 

using a dynamic scheme. This shows the flow of population between the excited states 

upon initial photoexcitation at 354 nm, showing the different processes involved 

(Scheme 57). The C=O stretching bands for the different excited states are also included. 

 

Scheme 57: Schematic energy level diagram illustrating the electronic relaxation 
pathway following photoexcitation at 354 nm deduced from our TEAS and TVAS 

experiments. The singlet excited state energies shown are the calculated CAS-PT2 energies 
in eV for model thiomaleimide 95 (see Figure 27) in Cs symmetry. The oscillator strengths 

f shown in parentheses are the calculated CAS-SCF values. These CAS calculations were 
performed using MolPro312,313 with the 6-311++G** basis set and an active space with 12 
electrons and 8 orbitals. The C=O vibrational energies shown are the experimental values 

from the TVAS experiments. 
 

2.2.6: Conclusions and future work 

The improved reaction time of thiomaleimides compared to their classical maleimide 

counterparts was determined to be due to the bathochromic shift of λmax from 297 nm to 

354 nm, concurrently undergoing a hyperchromic shift. From the computational studies, 
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we concluded that attachment of a sulfur atom, which we show is in conjugation with the 

maleimide π-system, results in lowering the energy of the S2 (π1π*) state. 

 

Our photophysical investigations exhibited bis-thiomaleimide 61 to have a 6-fold faster 

initial rate compared to thiomaleimide 65, consistent with our hypothesis. Furthermore, 

the intramolecular [2+2] photocycloaddition was found to be more efficient, with an 

order of magnitude increase in quantum yield from 0.022 to 0.23. Further rate and 

efficiency enhancement through incorporation of a gem-dimethyl group was 

unsuccessful. Increasing the tether chain length resulted in insolubility in MeCN. 

Therefore, for future comparison of these analogues, the rates and quantum yields of all 

molecules would need to be measured in an alternative solvent system such as DCM. 

 

Despite no improvement with the analogues, bis-thiomaleimide 61 already undergoes an 

efficient [2+2] photocycloaddition with a quantum yield of 0.23. Hence, investigating 

further analogues may not add much more value. Instead, attention should be turned to 

the development of an intramolecular exo-selective [2+2] photocycloaddition reaction. 

The intramolecular reaction is 10-fold more efficient compared to the intermolecular 

reaction, but only produces the endo-selective photoproduct. Access to the exo-selective 

photoproduct at a faster rate than the intermolecular reaction of thiomaleimide 65 would 

have great applicability. This could be tested with an S-tethered thiomaleimide (Scheme 

58). The thiol tether should ensure the two thiomaleimide moieties are held in close 

proximity to allow an intramolecular [2+2] photocycloaddition to occur. However, the 

importance of this exploration will be in observing if the exo or endo pathway is favoured. 

Furthermore, the impact of extending the S-tether linker length on the rate and 

stereoselectivity of the [2+2] photocycloaddition reaction could be investigated. 

 

Scheme 58: Intramolecular [2+2] photocycloaddition of an S-tethered bis-thiomaleimide 
to investigate the stereoselectivity. 

 

Transient electronic absorption spectroscopy revealed the excited state dynamics to be 

consistent with our predicted mechanism: initial population of the S2 (π1π*) state, 
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followed by rapid IC to the S1 (n1π*) state, and finally a fast ISC to form a triplet state in 

approximately 20 ps. The TVAS not only supported the TEAS timescales, but also 

disclosed strengthening of the C=O bond as the S1 (n1π*) state evolves into a triplet state, 

inferred to be due to reduced repulsion of the parallel electron spins. The triplet state 

appears to be reasonably long-lived for thiomaleimide 65 but begins to decay for bis-

thiomaleimide 61. This is in agreement with our theory that the conformational 

constraints of the tether in bis-thiomaleimide 61 results in an increased likelihood of 

forming the first C-C bond between the two thiomaleimide moieties. 

 

The next steps would be to repeat these experiments on a much longer timescale to follow 

the [2+2] photocycloaddition reactions to completion. This would allow us to accurately 

determine the timescale for the evolvement of the triplet state into the triplet 1,4-

diradical (T*) for both molecules. It would also be exciting to observe the T* by both its 

electronic and C=O vibrational absorption bands. The decay of T* could be monitored and 

compared to the 110 ns lifetime determined by Sonntag et al. for maleimide.315 We 

postulate that this decay would be faster for bis-thiomaleimide 61 due to less freedom of 

rotation, increasing the probability of forming the second carbon-carbon bond. 

 

As previously mentioned, Jonsson et al. had suggested that the intramolecular reaction of 

bis-maleimide 96 proceeds via the singlet state to form the singlet 1,4-diradical.316 They 

did not conduct femtosecond TEAS (only nanosecond) and to the best of our knowledge, 

no other investigations of this type have taken place. Therefore, femtosecond TEAS of bis-

maleimide 96 would confirm whether the triplet pathway is followed, consistent with our 

observation of bis-thiomaleimide 61. Moreover, this would give insight into any 

differences in the rates of IC and ISC between bis-thiomaleimides and bis-maleimides. 

 

The TEAS experiments conducted in this research project were carried out using 20 mM 

thiomaleimide 65 and 5 mM bis-thiomaleimide 61. The bis-thiomaleimide 61 undergoes 

an intramolecular reaction which is independent of concentration. However, as observed 

from the quantum yield data, the intermolecular reaction of thiomaleimide 65 is 

concentration dependent. Thus, it would be useful to conduct TEAS of thiomaleimide 65 

at a range of concentrations to study the effect on the triplet state lifetime. Higher 

concentrations should improve the probability of forming the first C-C bond due to 
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increased interactions of the separate entities. Therefore, we predict the triplet state 

lifetime to decrease upon increasing concentration. 

 

The TVAS experiments were conducted in the wavenumber range 1750-1490 cm-1 

providing insight into the structural changes of the C=O bond as the different excited 

states form. However, greater differences between thiomaleimides and their 

photoproducts is the loss of the C=C bond, represented by loss of the vibrational C=C 

stretch at ~1556 cm-1. It was not possible to monitor this in our experiments due to the 

MeCN solvent which has vibrational bands in this region. Thus, future TVAS experiments 

should be repeated in DCM to observe structural changes of the C=C stretch. 

 

The TEAS experiments were conducted upon photoexcitation at 354 nm, and the 

quantum yield work was done using a 365 nm LED torch. These would lead to initial 

population of the S2 (π1π*) state for thiomaleimides 65. Although an n→π* transition is 

forbidden, it is known that this is possible for maleimides, likely due to vibronic coupling, 

and would lead to direct excitation to the S1 (n1π*) state.215 This was also observed in the 

quantum yield measurements for N-butylmaleimide 94, which underwent a [2+2] 

photocycloaddition reaction upon irradiation at 365 nm, despite its absorption maximum 

being at 297 nm. Therefore, more comprehensive ab initio calculations should be 

performed on model thiomaleimide 95 to determine the exact wavelength of its S1 (n1π*) 

state. This wavelength should then be used as a basis to attempt quantum yield studies 

and TEAS of thiomaleimide 65. This would be via direct photoexcitation to the S1 (n1π*) 

state and may result in differences in the rate, quantum yield and excited state relaxation 

pathway compared to photoexcitation to the S2 (π1π*) state.  
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2.3: Tuning the wavelength for [2+2] photocycloaddition 

2.3.1: Introduction and aims 

The [2+2] photocycloaddition reaction for thiomaleimides  was first developed due to the 

interest in cysteine-maleimide bioconjugates and was found to be rapid (section 

1.2.5).216,217 As discussed in section 2.2.3, thiol substitution on the maleimide double 

bond resulted in both a bathochromic and hyperchromic shift of its absorption maximum. 

Hence, we proposed that by altering the substituents on the maleimide double bond, it 

may be possible to tune the irradiation wavelength required. We imagined this would 

increase the potential of these efficient photoreactions, providing scope for a wider range 

of applications, including as phototriggers and for cross-linking polymers. Furthermore, 

we envisaged this could also be used towards the development of wavelength-selective 

probes, e.g. to study multiple biological systems simultaneously. 

 

Therefore, the key aim was to design, explore and assess the [2+2] photocycloaddition 

capabilities for a library of maleimides through modulating the substituent present on 

the maleimide double bond (Scheme 59). Specifically, we intended confirm the ability of 

these maleimides to undergo [2+2] photocycloadditions, define their reaction rates and 

quantum yields, and determine their absorption wavelengths. We hypothesised that this 

collection of chromophores may offer reaction tunability, expanding the toolbox of 

maleimide [2+2] photocycloadditions. 

 

Scheme 59: Modulating the maleimide double bond substituent as a strategy to expand 
the toolbox of maleimide [2+2] photocycloadditions. 

 

2.3.2: Aminomaleimides 

2.3.2.1: Intermolecular [2+2] photodimerisation 

Armed with the knowledge that thiomaleimides could dimerise via a [2+2] 

photocycloaddition, aminomaleimides were deemed the next step forward, particularly 

with a view that they could represent lysine-maleimide conjugates. For direct 

comparison to hexylthiomaleimide 65, the corresponding hexylaminomaleimide 97 was 
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synthesised (Scheme 60). Using similar methods developed for the addition-elimination 

reaction of thiols with NGMs,57 N-methyl bromomaleimide 64 was reacted with 

hexylamine in the presence of N,N-diisopropylethylamine (DIPEA) to afford 

aminomaleimide 97 in a 97% yield. A degassed solution of aminomaleimide 97 was then 

irradiated for 8 hours but no cycloaddition to dimer 98 was seen to occur (Scheme 60). 

This was confirmed by full recovery of the starting material. 

 

Scheme 60: Synthesis40,57 and irradiation of aminomaleimide 97. 
 

The inertness of aminomaleimide 97 towards irradiation was a surprising result, as like 

thiomaleimide 65, it is a strong UV absorber, displaying a λmax at 363 nm with ε = 3800 

cm-1 M-1. Initially, we considered that the ineffective dimerisation could be attributed to 

the fluorescent nature of aminomaleimides, as opposed to the non-emissive 

thiomaleimides, as discovered by the O’Reilly and Stavros groups.320,321 This fluorescence 

process could be competing with ISC to the triplet state, preventing the photoreaction 

from proceeding. However, in contrast to the unreactive aminomaleimide 97, in the 

Baker group, a previous intramolecular [2+2] cycloaddition of aminomaleimide 99 

tethered to an alkene had been observed to produce cyclobutane 100 (Scheme 61).217 

 

Scheme 61: Intramolecular [2+2] photocycloaddition of aminomaleimide 99.217 
 

As the photoreaction of aminomaleimide 99 had proceeded efficiently, this indicated that 

it is possible to form the triplet state for aminomaleimides, and thus it is unlikely that 

fluorescence is a competing pathway of ISC. Instead, this suggested that other factors 

must be dictating the possible pathways for aminomaleimides, e.g. phosphorescence, 

sterics and electronics. In the case of aminomaleimide 99, the triplet state formed may be 

long-lived enough to react with the unhindered alkene, before it is deactivated. However, 

for aminomaleimide 97, the triplet state may not be long-lived enough for interactions 
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with a second aminomaleimide molecule. The reason for this could be due to steric 

hindrance of two bulky aminomaleimides coming together. However, this rationale is 

questionable at this stage given that two bulky thiomaleimides were able to come 

together to undergo a [2+2] photocycloaddition. 

 

A second plausible notion for lack of interaction could be due to the electronic effects of 

the amine. Amines are strong electron donors, meaning the nitrogen pushes electron 

density into the maleimide ring, making it more electron-rich. This was corroborated by 

comparison of the maleimide proton in the 1H NMR spectra of aminomaleimide 97 and 

thiomaleimide 65. The peak had shifted notably upfield from 6.04 ppm in thiomaleimide 

65 to 4.79 ppm in aminomaleimide 97. This represents more shielding due to increased 

electron density in the maleimide ring. The dimerisation of aminomaleimide 97 requires 

two electron-rich maleimides to be in close proximity, which may result in unfavourable 

repulsion, and hence perhaps excited state deactivation wins out as the dominant 

pathway. In contrast, the alkene moiety in aminomaleimide 99 is not conjugated to the 

maleimide entity, resulting in no electron density being pushed towards it from the 

nitrogen. Therefore, it can be hypothesised that this alkene possibly can interact with the 

electron-rich maleimide without any strong repulsive effects. 

 

To test these hypotheses on a preliminary basis, it was considered to change the nature 

of the amine substituent on the aminomaleimide. The first option was the use of a shorter 

alkyl chain, which may reduce the steric bulk posed by the hexylamine substituent on 

aminomaleimide 97. The simplest methyl group was chosen to minimise the steric bulk 

as much as possible. As methylamine is available as a 33% solution in ethanol, the 

quantitative synthesis of aminomaleimide 101 was undertaken in an ethanol solvent in 

the presence of sodium acetate (Scheme 62). Upon irradiation of aminomaleimide 101 

for 2 hours, no photoreaction took place (Scheme 62), and only starting material 101 

was recovered, with small amounts of impurities. These contaminants were so miniscule 

that they could not be characterised. However, confirmation that the expected [2+2] 

photocycloaddition did not occur was provided by the lack of 1H NMR peaks 

corresponding to cyclobutane protons of product 102. This experiment suggested that 

reducing the bulk of the maleimide substituents does not improve the photoreactivity of 

aminomaleimides. 
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Scheme 62: Synthesis and irradiation of methylaminomaleimide 101. 
 

The second change we considered was using an arylaminomaleimide, where the nitrogen 

in this construct would push some electron density towards the aromatic ring, potentially 

reducing how much electron density is pushed into the maleimide ring. Thus, this 

maleimide would not be as electron-rich compared to alkylaminomaleimide 97. The 

synthesis of arylaminomaleimide 103 from bromomaleimide 64 was attempted using the 

same conditions as alkylaminomaleimide 97, i.e. with DIPEA in DCM, but full conversion 

to the product was not observed by TLC. Extended time or refluxing also did not appear 

to increase the conversion. Therefore, the solvent was changed to methanol, with sodium 

acetate as the base. The reaction was complete in 30 minutes to give a 98% yield of the 

arylaminomaleimide 103 after purification (Scheme 63). 

 

The UV spectrum displayed a bathochromic shift for λmax when compared to 

alkylaminomaleimide 97, from 360 nm to 376 nm with ε = 3100 cm-1 M-1, again showing 

possible tunability if the reaction ensued. The 1H NMR showed the maleimide proton peak 

at 5.51 ppm, implying the maleimide ring was less electron-rich than aminomaleimide 97 

with its proton peak at 4.79 ppm, as expected. Despite this, irradiation of the 

arylaminomaleimide 103 for 8 hours led to no dimer product 104 (Scheme 63). Instead, 

only the starting aminomaleimide 103 was recovered. As with methylaminomaleimide 

101, small contaminant peaks were seen by 1H NMR, but were confirmed to not be 

cyclobutane protons, demonstrating no [2+2] photocycloaddition took place. The 

experimental result indicates that even with this less electron-rich aminomaleimide 103, 

there are still some steric or electronic barriers that prevent the [2+2] photodimerisation. 

 

Scheme 63: Synthesis and irradiation of arylaminomaleimide 103. 
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2.3.2.2: Intermolecular [2+2] photocycloaddition with other alkenes 

To further evaluate the effect of sterics and electronics, it was warranted to test the 

possibility of intermolecular [2+2] photocycloaddition of aminomaleimides with 

separate alkene entities. The highest-yielding alkene partner with thiomaleimides, aside 

from themselves for dimerisation, had been determined to be styrene.216,217 Therefore, a 

reaction between aminomaleimide 97 and styrene was attempted (Scheme 64). For this 

experiment, 10 eq. of styrene was chosen for direct comparison to previous experiments 

with thiomaleimides.216,217 Since no aminomaleimide dimerisations took place, it was 

pleasing to observe a photoreaction with an external alkene. The reaction proceeded to 

completion in 40 minutes, giving rise to two new [2+2] photocycloaddition products 

which were separated and isolated by column chromatography. 

 

Scheme 64: Irradiation of aminomaleimide 97 with styrene.  
 

NMR analysis indicated the products to be the two diastereoisomers of the head-to-head 

regioisomer and the stereoselectivity was characterised through scrutiny of the coupling 

constants of the cyclobutane protons and the NOESY spectra (Figure 38). As mentioned 

in section 2.1.2, the coupling constants are defined by the Karplus equation with expected 

values of ~11 Hz and ~3 Hz for the cis and trans protons, respectively.300 Thus looking at 

the 1H NMR of 105a, the peak at 3.07 ppm can be assigned to proton 10. This proton will 

be cis relative to the amine substituent due to the nature of the succinimide ring. The peak 

at 2.92 ppm couples to proton 10 with a coupling constant of 10.9 Hz, so can be assigned 

as proton 12c (cis relative to proton 10). In contrast, the peak at 2.45 ppm couples to 

proton 10 with a coupling constant of 3.2 Hz, indicating this to belong to proton 12t (trans 

relative to proton 10). If we then look at the NOESY spectrum, we can see coupling of the 

proton 13 peak (3.71 ppm) with 12t, demonstrating a through-space interaction and 

hence, must be cis to each other. This analysis is consistent with proton 13 being on the 

opposite face of the cyclobutane ring to the amine substituent, i.e. 105a is the cis isomer. 

Further corroboration can be seen due to the NOE signal between the aromatic protons 

with proton 12c, suggesting they are both on the same face of the cyclobutane ring. A 
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similar analysis confirmed 105b to be the trans isomer. With the two isomers 

characterised, analysis of the crude 1H NMR indicated a 1:1.4 ratio of the cis:trans 

(105a:105b) isomers. 

 

Figure 38: Coupling constants and NOE signals used to determine stereoselectivity for 
105a and 105b. 

 

Previously, the photoreaction of the corresponding thiomaleimide 65 with styrene had 

indicated the cis:trans ratio to be 4.8:1.216,217 Thus,  the [2+2] photocycloaddition of 

aminomaleimide 97 giving rise to the trans product 105b as the major isomer was 

surprising. This indicated that the reaction preferentially proceeds via the endo transition 

state where the styrene aromatic ring and maleimide ring would be on the same face of 

the cyclobutane ring. This appears to be a sterically hindered interaction, but possibly the 

steric clash of the benzene ring with the amine substituent is worse, pushing the reaction 

towards the endo transition state. Despite the stereochemical outcome of the reaction, 

the fact that this reaction took place provides evidence that aminomaleimides are able to 

undergo [2+2] photocycloaddition reactions with other coupling partners, confirming the 

problem only lies with two aminomaleimides coming together. 

 

Furthermore, the photoreaction between aminomaleimide 97 and phenylacrylate, an 

electron-deficient alkene, was also attempted (Scheme 65), as again, this coupling 

partner had previously worked with thiomaleimides.216,217 This was to determine 

whether the presence of an electron-deficient alkene would improve the photoreactivity. 

Complete consumption of the starting aminomaleimide 97 was achieved within 20 

minutes of irradiation, an improvement compared to styrene. This fits with our 

hypothesis that two electron-rich alkenes coming together is slower than when there is 

an electron-deficient alkene present. As with styrene, two products were isolated by 

column chromatography, expected to be the two diastereomeric products. On close 

examination of the NMR spectra as above, one product was characterised as the head-to-
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head trans isomer 106. However, surprisingly, the second product isolated did not 

appear to contain distinctive cyclobutane proton peaks in the 1H NMR spectrum. In the 

13C NMR, peaks at 142.9 ppm and 95.7 ppm were observed which are relatively similar 

to the maleimide carbons on aminomaleimide 97 (149.6 and 84.0 ppm) and thus an 

aminomaleimide-type product was suspected. However, no proton coupled to the 13C 

peak at 95.7 ppm, implying a disubstituted maleimide. The product was confirmed to be 

the maleimide 107 due to the presence of two sets of CH2 protons coupling to carbons at 

34.4 and 18.1 ppm. 

 

Scheme 65: Irradiation of aminomaleimide 97 with phenylacrylate.  
 

The crude 1H NMR indicated a ratio of 1:1.9 of the maleimide:cyclobutane products. We 

note that perhaps aminomaleimide 97 undergoes a conjugate addition with 

phenylacrylate to directly give maleimide 107. However, curiously, we found that the 

cyclobutane product 106 degraded over time to form the maleimide 107. Cyclobutane 

106 must be unstable owing to the electron donation from the amine substituent and the 

electron withdrawing nature of the ester functional group. Therefore, we postulated that 

this could ensue in a fragmentation of the cyclobutane ring to produce maleimide 107. 

This electron push-pull effect has previously been noted for β-aminoacid cyclobutane 

structures, resulting in retro-Mannich type fragmentations.322–324 The mechanism of this 

fragmentation for trans isomer 106 to maleimide 107 is shown in Scheme 66. 

 

Scheme 66: Retro-Mannich type fragmentation of trans isomer 106 to maleimide 107. 
 

This observed fragmentation suggested that the initial irradiation may also produce the 

cis cyclobutane isomer. However, perhaps this diastereomer is even more unstable than 

the trans isomer 106, immediately fragmenting to form maleimide 107, and thus was not 
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isolated. Another observation is that this retro-Mannich pathway only results in cleavage 

of the cyclobutane C-C bond between the amine and ester. This is consistent with the 

previous photoreaction of aminomaleimide 97 and styrene (Scheme 64), where no 

cyclobutane fragmentation was seen. This can be justified as there would be no orbital 

overlap between the cyclobutane C-C σ-orbital with the succinimide carbonyl π-orbital 

required for this fragmentation. In contrast, the ester in cyclobutane 106 is free to rotate 

into the correct alignment for orbital overlap of the C-C σ-orbital with the ester carbonyl 

π-orbital, resulting in the cleavage. The discovery of this retro-Mannich fragmentation 

could have possible potential as a novel route to synthesising functionalised 

aminoalkylmaleimides such as compound 107. Additionally, the success of this 

photoreaction, albeit the instability of the photoproducts, further confirms that 

aminomaleimides can undergo intermolecular [2+2] photocycloaddition reactions with 

external coupling partners and at a faster rate when an electron-deficient olefin is chosen. 

 

Finally, a third reacting alkene partner was chosen, 1-hexene, to explore the scope of the 

[2+2] photocycloaddition reaction of aminomaleimide 97 (Scheme 67). 1-Hexene is not 

an activated alkene like styrene, nor deactivated like phenylacrylate, and thus we were 

intrigued to see how this reaction would proceed, if at all. Upon irradiation of 

aminomaleimide 97 with 1-hexene for 2 hours, two new spots were visible by TLC, but 

the starting material spot was still visualised, indicating the reaction had not reached 

completion. Despite this, the photoreaction was stopped, and the products isolated by 

column chromatography. As before, in-depth NMR assessment identified the products to 

be the two diastereoisomers of the head-to-head regioisomer. 

 

Scheme 67: Irradiation of aminomaleimide 97 with 1-hexene.  
 

Analysis of the 1H crude NMR indicated that the reaction had reached 89% completion to 

give a 1:1.2 ratio of the cis:trans (108b:108a) products. This stereochemical outcome is 

compatible with the results of the photoreaction with styrene, suggesting the steric clash 

of the alkyl chain and the amine substituent is the major factor that forces the reaction to 
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proceed via the endo transition state, giving the trans isomer as the major product. 

Although this demonstrated that aminomaleimides can undergo [2+2] 

photocycloaddition reactions with 1-hexene, this was the slowest reaction yet, not even 

reaching full completion after 2 hours of irradiation. This implies that simple alkenes are 

not the most efficient reacting partners for this [2+2] photocycloaddition reaction and 

activated or deactivated alkenes are preferrable. 

 

Having revealed that alkylaminomaleimide 97 can undergo [2+2] photocycloadditions 

with external alkene partners, similar investigations with arylaminomaleimide 103 were 

warranted. This work was undertaken by MSci student, Desmond Tweneboa. Aromatic 

aminomaleimide 103 was irradiated in the presence of styrene and 1-hexene for 2 hours 

(Scheme 68). However, no reaction took place and only the starting aminomaleimide 

103 was recovered by NMR. The direct conjugation of a benzene ring has previously been 

seen to quench aminomaleimide fluorescence.320 Therefore, it is likely that this same 

deactivation pathway is preventing arylaminomaleimide 103 from undergoing both 

[2+2] photodimerisations and photocycloadditions with external alkenes. 

 

Scheme 68: Irradiation of aminomaleimide 103 with A) styrene and B) 1-hexene. 
 

Overall, these experiments indicated that conjugating an aromatic ring to an 

aminomaleimide may quench the excited state and hence, arylaminomaleimides do not 

display any photoreactivity. Promisingly, alkylaminomaleimides were shown to have 

photochemical potential, despite their inability to react in [2+2] photodimerisation. The 

experiments undertaken do not confirm if the lack of photodimerisation is due to steric 

or electronic effects, but it is a novel finding that there is scope for alkylaminomaleimides 

to photochemically react with external olefins without a competing photodimerisation. 

 

2.3.2.3: Intramolecular [2+2] photocycloaddition 

We next wanted to investigate whether a photocycloaddition reaction between a 

thiomaleimide and aminomaleimide would take place. Both are good UV absorbers so 
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either could act as the chromophore, meaning the deactivation pathways of 

aminomaleimides may not be a problem. Encouraged by the high reaction rates of 

intramolecular [2+2] photocycloadditions (see section 2.2.4), we envisaged that a 

thiomaleimide-aminomaleimide construct would be ideal to test the reaction on an 

intramolecular basis. However, first we needed to show that intramolecular [2+2] 

photocycloadditions of bis-aminomaleimides also did not occur. Therefore, we 

synthesised bis-aminomaleimide 109 through reaction of bis-bromomaleimide 60 with 

hexylamine in the presence of DIPEA. Bis-aminomaleimide 109 was then irradiated for 8 

hours, and as expected, the [2+2] photocycloaddition was not seen to occur to produce 

dimer 110. This was confirmed by the NMR spectrum being identical to the starting 

material 109 (Scheme 69). 

 

Scheme 69: Synthesis and irradiation of bis-aminomaleimide 109. 
 

We then began synthesis of the thiomaleimide-aminomaleimide construct 113. Two 

methods of synthesis of the thiomaleimide-aminomaleimide construct 113 were 

attempted, one via the bromomaleimide-thiomaleimide construct 111 and one via the 

bromomaleimide-aminomaleimide 112 (Scheme 70). 

 

Scheme 70: Synthesis of thiomaleimide-aminomaleimide 113 construct via two protocols. 
 

For the first step of both protocols, 2 eq. of bis-bromomaleimide 60 were used, to prevent 

di-addition from occurring. However, in both cases some double addition was still seen 
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to produce bis-thiomaleimide 61 or bis-aminomaleimide 109. The separation of the 

products was difficult, requiring an extremely slow gradient for column chromatography. 

For the second step of the protocol, a lower yield of the thiomaleimide-aminomaleimide 

113 was achieved (23%) when proceeding via the bromomaleimide-thiomaleimide 111. 

Both bromomaleimide and thiomaleimide are good electrophiles, and hence, the 

hexylamine can attack either one. Nucleophilic attack on the thiomaleimide group led to 

a conjugate addition to form an aminothiosuccinimide moiety (Figure 39A) in a 73% 

yield. This was identified by the 1H NMR spectrum showing two doublet peaks at 3.84 and 

3.90 ppm which corresponded to succinimide protons 14 and 17, coupling to one another 

with a coupling constant of 7.3 Hz. Additionally, the chirality introduced led to 

diastereotopic protons on carbons 18 and 24, seen at 2.74 and 2.87 ppm. 

 

In contrast, for bromomaleimide-aminomaleimide 112, the aminomaleimide entity is 

electron-rich, due to the electron donating nature of the amine group. Therefore, this 

aminomaleimide is not susceptible to attack by the hexanethiol nucleophile. Therefore, 

the hexanethiol initially only attacks the bromomaleimide, leading to a higher yield of 

75%. However, as the thiomaleimide-aminomaleimide 113 begins to form, the 

thiomaleimide entity becomes susceptible to a second nucleophilic attack. This resulted 

in the formation of a dithiosuccinimide moiety (Figure 39B); isolated in a much lower 

yield of only 17%. This was characterised due to lack of a thiomaleimide proton in the 1H 

NMR spectrum and the appearance of a singlet peak at 3.46 ppm corresponding to the 

succinimide protons on carbon 14. As with the aminothiosuccinimide, the chiral product 

gave rise to diastereotopic protons on carbon 16, with peaks seen at 2.74 and 2.85 ppm. 

 

Figure 39: Attack of the thiomaleimide to produce A) an aminothiosuccinimide moiety 
and B) a dithiosuccinimide moiety. 

 

The irradiation of the tethered thiomaleimide-aminomaleimide construct 113 for 8 

hours yielded no cyclobutane product 114, and only starting material was recovered 



104 
 

(Scheme 71), disproving our hypothesis that a thiomaleimide could photochemically 

react with an aminomaleimide. Additionally, no intermolecular [2+2] photocycloaddition 

between the thiomaleimide moieties of two different molecules was seen to take place 

either. Therefore, this tentatively suggests that perhaps the excited thiomaleimide 

chromophore is quenched by the presence of an aminomaleimide entity. 

 

Scheme 71: Irradiation of thiomaleimide-aminomaleimide 113. 
 

This investigation into the [2+2] photoreactivity of aminomaleimides has confirmed that 

aminomaleimides are unable to photodimerise or photoreact with other maleimide 

partners. However, this research has additionally shown that aminomaleimides perhaps 

have the potential to be utilised as quenchers of other photochemically excited species. 

 

2.3.3: Alternative maleimide substituents 

Ultimately, aminomaleimides did not undergo [2+2] photodimerisation reactions, whilst 

thiomaleimides did, giving a single stereoselective photoproduct. Therefore, we wanted 

to focus on the [2+2] photodimerisations of other substituted maleimides. Our initial 

molecule chosen was bromomaleimide 64, as it was readily available from previous 

syntheses. Irradiation of bromomaleimide 64 resulted in a [2+2] photocycloaddition 

reaction, reaching completion to give cyclobutane 115 in 1 hour (Scheme 72). 

 

Scheme 72: [2+2] photocycloaddition of bromomaleimide 64. 
 

With this reaction found to proceed, albeit on the same timescale as for classical 

maleimide, we decided to incorporate an iodine into the maleimide, to see whether this 

would also be photochemically reactive. Iodomaleimide 116 was synthesised from 

bromomaleimide 64 in a refluxing reaction with sodium iodide in a quantitative yield 

(Scheme 73). Subsequent irradiation led to the [2+2] photodimerisation reaching 
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completion in 1 hour (Scheme 73). However, upon irradiation, a colour change from 

colourless to orange-red ensued which had never been seen before. Upon 

chromatographic purification, a pink fraction collected indicated the formation of iodine. 

This was probably due to cleavage of the C-I bond, as it is known to be sensitive towards 

photolysis.325,326 Nevertheless, the cyclobutane product 117 was isolated in an 88% yield. 

 

Scheme 73: Synthesis and irradiation of an iodomaleimide 116. 
 

The halomaleimides had displayed photoreactivity towards [2+2] photodimerisations, 

however, the UV spectra for bromomaleimide 64 and iodomaleimide 116 had shown the 

λmax at 300 nm with ε = 330 cm-1 M-1 and 316 nm with ε = 840 cm-1 M-1, respectively. These 

are shorter wavelengths and reduced absorptivities compared to thiomaleimide 65, and 

thus can possibly explain the longer reaction times. With this in mind, we returned to 

thiomaleimides, choosing to use an aromatic thiol substituent. An aromatic substituent 

had been explored with aminomaleimides to show a red-shift in the λmax and thus we 

believed this may be the same for thiols, allowing tunability. Aromatic thiomaleimide 118 

was synthesised and isolated in a 49% yield (Scheme 74), owing to double addition 

which led to a 40% yield of the dithiosuccinimide product. 

 

Analysis of the UV spectrum of aromatic thiomaleimide 118 showed its λmax to be at 354 

nm (ε = 2200 cm-1 M-1), i.e. the same λmax as for alkyl thiomaleimide 65. Thus, changing 

from an alkyl to aromatic, does not pose much chance for tunability. However, 

interestingly, the 1H NMR of aromatic thiomaleimide 118 showed the maleimide proton 

to be at 5.65 ppm suggesting in the first instance that the maleimide ring is more electron-

rich compared to an alkyl thiol substituent (6.04 ppm). We would have expected the 

sulfur atom to donate some of its electron density into the aromatic ring, thus reducing 

the electron density in the maleimide ring. However, we considered that perhaps there is 

some involvement of the sulfur d-orbitals, as debated in the literature,327 which could be 

resulting in back-donation. To double check the increased electron density in the 

maleimide ring, we looked at the chemical shift of the equivalent carbon in the 13C NMR. 
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This showed a shift from 117.3 ppm in alkyl thiomaleimide 65 to 119.0 ppm in 

arylthiomaleimide 118. This is inconsistent with the 1H NMR data and instead suggested 

slight electron-withdrawal from the maleimide ring. The conflicting upfield shift for the 

maleimide proton could be due increased shielding only around the proton. 

 

The irradiation of aromatic thiomaleimide 118 was attempted and the [2+2] 

photocycloaddition proceeded to give the cyclobutane 119 in a quantitative yield in 40 

minutes (Scheme 74). This was a longer timescale than previously seen for 

alkylthiomaleimide 65, suggesting that the conjugated benzene ring may be causing some 

decay of the excited state. This is similar to that seen for arylaminomaleimide 103 

previously (see section 2.3.2.2) and also observed in fluorescence quenching of aromatic 

dithiomaleimides in the literature.328 

 

Scheme 74: Synthesis and irradiation of an aromatic thiomaleimide 118. 
 

With the achievement of a [2+2] photodimerisation of an aromatic thiomaleimide, we 

hypothesised that tuning the reaction wavelength would be possible through further 

substitutions on the benzene ring. Thus, we synthesised aromatic thiomaleimides with 

electron-donating and electron-withdrawing groups in the para position, namely a 

methoxy (120) and nitro substituent (122), respectively (Scheme 75). We envisaged 

that the electronic effects conferred onto the maleimide ring from these substituents 

would play a role in changing the absorption spectrum of the thiomaleimide, allowing 

tuning. Our attempt for irradiation of aromatic thiomaleimide 120 for 3 hours led to no 

[2+2] photodimerisation to give cyclobutane 121 (Scheme 75A). In contrast, aromatic 

thiomaleimide 122 proceeded to undergo the [2+2] photocycloaddition reaction, 

reaching completion in 40 minutes to give cyclobutane 123 (Scheme 75B), comparable 

to arylthiomaleimide 118. 
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Scheme 75: Synthesis and irradiation of A) an electron-donating aromatic 
thiomaleimides 120 and B) and electron-withdrawing aromatic thiomaleimides 122. 

 

To understand the photochemical outcomes, we wanted to compare the chemical shifts 

and UV absorption data for the different thiomaleimides. This is summarised in Table 10.  

Structure 
λmax 

(nm) 
ε 

(cm-1 M-1) 
Double bond 

1H (ppm) 
Corresponding 

13C (ppm) 

Alkylthiomaleimide 65 

354 3600 6.04 117.3 

 

 

Arylthiomaleimide 118 

354 2200 5.65 119.0 

 

 

Arylthiomaleimide 120 

357 3100 5.59 118.8 

 

 

Arylthiomaleimide 122 
309 5700 

5.86 120.7 

 

 
345 4900 

Table 10: Chemical shifts and UV absorption data for the different thiomaleimides. 
 

For methoxythiomaleimide 120, the 1H NMR showed the maleimide double bond proton 

at 5.59 ppm, not much of a shift compared to arylthiomaleimide 118 (5.65 ppm); only a 

slight increase in electron density. The 13C chemical shift was consistent, shifting upfield 
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to 118.8 ppm (from 119.0 ppm). In the UV spectrum, the λmax appeared at 357 nm (ε = 

3100 cm-1 M-1), similar to the 354 nm in arylthiomaleimide 118. The NMRs suggested 

that the profile for methoxythiomaleimide 120 was very similar to that of 

arylthiomaleimide 118, and the larger extinction coefficient suggested greater 

absorptivity, and yet no photoreaction ensued. This indicates that the methoxy group 

must confer some electronic effects on the excited state molecule which favours decay 

pathways over a photoreaction. 

 

In comparison, the maleimide proton for nitrothiomaleimide 122 appeared at 5.86 ppm 

and the carbon at 120.7 ppm, a downfield shift compared to arylthiomaleimide 118, 

suggesting a significant electron-withdrawal. Nitrothiomaleimide 122 had an intriguing 

UV spectrum. Its lowest energy λmax was observed at 345 nm (ε = 4900 cm-1 M-1). But 

interestingly, a second absorption peak was also visible at 309 nm (ε = 5700 cm-1 M-1). 

Benzenes have been found to undergo bathochromic shifts of their absorption bands 

upon inclusion of an electron-withdrawing nitro group,329 and these nitrobenzenes are 

known to be photoreactive. Thus, this second band could be as a result of the nitro group 

within the thiophenol moiety of maleimide 122. This second absorption band did not 

appear to play a role in the reactivity of the [2+2] photocycloaddition, as the reaction time 

was found to be the same as for arylthiomaleimide 118. 

 

Through this research, various [2+2] photocycloaddition reactions have been discovered 

to take place. The UV spectra of the compounds undergoing reactions are given in Figure 

40 to show how the absorption profile changes with the maleimide substituent present. 

 

Figure 40: UV spectrum of the different maleimides at 0.25 mM in MeCN. 
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We then wanted to measure the rates and quantum yields of the [2+2] photodimerisation 

of these compounds. We used the method previously developed (see section 2.2.4) using 

o-nitrobenzaldehyde as a chemical actinometer. We chose to use 1 mM solutions in MeCN 

for all compounds to allow direct comparison, and as before a 365 nm irradiation 

wavelength was chosen.  The results are given in Table 11.  

Molecule Φcycloaddition 
Initial rate of reactant 

use (×10-7 M s-1) 

N-butylmaleimide 94 

0.019 ± 0.001 0.515 ± 0.007 

 

 

Bromomaleimide 64 

0.035 ± 0.002 0.76 ± 0.02 

 

 

Iodomaleimide 116 

0.045 ± 0.003 7.8 ± 0.3 

 

 

Alkylthiomaleimide 65 

0.05 ± 0.02 27 ± 8 

 

 

Arylthiomaleimide 118 

0.0068 ± 0.0005 3.7 ± 0.2 

 

 

Table 11: Quantum yields and initial rates for the different maleimides at 1 mM in MeCN. 
The initial rates were calculated from the gradient of the concentration vs. time graph at 

≤10% conversion.215 
 

The data shows the clear pattern for the initial rate to be alkylthiomaleimide 65 > 

iodomaleimide 116 > arylthiomaleimide 118 > bromomaleimide 64 > N-butylmaleimide 

94. This was also consistent with the quantum yields, apart from the arylthiomaleimide 

118 being the least efficient of them all. This can be explained by the low ratio of its 

reaction rate compared to its high absorptivity, as shown from its UV spectrum. This 

further corroborates with our previously seen 40 minute reaction time for 

arylthiomaleimide 118 compared to 10 minutes for alkylthiomaleimide 65. This 
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confirmed reduced efficiency by an order of magnitude (0.0068 compared to 0.05) 

suggests that the conjugated aromatic ring is likely involved in the decay of the excited 

maleimide chromophore preventing the [2+2] photocycloaddition reaction from taking 

place. Another interesting find from the data is that iodomaleimide 116 reacts faster and 

is more efficient than its bromomaleimide analogue 64. However, a definitive explanation 

for this improved reactivity cannot be determined without further studies into the 

excited states involved in the photoreaction. 

 

2.3.4: Conclusions and future work 

Foremost, we established that aminomaleimides were inert to [2+2] photodimerisations, 

unlike monothiomaleimides. Alkylaminomaleimide 97 was found to undergo [2+2] 

photocycloadditions with external olefins, whilst arylaminomaleimide 103 was 

unreactive, implying that many factors contribute to photoreactivity, including sterics 

and electronics. The fluorescence quantum yield of aromatic aminomaleimides is found 

to be lower than for alkylaminomalemides,320 and we infer this same decay pathway 

likely prevents arylaminomaleimide 103 from undergoing photoreactions. 

 

The fastest photoreaction observed was alkylaminomaleimide 97 with phenylacrylate, 

an electron-deficient alkene. Intriguingly, a novel aminoalkylmaleimide product 107 was 

observed in this photoreaction. This could be a novel route to generating such reagents, 

which have not been accessed previously. Moreover, the ester group provides further 

possibility for functionalisation. Future work should also investigate the rates and 

quantum yields of these photocycloaddition reactions in comparison to the [2+2] 

photodimerisations of other substituted maleimides. 

 

The discovery that alkylaminomaleimide 97 does not photodimerise but undergoes [2+2] 

photocycloadditions with external alkenes could have applications in photochemically 

attaching cargos to a protein (Scheme 76). Specifically, this would involve the formation 

of a stable lysine-maleimide conjugate: the amine introduces electron density into the 

maleimide ring, making it inert to thiol-attack or hydrolysis. However, upon addition of a 

cargo containing an alkene moiety, e.g. functionalised styrene, and subsequent 

irradiation, a [2+2] photocycloaddition attachment would be triggered. This would be a 

novel ‘photoclick’ for controlled attachment of a cargo upon exposure to UV irradiation. 



111 
 

 

Scheme 76: [2+2] photocycloaddition of a lysine-conjugate with an external cargo. 
 

TEAS of alkylaminomaleimide 97 and arylaminomaleimide 103 should be conducted and 

the excited state lifetimes compared to those determined for thiomaleimide 65 (see 

section 2.2.5). For alkylaminomaleimide 97, it would be interesting to observe if any 

fluorescence decay of the S1 (n1π*) state competes with ISC and if there is a triplet 

deactivation pathway. For arylaminomaleimide 103, perhaps observation of a new 

absorption band or decay to the ground state would confirm a quenching pathway. These 

ultrafast laser studies would increase our understanding of the photochemical outcomes 

and mechanisms involved upon photoexcitation of aminomaleimides, guiding our design 

of novel optimised reagents. 

 

Attempts at an intramolecular [2+2] photocycloaddition of the tethered thiomaleimide-

aminomaleimide 113 construct was unsuccessful, but even more interestingly, no 

intermolecular reaction of the thiomaleimide moieties was observed. We tentatively 

hypothesise that aminomaleimide quenches the thiomaleimide excited state, preventing 

it from reacting. TEAS of thiomaleimide-aminomaleimide 113 in comparison to TEAS of 

thiomaleimide 65 and aminomaleimide 97 on their own would provide insights. 

Specifically, decay of the thiomaleimide singlet or triplet state to the ground state, or 

formation of a new absorption band would indicate thiomaleimide quenching. A future 

experiment would be to irradiate thiomaleimide 65 in the presence of aminomaleimide 

97 (Scheme 77) to understand if the aminomaleimide must be tethered to the 

thiomaleimide to cause the quenching. If the reaction is prevented, the excited state 

dynamics should again be explored with TEAS. This would increase the understanding of 

aminomaleimide photoexcitation pathways, directing them for use as photoquenchers. 
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Scheme 77: Irradiation of thiomaleimide 65 in the presence of aminomaleimide 97 to 
investigate quenching. 

 

Halomaleimides underwent [2+2] photocycloadditions but reacted slower than 

alkylthiomaleimide 65. Arylthiomaleimide 118 reacted slower than alkylthiomaleimide 

65 and the quantum yield was a whole order of magnitude lower. We believe this is due 

to the conjugated benzene quenching the excited state, similar to arylaminomaleimide 

103 and as observed with fluorescence quenching of aromatic dithiomaleimides.328 The 

quenching pathway could be investigated through TEAS of arylthiomaleimide 118. 

Interestingly, the use of an electron-rich aromatic (p-methoxy substituent) enhanced the 

decay, completely preventing the photoreaction from occurring. 

 

From the library of molecules investigated, thiomaleimides and aminomaleimides were 

the most exciting due to their longer wavelength absorption maxima. This is beneficial in 

a biological setting where longer UV wavelengths are less damaging. Future work should 

study variations of these chromophores to demonstrate the full extent of the 

photoreaction. This could investigate the impact of steric bulk on the reactivity through 

branched substituents and the effect of secondary or cyclic amines could be explored. 

 

Despite longer absorption wavelengths, ideally light in the near-IR region is required for 

cell penetration. Thus, future work should develop novel substituted maleimides with 

aims to further red-shift the absorption wavelength. Aminothiomaleimides or extended 

conjugated thiomaleimides could be investigated, shown within the Baker group to have 

even longer absorption wavelengths of ~415 nm63 and 494 nm, respectively (Figure 41). 

Dithiomaleimides were found to be inert towards [2+2] photodimerisations but undergo 

[2+2] photocycloadditions with external olefins.216,217 Hence, the same reactivity may 

follow through for the two suggested disubstituted maleimides. 
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Figure 41: Alternative substituted maleimides to investigate. 
 

Pushing the wavelength to near-IR is likely challenging for maleimide type reagents. 

Therefore, two-photon excitation could be attempted on the current library of 

maleimides. There is already literature precedent of using two-photon excitation for 

maleimide [2+2] photocycloadditions,330 and in vivo two-photon excitations of 

azobenzene has also been achieved.331,332 Thus, there is potential of this method. For 

alkylthiomaleimide 65, with an absorption wavelength of 354 nm, this would allow 

excitation by two photons of wavelength 708 nm, much closer to the near-IR region. If 

successful, this would have applications in taking relevant thiomaleimide bioconjugates 

into intracellular environments, where upon two-photon excitation, a conformational 

change could be induced. Nonetheless, it should be noted that the thiol-reactivity of the 

thiomaleimide conjugates may be a limitation intracellularly, and hence other substituted 

maleimides are still widely sought, even for two-photon excitation. 
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2.4: Improving cargo release upon photodecarboxylation 

2.4.1: Introduction and aims 

The photodecarboxylation reaction of thiomaleimides was discovered due to observing 

C-terminal cysteine decarboxylation when attempting the [2+2] photocycloaddition 

reaction on trastuzumab Fab (see section 1.2.7).237,238 Within the Baker group, the 

capability of this photoreaction was directed towards developing a method for cargo 

release, i.e. for a photocleavable conjugate.238 As proof of concept, this was achieved 

through irradiation of an acetylated N-dithiomaleimide serine. However, the acetic acid 

released could not be detected and an additional protonation side-product was observed. 

 

This photoreaction was then applied to the octreotide peptide in a 50:50 PB pH 6.2:MeCN 

solvent, and photodecarboxylation of the octreotide-maleimide conjugate 124a was 

observed (Scheme 78).238 As with the small molecule experiments, this resulted in both 

the elimination (66%) and protonation (19%) products. To prevent the protonation side-

product and enhance the elimination yield, the effect of different structural modifications 

to the system were investigated using conjugates 124b-d (Scheme 78).238 

 

Scheme 78: Photodecarboxylation of various octreotide-maleimide conjugates.238 
 

Excitingly, methylation at the α-position as in 124b prevented formation of the 

protonation product altogether.238 A similar argument as for acetylated N-phthaloyl 

threonine could be used to explain this (see section 1.2.6): the methyl group may 

encourage an anti-periplanar arrangement of the carboxylate and acetate leaving group 

(LG), favouring E2 elimination. A more plausible reason could be that the methyl group 

adds steric hindrance, preventing protonation and instead, an E1cB type elimination is 

followed. A second promising change was inclusion of a phenylacetate LG as in 124c. 

Phenylacetic acid has a slightly lower pKa than acetic acid due to the sp2 hybridisation of 

the aromatic ring, allowing better electron withdrawal and stabilisation of the carbanion. 
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A further modification that was also attempted was to change from a carboxylate LG to a 

carbamate LG as in 124d. Carbamic acids are less acidic than carboxylic acids and thus it 

was not expected for the elimination yield to be higher. However, this experiment showed 

that photodecarboxylation to cleave a carbamate was possible. The increased utility of 

carbamates would be due to their higher hydrolytic stability over esters,333 which would 

be beneficial in vivo. Furthermore, the irradiation would result in release of a carbamic 

acid. Carbamic acids undergo a spontaneous decarboxylation in aqueous conditions to 

release the free amine (Scheme 79).334 Many drugs contain a free amine and thus this 

would provide a neat method for spatiotemporal controlled release of a drug using light. 

 

Scheme 79: Spontaneous decarboxylation of carbamic acids.334 
 

Thus, the overall objective was to explore and enhance the photodecarboxylation 

reaction of dithiomaleimides, with applications as photocleavable conjugates in mind. 

The previous structural modifications undertaken238 offered a basis on which to begin 

our investigations. The first aim was to validate the hypothesis that inclusion of a methyl 

group in the α-position of serine would prevent the protonation side-product, and solely 

form the elimination product. We also aimed to incorporate a carbamate group for 

releasing a free amine via spontaneous decarboxylation of the carbamic acid. We 

considered this would be useful as many drug molecules contain amine moieties. Thus, 

overall, we intended to synthesise and examine the photodecarboxylation of 

dithiomaleimide-carbamate 125 as the optimal reagent (Figure 42). Simultaneously, we 

envisaged the photodecarboxylation reaction to give cleavage of the attached cargo, and 

thus our goal was to develop a method to monitor and quantify this cargo release. 

 

Figure 42: Optimal dithiomaleimide-carbamate design for testing photodecarboxylation. 
 

Another aim was to attempt to develop the full potential of this reaction class. The 

photodecarboxylation reaction had only been tested on dithiomaleimides, as a mimic for 

cysteine-maleimide conjugates. Thus, we intended to design other substituted 
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maleimides and explore the effect on the photoreaction. We envisaged that the library of 

chromophores would offer opportunity for wavelength tunability. With the various 

maleimides, we aimed to show the possibility of orthogonal wavelength-selective 

photorelease (Scheme 80).335 We believed these wavelength-selective reactions could 

have applications in controlling the release of different drugs for spatiotemporal testing. 

 

Scheme 80: Strategy for orthogonal wavelength-selective photorelease. 
 

2.4.2: Optimal dithiomaleimide-carbamate reagent for photorelease 

The first aim was to synthesise dithiomaleimide-carbamate 125. Due to the expense of 

enantiopure α-Me-L-serine, racemic α-Me-DL-serine was used for optimisation of the 

synthesis protocol (Scheme 81). The first step involved reacting dibromomaleic acid 126 

and α-Me-DL-serine 127. Converting the alcohol functional group in dibromomaleimide 

128 into a carbamate was then first attempted using the N,N’-disuccinimidyl carbonate 

(DSC) coupling agent to allow attachment of a free amine directly. DSC can react with an 

alcohol to form a mixed carbonate which is then reactive towards amines.336,337 This 

would be an applicable synthetic route for a range of amine-containing drugs. 

 

Scheme 81: Attempted synthesis towards a dithiomaleimide-carbamate structure. 
 

The DSC coupling reaction was first attempted in the presence of triethylamine (TEA) 

following previous protocols (Scheme 81).336 The 1H NMR spectrum showed no N-



117 
 

hydroxysuccinimide (NHS) proton peaks, suggesting that mixed carbonate 129 had not 

been made; yet the formed products could not be characterised from the NMR spectra. 

Cross-reactivity between 4-dimethylaminopyridine (DMAP) and dibromomaleimides has 

been observed in the Baker group previously,238 and thus it was thought that perhaps 

TEA also resulted in cross-reactivity. Thus, the reaction was attempted without any base 

present, however, no reaction took place. Heating to reflux also did not push the reaction 

forwards and only starting material 128 was recovered. To overcome any issues of cross-

reactivity, the equivalent dithiophenolmaleimide 130 was synthesised in a quantitative 

yield using a facile addition-elimination reaction (Scheme 81). However, attempts of the 

DSC coupling on dithiomaleimide 130, both with and without TEA, proceeded in a similar 

fashion to dibromomaleimide 128, with no mixed carbonate 131 observed. 

 

It is difficult to interpret the reason for this reaction not taking place as the products could 

not be characterised. Nevertheless, it is known from literature that carboxylic acids can 

react with the DSC coupling agent.338 Both maleimides 128 and 130 contain carboxylic 

acid functional groups which would be able to react with DSC, rather than the free alcohol 

group. This could result in formation of an NHS ester in the carboxylic acid position to 

form structure 132 (Figure 43A). However, the 1H NMR spectrum showed no observable 

NHS proton peaks and so this is unlikely to be the final product. Previously, it has been 

reported that α-methyl amino acids can undergo lactonisation reactions in the presence 

of coupling reagents,339 and this is a potential proposal for our α-methyl serine 

maleimides 128 and 130 to produce lactone 133 (Figure 43B). 

 

Figure 43: Possible products resulting from the DSC coupling reactions: A) NHS ester 132 
and B) lactone 133. 

 

Due to time constraints, investigations into other drug-applicable syntheses were not 

conducted. Instead, the synthesis of the carbamate 134 was achieved in an 85% yield 

using benzyl isocyanate in the presence of molybdenum(VI) dichloride dioxide as a 

catalyst, as per previous methodology in the Baker group (Scheme 82).238 Although the 

synthesis was achieved, we noted that this route restricts broad synthetic applicability 
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due to the need for an isocyanate group. Nevertheless, this would act as a platform for 

testing the photochemical abilities of a thiomaleimide-carbamate. Thus, the final 

synthetic step involved an addition-elimination reaction with Boc-L-Cys-OMe to produce 

the dithiomaleimide-carbamate construct 135 (Scheme 82). The exact characterisation 

of construct 135 was complex by NMR, due to the presence of two diastereomers, 

however, key NMR peaks and the mass spectrum confirmed the identity of product 135. 

 

Scheme 82: Synthetic route to optimal dithiomaleimide-carbamate 135. 
 

With the optimal dithiomaleimide-carbamate 135 in hand, the irradiation of this system 

could be attempted. Previously, an 80:20 MeCN:PBS pH 7.4 solvent system was utilised 

for irradiations238 and thus, the same conditions were taken forward (Scheme 83). The 

photochemical reaction of dithiomaleimide 135 reached completion in 10 minutes, as 

monitored by the loss of the starting material spot by TLC, and appearance of two new 

spots. This is an improvement compared to the original photodecarboxylation which 

required a 40 minute irradiation time to reach completion. The two new products were 

then isolated and characterised to be elimination product 136 and protonation product 

137 in yields of 73% and 10%, respectively. As with characterisation of dithiomaleimide 

135, dithiomaleimide 137 is a mixture of diastereomers and thus NMR characterisation 

was complex, but key peaks in the NMR and the mass spectrum provided evidence for the 

characterisation of dithiomaleimide 137. The yield ratio of the two products was similar 

to previously and the protonation product was not prevented. Additionally, the synthetic 

route to dithiomaleimide-carbamates lacked practicality, as most drugs do not contain an 

isocyanate moiety. 

 

Scheme 83: Irradiation of dithiomaleimide-carbamate 135. 
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2.4.3: Dithiomaleimide-ester reagents for photorelease 

Due to the challenges associated with carbamate synthesis, we turned our attention back 

to investigating dithiomaleimide-esters. As mentioned in section 2.4.1, a methyl group in 

the α-position of an acetylated serine resulted in no protonation side-product when 

attempted on octreotide. Although, the methyl group did not appear to prevent 

protonation in the irradiation of dithiomaleimide-carbamate 135, we still wanted to 

investigate this for dithiomaleimide-esters. Furthermore, to prevent the issues of 

characterisation due to diastereomers, we decided to use the enantiopure N-

dibromomaleimide α-Me-L-serine 138 for the synthesis. The octreotide work had also 

shown promising results with a phenylacetic acid LG,238 and thus, we decided to 

incorporate this into our reagent. We hoped to be able to isolate and observe the release 

of the phenylacetic acid upon irradiation, something that was not possible with the acetic 

acid LG,238 making this a more useful system to investigate. The synthesis began with a 

previously optimised protocol using phenylacetyl chloride in the presence of 

tetrabutylammonium bromide (TBAB) to prevent Cl-Br exchange (Scheme 84).238 

 

Scheme 84: Attempted synthesis of dibromomaleimide-phenylacetate 139a. 
 

Unfortunately, this attempted synthesis resulted in a mixture of dibromomaleimide 

139a, dichloromaleimide 139b and bromochloromaleimide 139c, which could not be 

separated out from one another by silica flash chromatography. The presence of the three 

products was initially identified due to multiple peaks with similar chemical shifts in both 

the 1H and 13C NMR spectra. Furthermore, the mass spectrum of the product mixture is 

shown in Figure 44. Because of the presence of chlorine and bromine substituents, each 

of the products would be expected to have a particular isotopic pattern ratio: 1:2:1 for 

139a, 9:6:1 for 139b and 3:4:1 for 139c. The mass spectrum identified these isotopic 

patterns confirming the presence of all three compounds. 
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Figure 44: Mass spectrum of the mixed products 139a-c with the isotopic pattern ratios. 
 

As dibromomaleimide 139a could not be isolated, we instead chose to react the mixed 

halomaleimide products 139a-c with Boc-L-Cys-OMe to produce dithiomaleimide-ester 

140 in a yield of 84% over the two steps (Scheme 85). 

 

Scheme 85: Synthesis of dithiomaleimide-ester 140. 
 

We then wanted to try the irradiation of dithiomaleimide 140. The solvent conditions 

(80:20 MeCN:PBS pH 7.4) had previously been chosen for optimal solubility but we 

wanted to increase the concentration and amount of buffer to give a truer representation 

of biological conditions. Thus, 25 mM PB pH 7.4 was used instead of 10 mM PBS pH 7.4 

and we found that 50:50 MeCN:PB pH 7.4 was enough organic solvent to keep 

dithiomaleimide 140 solubilised. We were hoping to show the release of phenylacetic 

acid 141 (Scheme 86) upon irradiation using two techniques: 1H NMR and LCMS.  

 

Scheme 86: Irradiation of dithiomaleimide-ester 140. 
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The 1H NMR analysis was conducted directly on the reaction mixture (Figure 45). The 1H 

NMR showed that after 10 minutes of irradiation, the visible diastereotopic proton on 

dithiomaleimide 140 had been lost (4.56 ppm), and new alkene protons had grown in at 

5.24 and 4.94 ppm. The chemical shifts of these protons matched to that of a control 

sample of enamide 136 confirming this to be the product after irradiation. Furthermore, 

the 1H NMR analysis showed a shift of the aromatic protons upon irradiation and was 

found to have identical chemical shifts to a control sample of phenylacetic acid 141, 

confirming its release. Visualisation of the released cargo had not been achieved before 

and thus this was a very promising result. In addition, the integral of the aromatic protons 

was around 5 when compared to the alkene protons which had an integral of 1 each, 

confirming that both enamide 136 and phenylacetic acid 141 were present in equal 

amounts. This analysis revealed that we had full release of the phenylacetic acid upon 

irradiation of dithiomaleimide 140. 

 

Figure 45: 1H NMR spectra of dithiomaleimide 140 (lane 1), dithiomaleimide 140 after 10 
min of irradiation (lane 2), enamide 136 (lane 3) and phenylacetic acid 141 (lane 4). Note 
the second diastereotopic proton was at around a similar chemical shift to the water peak, 

and thus is not shown here (full spectra in Figure 68 in section 5.1.1). 
 

As a secondary method, we also wanted to use LCMS to monitor the photoreaction to 

support the NMR data and confirm the products being formed. A full mass scan would 

allow us to detect the dithiomaleimide starting material 140 and the enamide product 

136. The LC-UV traces for the irradiation and controls are shown in Figure 46 and the 

corresponding mass spectra are shown in Figure 69 in section 5.1.1. 

141 

136 

140 10 min h 

140 
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Figure 46: LC-UV trace of A) dithiomaleimide 140, B) dithiomaleimide 140 after 10 min 
irradiation, C) enamide 136 and D) dithiomaleimide 142. 

 

The LC-UV trace of dithiomaleimide 140 showed a peak at retention time (RT) 8.69 min 

with the expected m/z value of 784 (Figure 46A). Upon 10 minutes of irradiation, this 

peak at RT 8.69 min had disappeared, whilst a new peak at RT 8.53 min had appeared 

(Figure 46B). The m/z value of this new peak was 604, corresponding to that of enamide 

136. A control sample of enamide 136 was also run on the LCMS and showed an identical 

LC-UV trace (Figure 46C), confirming this to be our major photoproduct. Intriguingly, the 

LC-UV trace after irradiation for 10 minutes also showed a very small peak at RT 6.80 min 

with an m/z value of 564. We attributed this mass to dithiomaleimide 142, as shown in 

Figure 46D. This was unexpected as we did not expect a photochemical pathway to 

produce this product. A control sample of dithiomaleimide 142 showed its m/z 564 peak 

at RT 6.76 min, further confirming our characterisation. 

 

The 1H NMR data was scrutinised again, specifically the integral ratio between the alkene 

protons and the Boc-L-Cys-OMe protons. This confirmed only the presence of the single 

enamide 136 and indicated that no dithiomaleimide 142 was present in the 1H NMR 

spectrum after 10 minutes of irradiation. From this evidence, we hypothesised that 

formation of dithiomaleimide 142 was not a separate photochemical pathway, but 

instead as a result of hydrolysis of enamide 136. Enamine hydrolysis is acid catalysed, 

causing iminium ion formation, followed by water attack to release the free amine. The 

photoreaction was conducted in basic conditions (PBS pH 7.4) and thus it is unlikely for 

hydrolysis to have taken place in these conditions. Thus, this can explain why no 
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dithiomaleimide 142 was observed in the 1H NMR spectrum directly after irradiation. 

Contrarily, the LCMS analysis involves running the sample through a C18 silica column 

and the mobile phases contain 0.1% formic acid. Therefore, we concluded that perhaps 

the LCMS (formic acid and mildly acidic silica) was causing a small amount of hydrolysis 

of enamide 136, resulting in a small peak corresponding to dithiomaleimide 142. 

 

To monitor release of phenylacetic acid 141 by LCMS, the positive electrospray mode 

could not be used as it is difficult to protonate phenylacetic acid. Phenylacetic acid 141 

was found to be only weakly ionisable with negative electrospray. Thus, a selected ion 

recording (SIR) method was setup, which allows detection of a single m/z value. We chose 

this to be 135 for [M-H]- of phenylacetic acid 141. The SIR chromatogram for the 

irradiation and controls are shown in Figure 47. 

 

Figure 47: SIR chromatogram at m/z 135 of A) dithiomaleimide 140, B) dithiomaleimide 
140 after 10 min of irradiation and C) phenylacetic acid 141. 

 

Dithiomaleimide 140 did not show a major peak in the SIR chromatogram acting as the 

first control. The second control was a sample of phenylacetic acid 141 which showed a 

major peak at RT 3.72 min. Upon irradiation of dithiomaleimide 140 for 10 minutes, the 

SIR chromatogram produced a major peak at RT 3.73 min. This chromatogram was 

identical to the chromatogram of phenylacetic acid 141, thus confirming that 

phenylacetic acid 141 had been released upon irradiation of dithiomaleimide 140. This 

was supportive of our NMR data, and it was encouraging to observe release of the cargo 

by a second analysis method. 

 

The reaction mixture post-irradiation was then purified by silica flash chromatography 

which isolated both enamide 136 and dithiomaleimide 142 in yields of 70% and 19%, 
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respectively. This gave further support to our initial hypothesis that hydrolysis of 

enamide 136 is mediated by acidic silica to produce dithiomaleimide 142, as seen in the 

LCMS. Previously in the Baker group, hydrolysis of a similar enecarbamate was observed 

upon silica purification,238 and thus it was concluded that the same was occurring here. 

 

2.4.4: Tuning the wavelength for photodecarboxylation 

2.4.4.1: Synthesis of a range of substituted maleimides 

With the photodecarboxylation reaction optimised and with a monitoring method 

developed, we could then turn our attention explore maleimides with alternative double 

bond substituents. Dithiomaleimide 140 had been ideal for showing release of the 

phenylacetic acid LG. However, synthesis of its precursor dibromomaleimide 139a 

formed an inseparable mixture of halomaleimides 139a-c, which would limit the 

synthesis to disubstituted maleimides. Hence, the immediate challenge faced was 

synthesising a dibromomaleimide with a different LG, to allow access to monosubstituted 

maleimides. Previously in the Baker group, acetylation of a dibromomaleimide-serine 

had been achieved simply via acetyl bromide.238 Thus, we proposed that the synthesis of 

dibromomaleimide 143 would follow a similar reaction pathway using the commercially 

available benzoyl bromide and halogen exchange would not be a problem. The reaction 

needed more pushing that described previously,238 requiring the presence of a base, a 

longer reaction time and increased equivalents of benzoyl bromide to form 

dibromomaleimide 143 (Scheme 87). 

 

Scheme 87: Synthesis of dibromomaleimide 143. 
 

With the dibromomaleimide 143 precursor ready, it could be utilised to synthesise a 

range of substituted maleimides. The obvious choice was dithiomaleimide 144 to allow 

all other maleimides to be directly compared. Second, we chose aminobromomaleimide 

145 as it is known to have a different absorption maximum compared to 

dithiomaleimides.217 The synthesis of these two substituted maleimides was facile giving 

yields of 94% and 84%, respectively (Scheme 88). 
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Scheme 88: Synthesis of A) dithiomaleimide 144 and B) aminobromomaleimide 145. 
 

We envisaged that photodecarboxylations on aminothiomaleimides would be useful, as 

they have been found to be even more red-shifted than dithiomaleimides in the Baker 

group63 and thus would be better for biological applications. The aminothiomaleimide 

previously considered contained p-anisidine.63 However, we observed no [2+2] 

photocycloaddition to take place for p-methoxythiophenolmaleimide 120 (see section 

2.3.3) and thus we believed the equivalent aminothiomaleimide may also be not be 

photoreactive. Instead, we chose to synthesise an aminothiomaleimide using aniline. 

 

The synthesis started from dibromomaleimide 143 to first form thiobromomaleimide 

146 (Scheme 89). Two equivalents of dibromomaleimide 143 were used for every 

equivalent of Boc-L-Cys-OMe to prevent di-substitution. Despite this, there was still some 

formation of dithiomaleimide 144, which was easily separated out upon purification by 

silica flash chromatography. However, a secondary result of the di-substitution was that 

not all the dibromomaleimide 143 was used up in the reaction. Separation of 

dibromomaleimide 143 from thiobromomaleimide 146 proved difficult due to the 

similar elution rates. Therefore, the mixture of dibromomaleimide 143 and 

thiobromomaleimide 146 was taken forwards for the next step, which was addition of 

aniline (Scheme 89). This resulted in the formation of both aminothiomaleimide 147 as 

required, but also aminobromomaleimide 148. These two were more easily separable 

and isolated in yields of 32% and 22%, respectively, over the two steps. Although it was 

not the original plan, we thought that we could also test the photodecarboxylation 

capability on aminobromomaleimide 148 as it had been synthesised. 
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Scheme 89: Synthesis of aminothiomaleimide 147, producing aminobromomaleimide 148 
as a side-product. 

 

The final substituted maleimide we wanted to consider was an aminomaleimide, as it had 

been found to be inert towards a [2+2] photodimerisation (see section 2.3.2.1). 

Therefore, we envisaged that this would be a useful reagent for photodecarboxylation, 

without a competing photoreaction pathway. We aimed to synthesise the 

aminomaleimide with the benzoic acid LG. The synthesis started from bromomaleic 

anhydride 59 and reacting it with α-Me-L-serine, with aims to produce N-

monobromomaleimide α-Me-L-serine 149 (Scheme 90). However, upon purification, 

bromomaleimide 149 was not isolated. Instead, NMR and mass spectrum analysis 

indicated a low-yielding formation of the acetylated product 150. This was unexpected, 

but we thought it could be due to the presence of the acetic acid solvent. The free alcohol 

on dibromomaleimide 149 could potentially react with the acetic acid in an esterification 

reaction to form the acetylated product 150. This was surprising as it had never been 

isolated for the corresponding dibromomaleimide reactions, but we did not investigate 

this in depth, as it was not vital to the overall project aims. Bromomaleimide 150 was not 

the intended product as it did not contain the benzoic acid LG. However, we recognised 

that the corresponding aminomaleimide with the acetic acid LG would still be a good 

system to test the capability of the photodecarboxylation reaction. Thus, 

aminomaleimide 151 was synthesised in a 78% yield by reacting bromomaleimide 150 

with propylamine (Scheme 90). 
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Scheme 90: Synthesis of aminomaleimide 151. 
 

2.4.4.2: Irradiation of the library of substituted maleimides 

Having synthesised the five different substituted maleimides, we began testing their 

photodecarboxylation capabilities. The irradiation of the different maleimides was 

conducted using a mercury lamp and we chose to use the previously developed 1H NMR 

and LCMS methods (see section 2.4.3.1) to monitor the photoreactions. We began with 

the irradiation of dithiomaleimide 144, with the photodecarboxylation proceeding 

comparably to the irradiation of dithiomaleimide 140, showing the reaction to reach 

completion in 10 minutes (Scheme 91). This was shown by both 1H NMR and LCMS and 

both additionally showed the release of benzoic acid 152 (see Figure 70-73 in section 

5.1.2). As before, LCMS showed a small peak corresponding to the hydrolysed enamide 

product 142 but this was not seen by 1H NMR. This further supports our hypothesis that 

the formation of this species is within the C18 silica column. 

 

Scheme 91: Irradiation of dithiomaleimide-ester 144. 
 

The photoreaction of alkyl aminobromomaleimide 145 was found to take longer than 

dithiomaleimide 144, reaching completion in 50 minutes (Scheme 92), as confirmed by 

both 1H NMR and LCMS (see Figure 74-77 in section 5.1.3). Both 1H NMR and LCMS 

clearly showed the photorelease of benzoic acid 152. Interestingly, the LC-UV trace after 

irradiation showed only a single peak corresponding to enamide 153 and no signs of any 

enamide hydrolysis were observed. Furthermore, after the photoreaction was complete, 

purification with silica flash chromatography isolated only enamide 153, again 

suggesting no silica-promoted hydrolysis. 
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Scheme 92: Irradiation of aminobromomaleimide-ester 145. 
 

The next irradiation we chose to conduct was aryl aminobromomaleimide 148 as a direct 

comparison to alkyl aminomaleimide 145 (Scheme 93). The 1H NMR and LCMS data (see 

Figure 78-81 in section 5.1.4) showed this to be an even slower photoreaction than its 

alkyl aminomaleimide 145 counterpart. Analysis of the integral ratio of the 

diastereotopic protons and alkene protons in the 1H NMR indicated there was only 66% 

conversion to enamide 154 and benzoic acid 152 after 2 hours of irradiation. As with 

aminobromomaleimide 145, no peak corresponding to the hydrolysis of enamide 154 

was observed and silica flash chromatography isolated only enamide 154. This 

observation indicates that it is likely that the presence of amine substituents on the 

maleimide prevents enamide hydrolysis in silica. 

 

Scheme 93: Irradiation of aromatic aminobromomaleimide-ester 148. 
 

Next, we tested out the irradiation of aminothiomaleimide 147 (Scheme 94). The 1H 

NMR and LCMS data (see Figure 82-85 in section 5.1.5) showed this to react even slower 

than aryl aminobromomaleimide 148. Similar analysis of the integral ratio in the 1H NMR 

showed that the reaction had only reached 18% conversion after 2 hours of irradiation, 

making this the slowest reaction. Again, no signs of hydrolysis of enamide 155 were 

observed in the LCMS or upon silica chromatography, reiterating that perhaps amine 

substituents on the maleimide prevent hydrolysis of enamides in the acidic silica. 

 

Scheme 94: Irradiation of aromatic aminothiomaleimide-ester 147. 
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Despite aminomaleimide 151 not containing a benzoic acid LG, we still wanted to test its 

photodecarboxylation capabilities (Scheme 95). The release of acetic acid cannot be 

monitored by LCMS and so only 1H NMR was used to monitor the photoreaction, which 

showed it to be complete in 30 minutes to produce enamide 156 (see Figure 86 in section 

5.1.6). Upon purification by chromatography, a single product was isolated and found by 

mass spectrometry to have the correct m/z value corresponding to enamide 156. 

However, attempts to obtain an NMR spectrum was futile, and only aminomaleimide 157 

was observed. Interestingly, the 1H NMR also showed a peak at 2.17 ppm corresponding 

to acetone. Therefore, we concluded that perhaps residual HCl in the deuterated 

chloroform was hydrolysing enamide 156 to produce aminomaleimide 157 and acetone. 

Despite this unforeseen purification outcome, the irradiation of aminomaleimide 151 

had resulted in a 30 minute photodecarboxylation to initially produce enamide 156, 

which must also concurrently be releasing acetic acid. 

 

Scheme 95: Irradiation of aminomaleimide-ester 151. 
 

The irradiations had shown that all five maleimides underwent a photodecarboxylation 

to produce the respective enamides and release the attached acid cargo. We had hoped 

that modulating the substituents on the maleimide would allow wavelength tuning of the 

photoreaction and hence we wanted to compare their UV absorption spectra (Figure 48). 

 

Figure 48: UV spectra of the different maleimides at 0.15 mM in MeCN. 
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The five maleimides did indeed have different absorption profiles, indicating that 

wavelength dependent release of cargos would be possible. However, interestingly, we 

also observed that the time taken for completion was different for all the maleimides, 

which perhaps could be explained using the UV absorption profiles. The reaction times 

and % photoconversion, along with the UV absorption data is summarised in Table 12.  

Maleimide structure 
Irradiation 
Time (min) 

% 
Conversion 

λmax 
(nm) 

ε 
(cm-1 M-1) 

Dithiomaleimide 144 

10 100 402 3200 

 
Alkyl aminobromomaleimide 145 

50 100 377 3700 

 
Aryl aminobromomaleimide 148 

120 66 385 3000 

 
Aminothiomaleimide 147 

120 18 395 3900 

 
Aminomaleimide 151 

30 100 362 2100 

 
Table 12: The % photoconversion upon irradiation of the different maleimides as 1.5 mM 
solutions in MeCN after the stated irradiation time, along with their UV absorption data. 

 

The mercury lamp utilised for the irradiation predominantly emits at 365 nm. 

Aminobromomaleimide 145 with its λmax = 377 nm would have higher absorptivity at this 

wavelength of 365 nm compared to dithiomaleimide 144 with its λmax = 402 nm, which 

should result in increased formation of the excited state for aminobromomaleimide 145. 
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However, the photoreaction of aminobromomaleimide 145 was found to be slower (50 

minutes compared to 10 minutes), suggesting that even if more aminobromomaleimide 

145 excited state is formed initially, there might be more decay pathways that prevent 

its photodecarboxylation reaction from occurring. 

 

The λmax for aryl aminobromomaleimide 148 was 385 nm, which is only slightly red-

shifted compared to the λmax for alkyl aminobromomaleimide 145 at 377 nm. However, 

this photoreaction was found to be significantly slower, resulting in only 66% conversion 

after 2 hours of irradiation. The difference between the two molecules is the presence of 

the aromatic ring in aminobromomaleimide 148. Previously, we observed that aromatic 

aminomaleimides do not undergo [2+2] photocycloaddition reactions (see section 

2.3.2.2) and this is in agreement with fluorescence quenching of aminomaleimides upon 

direct conjugation of aromatic rings.320 This fluorescence quenching is also true for 

aminobromomaleimides,320 and perhaps the aromatic ring in aminobromomaleimide 

148 is again quenching some of the excited state and slowing the rate of the 

photodecarboxylation reaction. 

 

Furthermore, aminothiomaleimide 147 reacted even slower still, with only 18% 

conversion after 2 hours of irradiation. The slow reaction rate could be associated with 

the presence of the benzene ring, however, the reason for it being slower than 

aminobromomaleimide 148 is uncertain. We initially considered if this could be 

associated with the red-shifted λmax of 395 nm. However, closer inspection of the 

absorption profile (Figure 48) showed that at the predominant wavelength emitted by 

the mercury lamp (365 nm), aminothiomaleimide 147 has slightly greater absorptivity 

compared to aminobromomaleimide 148. Therefore, this shows that studying the 

absorption maxima cannot always determine how a reaction will proceed.  

 

Aminomaleimide 151 was found to be an efficient reaction reaching completion in 30 

minutes, which is faster than aminobromomaleimide 145 (50 minutes). The absorption 

spectrum showed aminomaleimide 151 to have a much smaller extinction coefficient 

than aminobromomaleimide 145 and thus intuitively, we may predict the reaction to be 

slower. However, this was not the case, indicating the possibility that aminomaleimide 

151 might have less decay pathways compared to aminobromomaleimide 145. 
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2.4.4.3: Orthogonal wavelength-selective reactions of two maleimides 

With the various substituted maleimides at hand, there was the chance to attempt the 

irradiation of a mixture of two maleimides to show orthogonal wavelength-selective 

photorelease. We chose dithiomaleimide 144 and alkylaminobromomaleimide 145 as 

they have somewhat different absorption spectra. We noted that at wavelengths above 

450 nm, aminobromomaleimide 145 has negligible absorbance, whilst dithiomaleimide 

144 still has some absorbance. Thus, the mixture of the two maleimides were irradiated 

sequentially using a 470 nm LED torch and a 365 nm LED torch (Scheme 96), and 1H 

NMR was used to monitor the reaction (see Figure 89 in section 5.1.7). This experiment 

was conducted by Luigia Salerno and the data analysed jointly. 

 

Scheme 96: 470 nm irradiation of a mixture of dithiomaleimide 144 and 
aminobromomaleimide 145, followed by subsequent irradiation at 365 nm. 

 

Full cleavage of dithiomaleimide 144 was achieved after 40 minutes of irradiation at 470 

nm. This irradiation also resulted in some aminobromomaleimide 145 decarboxylation. 

1H NMR displayed the ratio of dithiomaleimide and aminobromomaleimide enamides 

136 and 153 to be 6:1 (see Figure 90 in section 5.1.7), demonstrating the wavelength-

selectivity. The mixture was subsequently irradiated for 55 minutes at 365 nm which 

enabled complete photodecarboxylation of aminobromomaleimide 145 (see Figure 89 

in section 5.1.7). Although full selectivity at 470 nm was not observed, this experiment 

shows the potential for orthogonal wavelength-selectivity of substituted maleimides. 

 

2.4.5: Conclusions and future work 

Our research confirmed that incorporation of a methyl group in the α-position of serine, 

as in dithiomaleimide-esters 140 and 144, prevented the protonation side-product. 

Excitingly, the irradiation time was improved, with the reaction reaching completion in 



133 
 

only 10 minutes compared to the previous 40 minutes required. Moreover, we observed 

the released acid cargo by both 1H NMR and LCMS, giving us further confidence of the 

photocleavage pathway. Intriguingly, we discovered the enamide product 136 undergoes 

hydrolysis upon exposure to acidic conditions. Despite this unexpected subsequent 

reaction, this does not undermine the photodecarboxylation elimination pathway. 

 

Aims to incorporate and release carbamic acid were less successful. Synthesis of a 

dithiomaleimide-carbamate proved to be challenging via applicable and practical 

synthetic routes. Irradiation of our hypothesised optimal dithiomaleimide-carbamate 

135 resulted in both the elimination and protonation photoproducts. Considering that 

irradiation of dithiomaleimide-esters 140 and 144 resulted in no protonation side-

product, this was unexpected. Thus, future work should involve developing a synthetic 

route towards dithiomaleimide-carbamates with more applicability to drug molecules 

and methods in which to prevent any protonation side-product upon irradiation. 

 

We then studied four novel maleimides with different double bond substituents. Despite 

having differing absorption profiles, this was not sufficient in predicting the reactivity. 

Albeit not reacting as fast as dithiomaleimides, aminobromomaleimide 145 and 

aminomaleimide 151 showed potential, reaching completion within 50 minutes and 30 

minutes, respectively. For aminomaleimides, the next steps should involve alternating 

the LG, as cargo release was not monitored in this research. We envisage 

aminomaleimides would be promising reagents for photodecarboxylations as we have 

already shown they are inert to [2+2] photodimerisations (see section 2.3.2.1). Thus, 

further exploration into aminomaleimide photodecarboxylation should be conducted. 

 

Maleimides which included a conjugated aromatic ring were revealed to react slowly, not 

even reaching completion after 2 hours of irradiation. The presence of conjugated 

benzene substituents is known to quench the fluorescence of dithiomaleimides,328 

aminomaleimides and aminobromomaleimides,320 and hence we predict that this 

quenching mechanism may also be preventing the photodecarboxylation reaction. Future 

work could investigate the photoreaction of an aminothiomaleimide containing an alkyl 

amine. Amino-, aminobromo- and aminothio-maleimides with secondary and cyclic 

amines could also be studied for their effects on the photodecarboxylation pathway. 
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The work herein has progressed the options for wavelength tunability of the 

photodecarboxylation, but there is still further scope. For biological systems, light in the 

near-IR region is much more beneficial due to better cell penetration. Thus, investigations 

into even more novel substituted maleimides should be conducted with aims to red-shift 

the absorption wavelength even further than dithiomaleimide 144 at 402 nm. One 

possibility could be to investigate extended conjugated thiomaleimides, which have been 

shown to have an absorption wavelength of 494 nm within the Baker group (Figure 49). 

 

Figure 49: Potential extended conjugated thiomaleimide to investigate. 
 

As mentioned in section 2.3.4, finding substituted maleimides with absorption 

wavelengths in the near-IR region is likely difficult and again two-photon excitation 

should be considered. This would broaden the scope of these maleimides reagents for 

intracellular applications, to deliver a drug using light. 

 

Interestingly, our research has shown preliminary results towards orthogonal 

wavelength-selective photorelease which could have applications in controlling dual 

drug release. We showed that by careful wavelength selection, it is possible to have higher 

selectivity of dithiomaleimide 144 photodecarboxylation over aminobromomaleimide 

145 photodecarboxylation. Subsequently switching to a second wavelength then allowed 

complete photorelease of aminobromomaleimide 145. Future work should investigate 

mixtures of different maleimides and a range of irradiation wavelengths to assess the 

impact on selectivity. 

 

The photodecarboxylation of maleimides is a novel reaction that has not previously been 

investigated and our hypothesised mechanism is based on the photodecarboxylation of 

phthalimides (Scheme 97).233 The mechanism is believed to proceed via the triplet state. 

The carboxylate from the triplet state undergoes a PET to the maleimide, followed by 

decarboxylation to form a triplet alkyl radical. The final steps would then involve 

relaxation to the carbanion and elimination to release the cargo and form the enamide. 
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Scheme 97: Hypothesised PET photodecarboxylation mechanism for an N-
dithiomaleimide α-Me-serine.233 

 

It would be exciting to conduct TEAS of dithiomaleimide 140 or 144 to follow the 

reaction mechanism to completion and observe the excited states involved. As with the 

thiomaleimides investigated for their [2+2] photocycloaddition reaction (see section 

2.2.5), we would expect ESA of a triplet state that is formed. It would be good to 

understand the lifetime of this triplet state and how it evolves. This would allow us to 

confirm the true mechanism of this novel photodecarboxylation reaction and whether 

our predicted PET mechanism is correct. 

 

In addition, if the TEAS experiments give clarity on the mechanism for dithiomaleimides, 

the investigations should be taken a step further and attempted on the other substituted 

maleimides to gain an understanding of how the excited state lifetimes vary. In particular, 

the maleimides with aromatic substituents would be good to investigate to observe any 

alternative deactivation pathways taking place. These experiments would improve our 

understanding of the quenching mechanism of aromatics and give us an explanation for 

the slower photodecarboxylation rates when aromatics are present. 
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2.5: Photodecarboxylation for photocleavable bioconjugates 

2.5.1: Introduction and aims 

The studies undertaken in section 2.4.3 and 2.4.4 led to the development of optimal 

dithiomaleimide reagents for the photodecarboxylation reaction. In particular, the 

photodecarboxylation was followed solely by the elimination pathway, giving full release 

of the attached cargo upon 10 minutes of irradiation. We demonstrated the release of 

carboxylic acid cargos. Drug molecules, for example, may contain a carboxylic acid 

functional group. Thus, we envisaged such maleimide conjugation-photorelease systems 

could have useful applications for photocleavable protein bioconjugates.  

 

Our initial synthesis of these optimal reagents involved using acyl halides for the 

attachment (see section 2.4.3 and 2.4.4). For drug cargos this would be an inappropriate 

synthetic route for attachment, as most drugs do not contain an acyl halide functional 

group. Thus, the first aim was to develop a more applicable synthetic route to directly 

attach on carboxylic acids. We postulated that this could be achieved through reactions 

of the alcohol functional group with NHS esters, easily formed from carboxylic acids 

(Scheme 98). We also noted the benefit of systems that would allow attachment of drugs 

directly to a protein scaffold. This would rule out any issues of handling toxic drugs on 

large scales for synthesis and limit their exposure to harsh chemistry conditions. Thus, 

the second goal was to incorporate an alkyne handle onto the dithiomaleimide construct 

to allow copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) click reactions with 

azide moieties after conjugation. 

 

Scheme 98: Strategy for an applicable synthetic route to attach carboxylic acids. 
 

The objective was then to test the viability of this dithiomaleimide photodecarboxylation 

reaction on a large protein scaffold. The presence of the single interchain disulfide bond 

on trastuzumab Fab is known to form a dithiomaleimide bridge upon conjugations to 

NGMs,60,340 thus it would allow us to test the dithiomaleimide photodecarboxylation with 

ease. For further exploration, we aimed to show that we could click on fluorophores (to 
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mimic drugs) to the Fab dithiomaleimide conjugate and use these fluorophores to 

visualise and quantify photorelease (Scheme 99), using high-performance liquid 

chromatography (HPLC), and absorbance and fluorescence changes. We envisaged that 

this would show the prospects as photocleavable antibody-drug conjugates (pADCs). 

 

Scheme 99: Potential fluorophore click conjugation followed by fluorophore photorelease 
as proof of concept of a pADC. 

 

2.5.2: Optimisation of the synthesis of conjugating reagents 

The development work on the cargo conjugation strategy via a pre-formed NHS ester was 

conducted on racemic dithiophenolmaleimide 130. The racemic version was chosen to 

minimise costs and dithiomaleimide 130 was chosen over the corresponding 

dibromomaleimide due to the cross-reactivity previously observed with bases such as 

TEA and DMAP (see section 2.4.2). Furthermore, dithiophenolmaleimides are known to 

rebridge Fab disulfide bonds as efficiently as dibromomaleimides.57,58 For simplicity, we 

initially chose to pre-form acetic acid NHS ester 158, achieved in a 63% yield by reacting 

acetic acid with N-hydroxysuccinimide (NHS) in the presence of the 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) coupling agent using a modified protocol for 

a similar compound (Scheme 100).341,342 Our first attempt to react NHS ester 158 with 

the alcohol functional group on dithiomaleimide 130 was with TEA in DCM, following a 

literature procedure (Scheme 100).343 We used an excess of TEA (2.5 eq.) due to the 

presence of the acid group. This first attempt resulted in no reaction to produce 

acetylated dithiomaleimide 159 and only starting material was observed. 

 

Scheme 100: Attempted esterification of dithiomaleimide 130 via NHS ester 158.341–343 
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To observe no reaction taking place was surprising. Previously, attempts at carbamate 

functionalisation on the alcohol had also not proceeded as expected (see section 2.4.2). 

We had rationalised that potentially a reaction from the carboxylic acid moiety was 

producing a lactone. However, the result herein was inconsistent, instead showing that 

dithiomaleimide 130 had much lower reactivity than expected at both the carboxylic acid 

and alcohol sites. This could be due to the methyl group in the α-position putting 

additional steric hindrance on the system, preventing reactions from taking place. We 

concluded that for an esterification to take place using NHS ester 158, we would need to 

push the reaction considerably and so we decided to try a range of different conditions. 

For all attempts, the reaction was left for up to 24 h and 2.5 eq. of each base was used. 

The conditions and associated yields are summarised in Table 13. 

Solvent Temperature Base Yield 
DCM RT TEA 0% 

MeCN RT TEA 0% 
MeCN Reflux TEA 72% 
MeCN RT DMAP 27% 
THF RT DMAP 33% 
DMF RT DMAP 31% 

MeCN RT TEA and DMAP 50% 
MeCN Reflux DMAP 97% 

Table 13: Conditions attempted for the synthesis of dithiomaleimide-ester 159. 
 

We first chose to change solvent from DCM to MeCN to see if solubility would play a role, but 

still no reaction took place. We then subjected the reaction to reflux conditions for 24 

hours. Analysis of the integrals in the crude 1H NMR indicated a 72% conversion to 

dithiomaleimide-ester 159, which was promising. However, ideally, we wanted to move 

away from the reflux conditions for transferability of the protocol to drug molecules. 

Drugs contain other functionalities which may be unable to tolerate harsh heating 

conditions, which could result in degradation. 

 

Hence, our next step involved using DMAP instead of TEA. We hoped that DMAP would 

act as a nucleophilic catalyst, by initially reacting with the NHS ester 158 to produce an 

even more activated ester. The reaction was left stirring at room temperature for 24 

hours. It appeared to proceed, albeit very slowly, resulting in only a 27% conversion to 

dithiomaleimide-ester 159. Changing the solvent to both THF and DMF did not 

substantially change the yields. Furthermore, a suspension was observed in THF, indicating 
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insolubility and thus, we moved back to MeCN. We tried the reaction in the presence of both 

TEA and DMAP together at room temperature. This achieved an even better conversion 

of 50%. Although the yield was lower than with the reflux conditions with TEA (72%), 

this was promising. The final conditions we tested were reflux with DMAP which resulted 

in the highest yield of dithiomaleimide-ester 159 at 97% in just 3 hours. Although this 

may not necessarily be applicable towards all drugs due to the high temperature 

conditions, it may be possible for certain drugs where the risk of heat degradation is low. 

 

For application to biology, the enantiopure dithiomaleimide-ester 161 was synthesised 

using the developed protocol via enantiopure dithiomaleimide 160 (Scheme 101). 

Furthermore, we wanted to attempt this on benzoic acid since previous results had 

shown favourable release of benzoic acid upon irradiation. The synthesis of NHS ester 

162 and its coupling reaction was conducted to produce the final dithiomaleimide-ester 

163 (Scheme 101). The final dithiomaleimide-ester we hoped to synthesise was one 

with an alkyne click handle. As previously mentioned, this would allow direct attachment 

of azide containing drugs to a protein conjugate via a CuAAC click reaction. The same 

synthetic route was followed, by first forming the pentynoic acid NHS ester 164, which 

was reacted with dithiomaleimide 160 to produce dithiomaleimide-ester 165 containing 

an alkyne handle in an 83% yield (Scheme 101). 

 

Scheme 101: Synthesis of enantiopure dithiomaleimide-esters.  
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2.5.3: Photodecarboxylative cleavage application on trastuzumab Fab 

With the three different rebridging reagents at hand, we could use these for attempting 

conjugation to Fab, followed by irradiation as a light-induced method to release the 

attached cargo. Our initial attempt was with the simplest dithiomaleimide 161, which 

was first conjugated to Fab (Scheme 102). Although we were using a dithiomaleimide 

for the conjugation, as a precaution of TCEP cross-reactivity, this reducing agent was 

removed by ultrafiltration prior to addition of dithiomaleimide 161. We chose to add 5 

eq. of dithiomaleimide 161 based on a previous protocol57 and to ensure the rebridging 

reaction went to completion. Indeed, this was the case, with LCMS analysis indicating a 

clean reaction to produce dithiomaleimide conjugate 166 (Figure 50). 

 
Scheme 102: Conjugation of dithiomaleimide 161 to Fab. 

 
Figure 50: Deconvoluted LCMS data for conjugate 166: expected and observed 47877 Da. 
 

Excess dithiomaleimide 161 was removed by ultrafiltration and the conjugate 166 was 

buffer swapped into PBS pH 6.0 for irradiation. pH 6.0 was chosen to avoid hydrolysis of 

the conjugate 166. Secondly, it is known that this pH is sufficient to induce the C-terminal 

cysteine photodecarboxylation of the light chain of Fab as seen previously when 

attempting the [2+2] photocycloaddition on Fab.237,238 Therefore, conjugate 166 was 

subject to irradiation for 2 min using a 365 nm LED torch in PBS pH 6.0, with aims to 

undergo thiomaleimide photodecarboxylation followed by elimination of the attached 

acetic acid (Scheme 103). 

 

166 
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Scheme 103: Irradiation of conjugate 166 for photodecarboxylative elimination.  

 
Figure 51: Deconvoluted LCMS data for irradiation of conjugate 166 with the A) overall 

mass spectrum and B) Fab region. Conjugate 167: expected 47773 Da, observed 47774 Da. 
Conjugate 168: expected 47733 Da observed 47737 Da. Conjugate 169: expected 47833 
Da, observed 47834 Da. Enamine 170: expected and observed 23362 Da. C) SDS-PAGE 

analysis: lane M: protein ladder, lane 1: native Fab, lane 2: reduced Fab, lane 3: conjugate 
166, lane 4: irradiation of conjugate 166. 

 

Upon irradiation, LCMS analysis showed no conjugate 166 to be present indicating the 

chromophore had fully reacted (Figure 51A). The LCMS showed a peak corresponding 

to the enamide conjugate 167 (Figure 51B). However, the major LCMS peak was at 

47737 Da which we initially believed to correspond to conjugate 168 (Figure 51B). This 

was assumed as all small molecule studies had indicated hydrolysis of the enamide when 

exposed to silica (see sections 2.4.3.1). LCMS analysis of the Fab samples also involves 

subjecting them to acidic conditions (formic acid in the mobile phase) which we thought 

likely led to enamide hydrolysis. Thus, we believed that the LCMS data supported the 

small molecule studies: irradiation resulted in photodecarboxylation followed by cargo 

elimination. A very small peak at 47834 Da was also observed, corresponding to the 

protonation product 169 after decarboxylation (Figure 51B). This was unexpected as it 

had not been observed in small molecule studies, but LCMS showed conjugate 169 to be 
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present in negligible amounts compared to conjugates 167 and 168. The peak observed 

in the LCMS at 23362 Da is 78 Da less that the expected mass of a free light chain (Figure 

51A). This suggested that a C-terminal cysteine photodecarboxylation had taken place on 

the light chain, as was previously observed, to produce enamine 170.237,238 These results 

indicate that the photodecarboxylation of the C-terminal cysteine on the Fab light chain 

can be in competition with other photochemical reactions attempted on Fab, although the 

LCMS data does suggest this to be a minor species in this attempted photoreaction. 

 

The C-terminal cysteine light chain photodecarboxylation of dithiomaleimide conjugate 

166 would result in the formation of both enamine 170 and heavy chain conjugate 171 

(Scheme 104), but the heavy chain species 171 was not observed in the LCMS data. This 

is unsurprising as it is known that heavy chain conjugates are less well ionised by 

electrospray. However, SDS-PAGE analysis of the irradiation mixture clearly showed the 

presence of Fab, light chain and heavy chain conjugates (Figure 51C), in line with our 

prediction that the C-terminal cysteine photodecarboxylation was taking place. 

 

Scheme 104: C-terminal cysteine photodecarboxylative elimination of conjugate 166. 
 

We had assumed the major peak in the LCMS at 47737 Da to correspond to conjugate 

168, formed upon hydrolysis of enamide 167, in line with small molecule studies. 

However, small molecule studies had only indicated a small amount of enamide 

hydrolysis on exposure to a C18 silica column and thus we were surprised by the amount 

of enamide hydrolysis observed herein. Therefore, we began to doubt our hypothesis that 

conjugate 168 was being formed within the LCMS. We believed that if this was the case, 

reducing the column temperature would result in less hydrolysis occurring. Thus, we 

repeated the irradiation and submitted the samples for analysis by LCMS using the 

original LC method (60 °C column temperature) and with a second LC method conducted 

at a lower temperature of 20 °C. Surprisingly, the two mass spectra were shown to be 

identical, with the lower temperature not reducing the peak at 47736 Da (Figure 52). 
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Figure 52: Deconvoluted LCMS data for irradiation of conjugate 166 run with column 
temperature of A) 60 °C and B) 20 °C. Conjugate 167: expected 47773 Da, observed 47774 

Da. Conjugate 168: expected 47733 Da observed 47736 Da. 
 

The column temperature findings gave us cause for concern that the hydrolysis was not 

the reason for formation of conjugate 168 and we began to doubt our identification of the 

peak at 47736 Da. Furthermore, previous work to test the photodecarboxylation strategy 

on octreotide had resulted in the formation of a dithiosuccinimide by-product, confirmed 

by the LCMS retention time and m/z value matching exactly to a pure sample of the 

dithiosuccinimide conjugate.238 The expected mass of the equivalent Fab 

dithiosuccinimide conjugate 172 would be 47735 Da and our observed mass of 47736 Da 

upon irradiation could represent this conjugate 172 rather than conjugate 168. The 

proposed mechanism for the formation of dithiosuccinimide conjugate 172 involves 

protonation of the maleimide double bond upon photodecarboxylation (Scheme 105). 

This pathway would result in release of ketone 173 rather than elimination of acetic acid. 

 

Scheme 105: Possible mechanism for the formation of dithiosuccinimide conjugate 172. 
 

Another observation that led us to question the identity of the 47736 Da peak was the 

SDS-PAGE results. LCMS had clearly indicated that Fab conjugates were the major species 
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compared to the light chain enamide 170 (Figure 51A). This qualitative observation can 

be made as the peak area of the Fab region was greater than the light chain peak area, 

and it is known that light chain ionises better than Fab species. However, the SDS-PAGE 

indicated the total opposite, showing there to be greater amounts of light chain and heavy 

chain species compared to Fab species (Figure 51C). SDS-PAGE involves high 

temperature, denaturing, basic conditions and dithiosuccinimides are known to be 

susceptible towards the retro-Michael pathway. Thus, this could lead to retro-Michael 

cleavage of the Fab-dithiosuccinimide conjugate 172 to give light and heavy chain 

conjugates whilst running the denaturing SDS-PAGE. This could rationalise the increased 

amount of heavy chain and light chain observed in the SDS-PAGE, further giving us 

evidence that the peak at 47736 Da is more likely to be representative of 

dithiosuccinimide conjugate 172 as opposed to dithiomaleimide conjugate 168. 

 

The LCMS and SDS-PAGE data indicated that perhaps formation of conjugate 172 was 

occurring upon photodecarboxylation via an alternative double bond protonation 

pathway but the data thus far was inconclusive. The formation of conjugate 172 may also 

appear to be surprising as it was not observed in the small molecule studies at all. 

However, a possible explanation for this could be that the small molecule studies were 

conducted in a mixed MeCN-buffer solvent system, whereas the Fab fragment work was 

conducted solely in buffer. Thus, the water content would be much higher in the protein 

work, and the pathway followed for dithiosuccinimide formation requires the presence 

of water. Therefore, this can perhaps explain this alternative protonation pathway 

winning out in comparison to direct elimination of the acetic acid in the Fab irradiations. 

 

With this new hypothesis, the UV irradiation of dithiomaleimide conjugate 166 appeared 

to result in multiple reaction pathways, with one causing direct elimination of the acetic 

acid as expected but perhaps a second causing release of a ketone by-product 173. A very 

minute amount of protonation product 169 was observed, as well as C-terminal cysteine 

decarboxylation to produce enamine 170. Nevertheless, the experiment had shown some 

cargo elimination to be taking place and thus there was potential that this reaction could 

be utilised for photocleavable conjugates. To further show how plausible this would be 

for other cargos, we wanted to have a second example, which could be achieved from the 

Fab conjugate upon addition of dithiomaleimide 163 (Scheme 106). 
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Scheme 106: Conjugation of dithiomaleimide 163, followed by irradiation.  

 

Figure 53: A) Deconvoluted LCMS data for the conjugation of dithiomaleimide 163. 
Conjugate 174: expected 47939 Da, observed 47940 Da. Deconvoluted LCMS data for the 

irradiation of conjugate 174 with the B) overall mass spectrum and C) Fab region. 
Conjugate 174: expected 47939 Da, observed 47940 Da. Conjugate 167: expected 47773 

Da, observed 47774 Da. Conjugate 172: expected and observed 47735 Da. Conjugate 175: 
expected 47751 or 47753 Da, observed 47752 Da. Conjugate 176: expected 47895 Da, 

observed 47897 Da. Enamine 170: expected and observed 23362 Da. Heavy chain 
conjugate 177: expected and observed 24536 Da. 

 

This reaction proceeded comparably as seen with dithiomaleimide 166. The initial 

conjugation of dithiomaleimide 163 resulted in a single peak in the LCMS corresponding 

to dithiomaleimide conjugate 174 (Figure 53A). Upon irradiation for 2 min, the peak 

corresponding to conjugate 174 was still present, indicating that a slightly longer 

irradiation time was needed (Figure 53C). Nonetheless, the peak corresponding to 
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enamide 167 was observed. The major peak was at 47735 Da, which likely corresponds 

to conjugate 172 as per our above arguments (Figure 53C). Furthermore, a peak at 

47752 Da was observed, which is 17 Da higher than conjugate 172 (labelled conjugate 

175). This could be formed due to hydrolysis of conjugate 172 (expect +18 Da), whilst on 

the other hand it could represent a hydrolysed maleimide species (expect +16 Da). The 

latter would be formed upon water attack of the maleimide carbonyl on conjugate 167, 

followed by enamide hydrolysis. However, the identity of this species could not be 

confirmed from the LCMS data at this stage. A very small peak with a mass corresponding 

to conjugate 176 was also seen in the LCMS, indicating some direct protonation upon 

decarboxylation had occurred. As before, some C-terminal cysteine decarboxylation was 

seen by the presence of the peak at 23362 Da (Figure 53B). Excitingly, the LCMS also 

showed up a small peak at 24536 Da corresponding to heavy chain conjugate 177, the 

second species formed upon C-terminal cysteine photodecarboxylation (Figure 53B). 

This provides further evidence of this photochemical process being in competition with 

our targeted photodecarboxylation to release the attached cargo. 

 

2.5.4: Using fluorophores as cargo for quantification 

Our two examples had demonstrated some ability of dithiomaleimides as photocleavable 

conjugates. We wanted to show that it would also be possible to directly attach a cargo to 

the protein via a click reaction and additionally use the cargo to visualise and quantify 

photorelease. We chose to use Azide-fluor 488 (rhodamine 110 based), as it has a distinct 

absorption peak at 501 nm. Upon attachment to Fab, this would result in an absorption 

peak at 501 nm. We then expected upon irradiation, a decarboxylative elimination 

pathway would result in photocleavage of the fluorophore, causing loss of the absorption 

peak at 501 nm. Thus, by measuring the changes in UV absorbance at 501 nm, we would 

be able to quantify the release of the fluorophore. Furthermore, we postulated that we 

could use HPLC to visualise if multiple fluorophore species were released. The reaction 

with Azide-fluor 488 is shown in Scheme 107. 

 

The procedure began as usual with disulfide reduction, followed by conjugation of 

dithiomaleimide 165 to solely form dithiomaleimide conjugate 178 (Figure 54A). A 

previous CuAAC click protocol,342 optimised in the Baker group, was used to attach on 

Azide-fluor 488 to conjugate 178 in PB pH 7.0. No EDTA was included in the buffer to 
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prevent copper chelation. The azide-alkyne cycloaddition click reaction proceeded to 

completion, with the major peak observed at 48493 Da corresponding to triazole 

conjugate 179 (Figure 54B). Interestingly, a shoulder peak at an extra +18 Da was seen, 

corresponding to hydrolysed conjugate 180 (Figure 54B). Dithiomaleimide 165 

conjugation had been conducted in BBS pH 7.4 at 22 °C and had resulted in no maleimide 

hydrolysis. Therefore, it was unexpected to observe hydrolysis during the CuAAC click 

reaction which had been performed in PB pH 7.0, i.e. a lower pH. Maleimide conjugate 

hydrolysis results in thiol stability44 which can be beneficial. However, for us it was a 

disadvantage as it negates any photochemical abilities due to loss of the conjugated ring. 

 

Scheme 107: Conjugation of dithiomaleimide 165, followed by click of Azide-fluor 488. 

 

Figure 54: Deconvoluted LCMS data for A) conjugate 178: expected and observed 47915 
Da; and B) Azide-fluor 488 click to conjugate 178. Conjugate 179: expected 48487 Da, 

observed 48493 Da. Conjugate 180: expected 48505 Da, observed 48510 Da. 
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Despite the unexpected hydrolysis, we attempted the irradiation of conjugate 179 

(Scheme 108) and the LCMS data is shown in Figure 55A. The irradiation resulted in 

elimination to give enamide 167 but formation of succinimide conjugate 172 was also 

observed (Figure 55B). Promisingly, no protonation side-product was seen. As expected, 

a peak at 48508 Da indicated conjugate 180 was still present, as it can no longer undergo 

any photochemical process. This means that some fluorophore was still attached to the 

Fab and full release had not occurred. Surprisingly, the deconvoluted LCMS data showed 

no peaks in the light chain region corresponding to enamine 170 (Figure 55A), but closer 

inspection of the raw data showed the mass envelope corresponding to a mass of 23362 

Da (see Figure 93 in section 5.2.3). The SDS-PAGE analysis showed similar ratio of Fab, 

heavy chain and light chain conjugates after irradiation (Figure 55C), contrasting to the 

LCMS data, again giving further evidence for the peak at 47738 Da to be conjugate 172. 

 

Scheme 108: Irradiation of conjugate 179. 

 
Figure 55: Deconvoluted LCMS data for the irradiation of conjugate 179 with the A) 

overall mass spectrum and B) Fab region.  Conjugate 167: expected 47773 Da and 
observed 47774 Da. Conjugate 172: expected 47735 Da, observed 47738 Da. Conjugate 

180: expected 48505 Da, observed 48508 Da. C) SDS-PAGE analysis: lane M: protein 
ladder, lane 1: native Fab, lane 2: reduced Fab, lane 3: conjugate 178, lane 4: conjugate 

179, lane 5: irradiation of conjugate 179. 
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The key problem faced with the Azide-fluor CuAAC click reaction was the hydrolysis 

observed, resulting in the formation of conjugate 180. This would prevent the 

photodecarboxylation from occurring. Thus, we wanted to optimise the protocol to 

prevent the hydrolysis. This could be achieved by performing the CuAAC click reaction at 

an even lower pH. Thus, we chose to repeat the reaction in PBS pH 6.0 at the same 

temperature and time of 22 °C and 4 h, respectively (Scheme 109). The LCMS showed 

the peak corresponding to triazole conjugate 179, and no hydrolysed conjugate 180 was 

observed by LCMS (Figure 56), indicating that lowering the pH had succeeded to prevent 

the hydrolysis. However, lowering the pH had resulted in its own secondary problem. 

LCMS analysis showed that the CuAAC click reaction had not reached completion as the 

peak for conjugate 178 was still be observed. This was surprising as the literature states 

that the CuAAC click reaction is insensitive to pH over the range of 4-12.344 In an attempt 

to push the reaction to completion, we decided to leave the reaction for longer times, with 

both 6 h and 22 h attempted. Nevertheless, the results were identical, always showing a 

peak in the LCMS corresponding to conjugate 178 (data not shown). 

 

Scheme 109: Attempted CuAAC click of Azide-fluor 488 to conjugate 178 at pH 6.0. 

 
Figure 56: Deconvoluted LCMS data for the CuAAC click reaction of Azide-fluor 488 on 
conjugate 178. Conjugate 179: expected 48487 Da, observed 48490 Da. Conjugate 178: 

expected 47615 Da, observed 47916 Da. 
 

Since we were unable to optimise the protocol, we decided to proceed with the 

irradiation. The major species present was conjugate 179, which would release the 

fluorophore upon irradiation. Irradiation of the additional conjugate 178 present would 

result in a photodecarboxylation reaction too. However, as no fluorophore was attached 

178 
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on conjugate 178, the release of pentynoic acid or its ketone analogue would not allow 

visualisation. Our attempt proceeded similarly to before and the LCMS data is shown in 

Figure 57. A peak corresponding to enamide 167 was observed, whilst the peak at 47735 

Da likely represented conjugate 172. A smaller shoulder peak at 47750 Da can be seen 

which could represent the hydrolysed maleimide or succinimide species 175. As it is +15 

Da compared to conjugate 172, it is more likely representative of the hydrolysed 

maleimide 181. This would make the elimination pathway the dominant pathway as it 

produces enamide 167 and maleimide 181 in relatively greater amounts than conjugate 

172. As with our first irradiation attempt, no direct protonation product was observed 

showing this was not a competing pathway. The LCMS also indicated the presence of a 

small peak 78 Da less than the light chain, corresponding to the enamine 170. This 

demonstrates that photodecarboxylation of the light chain C-terminal cysteine is still a 

competing pathway. 

 
Figure 57: Deconvoluted LCMS data for the irradiation of conjugate 179 with the A) 

overall mass spectrum and B) Fab region. Conjugate 167: expected and observed 47773 
Da. Conjugate 172: expected 47733 Da, observed 47735 Da. Conjugate 181: expected 

47751, observed 47750 Da. Enamine 170: expected and observed 23362 Da. 
 

The results had indicated that the photodecarboxylation was followed by elimination to 

form enamide 167 (perhaps followed by hydrolysis to give conjugate 181) and likely 

maleimide double bond protonation to give dithiosuccinimide 172, although further 

evidence of this latter pathway was needed. Both these pathways would result in release 

of the fluorophore. Therefore, we used UV spectroscopy to quantify the fluorophore 
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release. This was done by recording the UV spectrum of conjugate 179 pre-irradiation 

(Figure 58). From this, it is possible to calculate the fluorophore-to-antibody ratio (FAR) 

(see Equation 5 in section 3.2.1.2). The FAR was determined to be 0.74. Then upon 

irradiation of conjugate 179, the released fluorophore was removed from the Fab sample 

using a desalting column and repeated ultrafiltration. Following this, the UV spectrum 

was recorded again and the FAR calculated to be 0.24. The two FARs, pre- and post-

irradiation, were then utilised to calculate the % fluorophore release to be 68% (see 

Equation 9 in section 3.2.1.2). This is very promising, considering that by LCMS we have 

observed the competing C-terminal cysteine decarboxylation which will result in some of 

the fluorophore remaining on the Fab. 

 

Figure 58: UV spectrum of the Fab conjugate 179 both pre- and post-irradiation. 
 

We next wanted to use HPLC to visualise the released fluorophore species. Thus far, we 

had been assuming that a maleimide double bond protonation pathway was occurring to 

form dithiosuccinimide conjugate 172. We wanted to gain further evidence of this 

additional pathway using HPLC. The elimination pathway would lead to release of Azide-

fluor acid 182 and the maleimide protonation pathway would result in elimination of an 

Azide-fluor ketone side-product 183 which would show up as peaks with different 

retention times on an HPLC chromatogram (Figure 59C). First, we ran a standard sample 

of Azide-fluor 488 on the HPLC using a monitoring wavelength of 501 nm. This gave rise 

to two peaks in the chromatogram at RT 4.14 min, corresponding to its two regioisomers 

(Figure 59A). HPLC runs of conjugate 179 pre- and post-irradiation were then 

conducted. The chromatogram pre-irradiation showed a single peak at RT 4.37 min which 

must represent conjugate 179 (Figure 59B). Upon irradiation, there was a change in the 

chromatogram (Figure 59C). A small peak at 4.38 min was still visible which must 
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represent some Fab conjugates that still contain the fluorophore as it shows absorbance 

at 501 nm. This is likely because of the C-terminal cysteine decarboxylation that prevents 

full fluorophore release and supports the LCMS and UV data above. However, the key 

observation was the presence of four new peaks at RT 3.68 min. This suggests that there 

are two different Azide-fluor compounds being released. If only the elimination pathway 

was occurring to produce the Azide-fluor acid 182, only a double peak would be visible. 

However, the presence of an additional two peaks suggested that a separate product was 

being formed and could represent Azide-fluor ketone 183. Attempts to observe this 

product by LCMS to confirm its identity were unsuccessful, perhaps due to the low 

concentrations. However, the HPLC data confirmed our suspicion that a secondary 

release pathway was occurring and gave us more confidence in identifying the peak at 

47735 Da to likely be dithiosuccinimide conjugate 172 rather than hydrolysed enamide 

conjugate 168.  

 

Figure 59: HPLC chromatogram of A) Azide-fluor 488, B) conjugate 179 pre-irradiation, 
C) conjugate 179 post-irradiation showing peaks that likely represent Azide-fluor acid 

182 and Azide-fluor ketone 183. 
 

We next wanted to attempt this with a second fluorophore, namely dansyl azide 184. 

Again, we aimed to quantify the release of the fluorophore and this dansyl based 
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fluorophore provided an alternative monitoring approach as shown in Scheme 110. This 

is because maleimides are known to quench the fluorescence of the dansyl group, likely 

via a PET mechanism,46 and we envisaged that this could be used for monitoring. Thus, 

we first hoped to achieve full conversion of conjugate 178 into conjugate 185 via a CuAAC 

click reaction. This conjugate 185 would contain a dansyl moiety with its fluorescence 

‘turned-off’ as it is attached to a maleimide. Then upon irradiation of conjugate 185, the 

photodecarboxylation reaction would be followed by an elimination reaction to release 

the dansyl fluorophore acid 186 and perhaps the second pathway to release a dansyl 

fluorophore ketone. As these would no longer be attached to the maleimide, the 

fluorescence would be ‘turned-on’ again. By measuring the fluorescence intensity after 

irradiation, the concentration of the released fluorophore can be calculated. 

 

Scheme 110: Possible fluorescence turn off-turn on method to quantify 
photodecarboxylative elimination. 

 

To begin this work on Fab, dansyl azide 184 first needed to be synthesised. Similar 

literature protocols for the reaction of dansyl chloride with 3-azidopropylamine were 

followed.345,346 This led to the formation of dansyl azide 184 in an excellent yield of 96% 

and its NMR and mass spectrometry data matched the literature (Scheme 111).346 

Furthermore, for calculating the concentrations of the released fluorophore 186 upon 

irradiation, we needed to record its fluorescence spectra at a range of known 

concentrations. This was to allow us to build a calibration curve. Hence, we also needed 

synthesise dansyl fluorophore acid 186 on a larger scale. A modified literature procedure 

was followed in a 50:50 H2O:tBuOH solvent system,347,348 resulting in a CuAAC click 

reaction to form triazole 186. 
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Scheme 111: Synthesis of dansyl azide 184 and its CuAAC click reaction with pentynoic 
acid to form triazole 186. 

 

With the dansyl fluorophore acid 186 at hand, we measured its UV spectrum in PBS pH 

6.0 to find its absorption maximum, which was discovered to be 329 nm. This would be 

used as the excitation wavelength for recording the fluorescence spectra. The dansyl 

fluorophore was made up in PBS pH 6.0 at a range of relevant concentrations and the 

fluorescence spectra were recorded upon excitation at 329 nm. The fluorescence 

spectrum for 60 μM showed the fluorescence maximum to be around 562 nm (Figure 

60A). The fluorescence intensity at 562 nm for each concentration was then used to build 

up a linear calibration curve, showing the dependence of concentration on fluorescence 

intensity (Figure 60B). 

 

Figure 60: A) Fluorescence spectrum of dansyl fluorophore acid 186 (60 μM) upon 
excitation at 329 nm. B) Plot of fluorescence intensity at 562 nm with respect to 

concentration of dansyl fluorophore acid 186. 
 

With all the information available to determine the released fluorophore concentration, 

we began the attempt with the dansyl fluorophore on Fab. The optimised protocol for 

Azide-fluor 488 was utilised, despite the incomplete CuAAC click reaction. We did not 

want to use PB pH 7.0 conditions as hydrolysis had been seen. Hydrolysis of the 

maleimide-dansyl fluorophore would not be ideal. This is because hydrolysis causes loss 
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of the maleimide’s fluorescence quenching abilities and thus would result in fluorescence 

turn-on of the dansyl fluorophore. With this in mind, we continued to use the PBS pH 6.0 

conditions, which had prevented hydrolysis (Scheme 112). To our delight, the click 

reaction proceeded to completion, with LCMS showing the presence of conjugate 185 and 

no presence of conjugate 178 (Figure 61). The absorbance at 280 and 329 nm were used 

to calculate the Fab and fluorophore concentrations, determined as 32.6 and 32.4 μM, 

respectively (see Equation 6-8 in section 3.2.1.2). This corresponds to an FAR of 0.99 

supporting the LCMS data that the reaction had reached completion. The results are an 

improvement compared to the Azide-fluor 488 attempt, indicating that this click reaction 

is dependent on the azide molecule being attached. The LCMS also showed a small peak 

corresponding to conjugate 172 which can be explained as follows: the sample used for 

the LCMS analysis was subject to 329 nm UV light to record the fluorescence spectrum. 

Thus, this might result in a small amount of photodecarboxylation taking place. 

 

Scheme 112: CuAAC click of dansyl azide 184 to conjugate 178. 

 
Figure 61: Deconvoluted LCMS data for the CuAAC click reaction of dansyl azide 184 to 
conjugate 178. Conjugate 185: expected 48248 Da, observed 48249 Da. Conjugate 172: 

expected 47735 Da, observed 47737 Da. 
 

Next, the irradiation of conjugate 185 was attempted (Scheme 113). In the LCMS, the 

peak at 47735 Da likely corresponded to conjugate 172 formed from the maleimide 
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protonation pathway (Figure 62A). Intriguingly, no peak corresponding to enamide 167 

was observed by LCMS (Figure 62B). However, a large peak at +16 Da compared to 

conjugate 172 was seen. It is more likely for this to represent the hydrolysed maleimide 

181 rather than the hydrolysed succinimide (expected +18 Da). Furthermore, it was 

unlikely that no photodecarboxylative elimination had taken place, as this seemed to be 

a major pathway in all other Fab irradiation attempts. Hence, we believed that perhaps 

the elimination had taken place, followed by hydrolysis to produce maleimide conjugate 

181. As before, a peak corresponding to light chain enamine 170 was seen (Figure 62C), 

indicative that C-terminal cysteine photodecarboxylation is a competing pathway. 

 

Scheme 113: Irradiation of conjugate 185. 

 
Figure 62: Deconvoluted LCMS data for the irradiation of conjugate 185 with the A) 

overall mass spectrum and B) Fab region. Conjugate 172: expected and observed 47735 
Da. Conjugate 181: expected and observed 47751 Da. Enamine 170: expected and 

observed 23362 Da. 
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With the LCMS data confirming release of the fluorophore, likely via the two different 

pathways, the fluorescence was then considered. The fluorescence spectrum of conjugate 

185 was measured pre-irradiation and directly post-irradiation without any desalting or 

ultrafiltration (Figure 63). The results were very unexpected. We anticipated the 

fluorescence spectrum of conjugate 185 to have negligible fluorescence, due to its 

conjugation to a maleimide. However, this was not the case, and an obvious fluorescence 

spectrum could be seen. We postulated that perhaps the PET quenching mechanism was 

being prevented. The photodecarboxylation mechanism is also considered to be via a PET 

mechanism. Thus, we tentatively hypothesised that the two PET pathways were 

competing with one another and maybe the PET from the carboxylate is dominant over 

PET from the dansyl fluorophore. Therefore, this meant that our aims to use a 

fluorescence turn-on method to quantify release could not be used with this dansyl 

fluorophore. The concentrations of the fluorophore present were still determined from 

the calibration curve, found to be 21.8 and 28.7 μM, pre- and post-irradiation of conjugate 

185, respectively. Although this does not confirm anything on the % fluorophore release 

as hoped, it gives evidence that a little fluorescence is turned-off upon attachment to Fab-

maleimide conjugate 178. The concentration after irradiation is also still lower than the 

concentration of the fluorophore calculated by UV absorbance (32.4 μM) suggesting that 

perhaps some fluorophore was still attached and causing fluorescence turn-off. This 

could be due to the competing C-terminal cysteine photodecarboxylation pathway. 

 

Figure 63: Fluorescence spectrum of the Fab-dansyl conjugate 185 upon excitation at 329 
nm both pre- and post-irradiation. 
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2.5.5: Conclusions and future work 

When developing an applicable synthetic route, we discovered that the alcohol on 

dithiomaleimide α-Me-serine 130 had low reactivity. We postulated this was due to the 

steric hindrance posed by the methyl group. Nevertheless, we established protocols 

allowing the serine alcohol to react with NHS esters, with reflux conditions required for 

the highest yields. This novel synthetic route widens the scope for the attachment of a 

variety of drug molecules containing an NHS ester or carboxylic acid functional group. 

 

Applying the photodecarboxylation as a photocleavage strategy on trastuzumab Fab 

resulted in multiple reaction pathways, inconsistent with our small molecule studies. 

Promisingly, we observed formation of the enamide 167 and perhaps its hydrolysed 

analogue 181, in line with the elimination pathway to release a free carboxylic acid. 

However, the LCMS also suggested formation a dithiosuccinimide conjugate 172, which 

we hypothesised was perhaps being produced via a maleimide double bond protonation 

pathway. We note that this pathway would still result in cargo cleavage, although in the 

form of a ketone rather than as a carboxylic acid. A Fab light chain species 170 was also 

observed, showing that C-terminal cysteine photodecarboxylation was taking place. 

 

The competing C-terminal cysteine photodecarboxylation meant that full cargo cleavage 

was not achieved, suggesting that trastuzumab Fab is not ideal for the photocleavage 

strategy. Therefore, future work should involve assessing the photodecarboxylation 

reaction on different protein or peptide scaffolds; those that do not contain a C-terminal 

cysteine residue, e.g. octreotide. This would be to explore the effectiveness of the 

photoreaction on a biological system where the C-terminal cysteine decarboxylation is 

not a competing pathway and would perhaps improve the cargo photorelease. 

 

We also developed and optimised a protocol that allows the attachment of azide-

containing molecules directly to the protein conjugate via a CuAAC click reaction. The 

attachment reached completion when using a dansyl azide 184 whilst incomplete click 

was observed for Azide-fluor 488. Thus, perhaps the possibility of a pre-click, prior to 

conjugation, could be investigated. The CuAAC click reaction should also be tested on a 

wider range of azide molecules for a comprehensive understanding of how efficient this 

click strategy would be for the attachment of drug molecules. 
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After attachment of Azide-fluor 488, irradiation of conjugate 179 resulted in 68% 

fluorophore photorelease, quantified by changes in UV absorbance. We associate the low 

cleavage to be due to the competing C-terminal cysteine decarboxylation. Therefore, the 

same monitoring method should be used on an alternative protein or peptide, which does 

not contain the C-terminal cysteine. The HPLC monitoring of this reaction indicated the 

release of two different types of Azide-fluor compounds, which we tentatively associate 

with the acid 182 from direct elimination and the ketone 183 from the maleimide double 

bond protonation pathway. Future work should aim to accurately characterise the 

identity of these two released products. Furthermore, the impact of the extra ketone 

moiety on the drug in question should be investigated, i.e. if the drug properties are 

altered and if this results in activity attenuation. If a reduced mode of action is observed, 

methods to prevent this maleimide double bond protonation pathway should be probed. 

 

We chose to use a secondary monitoring method using a dansyl-based fluorophore, which 

is known to undergo fluorescence turn-off upon attachment to maleimides.46 However, 

the fluorescence was not quenched and thus, we could not use this method to quantify 

fluorophore release. We cautiously hypothesised that this might be due to PET from the 

carboxylate to the maleimide outcompeting PET from the dansyl group. 

 

To fully understand if there are competing PET pathways, TEAS of a range of 

dithiomaleimide molecules should be conducted (Figure 64). As mentioned in section 

2.4.5, TEAS of dithiomaleimide 187 type reagents would give us an insight into the 

photodecarboxylation PET mechanism. TEAS of dithiomaleimide-dansyl 188 would 

allow us to understand the PET fluorescence quenching mechanism. Finally, TEAS of 

dithiomaleimide α-Me-serine-dansyl 189 may show other pathways to dithiomaleimide 

188, which might explain why the fluorescence turn-off did not occur. 

 

Figure 64: Dithiomaleimides to conduct TEAS experiments on to understand competing 
PET mechanisms. 
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In section 2.4.4.2, our small molecule studies had shown dithiomaleimides to be the 

fastest to undergo photodecarboxylation and thus these were chosen for applications to 

protein scaffolds. However, it was also found that alkyl aminomaleimide 151 underwent 

a reasonable photodecarboxylation in 30 minutes. Therefore, aminomaleimides should 

also be tested on a biological system by formation of a lysine-maleimide conjugate, 

followed by irradiation to observe the photodecarboxylative cleavage. This could even be 

attempted on trastuzumab Fab, without disulfide reduction to allow only lysine 

modification. These conjugates would have the additional benefit of not suffering from C-

terminal cysteine decarboxylation, perhaps improving the cargo release. 
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3: Experimental 

3.1: Synthetic organic chemistry 

3.1.1: General remarks 

All chemical reagents and solvents were purchased from Merck, Alfa-Aesar, VWR, Fisher 

Scientific, Acros Organics and Cambridge Bioscience and used as received, without any 

further purification. 

 

Reactions were monitored by thin layer chromatography (TLC), using TLC plates pre-

coated with silica gel 60 F254 on aluminium (Merck KGaA), and detected with UV light 

(254 nm and 365 nm), KMnO4 stain or bromocresol green chemical stain. 

 

Column chromatography was carried out using a Biotage Isolera using GraceResolv or 

FlashPure silica flash cartridges. 

 

1H and 13C NMR spectra were recorded in the stated solvent on a Bruker Avance Neo 700 

instrument equipped with a 5mm helium-cooled broadband cryoprobe operating at 700 

MHz for 1H and 176 MHz for 13C; a Bruker Avance III 600 instrument equipped with a 

5mm helium-cooled 1H/13C cryoprobe, operating at 600 MHz for 1H and at 151 MHz for 

13C; or a Bruker Avance III 400 instrument equipped with a room-temperature 

multinuclear gradient probe, operating at 400 MHz for 1H. Chemical shifts (δ) are 

recorded in parts per million (ppm) and coupling constants (J) in Hertz (Hz). The 

multiplicity of each signal is designated as follows: s (singlet), d (doublet), t (triplet), q 

(quartet), p (pentet), h (hextet), m (multiplet), or a mixture of these. DEPT, COSY, HSQC, 

HMBC and NOESY were used to aid the assignment. 

 

Infrared spectra were recorded on a Bruker ALPHA FTIR spectrometer with frequencies 

recorded in reciprocal centimetres (cm-1) and absorptions were characterised as follows: 

s (sharp), br (broad), m (medium), w (weak). 

 

Melting points were taken on an Electrothermal IA9000 series apparatus or a Gallenkamp 

5A 6797 apparatus and are uncorrected. 
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All mass spectra were obtained at either the Department of Chemistry, University College 

London on the one of the following instruments: Agilent 6510 QTOF LC-MS system, 

Finnigan MAT 900 XP double focusing hybrid (EBqQ) mass spectrometer, Thermo 

Scientific Orbitrap Q Exactive Plus mass spectrometer, Thermo Scientific TRACE 1310 

GC-MS connected to Thermo Scientific ISQ single quadrupole mass spectrometer, Waters 

LCT Premier XE QTOF mass spectrometer; or obtained at the EPSRC UK National Mass 

Spectrometry Facility (NMSF), Swansea on one of the following instruments: Thermo 

Scientific LTQ Orbitrap XL linear ion trap mass spectrometer, Waters Xevo G2-S QTOF 

mass spectrometer. 

 

UV-VIS absorption spectra were recorded on a Shimadzu UV-2600 UV-VIS 

spectrophotometer using a quartz cuvette with a path length of 1 cm. Extinction 

coefficients are reported to 2 s.f. 

 

UV irradiation was performed with a medium pressure 125 W mercury lamp (240-600 

nm), purchased from Photochemical Reactors Ltd., with the use of a pyrex immersion 

well. If the lamp was taken out of use, and then reinstalled, the [2+2] photocycloaddition 

of maleimide to give tetrahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone 

was performed as a control reaction,212 prior to irradiation of any unknown compounds. 

 

Buffers used in the irradiations were made using dH2O and the pH adjusted using 1 M HCl 

or 1 M NaOH, using a Jenway 3510 pH meter. The buffers were as follows: 

Phosphate buffered saline (PBS) pH 7.4: 10 mM phosphate, 2.7 mM KCl, 137 mM NaCl 

(prepared from a tablet purchased from Sigma) 

Phosphate buffer (PB) pH 7.4: 5.6 mM NaH2PO4, 19.4 mM Na2HPO4 

 

3.1.2: Synthesis and characterisation 

Tetrahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone212 

 

A solution of maleimide (23.5 mg, 0.232 mmol) in MeCN (30 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 1 h whilst stirring at room 
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temperature. The solvent was removed in vacuo to afford the title compound as an off-

white solid (22.5 mg, 0.116 mmol) in a quantitative yield. 

m.p. >250 °C; 1H NMR (700 MHz, DMSO): δ 3.33 (s, 4H, 2-CH); 13C NMR (176 MHz, DMSO): 

δ 177.6 (C-1), 42.5 (C-2); IR (solid, cm-1): 3073 (br) 2811 (w), 1767 (s), 1694 (s); LRMS 

(EI+) (m/z, %): 194.0 ([M]+, 100), 195.0 ([M+H]+, 10). 

 

1,1'-(Propane-1,3-diyl)bis(3-bromo-1H-pyrrole-2,5-dione), 60 

 

To a solution of 3-bromomaleic anhydride (0.929 mL, 10.0 mmol) in acetic acid (10 mL), 

1,3-diaminopropane (0.210 mL, 2.50 mmol) was added and the reaction mixture was 

heated to reflux for 3 h. The reaction mixture was cooled and the solvent was then 

removed in vacuo, azeotroping with toluene (3 x 10 mL). The product was separated 

between EtOAc (20 mL) and saturated NaHCO3 solution (20 mL). The organic layer was 

further washed with brine (20 mL), dried over MgSO4, and the solvent removed in vacuo. 

The crude product was purified by silica flash chromatography (gradient elution of 0-

60% EtOAc in cyclohexane) to afford the title compound as an off-white solid (514 mg, 

1.31 mmol) in a 52% yield. 

m.p. 134-137 °C; 1H NMR (700 MHz, CDCl3): δ 6.88 (s, 2H, 4-CH), 3.59 (t, J = 7.1 Hz, 4H, 5-

CH2), 1.96 (p, J = 7.1 Hz, 2H, 6-CH2); 13C NMR (151 MHz, CDCl3): δ 168.5 (C-2/3), 165.3 (C-

2/3), 132.0 (C-4), 131.6 (C-1), 36.3 (C-5), 27.4 (C-6) ; IR (solid, cm-1): 3104 (m), 2937 (w), 

1704 (s), 1581 (m); LRMS (ASAP+) (m/z, %): 390.9 ([79Br79BrM+H]+, 50), 392.9 

([79Br81BrM+H]+, 100), 394.9 ([81Br81BrM+H]+, 50); HRMS: exact mass calculated for 

[79Br79BrM+H]+, [C11H979Br2N2O4]+ 390.8929, found 390.8927. 

 

1,1'-(Propane-1,3-diyl)bis(3-(hexylthio)-1H-pyrrole-2,5-dione), 61 

 

To a solution of 60 (468 mg, 1.19 mmol) and NaOAc (195 mg, 2.38 mmol) in MeOH (50 

mL), hexanethiol (0.336 mL, 2.38 mmol) was added and the reaction mixture was stirred 

for 30 min at room temperature. The solvent was removed in vacuo. The crude product 
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was then purified by silica flash chromatography (gradient elution of 0-40% EtOAc in 

cyclohexane) to afford the title compound as a yellow solid (322 mg, 0.690 mmol) in a 

58% yield. 

m.p. 109-112 °C; 1H NMR (600 MHz, CDCl3): δ 6.02 (s, 2H, 10-CH), 3.53 (t, J = 7.2 Hz, 4H, 

11-CH2), 2.89 (t, J = 7.4 Hz, 4H, 6-CH2), 1.91 (p, J = 7.2 Hz, 2H, 12-CH2), 1.74 (p, J = 7.3, 4H, 

5-CH2), 1.45 (p, J = 7.3 Hz, 4H, 4-CH2), 1.34 – 1.29 (m, 8H, 2-CH2 and 3-CH2), 0.90 (t, J = 6.8 

Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): δ 169.7 (C-8/9), 168.0 (C-8/9), 151.9 (C-7), 

117.2 (C-10), 35.8 (C-11), 32.0 (C-6), 31.3 (C-3), 28.7 (C-4), 27.8 (C-5), 27.7 (C-12), 22.6 

(C-2), 14.1 (C-1); IR (solid, cm-1): 3078 (w), 2927 (m), 1693 (s), 1557 (m); LRMS (NS+) 

(m/z, %): 467.2 ([M+H]+, 100), 484.2 ([M+NH4]+, 91), 489.2 ([M+Na]+, 84), 499.2 

([M+H+CH3OH]+, 6]; HRMS: exact mass calculated for [M+H]+, [C23H35N2O4S2]+ 467.2033, 

found 467.2025; UV (MeCN): ε354 = 6600 cm-1 M-1. 

 

(3aR,3bS,6aR,6bS)-3a,3b-Bis(hexylthio)tetrahydro-2,5-propanocyclobuta[1,2-

c:3,4-c']dipyrrole-1,3,4,6-tetraone, 62 

 

A 2.5 mM solution of 61 (35.0 mg, 0.0750 mmol) in MeCN (30 mL) was degassed with 

argon for 30 min. The solution was then irradiated in pyrex glassware for 10 min whilst 

stirring at room temperature. The solvent was removed in vacuo to afford the title 

compound as a yellow solid (35.0 mg, 0.0750 mmol) in a quantitative yield. 

m.p. 148-152 °C; 1H NMR (600 MHz, CDCl3): δ 3.96-3.87 (m, 4H, 11-CH2), 3.67 (s, 2H, 10-

CH), 2.95 – 2.87 (m, 2H, 6-CHH), 2.80 – 2.74 (m, 2H, 6-CHH), 2.33 – 2.21 (m, 2H, 12-CH2), 

1.64 – 1.56 (m, 4H, 5-CH2), 1.42 – 1.36 (m, 4H, 4-CH2), 1.32 – 1.26 (m, 8H, 2-CH2 and 3-

CH2), 0.89 (t, J = 6.9 Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): δ 172.4 (C-8/9), 171.7 (C-

8/9), 58.2 (C-7), 45.6 (C-10), 41.2 (C-11), 31.4 (C-6) , 30.8 (C-3), 29.4 (C-4), 28.6 (C-5), 

22.6 (C-12), 20.6 (C-2), 14.1 (C-1); IR (solid, cm-1): 2922 (m), 1718 (s); LRMS (NS+) (m/z, 

%): 467.2 ([M+H]+, 25), 484.2 ([M+NH4]+, 92), 489.2 ([M+Na]+, 90), 499.2 

([M+H+CH3OH]+, 58); HRMS: exact mass calculated for [M+H], [C23H35N2O4S2] 467.2033, 

found 467.2030. 
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3-Bromo-1-methyl-1H-pyrrole-2,5-dione, 6440 

 

To a solution of N-methyl maleimide (556 mg, 5.00 mmol) in MeOH (20 mL), Br2 (0.564 

mL, 11.0 mmol) was added dropwise over 10 min. The reaction mixture was stirred for 8 

h at room temperature. The solvent was removed in vacuo to give a dark brown oil of the 

dibromo-N-methyl succinimide. The oil was redissolved in THF (20 mL) and 

triethylamine (0.906 mL, 6.50 mmol) was added. The reaction mixture was further 

stirred for 18 h at room temperature and the solvent removed in vacuo. The crude 

product was purified by silica flash chromatography (gradient elution of 0-20% EtOAc in 

cyclohexane) to afford the title compound as an off-white solid (805 mg, 4.24 mmol) in 

an 85% yield. 

m.p. 86-88 °C (lit. 77-79 °C)40; 1H NMR (700 MHz, CDCl3): δ 6.87 (s, 1H, 4-CH), 3.07 (s, 3H, 

5-CH3); 13C NMR (176 MHz, CDCl3): δ 168.7 (C-2/3), 165.5 (C-2/3), 132.1 (C-4), 131.5 (C-

1), 24.8 (C-5); IR (solid, cm-1): 3106 (w), 2945 (w), 1698 (s), 1586 (m); LRMS (ASAP+) 

(m/z, %): 190.0 ([79BrM+H]+, 95), 191.9 ([81BrM+H]+, 100); UV (MeCN): ε300 = 330 cm-1 

M-1. 

 

3-(Hexylthio)-1-methyl-1H-pyrrole-2,5-dione, 65216 

 

To a solution of 64 (66.5 mg, 0.350 mmol) in DCM (30 mL), triethylamine (53.6 μL, 0.385 

mmol) was added, followed by hexanethiol (54.3 μL, 0.385 mmol). The reaction mixture 

was stirred for 30 min at room temperature. The solvent was removed in vacuo. The 

crude product was then purified by silica flash chromatography (gradient elution of 0-

20% EtOAc in cyclohexane) to afford the title compound as an off-white solid (77.2 mg, 

0.340 mmol) in a 97% yield. 

m.p. 62-65 °C (lit. 62-65 °C)216; 1H NMR (700 MHz, CDCl3): δ 6.04 (s, 1H, 10-CH), 3.02 (s, 

3H, 11-CH3), 2.90 (t, J = 7.4 Hz, 2H, 6-CH2), 1.74 (p, J = 7.4 Hz, 2H, 5-CH2), 1.45 (p, J = 7.4 

Hz, 2H, 4-CH2), 1.34 – 1.28 (m, 4H, 2-CH2 and 3-CH2), 0.90 (t, J = 6.6 Hz, 3H, 1-CH3); 13C 

NMR (176 MHz, CDCl3): δ 170.0 (C-8/9), 168.3 (C-8/9), 151.9 (C-7), 117.3 (C-10), 32.0 (C-
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6), 31.3 (C-3), 28.7 (C-4), 27.8 (C-5), 24.1 (C-11), 22.6 (C-2), 14.1 (C-1); IR (solid, cm-1): 

3079 (w), 2929 (m), 1692 (s), 1557 (m); LRMS (ASAP+) (m/z, %): 228.1 ([M+H]+, 100); 

UV (MeCN): ε354 = 3600 cm-1 M-1. 

  

(3aS,3bS,6aR,6bR)-3a,3b-Bis(hexylthio)-2,5-dimethyltetrahydrocyclobuta[1,2-

c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone, 66216 

 

A 5 mM solution of 65 (34.1 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 min. 

The solution was then irradiated in pyrex glassware for 10 min whilst stirring at room 

temperature. The solvent was removed in vacuo to afford the title compound as a yellow 

solid (34.1 mg, 0.0750 mmol) in a quantitative yield. 

m.p. 103-106 °C (lit. 104-106 °C)216; 1H NMR (700 MHz, CDCl3): δ 3.15 (dt, J = 10.6, 7.4 Hz, 

2H, 6-CHH), 3.11 (s, 6H, 11-CH3), 2.98 (s, 2H, 10-CH), 2.84 (dt, J = 10.6, 7.4 Hz, 2H, 6-CHH), 

1.50 (p, J = 7.4 Hz, 4H, 5-CH2), 1.34 (p, J = 7.4 Hz, 4H, 4-CH2), 1.30 – 1.23 (m, 8H, 2-CH2 and 

3-CH2), 0.87 (t, J = 6.7 Hz, 6H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 173.2 (C-8/9), 173.0 

(C-8/9), 55.4 (C-7), 44.6 (C-10), 31.4 (C-3), 31.2 (C-6), 28.71 (C-5), 28.6 (C-4), 25.9 (C-11), 

22.6 (C-2), 14.2 (C-1); IR (solid, cm-1): 2926 (m), 1719 (s); LRMS (ASAP+) (m/z, %): 455.2 

([M+H]+, 100). 

 

1,1'-(Butane-1,4-diyl)bis(3-bromo-1H-pyrrole-2,5-dione), 87 

 

To a solution of 3-bromomaleic anhydride (0.557 mL, 6.00 mmol) in acetic acid (6 mL), 

1,4-diaminobutane (0.151 mL, 1.50 mmol) was added and the reaction mixture was 

heated to reflux for 3 h. The reaction mixture was cooled and the solvent was then 

removed in vacuo, azeotroping with toluene (3 x 10 mL). The product was separated 

between EtOAc (20 mL) and saturated NaHCO3 solution (20 mL). The organic layer was 

further washed with brine (20 mL), dried over MgSO4, and the solvent removed in vacuo. 

The crude product was purified by silica flash chromatography (gradient elution of 0-
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60% EtOAc in cyclohexane) to afford the title compound as a white solid (227 mg, 0.559 

mmol) in a 37% yield. 

m.p. 174-178 °C; 1H NMR (600 MHz, CDCl3): δ 6.86 (s, 2H, 4-CH), 3.60 – 3.56 (m, 4H, 5-

CH2), 1.60 – 1.57 (m, 4H, 6-CH2); 13C NMR (151 MHz, CDCl3): δ 168.6 (C-2/3), 165.4 (C-

2/3), 131.9 (C-4), 131.5 (C-1), 38.2 (C-5), 25.8 (C-6); IR (solid, cm-1): 3086 (w), 2921 (w), 

1700 (s), 1585 (m); LRMS (NS+) (m/z, %): 404.9 ([79Br79BrM+H]+, 10), 406.9 

([79Br81BrM+H]+, 21), 408.9 ([81Br81BrM+H]+, 10), 428.9 ([79Br81BrM+Na]+, 95), 460.9 

([79Br81BrM+Na+CH3OH]+, 100); HRMS: exact mass calculated for [79Br79BrM+H]+, 

[C12H1179Br2N2O4]+ 404.9080, found 404.9083. 

 

1,1'-(Butane-1,4-diyl)bis(3-(hexylthio)-1H-pyrrole-2,5-dione), 88 

 

To a solution of 87 (468 mg, 1.19 mmol) in DCM (30 mL), triethylamine (0.151 mL, 1.08 

mmol) was added, followed by hexanethiol (0.152 mL, 1.08 mmol). The reaction mixture 

was stirred for 30 min at room temperature. The solvent was removed in vacuo. The 

crude product was then purified by silica flash chromatography (gradient elution of 0-

40% EtOAc in cyclohexane) to afford the title compound as a yellow solid (186 mg, 0.388 

mmol) in a 72% yield. 

m.p. 138-142 °C; 1H NMR: (600 MHz, CDCl3) δ 6.02 (s, 2H, 10-CH), 3.55-3.50 (m, 4H, 11-

CH2), 2.90 (t, J = 7.3 Hz, 4H, 6-CH2), 1.75 (p, J = 7.4 Hz, 4H, 5-CH2), 1.60-1.57 (m, 4H, 12-

CH2), 1.46 (p, J = 7.4 Hz, 4H, 4-CH2), 1.34 – 1.30 (m, 8H, 2-CH2 and 3-CH2), 0.91 (t, J = 6.8 

Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): δ 169.8 (C-8/9), 168.1 (C-8/9), 151.7 (C-7), 

117.2 (C-10), 37.6 (C-11), 31.9 (C-6), 31.3 (C-3), 28.6 (C-4), 27.8 (C-5), 26.0 (C-12), 22.6 

(C-2), 14.1 (C-1); IR (solid, cm-1): 3074 (w), 2923 (m), 1691 (s), 1555 (m); LRMS (NS+) 

(m/z, %): 481.2 ([M+H]+, 100), 498.2 ([M+NH4]+, 83); HRMS: exact mass calculated for 

[M+H]+, [C24H37N2O4S2]+ 481.2189, found 481.2181; UV (DCM): ε354 = 5200 cm-1 M-1. 
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(3aR,3bS,6aR,6bS)-3a,3b-Bis(hexylthio)tetrahydro-2,5-butanocyclobuta[1,2-c:3,4-

c']dipyrrole-1,3,4,6-tetraone, 89 

 

A 2.5 mM solution of 88 (36.1 mg, 0.0750 mmol) in 1:5 DCM:MeCN (30 mL) was degassed 

for 30 min. The solution was then irradiated in pyrex glassware for 15 min whilst stirring 

at room temperature. The solvent was removed in vacuo to afford the title compound as 

a yellow solid (36.1 mg, 0.0750 mmol) in a quantitative yield. 

m.p. 116-120 °C; 1H NMR (700 MHz, CDCl3): δ 3.67 – 3.58 (m, 6H, 10-CH and 11-CH2), 2.90 

(dt, J = 10.9, 7.4 Hz, 2H, 6-CHH), 2.78 (dt, J = 10.9, 7.4 Hz, 2H, 6-CHH), 1.94 – 1.75 (m, 4H, 

12-CH2), 1.60 (p, J = 7.6 Hz, 4H, 5-CH2), 1.39 (p, J = 7.5 Hz, 4H, 4-CH2), 1.31 – 1.27 (m, 8H, 

2-CH2 and 3-CH2), 0.88 (t, J = 6.9 Hz, 6H, 1-CH3); 13C NMR (151 MHz, CDCl3): δ 172.7 (C-

8/9), 171.9 (C-8/9), 57.9 (C-7), 45.6 (C-10), 39.8 (C-11), 31.4 (C-3), 30.7 (C-6), 29.2 (C-5), 

28.6 (C-4), 25.0 (C-12), 22.6 (C-2), 14.1 (C-1); IR (solid, cm-1): 2920 (m), 1706 (s); LRMS 

(ASAP+) (m/z, %): 481.2 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, 

[C24H37N2O4S2]+ 481.2195, found 481.2198. 

 

1,1'-(2,2-Dimethylpropane-1,3-diyl)bis(3-bromo-1H-pyrrole-2,5-dione), 90 

 

To a solution of 3-bromomaleic anhydride (0.557 mL, 6.00 mmol) in acetic acid (10 mL), 

2,2-dimethyl,1,3-diaminopropane (0.180 mL, 1.50 mmol) was added and the reaction 

mixture was heated to reflux for 3 h. The reaction mixture was cooled and the solvent 

was then removed in vacuo, azeotroping with toluene (3 x 10 mL). The product was 

separated between EtOAc (20 mL) and saturated NaHCO3 solution (20 mL). The organic 

layer was further washed with brine (20 mL), dried over MgSO4, and the solvent removed 

in vacuo. The crude product was purified by silica flash chromatography (gradient elution 

of 0-40% EtOAc in cyclohexane) to afford the title compound as an off-white solid (74.2 

mg, 0.177 mmol) in a 12% yield. 
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m.p. 162-166 °C; 1H NMR (600 MHz, CDCl3): δ 6.91 (s, 2H, 4-CH), 3.45 (s, 4H, 5-CH2), 0.90 

(s, 6H, 7-CH3); 13C NMR (151 MHz, CDCl3): δ 169.2 (C-2/3), 166.1 (C-2/3), 132.1 (C-4), 

131.6 (C-1), 47.9 (C-5), 39.0 (C-6), 24.1 (C-7); IR (solid, cm-1): 3104 (w), 2942 (w), 1699 

(s), 1589 (m); LRMS (NS+) (m/z, %): 418.9 ([79Br79BrM+H]+, 2), 420.9 ([79Br81BrM+H]+, 

4), 422.9 ([81Br81BrM+H]+, 2), 450.9 ([79Br79Br+CH3OH+H]+, 53), 452.9 ([79Br81BrM+ 

CH3OH+H]+, 100), 454.9 ([81Br81BrM+ CH3OH+H]+, 53); HRMS: exact mass calculated for 

[79Br79BrM+CH3OH+H]+, [C14H1779Br2N2O5]+ 450.9499, found 450.9497. 

 

1,1'-(2,2-Dimethylpropane-1,3-diyl)bis(3-(hexylthio)-1H-pyrrole-2,5-dione), 91 

 

To a solution of 90 (61.8 mg, 0.150 mmol) in DCM (30 mL), triethylamine (46.0 μL, 0.330 

mmol) was added, followed by hexanethiol (46.6 μL, 0.330 mmol). The reaction mixture 

was stirred for 30 min at room temperature. The solvent was removed in vacuo. The 

crude product was then purified by silica flash chromatography (gradient elution of 0-

40% EtOAc in cyclohexane) to afford the title compound as a yellow wax (61.8 mg, 0.150 

mmol) in a quantitative yield. 

1H NMR (600 MHz, CDCl3): δ 6.04 (s, 2H, 10-CH), 3.37 (s, 4H, 11-CH2), 2.88 (t, J = 7.3 Hz, 

4H, 6-CH2), 1.73 (p, J = 7.5 Hz, 4H, 5-CH2), 1.43 (p, J = 7.6 Hz, 4H, 4-CH2), 1.32 – 1.27 (m, 

8H, 2-CH2 and 3-CH2), 0.89 – 0.84 (m, 12H, 1-CH3 and 13-CH3); 13C NMR (151 MHz, CDCl3): 

δ 170.2 (C-8/9), 168.7 (C-8/9), 151.8 (C-7), 117.4 (C-10), 47.3 (C-11), 39.0 (C-12), 32.0 

(C-6), 31.3 (C-3), 28.7 (C-4), 27.8 (C-5), 24.2 (C-13), 22.6 (C-2), 14.1 (C-1); IR (wax, cm-1): 

2928 (m), 1702 (s), 1557 (m); LRMS (ES+) (m/z, %): 495.2 ([M+H]+, 100); HRMS: exact 

mass calculated for [M+H]+, [C25H39N2O4S2]+ 495.2346, found 495.2346; UV (MeCN): ε354 

= 5100 cm-1 M-1. 

 

(3aR,3bS,6aR,6bS)-3a,3b-Bis(hexylthio)-8,8-dimethyltetrahydro-2,5-

propanocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6-tetraone, 92 
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A 2.5 mM solution of 91 (37.1 mg, 0.0750 mmol) in MeCN (30 mL) was degassed with 

argon for 30 min. The solution was then irradiated in pyrex glassware for 10 min whilst 

stirring at room temperature. The solvent was removed in vacuo to afford the title 

compound as a yellow solid (37.1 mg, 0.0750 mmol) in a quantitative yield. 

m.p. 162-164 °C; 1H NMR (700 MHz, CDCl3): δ 3.89 (d, J = 14.8 Hz, 2H, 11-CHH), 3.82 (d, J 

= 14.8 Hz, 2H, 11-CHH), 3.65 (s, 2H, 10-CH), 2.91 (ddd, J = 11.5, 8.2, 6.7 Hz, 2H, 6-CHH), 

2.76 (ddd, J = 11.5, 8.3, 6.7 Hz, 2H, 6-CHH), 1.61 – 1.54 (m, 6H, 5-CH2 (overlapping with 

water peak)), 1.40 – 1.36 (m, 4H, 4-CH2), 1.34 (s, 3H, 13-CH3), 1.29 (s, 3H, 13-CH3), 1.29 – 

1.24 (m, 8H, 2-CH2 and 3-CH2), 0.88 (t, J = 7.1 Hz, 6H, 1-CH3); 13C NMR (176 MHz, CDCl3): 

δ 172.6 (C-8/9), 171.8 (C-8/9), 58.0 (C-7), 51.0 (C-11), 45.1 (C-10), 41.3 (C-12), 32.4 (C-

13), 32.1 (C-13), 31.4 (C-3), 30.8 (C-6), 29.4 (C-5), 28.6 (C-4), 22.6 (C-2), 14.1 (C-1); IR 

(solid, cm-1): 2925 (m), 1713 (s); LRMS (ES+) (m/z, %): 495.2 ([M+H]+, 67), 512.3 

([M+NH4]+, 100); HRMS: exact mass calculated for [M+H]+, [C25H39N2O4S2]+ 495.2346, 

found 495.2343. 

 

1-Butyl-1H-pyrrole-2,5-dione, 94349 

 

To a solution of maleic anhydride (735 mg, 7.50 mmol) in acetic acid (5 mL), butylamine 

(0.494 mL, 5.00 mmol) was added and the reaction mixture was heated to reflux for 3 h. 

The reaction mixture was cooled and the solvent was then removed in vacuo, azeotroping 

with toluene (3 x 10 mL). The product was dissolved in EtOAc (20 mL) and washed with 

NaHCO3 (20 mL). The product was further washed with brine (20 mL), dried over MgSO4, 

and the solvent removed in vacuo. The crude product was purified by silica flash 

chromatography (gradient elution of 0-40% EtOAc in cyclohexane) to afford the title 

compound as a yellow oil (311 mg, 2.03 mmol) in a 41% yield. 

1H NMR (700 MHz, CDCl3): δ 6.67 (s, 2H, 1-CH), 3.51 (t, J = 7.3 Hz, 2H, 3-CH2), 1.56 (p, J = 

7.5 Hz, 2H, 4-CH2), 1.30 (h, J = 7.4 Hz, 2H, 5-CH2), 0.92 (t, J = 7.4 Hz, 3H, 6-CH3); 13C NMR 

(176 MHz, CDCl3) δ 171.0 (C-2), 134.2 (C-1), 37.8 (C-3), 30.7 (C-4), 20.1 (C-5), 13.7 (C-6); 

IR (oil, cm-1): 2961 (w), 1701 (s), 1407 (m); LRMS (EI+) (m/z, %): 109.9 ([M-

CH2CH2CH3]+, 100), 153.0 ([M]+, 30); UV (DCM): ε292 = 920 cm-1 M-1; UV (MeCN): ε297 = 

690 cm-1 M-1. 
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1,1'-(Propane-1,3-diyl)bis(1H-pyrrole-2,5-dione), 96296 

 

To a solution of maleic anhydride (981 mg, 10.0 mmol) in acetic acid (10 mL), 1,3-

diaminopropane (0.210 mL, 2.50 mmol) was added and the reaction mixture was heated 

to reflux for 3 h. The reaction mixture was cooled and the solvent was then removed in 

vacuo, azeotroping with toluene (3 x 10 mL). The product was separated between EtOAc 

(20 mL) and saturated NaHCO3 solution (20 mL). The organic layer was further washed 

with brine (20 mL), dried over MgSO4, and the solvent removed in vacuo. The crude 

product was purified by silica flash chromatography (gradient elution of 0-60% EtOAc in 

cyclohexane) to afford the title compound as a white solid (253 mg, 1.08 mmol) in a 43% 

yield. 

m.p. 168-170 °C (lit. 174 °C)296; 1H NMR (700 MHz, CDCl3): δ 6.70 (s, 4H, 1-CH), 3.54 (t, J 

= 7.2 Hz, 4H, 3-CH2), 1.94 (p, J = 7.2 Hz, 2H, 4-CH2); 13C NMR (176 MHz, CDCl3): δ 170.7 (C-

2), 134.3 (C-1), 35.5 (C-3), 27.5 (C-4); IR (solid, cm-1): 3087 (m), 2921 (m), 1687 (s), 1583 

(m); LRMS (ES+) (m/z, %): 235.1 ([M]+, 92), 257.1 ([M+Na]+, 100); UV (DCM): ε296 = 1300 

cm-1 M-1; UV (MeCN): ε295 = 1200 cm-1 M-1. 

 

3-(Hexylamino)-1-methyl-1H-pyrrole-2,5-dione, 97 

 

To a solution of 64 (76.0 mg, 0.400 mmol) in DCM (5 mL), DIPEA (83.6 μL, 0.480 mmol) 

was added, followed by hexylamine (63.4 μL, 0.480 mmol). The reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude 

product was then purified by silica flash chromatography (gradient elution of 0-30% 

EtOAc in cyclohexane) to afford the title compound as a yellow solid (81.2 mg, 0.386 

mmol) in a 97% yield. 

m.p. 66-64 °C; 1H NMR (700 MHz, CDCl3): δ 5.33 (br s, 1H, NH), 4.79 (s, 1H, 10-CH), 3.15 

(q, J = 6.8 Hz, 2H, 6-CH2), 2.97 (s, 3H, 11-CH3), 1.62 (p, J = 7.4 Hz, 2H, 5-CH2), 1.36 (tt, J = 

7.4, 6.9 Hz, 2H, 4-CH2), 1.33 – 1.27 (m, 4H, 2-CH2 and 3-CH2), 0.90 (t, J = 6.9 Hz, 3H, 1-CH3); 

13C NMR (176 MHz, CDCl3): δ 172.8 (C-8/9), 167.8 (C-8/9), 149.6 (C-7), 84.0 (C-10), 44.4 
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(C-6), 31.5 (C-3), 28.6 (C-5), 26.6 (C-4), 23.6 (C-11), 22.6 (C-2), 14.1 (C-1); LRMS (ES+) 

(m/z, %): 211.1 ([M+H]+, 100); IR (solid, cm-1): 3339 (m), 3104 (m), 2925 (m), 1695 (s), 

1628 (s), 1513 (m);  HRMS: exact mass calculated for [M+H]+, [C11H19N2O2]+ 211.1441, 

found 211.1441; UV (MeCN): ε363 = 3800 cm-1 M-1. 

 

Irradiation of 97 

 

A 5 mM solution of 97 (31.5 mg, 0.150 mmol) in MeCN (30 mL) was made up and 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 8 h whilst 

stirring at room temperature. The solvent was removed in vacuo to recover the starting 

material in a quantitative yield. Spectral data was consistent with that of the starting 

material 97. 

 

1-Methyl-3-(methylamino)-1H-pyrrole-2,5-dione, 101 

 

To a solution of 64 (76.0 mg, 0.400 mmol) and NaOAc (39.4 mg, 0.480 mmol) in EtOH (10 

mL), 33% methylamine in EtOH (59.2 μL, 1.44 mmol) was added. The reaction mixture 

was stirred for 30 min at room temperature. The solvent was removed in vacuo. The 

crude product was then purified by silica flash chromatography (gradient elution of 0-

30% EtOAc in cyclohexane) to afford the title compound as a yellow solid (55.8 mg, 0.398 

mmol) in a quantitative yield. 

m.p. 139-143 °C; 1H NMR (700 MHz, CDCl3): δ 5.33 (br s, 1H, NH), 4.82 (s, 1H, 5-CH), 2.97 

(s, 3H, 6-CH3), 2.93 (d, J = 5.3 Hz, 3H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 172.7 (C-3/4), 

167.6 (C-3/4), 150.6 (C-2), 84.3 (C-5), 30.7 (C-1), 23.6 (C-6); IR (solid, cm-1): 3335 (m), 

3108 (m), 2925 (w), 1694 (s), 1628 (s), 1518 (m); LRMS (ES+) (m/z, %): 141.1 ([M+H]+, 

100); HRMS: exact mass calculated for [M+H]+, [C6H9N2O2]+ 141.0659, found 141.0656; 

UV (MeCN): ε360 = 3400 cm-1 M-1. 
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Irradiation of 101 

 

A 5 mM solution of 101 (21.0 mg, 0.150 mmol) in MeCN (30 mL) was made up and 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 2 h whilst 

stirring at room temperature. The solvent was removed in vacuo to recover the starting 

material in a quantitative yield. Spectral data was consistent with that of the starting 

material 101. 

 

1-Methyl-3-(phenylamino)-1H-pyrrole-2,5-dione, 103 

 

To a solution of 64 (76.0 mg, 0.400 mmol) and NaOAc (39.4 mg, 0.480 mmol) in MeOH 

(10 mL), aniline (43.7 μL, 0.480 mmol) was added and the reaction mixture was stirred 

for 30 min at room temperature. The solvent was removed in vacuo. The crude product 

was then dissolved in DCM (10 mL) and washed with 10% aqueous citric acid solution 

(10 mL). The product was further washed with brine (10 mL), dried over MgSO4, and the 

solvent removed in vacuo. The compound was then purified by silica flash 

chromatography (gradient elution of 0-20% EtOAc in cyclohexane) to afford the title 

compound as a yellow solid (78.9 mg, 0.390 mmol) in a 98% yield. 

m.p. 187-192 °C; 1H NMR (700 MHz, CDCl3): δ 7.42 – 7.38 (m, 2H, 2/3-CH), 7.23 (s, 1H, 

NH), 7.17 – 7.13 (m, 3H, 1-CH and 2/3-CH), 5.51 (s, 1H, 8-CH), 3.05 (s, 3H, 9-CH3); 13C NMR 

(176 MHz, CDCl3): δ 172.9 (C-6/7), 168.4 (C-6/7), 142.7 (C-5), 138.5 (C-4), 129.9 (C-2/3), 

124.7 (C-1), 118.9 (C-2/3), 89.2 (C-8), 23.9 (C-9); IR (wax, cm-1): 3291 (s), 3126 (m), 1695 

(s), 1634 (m); LRMS (ES+) (m/z, %): 203.1 ([M+H]+, 100); 225.1 (([M+Na]+, 13); HRMS: 

exact mass calculated for [M+H]+, [C11H11N2O2]+ 203.0815, found 203.0816; UV (MeCN): 

ε376 = 3100 cm-1 M-1. 

 

Irradiation of 103 
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A 5 mM solution of 103 (30.3 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 8 h whilst stirring at room 

temperature. The solvent was removed in vacuo to recover the starting material in a 

quantitative yield. Spectral data was consistent with that of the starting material 103. 

 

(1S,5S,7R)-1-(Hexylamino)-3-methyl-7-phenyl-3-azabicyclo[3.2.0]heptane-2,4-

dione, 105a 

 

(1S,5S,7S)-1-(Hexylamino)-3-methyl-7-phenyl-3-azabicyclo[3.2.0]heptane-2,4-

dione, 105b 

 

A 5 mM solution of 97 (31.5 mg, 0.150 mmol) and 50 mM solution of styrene (0.172 mL, 

1.50 mmol) in MeCN (30 mL) was degassed for 30 min. The solution was then irradiated 

in pyrex glassware for 40 min whilst stirring at room temperature. The solvent was 

removed in vacuo. The crude products were then purified by silica flash chromatography 

(gradient elution of 0-40% EtOAc in cyclohexane) to afford the two isomeric title 

compounds as yellow oils: 105a (17.5 mg, 0.0557 mmol) in a 37% yield and 105b (22.8 

mg, 0.0725 mmol) in a 48% yield. Analysis of the crude NMR indicates a 1:1.4 ratio of 

105a:105b prior to purification. 

 

105a: 1H NMR (700 MHz, CDCl3): δ 7.37 – 7.34 (m, 2H, 15/16-CH), 7.31 – 7.26 (m, 3H, 

15/16-CH and 17-CH), 3.71 (t, J = 8.9 Hz, 1H, 13-CH), 3.11 (s, 3H, 11-CH3), 3.07 (ddd, J = 

10.9, 3.1, 0.8 Hz, 1H, 10-CH), 2.92 (ddd, J = 12.7, 10.9, 9.0 Hz, 1H, 12-CHH), 2.45 (ddd, J = 

12.6, 8.9, 3.2 Hz, 1H, 12-CHH), 2.33 – 2.25 (m, 2H, 6-CH2), 1.25 – 1.19 (m, 4H, 4-CH2 and 

5-CH2), 1.16 – 1.11 (m, 4H, 2-CH2 and 3-CH2), 0.82 (t, J = 7.3 Hz, 3H, 1-CH3); 13C NMR (176 

MHz, CDCl3): δ 180.6 (C-8/9), 178.3 (C-8/9), 136.3 (C-14), 128.7 (C-15/16/17), 128.6 (C-
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15/16/17), 127.6 (C-15/16/17), 67.11 (C-7), 45.2 (C-13), 43.3 (C-6), 39.4 (C-10), 31.6 (C-

3), 30.1 (C-5), 26.8 (C-4), 25.4 (C-12), 25.2 (C-11), 22.6 (C-2), 14.1 (C-1); IR (oil, cm-1): 

2925 (m), 2854 (m), 1696 (s); LRMS (ES+) (m/z, %): 315.2 ([M+H]+, 100); HRMS: exact 

mass calculated for [M+H]+, [C19H27N2O2]+ 315.2067, found 315.2065. 

 

105b: 1H NMR (700 MHz, CDCl3): δ 7.31 – 7.28 (m, 2H, 15/16-CH), 7.25 – 7.21 (m, 1H, 17-

CH), 7.09 (d, J = 7.2 Hz, 2H, 15/16-CH), 3.89 (dd, J = 10.5, 7.6 Hz, 1H, 13-CH), 3.12 (dd, J = 

10.4, 4.7 Hz, 1H, 10-CH), 2.95 (dt, J = 13.3, 10.5 Hz, 1H, 12-CHH), 2.90 (s, 3H, 11-CH3), 2.56 

(dt, J = 10.6, 7.2 Hz, 1H, 6-CHH), 2.45 (dt, J = 10.6, 7.1 Hz, 1H, 6-CHH), 2.31 (ddd, J = 13.2, 

7.6, 4.7 Hz, 1H, 12-CHH), 1.52 – 1.47 (m, 2H, 5-CH2), 1.34 – 1.25 (m, 6H, 2-CH, 3-CH and 4-

CH), 0.88 (t, J = 7.1 Hz, 3H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 178.5 (C-8/9), 177.4 (C-

8/9), 137.9 (C-14), 128.7 (C-15/16), 127.6 (C-17), 127.2 (C-15/16), 69.6 (C-7), 46.2 (C-

13), 43.9 (C-6), 39.3 (C-10), 31.8 (C-3), 30.5 (C-5), 27.0 (C-4), 24.8 (C-11), 24.2 (C-12), 

22.7 (C-2), 14.2 (C-1); IR (oil, cm-1): 2926 (m), 2854 (m), 1696 (s); LRMS (ES+) (m/z, %): 

315.2 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, [C19H27N2O2]+ 315.2067, 

found 315.2061. 

 

Phenyl (1S,5R,6S)-5-(hexylamino)-3-methyl-2,4-dioxo-3-

azabicyclo[3.2.0]heptane-6-carboxylate, 106 

 

Phenyl 3-(4-(hexylamino)-1-methyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-

yl)propanoate, 107 

 

A 5 mM solution of 97 (31.5 mg, 0.150 mmol) and 50 mM solution of phenylacrylate 

(0.207 mL, 1.50 mmol) in MeCN (30 mL) was degassed for 30 min. The solution was then 

irradiated in pyrex glassware for 20 min whilst stirring at room temperature. The solvent 
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was removed in vacuo. The crude products were then purified by silica flash 

chromatography (gradient elution of 0-30% EtOAc in cyclohexane) to afford the two title 

compounds as yellow oils: 106 (16.9 mg, 0.0471 mmol) in a 31% yield and 107 (29.9 mg, 

0.0834 mmol) in a 56% yield. Analysis of the crude NMR indicates a 1:1.9 ratio of 

107:106 prior to purification. 

 

106: 1H NMR (700 MHz, CDCl3): δ 7.40 – 7.35 (m, 2H, 16/17-CH), 7.25 – 7.22 (m, 1H, 18-

CH), 7.12 – 7.09 (m, 2H, 16/17-CH), 3.79 (dd, J = 9.9, 7.8 Hz, 1H, 13-CH), 3.20 (dd, J = 10.1, 

5.4 Hz, 1H, 10-CH), 3.05 (s, 3H, 11-CH3), 2.78 – 2.69 (m, 2H, 6-CHH and 12-CHH), 2.57 (dt, 

J = 10.7, 7.2 Hz, 1H, 6-CHH), 2.38 (ddd, J = 13.3, 7.7, 5.5 Hz, 1H, 12-CHH), 1.53 (p, J = 7.3 

Hz, 2H, 5-CH2), 1.35 (p, J = 7.3 Hz, 2H, 4-CH2), 1.32 – 1.26 (m, 4H, 2-CH2 and 3-CH2), 0.88 

(t, J = 7.0 Hz, 3H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 177.1 (C-8/9/14), 176.8 (C-8/9/14) 

170.0 (C-8/9/14), 150.6 (C-15), 129.6 (C-16/17), 126.3 (C-18), 121.7 (C-16/17), 66.5 (C-

7), 43.7 (C-6), 42.5 (C-13), 40.2 (C-10), 31.7 (C-3), 30.2 (C-5), 26.9 (C-4), 25.3 (C-11), 22.7 

(C-2), 21.2 (C-12), 14.1 (C-1); IR (oil, cm-1): 3336 (m), 2928 (m), 2857 (w), 1756 (m), 1703 

(s), 1650 (s); LRMS (ES+) (m/z, %): 265.2 ([M-C6H5OH]+, 22), 359.2 ([M+H]+, 100); HRMS: 

exact mass calculated for [M+H]+, [C20H27N2O4]+ 359.1965, found 359.1955. 

 

107: 1H NMR (700 MHz, CDCl3): δ 7.38 – 7.34 (m, 2H, 16/17-CH), 7.23 – 7.20 (m, 1H, 18-

CH), 7.08 – 7.04 (m, 2H, 16/17-CH), 5.16 (s, 1H, NH), 3.45 (td, J = 7.3, 4.1 Hz, 2H, 6-CH2), 

2.97 (s, 3H, 11-CH3), 2.84 – 2.77 (m, 4H, 12-CH2 and 13-CH2), 1.60 (p, J = 7.3 Hz, 4H, 5-CH2 

(overlapping with water peak)), 1.36 (p, J = 7.3 Hz, 2H, 4-CH2), 1.31 – 1.27 (m, 4H, 2-CH2 

and 3-CH2), 0.88 (t, J = 7.1 Hz, 3H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 173.8 (C-8/9), 

171.6 (C-14), 168.3 (C-8/9), 150.7 (C-15), 142.9 (C-7), 129.6 (C-16/17), 126.0 (C-18), 

121.6 (C-16/17), 95.7 (C-10), 43.9 (C-6), 34.4 (C-13), 31.5 (C-3), 30.1 (C-5), 26.5 (C-4), 

23.8 (C-11), 22.6 (C-2), 18.1 (C-12), 14.1 (C-1); IR (oil, cm-1): 3331 (m), 2928 (m), 2858 

(w), 1755 (m), 1701 (s), 1639 (s); LRMS (ES+) (m/z, %): 265.2 ([M-C6H5OH]+, 26), 359.2 

([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, [C20H27N2O4]+ 359.1965, found 

359.1957. 
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(1S,5S,7R)-7-Butyl-1-(hexylamino)-3-methyl-3-azabicyclo[3.2.0]heptane-2,4-

dione, 108a 

 

(1S,5S,7S)-7-Butyl-1-(hexylamino)-3-methyl-3-azabicyclo[3.2.0]heptane-2,4-

dione, 108b 

 

A 5 mM solution of 97 (31.5 mg, 0.150 mmol) and 50 mM solution of 1-hexene (0.187 mL, 

1.50 mmol) in MeCN (30 mL) was degassed for 30 min. The solution was then irradiated 

in pyrex glassware for 2 h whilst stirring at room temperature. The solvent was removed 

in vacuo. The crude products were then purified by silica flash chromatography (gradient 

elution of 0-40% EtOAc in cyclohexane) to afford the two isomeric title compounds as 

yellow oils: 108a (16.4 mg, 0.0557 mmol) in a 37% yield and 108b (5.0 mg, 0.0170 mmol) 

in an 11% yield. Analysis of the crude NMR indicates a 1:1.2 ratio of 108b:108a prior to 

purification. 

 

108a: 1H NMR (700 MHz, CDCl3): δ 3.04 (s, 3H, 11-CH3), 3.01-2.95 (m, 1H, 10-CH), 2.38 – 

2.29 (m, 3H, 6-CH2 and 13-CH), 2.22 – 2.17 (m, 1H, 12-CHH), 2.14 (ddd, J = 12.4, 8.6, 3.6 

Hz, 1H, 12-CHH), 1.72 – 1.66 (m, 1H, 14-CHH), 1.53 – 1.41 (m, 3H, 14-CHH and 5-CH2), 

1.31 – 1.22 (m, 9H, 15-CHH, 2-CH2, 3-CH2, 4-CH2 and 16-CH2), 1.13 (tddd, J = 13.2, 10.2, 

7.4, 5.9 Hz, 1H, 15-CHH), 0.87 (q, J = 7.3 Hz, 6H, 1-CH3 and 17-CH3); 13C NMR (176 MHz, 

CDCl3): δ 181.5 (C-8/9), 178.7 (C-8/9), 66.0 (C-7), 43.6 (C-6), 39.8 (C-13), 39.0 (C-10), 

31.7 (C-3), 30.4 (C-5), 29.4 (C-14), 29.2 (C-15), 27.0 (C-4/12), 27.0 (C-4/12), 25.0 (C-11), 

22.7 (C-2/16), 22.7 (C-2/16), 14.1 (C-1/17), 14.1 (C-1/17); IR (oil, cm-1): 3317 (w), 2955 

(m), 2926 (m), 2856 (m), 1697 (s); LRMS (ASAP+) (m/z, %): 211.1 ([M+2H-C6H13]+, 3), 

295.2 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, [C17H31N2O2]+ 295.2380, 

found 295.2376. 
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108b: 1H NMR (700 MHz, CDCl3): δ 3.05 – 3.02 (m, 3H, 11-CH3), 3.01-2.96 (m, 1H, 10-CH), 

2.71 (tdt, J = 11.8, 10.1, 2.4 Hz, 1H, 12-CHH), 2.56-2.44 (m, 2H, 13-CH and 6-CHH), 2.42 – 

2.36 (m, 1H, 6-CHH), 1.63 – 1.57 (m, 1H, 14-CHH), 1.52 – 1.43 (m, 3H, 12-CHH and 5-CH2), 

1.34 – 1.15 (m, 11H, 2-CH2, 3-CH2, 4-CH2, 15-CH2 and 16-CH2 (overlapping with water 

peak)), 1.13 – 1.06 (m, 1H, 14-CHH), 0.90 – 0.84 (m, 6H, 1-CH3 and 17-CH3); 13C NMR (176 

MHz, CDCl3): δ 179.0 (C-8/9), 178.5 (C-8/9), 67.1 (C-7), 43.7 (C-6), 40.9 (C-13), 39.0 (C-

10), 32.3 (C-14), 31.7 (C-3), 30.3 (C-5), 29.3 (C-15), 27.0 (C-4), 25.7 (C-12), 24.9 (C-11), 

22.7 (C-2/16), 22.6 (C-2/16), 14.2 (C-1/17), 14.1 (C-1/17); IR (oil, cm-1): 3319 (w), 2955 

(m), 2926 (m), 2856 (m), 1697 (s); LRMS (ASAP+) (m/z, %): 211.1 ([M+2H-C6H13]+, 11), 

295.2 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, [C17H31N2O2]+ 295.2380, 

found 295.2378. 

 

Irradiation of 103 with styrene (conducted by MSci student, Desmond Tweneboa) 

 

A 5 mM solution of 103 (30.3 mg, 0.150 mmol) and 50 mM solution of styrene (0.172 mL, 

1.50 mmol) in MeCN (30 mL) was degassed for 30 min. The solution was then irradiated 

in pyrex glassware for 2 h whilst stirring at room temperature. The solvent was removed 

in vacuo to recover the starting material in a quantitative yield. Spectral data was 

consistent with that of the starting material 103. 

 

Irradiation of 103 with 1-hexene (conducted by MSci student, Desmond Tweneboa) 

 

A 5 mM solution of 103 (30.3 mg, 0.150 mmol) and 50 mM solution of 1-hexene (0.187 

mL, 1.50 mmol) in MeCN (30 mL) was degassed for 30 min. The solution was then 

irradiated in pyrex glassware for 2 h whilst stirring at room temperature. The solvent 

was removed in vacuo to recover the starting material in a quantitative yield. Spectral 

data was consistent with that of the starting material 103. 
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1,1'-(Propane-1,3-diyl)bis(3-(hexylamino)-1H-pyrrole-2,5-dione), 109 

 

To a solution of 60 (149 mg, 0.380 mmol) in DCM (20 mL), DIPEA (0.132 mL, 0.760 mmol) 

was added, followed by hexylamine (0.100 mL, 0.760 mmol). The reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude 

product was then purified by silica flash chromatography (gradient elution of 0-60% 

EtOAc in cyclohexane) to afford the title compound as an orange wax (150 mg, 0.347 

mmol) in a 92% yield. 

1H NMR (700 MHz, CDCl3): δ 5.32 (t, J = 5.7 Hz, 2H, NH), 4.77 (s, 2H, 10-CH), 3.48 (t, J = 7.2 

Hz, 4H, 11-CH2), 3.15 (q, J = 6.8 Hz, 4H, 6-CH2), 1.89 (p, J = 7.2 Hz, 2H, 12-CH2), 1.62 (p, J = 

7.2 Hz, 4H, 5-CH2), 1.36 (p, J = 7.3 Hz 4H, 4-CH2), 1.33 – 1.28 (m, 8H, 2-CH2 and 3-CH2), 

0.90 (t, J = 6.8 Hz, 6H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 172.4 (C-8/9), 167.6 (C-8/9), 

149.4 (C-7), 84.1 (C-10), 44.5 (C-6), 35.4 (C-11), 31.5 (C-3), 28.6 (C-5), 28.1 (C-12), 26.7 

(C-4), 22.6 (C-2), 14.1 (C-1); IR (wax, cm-1): 3334 (br), 2932 (w), 1704 (m), 1639 (s); 

LRMS (ASAP+) (m/z, %): 433.3 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, 

[C23H37N4O4]+ 433.2815, found 433.2815; UV (MeCN): ε362 = 6300 cm-1 M-1. 

 

Irradiation of 109 

 

A 2.5 mM solution of 109 (32.4 mg, 0.0750 mmol) in MeCN (30 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 8 h whilst stirring at room 

temperature. The solvent was removed in vacuo to recover the starting material in a 

quantitative yield. Spectral data was consistent with that of the starting material 109. 

 

3-Bromo-1-(3-(3-(hexylthio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl)-1H-

pyrrole-2,5-dione, 111 
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To a solution of 60 (196 mg, 0.500 mmol) in DCM (4 mL), triethylamine (34.8 μL, 0.250 

mmol) was added. A solution of hexanethiol (35.2 μL, 0.250 mmol) in DCM (10 mL) was 

then added over 90 min and the reaction mixture was stirred for 30 min at room 

temperature. The solvent was removed in vacuo. The crude products were then purified 

by silica flash chromatography (gradient elution of 0-20% EtOAc in cyclohexane) to 

afford the title compound as a pale-yellow solid (46.6 mg, 0.109 mmol) in a 44% yield. 

The di-addition product 61 (24.8 mg, 0.0531 mmol) was also isolated in a 42% yield, 

confirmed as the NMR data matches to that previously obtained (see above). 

m.p. 90-92 °C; 1H NMR (700 MHz, CDCl3): δ 6.86 (s, 1H, 14-CH), 6.03 (s, 1H, 10-CH), 3.58 

(t, J = 7.2 Hz, 2H, 13-CH2), 3.52 (t, J = 7.1 Hz, 2H, 11-CH2), 2.90 (t, J = 7.3 Hz, 2H, 6-CH2), 

1.93 (p, J = 7.2 Hz, 2H, 12-CH2), 1.74 (p, J = 7.3 Hz, 2H, 5-CH2), 1.45 (p, J = 7.4 Hz, 2H, 4-

CH2), 1.34 – 1.29 (m, 4H, 2-CH2 and 3-CH2), 0.89 (t, J = 6.8 Hz, 3H, 1-CH3); 13C NMR (176 

MHz, CDCl3): δ 169.6 (C-8/9), 168.5 (C-15/16), 168.0 (C-8/9), 165.3 (C-15/16), 151.9 (C-

7), 132.0 (C-14), 131.5 (C-17), 117.3 (C-10), 36.6 (C-13), 35.7 (C-11), 32.0 (C-6), 31.3 (C-

3), 28.7 (C-4), 27.8 (C-5), 27.5 (C-12), 22.6 (C-2), 14.1 (C-1); IR (wax, cm-1): 3096 (w), 

2927 (m), 1695 (s), 1558 (m); LRMS (ASAP+) (m/z, %): 429.0 ([79BrM+H]+, 98), 431.0 

([81BrM+H]+, 100); HRMS: exact mass calculated for [79BrM+H]+, [C17H2279BrN2O4S]+ 

429.0484, found 433.0493. 

 

3-Bromo-1-(3-(3-(hexylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl)-1H-

pyrrole-2,5-dione, 112 

 

To a solution of 60 (196 mg, 0.500 mmol) in DCM (4 mL), DIPEA (43.5 μL, 0.250 mmol) 

was added. A solution of hexylamine (33.0 μL, 0.250 mmol) in DCM (10 mL) was then 

added over 2 h and the reaction mixture was stirred for 30 min at room temperature. The 

solvent was removed in vacuo. The crude products was then purified by silica flash 

chromatography (gradient elution of 0-30% EtOAc in cyclohexane) to afford the title 

compound as a yellow-orange wax (50.0 mg, 0.121 mmol) in a 48% yield. The di-addition 

product 109 (16.3 mg, 0.0377 mmol) was also isolated in a 30% yield, confirmed as the 

NMR data matches to that previously obtained (see above). 
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1H NMR (600 MHz, CDCl3): δ 6.85 (s, 1H, 16-CH), 5.36 (t, J = 5.2 Hz, 1H, NH), 4.77 (s, 1H, 

10-CH), 3.57 (t, J = 7.3 Hz, 2H, 13-CH2), 3.47 (t, J = 7.0 Hz, 2H, 11-CH2), 3.15 (q, J = 6.5 Hz, 

2H, 6-CH2), 1.92 (p, J = 7.2 Hz, 2H, 12-CH2), 1.62 (p, J = 7.4 Hz, 2H, 5-CH2), 1.36 (p, J = 7.3 

Hz, 2H, 4-CH2), 1.32 – 1.28 (m, 4H, 2-CH2 and 3-CH2), 0.88 (t, J = 7.0 Hz, 3H, 1-CH3); 13C 

NMR (151 MHz, CDCl3): δ 172.3 (C-8/9), 168.5 (C-15/16), 167.6 (C-8/9), 165.3 (C-15/16), 

149.4 (C-7), 132.0 (C-14), 131.5 (C-17), 84.0 (C-10), 44.5 (C-6), 36.7 (C-13), 35.1 (C-11), 

31.5 (C-3), 28.6 (C-5), 27.7 (C-12), 26.6 (C-4), 22.6 (C-2), 14.1 (C-1); IR (wax, cm-1): 3332 

(br), 2928 (m), 1711 (s), 1634 (s); LRMS (ES+) (m/z, %): 412.1 ([79BrM+H]+, 97), 414.1 

([81BrM+H]+, 100); HRMS: exact mass calculated for [79BrM+H]+, [C17H2379BrN3O4]+ 

412.0866, found 412.0868. 

 

3-(Hexylamino)-1-(3-(3-(hexylthio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)propyl)-1H-pyrrole-2,5-dione, 113 

 

Method 1: via 111 

To a solution of 111 (96.3 mg, 0.220 mmol) in DCM (20 mL), DIPEA (38.3 μL, 0.220 mmol) 

was added, followed by hexylamine (29.1 μL, 0.220 mmol). The reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude 

product was then purified by silica flash chromatography (gradient elution of 0-30% 

EtOAc in cyclohexane) to afford the title compound as a yellow oil (23.0 mg, 0.0512 mmol) 

in a 23% yield. 

 

Method 2: via 112 

To a solution of 112 (23.4 mg, 0.0568 mmol) in DCM (20 mL), triethylamine (8.8 μL, 

0.0625 mmol) was added, followed by hexanethiol (8.9 μL, 0.0625 mmol). The reaction 

mixture was stirred for 30 min at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 

0-30% EtOAc in cyclohexane) to afford the title compound as a yellow oil (19.3 mg, 

0.0429 mmol) in a 75% yield. 
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1H NMR (700 MHz, CDCl3): δ 6.02 (s, 1H, 10-CH), 5.33 (t, J = 5.4 Hz, 1H, NH), 4.78 (s, 1H, 

14-CH), 3.53 (t, J = 7.2 Hz, 2H, 11-CH2), 3.48 (t, J = 7.1 Hz, 2H, 13-CH2), 3.15 (q, J = 6.8 Hz, 

2H, 18-CH2), 2.90 (t, J = 7.4 Hz, 2H, 6-CH2), 1.90 (p, J = 7.2 Hz, 2H, 12-CH2), 1.74 (p, J = 7.5 

Hz, 2H, 5-CH2), 1.63 (p, J = 7.4 Hz, 2H, 19-CH2), 1.46 (p, J = 7.5 Hz, 2H, 4-CH2), 1.37 (tt, J = 

7.8, 7.0 Hz, 2H, 20-CH2), 1.33-1.29 (m, 8H, 2-CH2, 3-CH2, 21-CH2 and 22-CH2), 0.90 (t, J = 

6.7 Hz, 6H, 1-CH3 and 23-CH3); 13C NMR (176 MHz, CDCl3): δ 172.4 (C-15/16), 169.7 (C-

8/9), 168.0 (C-8/9), 167.6 (C-15/16), 151.8 (C-7), 149.4 (C-17), 117.3 (C-10), 84.1 (C-14), 

44.5 (C-18), 36.0 (C-11), 35.3 (C-13), 32.0 (C-6), 31.5 (C-21), 31.3 (C-3), 28.7 (C-4), 28.6 

(C-19), 27.9 (C-12), 27.8 (C-5), 26.7 (C-20), 22.6 (C-22), 22.6 (C-2), 14.1 (C-1), 14.1 (C-23); 

IR (wax, cm-1): 3333 (w), 2928 (m), 1708 (s), 1635 (s); LRMS (ASAP+) (m/z, %): 450.2 

([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, [C23H36N3O4S]+ 450.2427, found 

450.2427; UV (MeCN): ε359 = 5900 cm-1 M-1. 

 

Irradiation of 113 

 

A 2.5 mM solution of 113 (28.1 mg, 0.0630 mmol) in MeCN (25 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 8 h whilst stirring at room 

temperature. The solvent was removed in vacuo to recover the starting material in a 

quantitative yield. Spectral data was consistent with that of the starting material 113. 

 

(3aS,3bS,6aR,6bR)-3a,3b-Dibromo-2,5-dimethyltetrahydrocyclobuta[1,2-c:3,4-

c']dipyrrole-1,3,4,6(2H,5H)-tetraone, 115 

 

A 5 mM solution of 64 (28.5 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 min. 

The solution was then irradiated in pyrex glassware for 1 h whilst stirring at room 

temperature. The solvent was removed in vacuo to afford the title compound as a white 

solid (28.5 mg, 0.0750 mmol) in a quantitative yield. 
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m.p. 227-230 °C; 1H NMR (700 MHz, CDCl3): δ 3.57 (s, 1H, 4-CH), 3.20 (s, 3H, 5-CH3); 13C 

NMR (176 MHz, CDCl3): δ 171.1 (C-2/3), 168.9 (C-2/3), 51.6 (C-1), 49.0 (C-4), 26.8 (C-5); 

IR (solid, cm-1): 2912 (w), 1706 (s); LRMS (ASAP+) (m/z, %): 378.9 ([79Br2M+H]+, 54), 

380.9 ([79Br81BrM+H]+, 100), 382.9 ([81Br2M+H]+, 50), ; HRMS: exact mass calculated for 

[79Br79BrM+H]+, [C10H9N2O479Br2]+ 378.8924, found 378.8925. 

 

3-Iodo-1-methyl-1H-pyrrole-2,5-dione, 116 

 

To a solution of 64 (76.0 mg, 0.400 mmol) in acetone (3 mL), NaI (0.360 g, 2.40 mmol) 

was added and the reaction mixture was heated to reflux for 7 h. The reaction mixture 

was then cooled to room temperature and stirred overnight. The reaction mixture was 

filtered and the filtrate was concentrated in vacuo. The crude product was purified by 

silica flash chromatography (gradient elution of 0-20% EtOAc in cyclohexane) to afford 

the title compound as a white solid (94.5 mg, 0.399 mmol) in a quantitative yield. 

m.p. 112-116 °C; 1H NMR (700 MHz, CDCl3): δ 7.18 (s, 1H, 4-CH), 3.09 (s, 3H, 5-CH3); 13C 

NMR (176 MHz, CDCl3): δ 170.0 (C-2/3), 166.9 (C-2/3), 140.7 (C-4), 107.3 (C-1), 25.0 (C-

5); IR (solid, cm-1): 3086 (m), 2940 (w), 1692 (s), 1572 (m); LRMS (ES+) (m/z, %): 237.9 

([M+H]+, 78), 270.0 ([M+CH3OH+H]+, 82), 291.9 ([M+CH3OH+Na]+, 100); HRMS: exact 

mass calculated for [M+H]+, [C5H5INO2]+ 237.9359, found 237.9357; UV (MeCN): ε316 = 

840 cm-1 M-1. 

 

(3aS,3bS,6aR,6bR)-3a,3b-Diiodo-2,5-dimethyltetrahydrocyclobuta[1,2-c:3,4-

c']dipyrrole-1,3,4,6(2H,5H)-tetraone, 117 

 

A 5 mM solution of 116 (35.6 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 1 h whilst stirring at room 

temperature. The solvent was removed in vacuo. The crude product was then purified by 
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silica flash chromatography (gradient elution of 0-60% EtOAc in cyclohexane) to afford 

the title compound as a white solid (31.5 mg, 0.0665 mmol) in an 89% yield. 

m.p. 222-227 °C; 1H NMR (700 MHz, CDCl3): δ 3.72 (s, 2H, 4-CH), 3.19 (s, 6H, 5-CH3); 13C 

NMR (151 MHz, CDCl3): δ 171.9 (C-2/3), 171.8 (C-2/3), 51.7 (C-4), 26.9 (C-5), 26.4 (C-1); 

IR (solid, cm-1): 2923 (m), 1694 (s); LRMS (ES+) (m/z, %): 474.9 ([M+H]+, 100), 491.9 

([M+NH4]+, 70), 496.8 ([M+Na]+, 95); HRMS: exact mass calculated for [M+H]+, 

[C10H9N2O4I2]+ 474.8646, found 474.8641. 

 

1-Methyl-3-(phenylthio)-1H-pyrrole-2,5-dione, 118 

 

To a solution of 64 (76.0 mg, 0.400 mmol) in DCM (30 mL), triethylamine (66.9 μL, 0.480 

mmol) was added, followed by thiophenol (49.3 μL, 0.480 mmol). The reaction mixture 

was stirred for 30 min at room temperature. The solvent was removed in vacuo. The 

crude product was then purified by silica flash chromatography (gradient elution of 0-

15% EtOAc in cyclohexane) to afford the title compound as a yellow oil (43.1 mg, 0.197 

mmol) in a 49% yield. 

1H NMR (700 MHz, CDCl3): δ 7.56 – 7.54 (m, 2H, 2/3-CH), 7.50 – 7.46 (m, 3H, 1-CH and 

2/3-CH), 5.65 (s, 1H, 8-CH), 3.02 (s, 3H, 9-CH3); 13C NMR (176 MHz, CDCl3): δ 169.7 (C-

6/7), 168.1 (C-6/7), 152.7 (C-5), 134.5 (C-1/2/3), 130.6 (C-1/2/3), 130.4 (C-1/2/3), 

127.4 (C-4), 119.0 (C-8), 24.1 (C-9); IR (oil, cm-1): 3059 (w), 2948 (w), 1695 (s), 1561 (m); 

LRMS (ES+) (m/z, %): 220.0 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, 

[C11H10NO2S]+ 220.0427, found 220.0426; UV (MeCN): ε354 = 2200 cm-1 M-1. 

 

(3aS,3bS,6aR,6bR)-2,5-Dimethyl-3a,3b-bis(phenylthio)tetrahydrocyclobuta[1,2-

c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-tetraone, 119 

 

A 5 mM solution of 118 (32.9 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 40 min whilst stirring at 
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room temperature. The solvent was removed in vacuo to afford the title compound as a 

yellow solid (32.9 mg, 0.0750 mmol) in a quantitative yield. 

m.p. 176-180 °C; 1H NMR (700 MHz, CDCl3): δ 7.46 – 7.43 (m, 4H, 2/3-CH), 7.40 – 7.37 (m, 

2H, 1-CH), 7.33 – 7.30 (m, 4H, 2/3-CH), 3.14 (s, 2H, 8-CH), 2.92 (s, 6H, 9-CH3); 13C NMR 

(176 MHz, CDCl3): δ 172.6 (C-6/7), 171.4 (C-6/7), 136.1 (C-2/3), 130.7 (C-1), 129.7 (C-

2/3), 127.3 (C-4), 57.7 (C-5), 44.9 (C-8), 26.0 (C-9); IR (solid, cm-1): 2922 (w), 1699 (s); 

LRMS (ES+) (m/z, %): 439.1 ([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, 

[C22H19N2O4S2]+ 439.0781, found 439.0766. 

 

3-((4-Methoxyphenyl)thio)-1-methyl-1H-pyrrole-2,5-dione, 120 

 

To a solution of 64 (76.0 mg, 0.400 mmol) in DCM (10 mL), triethylamine (66.9 μL, 0.480 

mmol) was added, followed by 4-methoxythiophenol (59.0 μL, 0.480 mmol). The reaction 

mixture was stirred for 30 min at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 

0-30% EtOAc in cyclohexane) to afford the title compound as a yellow solid (73.1 mg, 

0.293 mmol) in a 73% yield. 

m.p. 97-100 °C; 1H NMR (600 MHz, CDCl3) δ 7.46 – 7.41 (m, 2H, 3/4-CH), 6.99 – 6.94 (m, 

2H, 3/4-CH), 5.59 (s, 1H, 9-CH), 3.84 (s, 3H, 1-CH3), 2.99 (s, 3H, 10-CH3); 13C NMR (151 

MHz, CDCl3): δ 169.8 (C-7/8), 168.2 (C-7/8), 161.5 (C-2), 153.7 (C-6), 136.1 (C-3/4), 118.8 

(C-9), 117.6 (C-5), 115.9 (C-3/4), 55.6 (C-1), 24.1 (C-10); IR (solid, cm-1): 3076 (w), 2950 

(w), 1691 (s), 1592 (m); LRMS (ES+) (m/z, %): 250.1 ([M+H]+, 100); HRMS: exact mass 

calculated for [M+H]+, [C12H12NO3S]+ 250.0532, found 250.0527; UV (MeCN): ε357 = 3100 

cm-1 M-1. 

 

Irradiation of 120 

 

A 5 mM solution of 120 (37.4 mg, 0.150 mmol) in MeCN (30 mL) was made up and 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 2 h whilst 
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stirring at room temperature. The solvent was removed in vacuo to recover the starting 

material in a quantitative yield. Spectral data was consistent with that of the starting 

material 120. 

 

1-Methyl-3-((4-nitrophenyl)thio)-1H-pyrrole-2,5-dione, 122 

 

To a solution of 64 (57.0 mg, 0.300 mmol) in DCM (10 mL), triethylamine (50.2 μL, 0.360 

mmol) was added, followed by 4-nitrothiophenol (55.9 mg, 0.360 mmol). The reaction 

mixture was stirred for 30 min at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 

0-30% EtOAc in cyclohexane) to afford the title compound as a yellow solid (54.5 mg, 

0.206 mmol) in a 69% yield. 

m.p. 160-164 °C; 1H NMR (600 MHz, CDCl3): δ 8.32 (d, J = 8.6 Hz, 2H, 2/3-CH), 7.75 (d, J = 

8.6 Hz, 2H, 2/3-CH), 5.86 (s, 1H, 8-CH), 3.04 (s, 3H, 9-CH3); 13C NMR (151 MHz, CDCl3): δ 

169.0 (C-6/7), 167.5 (C-6/7), 149.5 (C-5), 148.9 (C-1), 136.1 (C-4), 134.8 (C-2/3), 125.1 

(C-2/3), 120.6 (C-8), 24.4 (C-9); IR (solid, cm-1): 3105 (w), 2921 (w), 1697 (s), 1555 (m), 

1515 (s); LRMS (ASAP+) (m/z, %): 265.0 ([M+H]+, 100), 297.1 ([M+CH3OH+H]+, 15); 

HRMS: exact mass calculated for [M+H]+, [C11H9N2O4S]+ 265.0278, found 265.0271; UV 

(MeCN): ε309 = 5700 cm-1 M-1, ε345 = 4900 cm-1 M-1. 

 

(3aS,3bS,6aR,6bR)-2,5-Dimethyl-3a,3b-bis((4-

nitrophenyl)thio)tetrahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3,4,6(2H,5H)-

tetraone, 123 

 

A 5 mM solution of 122 (39.8 mg, 0.150 mmol) in MeCN (30 mL) was degassed for 30 

min. The solution was then irradiated in pyrex glassware for 40 min whilst stirring at 

room temperature. The solvent was removed in vacuo to afford the title compound as an 

off white solid (39.8 mg, 0.0750 mmol) in a quantitative yield. 
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m.p. 212-216 °C; 1H NMR (700 MHz, CDCl3): δ 8.21 – 8.18 (m, 4H, 2/3-CH), 7.76 – 7.73 (m, 

4H, 2/3-CH), 3.24 (s, 2H, 8-CH), 3.06 (s, 6H, 9-CH3); 13C NMR (176 MHz, CDCl3): δ 171.6 

(C-6/7), 170.5 (C-6/7), 148.7 (C-1), 136.2 (C-4), 135.3 (C-2/3), 124.3 (C-2/3), 57.6 (C-5), 

45.2 (C-8), 26.3 (C-9); IR (solid, cm-1): 3102 (w), 2919 (w), 1705 (s), 1518 (s); LRMS 

(ASAP+) (m/z, %): 529.0 ([M+H]+, 100), 546.1 ([M+NH4]+, 30); HRMS: exact mass 

calculated for [M+H]+, [C22H17N4O8S2]+ 529.0482, found 529.0472. 

 

2-(3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-3-hydroxy-2-

methylpropanoic acid, 128 

 

A solution of 2,3-dibromomaleic acid (361 mg, 1.32 mmol) and α-methyl-DL-serine (131 

mg, 1.10 mmol) in acetic acid (3 mL) was heated to reflux for 1 h. The reaction mixture 

was cooled and the solvent was then removed in vacuo, azeotroping with toluene (3 x 10 

mL). The crude product was purified by silica flash chromatography (gradient elution of 

0-3% MeOH in DCM with 1% AcOH) to afford the title compound as an off-white solid 

(196 mg, 0.550 mmol) in a 50% yield. 

m.p. 145-148 °C; 1H NMR (600 MHz, CD3OD): δ 4.15 (d, J = 11.9 Hz, 1H, 4-CHH), 3.83 (d, J 

= 11.8 Hz, 1H, 4-CHH), 1.81 (s, 3H, 5-CH3); 13C NMR (151 MHz, CD3OD): δ 174.1 (C-6), 

165.6 (C-2), 130.4 (C-1), 67.2 (C-3), 65.0 (C-4), 20.4 (C-5); IR (solid, cm-1): 3493 (m), 2997 

(br), 2952 (br), 1705 (s), 1605 (m); LRMS (ES-) (m/z, %): 353.9 ([79Br79BrM-H]-, 47), 

355.9 ([79Br81BrM-H]-, 100), 357.9 ([81Br81BrM-H]-, 51); HRMS: exact mass calculated for 

[79Br81BrM-H]-, [C8H679Br81BrNO5]- 355.8618, found 355.8620. 

 

2-(2,5-Dioxo-3,4-bis(phenylthio)-2,5-dihydro-1H-pyrrol-1-yl)-3-hydroxy-2-

methylpropanoic acid, 130 

 

To a solution of 128 (178 mg, 0.500 mmol) and NaOAc (127 mg, 1.55 mmol) in MeOH (30 

mL), thiophenol (0.108 mL, 1.05 mmol) was added and the reaction mixture was stirred 
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for 30 min at room temperature. The solvent was removed in vacuo. The crude product 

was then purified by silica flash chromatography (gradient elution of 0-3% MeOH in DCM 

with 1% AcOH) to afford the title compound as an orange wax (206 mg, 0.500 mmol) in 

a quantitative yield. 

m.p. 113-117 °C; 1H NMR (700 MHz, CD3OD): δ 7.28 – 7.21 (m, 6H, 1-CH and 3-CH), 7.15 

– 7.12 (m, 4H, 2-CH), 4.13 (d, J = 11.7 Hz, 1H, 8-CHH), 3.82 (d, J = 11.7 Hz, 1H, 8-CHH), 1.77 

(s, 3H, 9-CH3); 13C NMR (176 MHz, CD3OD): δ 174.5 (C-10), 168.6 (C-6), 136.8 (C-5), 132.2 

(C-1/2/3), 130.5 (C-4), 130.0 (C-1/2/3), 129.0 (C-1/2/3), 66.4 (C-7), 65.1 (C-8), 20.2 (C-

9); IR (solid, cm-1): 3453 (br), 3052 (m), 2935 (m), 1766 (s), 1697 (s); LRMS (ES+) (m/z, 

%): 416.1 ([M+H]+, 100), 438.1 ([M+Na]+, 33); HRMS: exact mass calculated for [M+H]+, 

[C20H18NO5S2]+ 416.0626, found 416.0637. 

 

3-((Benzylcarbamoyl)oxy)-2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)-2-methylpropanoic acid, 134 

 

To a solution of 128 (143 mg, 0.400 mmol) in 1:5 Et2O:DCM (10 mL), benzylisocyanate 

(98.8 μL, 0.800 mmol) and MoO2Cl2 (~5 mg) was added and the reaction mixture was 

stirred for 3 h at room temperature. The solvents were then removed in vacuo. The crude 

product was purified by silica flash chromatography (gradient elution of 0-3% MeOH in 

DCM with 1% AcOH) to afford the title compound as a yellow solid (167 mg, 0.341 mmol) 

in an 85% yield. 

m.p. 69-72 °C; 1H NMR (600 MHz, CD3OD): δ 7.31 – 7.27 (m, 4H, 8-CH, NH and OH), 7.23-

7.20 (m, 3H, 9-CH and 10-CH), 4.82 (d, J = 11.7 Hz, 1H, 4-CHH), 4.36 (d, J = 11.8 Hz, 1H, 4-

CHH), 4.24 (d, J = 15.4, 2H, 6-CHH), 4.18 (d, J = 15.2, 2H, 6-CHH), 1.88 (s, 3H, 11-CH3); 13C 

NMR (151 MHz, CD3OD): δ 173.4 (C-12), 165.3 (C-2), 158.5 (C-5), 140.3 (C-7), 130.5 (C-

1), 129.6 (C-8/9/10), 129.5 (C-8/9/10), 128.2 (C-8/9/10), 66.5 (C-3), 65.3 (C-4), 45.5 (C-

6), 20.7 (C-11); IR (solid, cm-1): 3370 (br), 3028 (w), 2937 (w), 1724 (s), 1517 (m); LRMS 

(ES-) (m/z, %): 486.9 ([79Br79BrM-H]-, 50), 488.9 ([79Br81BrM-H]-, 100), 490.9 

([81Br81BrM-H]-, 49); HRMS: exact mass calculated for [79Br79BrM-H]-, [C16H1379Br2N2O6]- 

488.9146, found 486.9152. 
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3-((Benzylcarbamoyl)oxy)-2-(3,4-bis(((R)-2-((tert-butoxycarbonyl)amino)-3-

methoxy-3-oxopropyl)thio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 135 

 

To a solution of 134 (162 mg, 0.330 mmol) in DCM (30 mL), triethylamine (0.148 mL, 

1.06 mmol) was added, followed by Boc-L-Cys-OMe (0.149 mL, 0.726 mmol). The reaction 

mixture was stirred for 30 min at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 

0-4% MeOH in DCM with 1% AcOH) to afford the title compound as a yellow solid (207 

mg, 0.259 mmol) in a 78% yield. 

m.p. 77-79 °C; 1H NMR (600 MHz, CD3OD): δ 7.31 – 7.28 (m, 2H, 15-CH), 7.26-7.20 (m, 3H, 

16-CH and 17-CH), 4.76 (2 x d, J = 11.5 Hz, 1H, 11-CHH), 4.42 (dd, J = 10.8, 7.3 Hz, 2H, 4-

CH), 4.34 (2 x d, J = 11.6 Hz, 1H, 11-CHH), 4.25 (2 x d, J = 15.5 Hz, 2H, 13-CH2), 3.84-3.77 

(m, 2H, 7-CHH), 3.71 (2 x s, 6H, 6-CH3), 3.49 – 3.42 (m, 2H, 7-CHH), 1.86 (2 x s, 3H, 18-

CH3), 1.42 (2 x s, 18H, 1-CH3); 13C NMR (151 MHz, CD3OD): δ 173.8 (C-19), 172.4 (C-5), 

167.6 (C-9), 158.5 (C-3), 157.7 (C-12), 140.4 (C-14), 137.4 (C-8), 129.5 (C-15/16/17), 

128.3 (C-15/16/17), 128.1 (C-15/16/17), 81.0 (C-2), 66.7 (C-11), 64.4 (C-10), 55.3 (C-4), 

53.1 (C-6), 45.5 (C-13), 34.1 (C-7), 28.7 (C-1), 20.7 (C-18); IR (solid, cm-1): 3356 (br), 2975 

(w), 2931 (w), 1703 (s), 1512 (m); LRMS (ES+) (m/z, %): 799.3 ([M+H]+, 100); HRMS: 

exact mass calculated for [M+H]+, [C34H47N4O14S2]+ 799.2525, found 799.2522; UV 

(MeCN): ε401 = 2800 cm-1 M-1. 
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Dimethyl 3,3'-((2,5-dioxo-1-(prop-1-en-2-yl)-2,5-dihydro-1H-pyrrole-3,4-

diyl)bis(sulfanediyl))(2R,2'R)-bis(2-((tert-butoxycarbonyl)amino)propanoate), 

136 

 

Dimethyl 3,3'-((1-(1-((benzylcarbamoyl)oxy)propan-2-yl)-2,5-dioxo-2,5-dihydro-

1H-pyrrole-3,4-diyl)bis(sulfanediyl))(2R,2'R)-bis(2-((tert-

butoxycarbonyl)amino)propanoate), 137 

 

A 1.5 mM solution of 135 (120 mg, 0.150 mmol) in 80:20 MeCN:PBS pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 

whilst stirring at room temperature. The solution was washed with 10% aqueous citric 

acid solution (10 mL). The products were then extracted with DCM (3 x 10 mL). The 

organic layer was dried over MgSO4 and the solvent was removed in vacuo. The crude 

products were then purified by silica flash chromatography (gradient elution of 0-25% 

EtOAc in cyclohexane) to afford the two title compounds as yellow oils: 136 (67.0 mg, 

0.111 mmol) in a 73% yield and 137 (11.1 mg, 0.015 mmol) in a 10% yield. 

 

136: 1H NMR (600 MHz, CD3OD): δ 5.24 (d, J = 1.3 Hz, 1H, 11-CHH), 5.05 (br s, 1H, 11-

CHH), 4.46 (dd, J = 8.3, 4.5 Hz, 2H, 4-CH), 3.86 (dd, J = 13.9, 4.4 Hz, 2H, 7-CHH), 3.74 (s, 6H, 

6-CH3), 3.49 (dd, J = 13.8, 8.5 Hz, 2H, 7-CHH), 2.02 (s, 3H, 12-CH3), 1.43 (s, 18H, 1-CH3); 

13C NMR (151 MHz, CD3OD): δ 172.4 (C-5), 166.3 (C-9), 157.7 (C-3), 137.5 (C-8), 136.3 (C-

10), 114.9 (C-11), 81.0 (C-2), 55.5 (C-4), 53.1 (C-6), 34.0 (C-7), 28.7 (C-1), 20.5 (C-12); IR 

(oil, cm-1): 3367 (br), 2977 (w), 2932 (w), 1743 (s), 1707 (s), 1656 (w); LRMS (ES+) (m/z, 
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%): 604.2 ([M+H]+, 70), 626.2 ([M+Na]+, 100); HRMS: exact mass calculated for [M+H]+, 

[C25H38N3O10S2]+ 604.1993, found 604.1990. 

 

137: 1H NMR (600 MHz, CD3OD): δ 7.36 – 7.27 (m, 3H, 15/16-CH and 17-CH), 7.26 – 7.19 

(m, 2H, 15/16-CH), 4.61 – 4.54 (m, 1H, 11-CHH), 4.48 – 4.38 (m, 3H, 4-CH and 10-CH), 

4.35 – 4.30 (m, 1H, 11-CHH), 4.26 – 4.17 (m, 2H, 13-CH2), 3.89 – 3.81 (m, 2H, 7-CHH), 3.74 

(s, J = 14.3 Hz, 6H, 6-CH3), 3.52 – 3.44 (m, 2H, 7-CHH), 1.44 – 1.42 (m, 18H, 1-CH3), 1.34 

(s, 3H, 18-CH3); 13C NMR (151 MHz, CD3OD): δ 172.4 (C-5), 168.6 (C-9), 158.5 (C-3), 157.5 

(C-12), 139.6 (C-14), 137.9 (C-8), 129.5 (C-15/16/17), 128.6 (C-15/16/17), 128.4 (C-

15/16/17), 81.0 (C-2), 55.6 (C-4), 53.1 (C-6), 48.4 (C-10), 45.4 (C-13), 44.0 (C-11), 33.8 

(C-7), 28.7 (C-1), 25.2 (C-18); IR (oil, cm-1): 3369 (br), 2978 (w), 2930 (w), 1708 (s), 1512 

(m); LRMS (ES+) (m/z, %): 755.3 ([M+H]+, 68), 777.2 ([M+Na]+, 100); HRMS: exact mass 

calculated for [M+H]+, [C33H47N4O12S2]+ 755.2626, found 755.2627. 

 

(S)-2-(3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-3-hydroxy-2-

methylpropanoic acid, 138238 

 

A solution of 2,3-dibromomaleic acid (345 mg, 1.26 mmol) and α-methyl-L-serine (125 

mg, 1.05 mmol) in acetic acid (3 mL) was heated to reflux for 1 h. The reaction mixture 

was cooled and the solvent was then removed in vacuo, azeotroping with toluene (3 x 10 

mL). The crude product was purified by silica flash chromatography (gradient elution of 

0-3% MeOH in DCM with 1% AcOH) to afford the title compound as an off-white solid 

(169 mg, 0.473 mmol) in a 45% yield. 

m.p. 163-168 °C; 1H NMR (700 MHz, CD3OD): δ 4.14 (d, J = 11.9 Hz, 1H, 4-CHH), 3.83 (d, J 

= 11.9 Hz, 1H, 4-CHH), 1.80 (s, 3H, 5-CH3); 13C NMR (176 MHz, CD3OD): δ 174.0 (C-6), 

165.5 (C-2), 130.3 (C-1), 67.2 (C-3), 64.9 (C-4), 20.3 (C-5); IR (solid, cm-1): 3515 (m), 2955 

(br), 1714 (s), 1609 (m); LRMS (ES+) (m/z, %): 355.9 ([79Br79BrM+H]+, 52), 357.9 

([79Br81BrM+H]+, 100), 359.9 ([81Br81BrM+H]+, 49); HRMS: exact mass calculated for 

[79Br79BrM+H]+, [C8H8NO579Br2]+ 355.8764, found 355.8762. 
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(S)-2-(3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-methyl-3-(2-

phenylacetoxy)propanoic acid, 139a 

(S)-2-(3,4-Dichloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-methyl-3-(2-

phenylacetoxy)propanoic acid, 139b 

(S)-2-(3-Bromo-4-chloro-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-methyl-3-(2-

phenylacetoxy)propanoic acid, 139c 

 

To a solution of 138 (140 mg, 0.400 mmol) and TBAB (645 mg, 2.00 mmol) in CHCl3 (5 

mL), phenylacetyl chloride (0.212 mL, 1.60 mmol) was added dropwise. The reaction 

mixture was stirred for 4 h at room temperature. The reaction mixture was then washed 

with 10% aqueous citric acid solution (10 mL). The organic layer was dried over MgSO4, 

and the solvent removed in vacuo. The crude product was then purified by silica flash 

chromatography (gradient elution of 0-2% MeOH in DCM with 1% AcOH) to afford a 

mixture of the title compounds as a clear oil (189 mg).  

1H NMR (700 MHz, CD3OD): δ 7.26 (t, J = 7.5 Hz, 2H, ArH), 7.24 – 7.20 (m, 1H, ArH), 7.19 

– 7.16 (m, 2H, ArH), 4.75 (d, J = 11.7 Hz, 1H, 4-CHH), 4.37 (2 x d, J = 11.7 Hz, 1H, 4-CHH), 

3.59 (2 x s, 2H, 6-CH2), 1.82 (2 x s, 3H, 11-CH3); 13C NMR (176 MHz, CD3OD): δ 172.68 (C-

11), 172.57 (C-5)), 164.98 (C-2) 138.70 (C-1), 130.37 (Ar-C), 130.20 (Ar-C), 129.52 (Ar-

C), 128.09 (Ar-C), 66.42 (C-4) 64.66 (C-3), 41.74 (C-6), 20.59 (C-11); IR (oil, cm-1): 3031 

(w), 2925 (w), 1727 (s), 1602 (m); LRMS (ES-) (m/z, %): 384.0 ([35Cl35ClM-H]-, 16), 386.0 

([35Cl37ClM-H]-, 10), 428.0 ([35Cl79BrM-H]-, 56), 430.0 ([35Cl81BrM-H]-, [37Cl79BrM-H]-, 70), 

432.0 ([37Cl81BrM-H]-, 16), 471.9 ([79Br79BrM-H]-, 51), 473.9 ([79Br81BrM-H]-, 100), 475.9 

([81Br81BrM-H]-, 49). 

 

 

 

 

 



193 
 

(S)-2-(3,4-Bis(((R)-2-((tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)thio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-methyl-3-(2-

phenylacetoxy)propanoic acid, 140 

 

To a solution of 139a-c (189 mg, 0.489 mmol (if assumed 139b)) and NaOAc (128 mg, 

1.56 mmol) in MeOH (30 mL), a solution of Boc-L-Cys-OMe (254 mg, 1.08 mmol) in MeOH 

(5 mL) was added. The reaction mixture was stirred for 30 min at room temperature. The 

solvent was removed in vacuo. The crude product was then purified by silica flash 

chromatography (gradient elution of 0-3% MeOH in DCM with 1% AcOH) to afford the 

title compound as a bright yellow solid (264 mg, 0.337 mmol) in an 84% yield over two 

steps from 138. 

m.p. 77-80 °C; 1H NMR (700 MHz, CD3OD): δ 7.30 – 7.26 (m, 2H, 16-CH), 7.24 – 7.21 (m, 

3H, 15-CH and 17-CH), 4.74 (d, J = 11.7 Hz, 1H, 11-CHH), 4.41 (dd, J = 8.7, 5.0 Hz, 2H, 4-

CH), 4.38 (d, J = 11.6 Hz, 1H, 11-CHH), 3.77 (dd, J = 13.8, 4.9 Hz, 2H, 7-CHH), 3.71 (s, 6H, 

6-CH3), 3.62 (s, 2H, 13-CH2), 3.47 (dd, J = 13.8, 8.8 Hz, 2H, 7-CHH), 1.79 (s, 3H, 18-CH3), 

1.43 (s, 18H, 1-CH3); 13C NMR (176 MHz, CD3OD): δ 173.2 (C-19), 172.9 (C-12), 172.3 (C-

5), 167.3 (C-9), 157.5 (C-3), 137.3 (C-8), 135.1 (C-14), 130.3 (C-15/16/17), 129.5 (C-

15/16/17), 128.0 (C-15/16/17), 80.9 (C-2), 66.7 (C-11), 63.8 (C-10), 55.2 (C-4), 53.0 (C-

6), 41.7 (C-13), 34.0 (C-7), 28.6 (C-1), 20.5 (C-18); IR (solid, cm-1): 3271 (br), 2922 (m), 

1711 (s); LRMS (ES-) (m/z, %): 782.2 ([M-H]-, 100); HRMS: exact mass calculated for [M-

H]-, [C34H44N3O14S2]- 782.2270, found 782.2224; UV (MeCN): ε402 = 3700 cm-1 M-1. 

 

(S)-3-(Benzoyloxy)-2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 143 
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To a solution of 138 (37.0 mg, 0.100 mmol) and triethylamine (30.7 μL, 0.220 mmol) in 

CHCl3 (5 mL), a solution of benzoyl bromide (47.1 μL, 0.400 mmol) in CHCl3 (5 mL) was 

added dropwise. The reaction mixture was stirred for 4 h at room temperature. A further 

solution of benzoyl bromide (47.1 μL, 0.400 mmol) in CHCl3 (5 mL) was added dropwise 

and left to stir for a further 4 h at room temperature. The reaction mixture was then 

washed with 10% aqueous citric acid solution (10 mL). The organic layer was dried over 

MgSO4, and the solvent removed in vacuo. The crude product was then purified by silica 

flash chromatography (gradient elution of 0-3% MeOH in DCM with 1% AcOH) to afford 

the title compound as a clear oil (46.0 mg, 0.100 mmol) in a quantitative yield. 

1H NMR (600 MHz, CD3OD): δ 7.96 – 7.91 (m, 2H, 7/8-CH), 7.63 – 7.57 (m, 1H, 9-CH), 7.49 

– 7.43 (m, 2H, 7/8-CH), 4.95 – 4.90 (m, 3H, 4-CHH (overlapping with water peak)), 4.67 

(d, J = 11.6 Hz, 1H, 4-CHH), 1.95 (s, 3H, 10-CH3); 13C NMR (151 Hz, CD3OD): δ 172.8 (C-

11), 167.4 (C-5), 165.2 (C-2), 134.6 (C-9), 130.7 (C-7/8), 130.6 (C-1 and C-6), 129.7 (C-

7/8), 67.0 (C-4), 64.8 (C-3), 20.8 (C-10); IR (oil, cm-1): 2925 (w), 1726 (s), 1603 (m); LRMS 

(ES+) (m/z, %): 459.9 ([79Br79BrM+H]+, 55), 461.9 ([79Br81BrM+H]+, 100), 463.9 

([81Br81BrM+H]+, 50); HRMS: exact mass calculated for [79Br79BrM+H]+, 

[C15H1279Br2NO6]+ 459.9026, found 459.9012.  

 

(S)-3-(Benzoyloxy)-2-(3,4-bis(((R)-2-((tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)thio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-methylpropanoic acid, 

144 

 

To a solution of 143 (101 mg, 0.220 mmol) and NaOAc (57.7 mg, 0.704 mmol) in MeOH 

(30 mL), a solution of Boc-L-Cys-OMe (115 mg, 0.484 mmol) in MeOH (5 mL) was added. 

The reaction mixture was stirred for 30 min at room temperature. The solvent was 

removed in vacuo. The crude product was then purified by silica flash chromatography 

(gradient elution of 0-4% MeOH in DCM with 1% AcOH) to afford the title compound as 

a bright yellow solid (159 mg, 0.207 mmol) in a 94% yield. 
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m.p. 80-84 °C; 1H NMR (600 MHz, CD3OD): δ 8.00 – 7.96 (m, 2H, 14/15-CH), 7.60 (t, J = 7.4 

Hz, 1H, 16-CH), 7.50 – 7.44 (m, 2H, 14/15-CH), 4.92 (m, 1H, 11-CHH (overlapping with 

water peak)), 4.68 (d, J = 11.5 Hz, 1H, 11-CHH), 4.40 (dd, J = 8.9, 4.8 Hz, 2H, 4-CH), 3.76 

(dd, J = 14.0, 4.7 Hz, 2H, 7-CHH), 3.69 (s, 6H, 6-CH3), 3.48 (dd, J = 13.9, 8.8 Hz, 2H, 7-CHH), 

1.93 (s, 3H, 17-CH3), 1.42 (s, 18H, 1-CH3); 13C NMR (151 MHz, CD3OD): δ 173.3 (C-18), 

172.4 (C-5), 167.5 (C-9/12), 167.5 (C-9/12), 157.6 (C-3), 137.5 (C-8), 134.5 (C-16), 130.8 

(C-13), 130.8 (C-14/15), 129.7 (C-14/15), 81.0 (C-2), 67.2 (C-11), 64.0 (C-10), 55.2 (C-4), 

53.1 (C-6), 34.1 (C-7), 28.7 (C-1), 20.7 (C-17); IR (solid, cm-1): 2978 (w), 1706 (s), 1506 

(m); LRMS (ASAP-) (m/z, %): 706.2 ([M-2CH3OH-H]-, 100), 769.2 ([M]-, 100); HRMS: 

exact mass calculated for [BrM-H]-, [C33H43N3O14S2]- 769.2181, found 769.2186; UV 

(MeCN): ε402 = 3200 cm-1 M-1. 

 

Dimethyl 3,3'-((2,5-dioxo-1-(prop-1-en-2-yl)-2,5-dihydro-1H-pyrrole-3,4-

diyl)bis(sulfanediyl))(2R,2'R)-bis(2-((tert-butoxycarbonyl)amino)propanoate), 

136238 

 

Dimethyl 3,3'-((2,5-dioxo-2,5-dihydro-1H-pyrrole-3,4-

diyl)bis(sulfanediyl))(2R,2'R)-bis(2-((tert-butoxycarbonyl)amino)propanoate), 

142 

 

 

Irradiation of 140 

A 1.5 mM solution of 140 (118 mg, 0.150 mmol) in 50:50 MeCN:PB pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 
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whilst stirring at room temperature. The solvents were removed in vacuo. The product 

was redissolved in EtOAc (30 mL) and separated with a brine wash. The organic layer 

was dried over MgSO4 and the solvent was removed in vacuo. The crude products were 

then purified by silica flash chromatography (gradient elution of 0-30% EtOAc in 

cyclohexane) to afford the two title compounds as yellow oils: 136 (63.3 mg, 0.105 mmol) 

in a 70% yield and 142 (16.3 mg, 0.0289 mmol) in a 19% yield. 

 

Irradiation of 144 

A 1.5 mM solution of 144 (115 mg, 0.150 mmol) in 50:50 MeCN:PB pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 

whilst stirring at room temperature. The solvents were removed in vacuo. The product 

was redissolved in EtOAc (30 mL) and separated with a brine wash. The organic layer 

was dried over MgSO4 and the solvent was removed in vacuo. The crude products were 

then purified by silica flash chromatography (gradient elution of 0-30% EtOAc in 

cyclohexane) to afford the two title compounds as yellow oils: 136 (70.0 mg, 0.116 mmol) 

in a 77% yield and 142 (10.1 mg, 0.0179 mmol) in a 12% yield. 

 

136: 1H NMR (700 MHz, CD3OD): δ 5.24 (d, J = 1.3 Hz, 1H, 11-CHH), 5.04 (br s, 1H, 11-

CHH), 4.46 (dd, J = 8.6, 4.7 Hz, 2H, 4-CH), 3.85 (dd, J = 14.1, 4.6 Hz, 2H, 7-CHH), 3.73 (s, 6H, 

6-CH3), 3.49 (dd, J = 14.1, 8.5 Hz, 2H, 7-CHH), 2.02 (s, 3H, 12-CH3), 1.42 (s, 18H, 1-CH3); 

13C NMR (176 MHz, CD3OD): δ 172.3 (C-5), 166.2 (C-9), 157.5 (C-3), 137.4 (C-8), 136.1 (C-

10), 114.8 (C-11), 80.9 (C-2), 55.4 (C-4), 53.0 (C-6), 33.9 (C-7), 28.6 (C-1), 20.4 (C-12); IR 

(oil, cm-1): 3373 (br), 2978 (w), 1706 (s); LRMS (ES+) (m/z, %): 404.1 ([M-

2(COOC(CH3)3)+3H]+, 10), 448.1 ([M-COOC(CH3)3-C(CH3)3+3H]+, 100), 626.2 ([M+Na]+, 

34); HRMS: exact mass calculated for [M+H]+, [C25H38N3O10S2]+ 604.1993, found 

604.1994. 

 

142: 1H NMR (700 MHz, CD3OD): δ 4.45 (dd, J = 7.9, 4.5 Hz, 2H, 4-CH), 3.85 (dd, J = 13.8, 

4.4 Hz, 2H, 7-CHH), 3.74 (s, 6H, 6-CH3), 3.48 (dd, J = 13.9, 8.0 Hz, 2H, 7-CHH), 1.43 (s, 18H, 

1-CH3); 13C NMR (176 MHz, CD3OD): δ 172.3 (C-5), 168.5 (C-9), 157.4 (C-3), 137.8 (C-8), 

80.9 (C-2), 55.5 (C-4), 52.9 (C-6), 33.7 (C-7), 28.6 (C-1); IR (oil, cm-1): 3352 (w), 2979 (w), 

1706 (s); LRMS (ES+) (m/z, %): 508.1 ([M-C(CH3)3+2H]+, 100) 564.2 ([M+H]+, 25); HRMS: 

exact mass calculated for [M+H]+, [C22H34N3O10S2]+ 564.1680, found 564.1680. 
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(S)-3-(Benzoyloxy)-2-(3-bromo-2,5-dioxo-4-(propylamino)-2,5-dihydro-1H-

pyrrol-1-yl)-2-methylpropanoic acid, 145 

 

To a solution of 143 (111 mg, 0.240 mmol) and NaOAc (43.4 mg, 0.528 mmol) in MeOH 

(30 mL), propylamine (43.4 μL, 0.528 mmol) was added and the reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude 

product was then purified by silica flash chromatography (gradient elution of 0-3% 

MeOH in DCM with 1% AcOH) to afford the title compound as a yellow wax (88.6 mg, 

0.202 mmol) in an 84% yield. 

1H NMR (600 MHz, CD3OD): δ 7.95 (dd, J = 8.3, 1.2 Hz, 2H, 12/13-CH), 7.62 – 7.58 (m, 1H, 

14-CH), 7.46 (t, J = 7.8 Hz, 2H, 12/13-CH), 4.91 (m, 9H, 9-CHH (overlapping with water 

peak)), 4.61 (d, J = 11.4 Hz, 1H, 9-CHH), 3.51 (t, J = 7.3 Hz, 2H, 3-CH2), 1.92 (s, 3H, 15-CH3), 

1.62 (h, J = 7.4 Hz, 2H, 2-CH2), 0.92 (t, J = 7.4 Hz, 3H, 1-CH3); 13C NMR (151 MHz, CD3OD): 

δ 173.8 (C-16), 169.7 (C-5/6), 167.4 (C-10), 166.7 (C-5/6), 145.3 (C-4), 134.5 (C-14), 

130.8 (C-11), 130.7 (C-12/13), 129.6 (C-12/13), 73.6 (C-7), 67.4 (C-9), 63.5 (C-8), 45.1 (C-

3), 25.3 (C-2), 21.1 (C-15), 11.0 (C-1); IR (solid, cm-1): 3332 (m), 2933 (m), 1713 (s), 1650 

(s), 1513 (m); LRMS (ASAP+) (m/z, %): 289.0 ([79BrM-C6H4COCOOH]+, 100), 291.0 

([81BrM-C6H4COCOOH]+, 100), 317.0 ([79BrM-C6H4COOH]+, 40), 319.0 ([81BrM-

CH2COOH]+, 39); HRMS: exact mass calculated for [79BrM+H]+, [C18H2079BrN2O6]+ 

439.0499, found 439.0495; UV (MeCN): ε377 = 3700 cm-1 M-1. 

 

(S)-3-(Benzoyloxy)-2-(3-bromo-4-(((R)-2-((tert-butoxycarbonyl)amino)-3-

methoxy-3-oxopropyl)thio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 146 

 

To a solution of 143 (111 mg, 0.240 mmol) and NaOAc (21.7 mg, 0.264 mmol) in MeOH 

(30 mL), a solution of Boc-L-Cys-OMe (28.2 mg, 0.120 mmol) in MeOH (10 mL) was added 
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dropwise over 1 h. The reaction mixture was stirred for 30 min at room temperature. The 

solvent was removed in vacuo. The crude product was then purified by silica flash 

chromatography (gradient elution of 0-4% MeOH in DCM with 1% AcOH) to separate the 

disubstituted product. Separation of the title compound and the starting material 143 

was not achieved, therefore, the mixture (90.4 mg) was taken forward for the next step. 

NMR and LRMS gave confirmation of the presence of the title compound. 

1H NMR (600 MHz, CD3OD): δ 8.07 – 8.03 (m, 2H, 16/17-CH), 7.63 – 7.58 (m, 3H, 18-CH 

(overlapping with 143 protons)), 7.50 – 7.43 (m, 5H, 16/17-CH (overlapping with 143 

protons)), 4.91 (d, J = 11.2 Hz, 4H, 13-CHH (overlapping with water peak and 143 

protons)), 4.75 (d, J = 11.1 Hz, 1H, 13-CHH), 4.43 (dd, J = 9.2, 4.6 Hz, 1H, 4-CH), 3.95 (dd, 

J = 13.9, 4.7 Hz, 2H, 7-CHH), 3.69 (s, 3H, 6-CH3), 3.51 (dd, J = 13.9, 9.3 Hz, 2H, 7-CHH), 1.94 

(s, J = 5.5 Hz, 5H, 19-CH3 (overlapping with 143 protons)), 1.40 (s, 9H, 1-CH3); 13C NMR 

(151 MHz, CD3OD): δ 173.1 (C-20), 172.2 (C-5), 167.4 (C-14), 167.2 (C-9/10), 164.8 (C-

9/10), 157.7 (C-3), 143.7 (C-8), 134.4 (C-18), 130.7 (C-16/17), 130.7 (C-15), 129.6 (C-

16/17), 120.6 (C-11), 80.9 (C-2), 66.6 (C-13), 64.4 (C-12), 55.1 (C-4), 53.1 (C-6), 33.5 (C-

7), 28.7 (C-1), 20.7 (C-19); LRMS (ES-) (m/z, %): 613.0 ([79BrM-H]-, 95), 615.0 ([81BrM-

H]-, 100). 

 

(S)-3-(Benzoyloxy)-2-(3-(((R)-2-((tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)thio)-2,5-dioxo-4-(phenylamino)-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 147 

 

(S)-3-(Benzoyloxy)-2-(3-bromo-2,5-dioxo-4-(phenylamino)-2,5-dihydro-1H-

pyrrol-1-yl)-2-methylpropanoic acid, 148 

 

To a mixed solution of 143 and 146 (90.4 mg, 0.196 mmol assumed to be all 143) and 

NaOAc (35.4 mg, 0.431 mmol) in MeOH (30 mL), aniline (21.4 μL, 0.235 mmol) was added 
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and the reaction mixture was stirred for 4 h at room temperature. The solvent was 

removed in vacuo. The crude product was then purified by silica flash chromatography 

(gradient elution of 0-4% MeOH in DCM with 1% AcOH) to afford the two title compounds 

as yellow solids: 147 (48.6 mg, 0.0774 mmol) in a 32% yield and 148 (24.7 mg, 0.0522 

mmol) in a 22% yield over two steps. 

 

147: m.p. 83-87 °C; 1H NMR (600 MHz, CD3OD): δ 8.02 – 7.98 (m, 2H, 20/21-CH), 7.62 – 

7.57 (m, 1H, 22-CH), 7.48 – 7.44 (m, 2H, 20/21-CH), 7.38 – 7.34 (m, 2H, 13/14-CH), 7.26 

– 7.21 (m, 3H, 13/14-CH and 15-CH), 4.99 (d, J = 11.4 Hz, 1H, 17-CHH), 4.70 (d, J = 11.3 

Hz, 1H, 17-CHH), 4.09 (t, J = 5.8 Hz, 1H, 4-CH), 3.59 (s, 3H, 6-CH3), 2.65 (dd, J = 13.6, 6.7 

Hz, 1H, 7-CHH), 2.60 (dd, J = 13.6, 5.0 Hz, 1H, 7-CHH), 1.96 (s, 3H, 23-CH3), 1.41 (s, 9H, 1-

CH3); 13C NMR (151 MHz, CD3OD): δ 173.8 (C-24), 172.8 (C-5/9/10), 172.7 (C-5/9/10), 

167.5 (C-9/10/18), 167.5 (C-9/10/18), 157.4 (C-3), 146.2 (C-11), 137.8 (C-12), 134.5 (C-

22), 130.9 (C-19), 130.8 (C-20/21), 129.7 (C-20/21), 129.4 (C-13/14), 127.2 (C-15), 125.9 

(C-13/14), 92.4 (C-8) 80.9 (C-2), 67.6 (C-17), 63.5 (C-16), 54.3 (C-4), 52.9 (C-6), 37.2 (C-

7), 28.7 (C-1), 21.0 (C-23); IR (solid, cm-1): 3293 (br, w), 2977 (br), 1704 (s), 1623 (s), 

1594 (m); LRMS (ASAP-) (m/z, %): 626.2 ([M-H]-, 73); HRMS: exact mass calculated for 

[M-H]-, [C30H32N3O10S]- 626.1814, found 626.1815; UV (MeCN): ε395 = 3900 cm-1 M-1. 

 

148: m.p. 81-85 °C; 1H NMR (600 MHz, CD3OD): δ 7.99 (dt, J = 8.4, 1.4 Hz, 2H, 13/14-CH), 

7.62 – 7.58 (m, 1H, 15-CH), 7.49 – 7.45 (m, 2H, 13/14-CH), 7.36 – 7.32 (m, 2H, 2/3-CH), 

7.23 – 7.20 (m, 1H, 1-CH), 7.18 – 7.15 (m, 2H, 2/3-CH), 4.96 (d, J = 11.4 Hz, 1H, 10-CHH), 

4.67 (d, J = 11.4 Hz, 1H, 10-CHH), 1.97 (s, 3H, 16-CH3); 13C NMR (151 MHz, CD3OD): δ 

173.8 (C-17), 169.6 (C-6/7), 167.4 (C-6/7/11), 167.3 (C-6/7/11), 142.6 (C-5), 137.5 (C-

4), 134.5 (C-15), 130.8 (C-12), 130.7 (C-13/14), 129.7 (C-13/14), 129.5 (C-2/3), 127.0 (C-

1), 126.1 (C-2/3), 80.4 (C-8), 67.4 (C-10), 63.8 (C-9), 21.1 (C-16); ); IR (solid, cm-1): 3293 

(br, w), 2919 (w), 1709 (s), 1648 (s), 1595 (m); LRMS (ASAP-) (m/z, %): 471.0 ([79BrM-

H]-, 100), 473.0 ([81BrM-H]-, 97); HRMS: exact mass calculated for [79BrM-H]-, 

[C21H1679BrN2O6]- 471.0197, found 471.0199; UV (MeCN): ε385 = 3000 cm-1 M-1. 
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(S)-3-Acetoxy-2-(3-bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 150 

 

A solution of 3-bromomaleic anhydride (0.187 mL, 2.02 mmol) and α-methyl-L-serine 

(200 mg, 1.68 mmol) in acetic acid (3 mL) was heated to reflux for 1 h. The reaction 

mixture was cooled and the solvent was removed in vacuo, azeotroping with toluene (3 x 

10 mL). The crude product was purified by silica flash chromatography (gradient elution 

of 0-3% MeOH in DCM with 1% AcOH) to afford the title compound as a brown oil (64.9 

mg, 0.203 mmol) in a 12% yield. 

1H NMR (700 MHz, CD3OD): δ 7.10 (s, 1H, 4-CH), 4.73 (d, J = 11.6 Hz, 1H, 6-CHH), 4.40 (d, 

J = 11.6 Hz, 1H, 6-CHH), 1.99 (s, 3H, 8-CH3), 1.83 (s, 3H, 9-CH3).; 13C NMR (176 MHz, 

CD3OD): δ 173.0 (C-10), 172.1 (C-7), 169.9 (C-2/3), 166.6 (C-2/3), 133.6 (C-4), 132.0 (C-

1), 66.2 (C-6), 63.8 (C-5), 20.4 (C-8/9), 20.4 (C-8/9); IR (wax, cm-1): 3105 (br, w), 2926 

(w), 1711 (s); LRMS (ASAP+) (m/z, %): 260.0 ([79BrM-CH3COO]+, 100), 262.0 ([81BrM-

CH3COO]+, 96), 320.0 ([79BrM+H]+, 25), 322.0 ([81BrM+H]+, 24), 352.0 

([79BrM+CH3OH+H]+, 34), 354.0 ([79BrM+CH3OH+H]+, 32); HRMS: exact mass calculated 

for [79BrM+H]+, [C10H11NO679Br]+ 319.9764, found 319.9757. 

 

(S)-3-Acetoxy-2-(2,5-dioxo-3-(propylamino)-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 151 

 

To a solution of 150 (41.1 mg, 0.130 mmol) and NaOAc (23.5 mg, 0.286 mmol) in MeOH 

(20 mL), propylamine (23.5 μL, 0.286 mmol) was added and the reaction mixture was 

stirred for 30 min at room temperature. The solvent was removed in vacuo. The crude 

product was then purified by silica flash chromatography (gradient elution of 0-2% 

MeOH in DCM with 1% AcOH) to afford the title compound as a yellow wax (30.0 mg, 

0.101 mmol) in a 78% yield. 
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1H NMR (600 MHz, CDCl3): δ 5.50 (t, J = 6.0 Hz, 1H, NH), 4.79 (s, 1H, 7-CH), 4.70 (d, J = 11.5 

Hz, 1H, 9-CHH), 4.49 (d, J = 11.5 Hz, 1H, 9-CHH), 3.12 (td, J = 7.0, 6.1 Hz, 2H, 3-CH2), 2.04 

(s, 3H, 11-CH3), 1.84 (s, 3H, 12-CH3), 1.66 (h, J = 7.4 Hz, 2H, 2-CH2), 0.98 (t, J = 7.4 Hz, 3H, 

1-CH3); 13C NMR (151 MHz, CDCl3): δ 175.3 (C-13), 172.4 (C-5/6), 170.8 (C-10), 167.2 (C-

5/6), 149.3 (C-4), 84.1 (C-7), 65.7 (C-9), 61.3 (C-8), 46.1 (C-3), 22.0 (C-2), 20.9 (C-11), 20.1 

(C-12), 11.5 (C-1); IR (wax, cm-1): 2939 (br), 1714 (s), 1615 (m); LRMS (ES+) (m/z, %): 

198.1 ([M-NHCH2CH2CH3-CH2CO]+, 100), 299.1 ([M+H]+, 3); HRMS: exact mass calculated 

for [M+H]+, [C13H19N2O6]+ 299.1238, found 299.1238; UV (MeCN): ε362 = 2100 cm-1 M-1. 

 

3-Bromo-1-(prop-1-en-2-yl)-4-(propylamino)-1H-pyrrole-2,5-dione, 153 

 

A 1.5 mM solution of 145 (65.9 mg, 0.150 mmol) in 50:50 MeCN:PB pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 

whilst stirring at room temperature. The solvents were removed in vacuo. The product 

was redissolved in EtOAc (30 mL) and separated with a brine wash. The organic layer 

was dried over MgSO4 and the solvent was removed in vacuo. The crude products were 

then purified by silica flash chromatography (gradient elution of 0-30% EtOAc in 

cyclohexane) to afford the title compound as a yellow oil (31.1 mg, 0.114 mmol) in a 76% 

yield.  

1H NMR (700 MHz, CD3OD): δ 5.16 (q, J = 1.3 Hz, 1H, 9-CHH), 4.98 (d, J = 0.6 Hz, 1H, 9-

CHH), 3.56 (t, J = 7.3 Hz, 2H, 3-CH2), 1.99 (dd, J = 1.3, 0.7 Hz, 3H, 10-CH3), 1.67 (h, J = 7.4 

Hz, 2H, 2-CH2), 0.97 (t, J = 7.4 Hz, 3H, 1-CH3); 13C NMR (176 MHz, CD3OD): δ 168.5 (C-6), 

165.3 (C-5), 145.3 (C-4), 136.2 (C-8), 113.8 (C-9), 73.9 (C-7), 45.1 (C-3), 25.2 (C-2), 20.5 

(C-10), 11.0 (C-1); IR (oil, cm-1): 3325 (m), 2951 (m), 2929 (m), 1767 (m), 1712 (s), 1643 

(s); LRMS (ASAP+) (m/z, %): 233.0 ([79BrM-C(CH2)CH3+H]+, 35), 235.0 ([81BrM-

C(CH2)CH3+H]+, 33), 273.0 ([79BrM+H]+, 3), 275.0 ([81BrM+H]+, 3); HRMS: exact mass 

calculated for [79BrM+H]+, [C10H1379BrN2O2]+ 273.0233, found 273.0224. 
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3-Bromo-4-(phenylamino)-1-(prop-1-en-2-yl)-1H-pyrrole-2,5-dione, 154 

 

A 1.5 mM solution of 148 (71.0 mg, 0.150 mmol) in 50:50 MeCN:PB pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 

whilst stirring at room temperature. The solvents were removed in vacuo. The product 

was redissolved in EtOAc (30 mL) and separated with a brine wash. The organic layer 

was dried over MgSO4 and the solvent was removed in vacuo. The crude products were 

then purified by silica flash chromatography (gradient elution of 0-30% EtOAc in 

cyclohexane) to afford the title compound as a yellow oil (25.3 mg, 0.0824 mmol) in a 

55% yield. 

1H NMR (700 MHz, CD3OD): δ 7.36 (t, J = 7.9 Hz, 2H, 2/3-CH), 7.25 – 7.21 (m, 3H, 1-CH and 

2/3-CH), 5.20 (d, J = 1.2 Hz, 1H, 10-CHH), 5.05 (br s, 1H, 10-CHH), 2.04 (s, 3H, 11-CH3); 

13C NMR (176 MHz, CD3OD): δ 168.3 (C-6/7), 165.9 (C-6/7), 142.7 (C-5), 137.5 (C-4), 

136.2 (C-9), 129.3 (C-2/3), 126.9 (C-1), 126.1 (C-2/3), 113.9 (C-10), 80.6 (C-8), 20.5 (C-

11); IR (solid, cm-1): 3308 (m), 3034 (w), 2921 (m), 1772 (m), 1712 (s), 1648 (s); LRMS 

(ASAP+) (m/z, %): 309.0 ([81BrM+H]+, 98), 307.0 ([79BrM+H]+, 100), 155.1 ([M-Br+2H]+, 

72); HRMS: exact mass calculated for [79BrM+H]+, [C13H1279BrN2O2]+ 307.0077, found 

307.0078. 

 

Methyl N-(tert-butoxycarbonyl)-S-(2,5-dioxo-4-(phenylamino)-1-(prop-1-en-2-

yl)-2,5-dihydro-1H-pyrrol-3-yl)-L-cysteinate, 155 

 

A 1.5 mM solution of 147 (94.2 mg, 0.150 mmol) in 50:50 MeCN:PB pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 

whilst stirring at room temperature. The solvents were removed in vacuo. The product 

was redissolved in EtOAc (30 mL) and separated with a brine wash. The organic layer 

was dried over MgSO4 and the solvent was removed in vacuo. The crude products were 

then purified by silica flash chromatography (gradient elution of 0-30% EtOAc in 
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cyclohexane) to afford the title compound as yellow oil (11.8 mg, 0.0256 mmol) in a 17% 

yield. 

1H NMR (600 MHz, CD3OD): δ 7.40 (t, J = 7.8 Hz, 2H, 13/14-CH), 7.30 (d, J = 7.8 Hz, 2H, 

13/14-CH), 7.25 (t, J = 7.4 Hz, 1H, 15-CH), 5.22 (d, J = 1.2 Hz, 1H, 17-CHH), 5.07 (br s, 1H, 

17-CHH), 4.14 (t, J = 5.8 Hz, 1H, 4-CH), 3.63 (s, 3H, 6-CH3), 2.60 (d, J = 5.8 Hz, 2H, 7-CH2), 

2.07 (s, 3H, 18-CH3), 1.43 (s, 9H, 1-CH3); 13C NMR (151 MHz, CD3OD): δ 172.7 (C-5/9/10), 

171.7 (C-5/9/10), 166.3 (C-5/9/10), 157.5 (C-3), 146.2 (C-11), 137.7 (C-12), 136.5 (C-

16), 129.4 (C-13/14), 127.1 (C-15), 125.9 (C-13/14), 114.0 (C-17), 92.0 (C-8), 80.9 (C-2), 

54.2 (C-4), 52.8 (C-6), 37.0 (C-7), 28.7 (C-1), 20.7 (C-18); IR (oil, cm-1): 3295 (w), 2917 

(m), 1710 (s), 1626 (m); LRMS (ASAP-) (m/z, %): 460.2 ([M-H]+, 64); HRMS: exact mass 

calculated for [M-H]+, [C22H26N3O6S]+ 460.1548, found 460.1554. 

 

1-(Prop-1-en-2-yl)-3-(propylamino)-1H-pyrrole-2,5-dione, 156 

 

3-(Propylamino)-1H-pyrrole-2,5-dione, 157 

 

A 1.5 mM solution of 151 (44.7 mg, 0.150 mmol) in 50:50 MeCN:PB pH 7.4 (100 mL) was 

degassed for 30 min. The solution was then irradiated in pyrex glassware for 10 min 

whilst stirring at room temperature. The solvents were removed in vacuo. The product 

was redissolved in EtOAc (30 mL) and separated with a brine wash. The organic layer 

was dried over MgSO4 and the solvent was removed in vacuo. The crude products were 

then purified by silica flash chromatography (gradient elution of 0-30% EtOAc in 

cyclohexane) to afford 156 as yellow oil (28.9 mg, 0.149 mmol) in a 99% yield, as 

confirmed by MS. 

 

156: LRMS (ASAP+) (m/z, %): 195.1 ([M+H]+, 35), 155.1 ([M-C(CH2)CH3+H]+, 22); HRMS: 

exact mass calculated for [M+H]+, [C10H15N2O2]+ 195.1128, found 195.1123. Upon NMR 

analysis, no 156 was observed. Degradation of 156 occurred in the NMR solvent and only 

157 was observed. 
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157: 1H NMR (600 MHz, CDCl3): δ 5.33 (br s, 1H, NH), 4.81 (s, 1H, 7-CH), 3.14 (q, J = 6.8 

Hz, 2H, 3-CH2), 1.67 (h, J = 7.3 Hz, 2H, 2-CH2), 0.99 (t, J = 7.4 Hz, 3H, 1-CH3); 13C NMR (151 

MHz, CDCl3): δ 171.8 (C-5/6), 167.5 (C-5/6), 149.8 (C-4), 85.5 (C-7), 46.2 (C-3), 22.0 (C-

2), 11.5 (C-1); IR (oil, cm-1): 3307 (m), 292 (m), 1725 (s), 1659 (m); LRMS (ASAP+) (m/z, 

%): 155.1 ([M+H]+, 100). 

 

2,5-Dioxopyrrolidin-1-yl acetate, 158350,351 

 

To a solution of acetic acid (0.286 mL, 5.00 mmol) in DCM (8 mL), EDC (1.15 g, 6.00 mmol) 

was added, followed by N-hydroxysuccinimide (0.691 g, 6.00 mmol). The reaction 

mixture was stirred for 22 h at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 

0-70% EtOAc in cyclohexane) to afford the title compound as a white solid (0.496 g, 3.15 

mmol) in a 63% yield. 

m.p. 129-133 °C (lit. 131-134 °C)351; 1H NMR (700 MHz, CDCl3): δ 2.84 (br s, 4H, 4-CH2), 

2.34 (s, 3H, 1-CH3); 13C NMR (176 MHz, CDCl3): δ 169.2 (C-3), 165.7 (C-2), 25.7 (C-4), 17.7 

(C-1); IR (solid, cm-1): 2992 (w), 2943 (w), 1699 (s); LRMS (EI+) (m/z, %): 157.1 ([M]+, 

100), 158.1 ([M+H]+, 26). 

 

3-Acetoxy-2-(2,5-dioxo-3,4-bis(phenylthio)-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 159 

 

To a solution of 130 (125 mg, 0.300 mmol) in MeCN (2 mL), DMAP (91.6 mg, 0.750) was 

added, followed by 158 (70.7 mg, 0.450 mmol). The reaction mixture was heated to reflux 

for 3 h. The solvent was removed in vacuo. The crude product was then purified by silica 

flash chromatography (gradient elution of 0-2% MeOH in DCM with 1% AcOH) to afford 

the title compound as a yellow-orange wax (131 mg, 0.286 mmol) in a 97% yield. 
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1H NMR (700 MHz, CD3OD): δ 7.30 – 7.24 (m, 6H, 1-CH and 3-CH), 7.19 – 7.16 (m, 4H, 2-

CH), 4.78 (d, J = 11.7 Hz, 1H, 8-CHH), 4.32 (d, J = 11.7 Hz, 1H, 8-CHH), 1.97 (s, 3H, 10-CH3), 

1.82 (s, 3H, 11-CH3); 13C NMR (176 MHz, CD3OD): δ 173.3 (C-12), 172.2 (C-9), 168.0 (C-

6), 137.2 (C-5), 132.4 (C-1/2/3), 130.5 (C-4), 130.0 (C-1/2/3), 129.1 (C-1/2/3), 66.1 (C-

8), 63.9 (C-7), 20.5 (C-10), 20.4 (C-11); IR (wax, cm-1): 2918 (br, m), 2849 (m), 1704 (s), 

1538 (m); LRMS (ES+) (m/z, %): 458.1 ([M+H]+, 100), 480.1 ([M+Na]+, 24); HRMS: exact 

mass calculated for [M+H]+, [C22H20NO6S2]+ 458.0732, found 458.0712. 

 

(S)-2-(2,5-Dioxo-3,4-bis(phenylthio)-2,5-dihydro-1H-pyrrol-1-yl)-3-hydroxy-2-

methylpropanoic acid, 160 

 

To a solution of 138 (161 mg, 0.450 mmol) and NaOAc (118 mg, 1.44 mmol) in MeOH (20 

mL), thiophenol (0.102 mL, 0.990 mmol) was added and the reaction mixture was stirred 

for 30 min at room temperature. The solvent was removed in vacuo. The crude product 

was then purified by silica flash chromatography (gradient elution of 0-3% MeOH in DCM 

with 1% AcOH) to afford the title compound as a yellow wax (151 mg, 0.363 mmol) in an 

80% yield. 

1H NMR (700 MHz, CD3OD): δ 7.28 – 7.20 (m, 6H, 1-CH and 3-CH), 7.15 – 7.10 (m, 4H, 2-

CH), 4.14 (d, J = 11.8 Hz, 1H, 8-CHH), 3.84 (d, J = 11.8 Hz, 1H, 8-CHH), 1.77 (s, 3H, 9-CH3); 

13C NMR (176 MHz, CD3OD): δ 174.5 (C-10), 168.6 (C-6), 136.9 (C-5), 132.2 (C-1/2/3), 

130.4 (C-4), 130.0 (C-1/2/3), 129.1 (C-1/2/3), 66.4 (C-7), 65.2 (C-8), 20.2 (C-9); IR (wax, 

cm-1): 3460 (br), 3055 (w), 2923 (m), 2851 (w), 1708 (s); LRMS (ES+) (m/z, %): 416.1 

([M+H]+, 100); HRMS: exact mass calculated for [M+H]+, [C20H18NO5S2]+ 416.0621, found 

416.0614. 
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(S)-3-Acetoxy-2-(2,5-dioxo-3,4-bis(phenylthio)-2,5-dihydro-1H-pyrrol-1-yl)-2-

methylpropanoic acid, 161 

 

To a solution of 160 (31.2 mg, 0.0750 mmol) in MeCN (1 mL), DMAP (22.9 mg, 0.188 

mmol) was added, followed by 158 (17.7 mg, 0.113 mmol). The reaction mixture was 

heated to reflux for 3 h. The solvent was removed in vacuo. The crude product was then 

purified by silica flash chromatography (gradient elution of 0-3% MeOH in DCM with 1% 

AcOH) to afford the title compound as a yellow wax (24.8 mg, 0.0542 mmol) in a 72% 

yield. 

1H NMR (700 MHz, CD3OD): δ 7.30 – 7.23 (m, 6H, 1-CH and 3-CH), 7.20 – 7.17 (m, 4H, 2-

CH), 4.77 (d, J = 11.6 Hz, 1H, 8-CHH), 4.32 (d, J = 11.6 Hz, 1H, 8-CHH), 1.97 (s, 3H, 10-CH3), 

1.81 (s, 3H, 11-CH3); 13C NMR (176 MHz, CD3OD): δ 173.4 (C-12), 172.2 (C-9), 168.0 (C-

6), 137.3 (C-5), 132.4 (C-1/2/3), 130.5 (C-4), 130.0 (C-1/2/3), 129.2 (C-1/2/3), 66.2 (C-

8), 64.0 (C-7), 20.5 (C-10), 20.4 (C-11); IR (wax, cm-1): 3451 (br), 2919 (w), 2850 (w), 

1713 (s); LRMS (ES-) (m/z, %): 414.1 ([M-COCH3-H]-, 23), 456.1 ([M-H]-, 100); HRMS: 

exact mass calculated for [M-H]-, [C22H18NO6S2]- 456.0581, found 456.0562. 

 

2,5-Dioxopyrrolidin-1-yl benzoate, 162351 

 

To a solution of benzoic acid (0.611 g, 5.00 mmol) in DCM (8 mL), EDC (1.15 g, 6.00 mmol) 

was added, followed by N-hydroxysuccinimide (0.691 g, 6.00 mmol). The reaction 

mixture was stirred for 22 h at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 

0-70% EtOAc in cyclohexane) to afford the title compound as a white solid (0.426 g, 1.94 

mmol) in a 39% yield. 

m.p. 133-135 °C (lit. 138-140 °C)351; 1H NMR (700 MHz, CDCl3): δ 8.16 – 8.12 (m, 2H, 3-

CH), 7.71 – 7.66 (m, 1H, 1-CH), 7.54 – 7.50 (m, 2H, 2-CH), 2.91 (br s, 4H, 7-CH2); 13C NMR 

(176 MHz, CDCl3): δ 169.3 (C-6), 162.0 (C-5), 135.1 (C-1), 130.7 (C-3), 129.0 (C-2), 125.3 
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(C-4), 25.8 (C-7); IR (solid, cm-1): 3071 (w), 2993 (w), 2952 (w), 1728 (s); LRMS (ES+) 

(m/z, %): 220.1 ([M+H]+, 7), 242.1 ([M+Na]+, 100). 

 

(S)-3-(Benzoyloxy)-2-(2,5-dioxo-3,4-bis(phenylthio)-2,5-dihydro-1H-pyrrol-1-yl)-

2-methylpropanoic acid, 163 

 

To a solution of 160 (42.0 mg, 0.101 mmol) in MeCN (2 mL), DMAP (30.8 mg, 0.253) was 

added, followed by 162 (33.2 mg, 0.152 mmol). The reaction mixture was heated to reflux 

for 3 h. The solvent was removed in vacuo. The crude product was then purified by silica 

flash chromatography (gradient elution of 0-3% MeOH in DCM with 1% AcOH) to afford 

the title compound as an orange wax (11.2 mg, 0.0216 mmol) in a 21% yield. 

1H NMR (600 MHz, CD3OD): δ 7.98 (dd, J = 8.3, 1.1 Hz, 2H, 11-CH), 7.63 (tt, J = 7.5, 1.1 Hz, 

1H, 13-CH), 7.49 (t, J = 7.8 Hz, 2H, 12-CH), 7.24 (tt, J = 7.4, 1.1 Hz, 2H, 1-CH), 7.17 (t, J = 7.7 

Hz, 4H, 2-CH), 7.08 (dd, J = 8.2, 1.1 Hz, 4H, 3-CH), 5.02 (d, J = 11.5 Hz, 1H, 8-CHH), 4.55 (d, 

J = 11.5 Hz, 1H, 8-CHH), 1.95 (s, 3H, 14-CH3); 13C NMR (151 MHz, CD3OD): δ 173.6 (C-15), 

168.1 (C-6), 167.5 (C-9), 137.3 (C-5), 134.6 (C-13), 132.3 (C-3), 130.8 (C-10), 130.8 (C-

11), 130.5 (C-4), 130.1 (C-2), 129.8 (C-12), 129.2 (C-1), 67.0 (C-8), 64.2 (C-7), 20.9 (C-14); 

IR (wax, cm-1): 3059 (w), 2923 (w), 2853 (w), 1708 (s); LRMS (ES+) (m/z, %): 520.1 

([M+H]+, 100), 542.1 ([M+Na]+, 11); HRMS: exact mass calculated for [M+H]+, 

[C27H22NO6S2]+ 520.0883, found 520.0871. 

 

2,5-Dioxopyrrolidin-1-yl pent-4-ynoate, 164341,342 

 

To a solution of 4-pentynoic acid (0.491 g, 5.00 mmol) in DCM (8 mL), EDC (1.15 g, 6.00 

mmol) was added, followed by N-hydroxysuccinimide (0.691 g, 6.00 mmol). The reaction 

mixture was stirred for 22 h at room temperature. The solvent was removed in vacuo. 

The crude product was then purified by silica flash chromatography (gradient elution of 
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0-70% EtOAc in cyclohexane) to afford the title compound as a white solid (0.713 g, 3.65 

mmol) in a 73% yield. 

m.p. 72-77 °C (lit. 70-72 °C)341; 1H NMR (700 MHz, CDCl3): δ 2.89 – 2.87 (m, 2H, 4-CH2), 

2.84 (br s, 4H, 7-CH2), 2.64 – 2.60 (m, 2H, 3-CH2), 2.05 (t, J = 2.7 Hz, 1H, 1-CH); 13C NMR 

(176 MHz, CDCl3): δ 169.0 (C-6), 167.1 (C-5), 81.0 (C-2), 70.2 (C-1), 30.4 (C-4), 25.7 (C-7), 

14.2 (C-3); IR (solid, cm-1): 3279 (s), 2995 (w), 2951 (w), 1722 (s); LRMS (ASAP+) (m/z, 

%): 196.1 ([M+H]+, 100). 

 

(S)-2-(2,5-dioxo-3,4-bis(phenylthio)-2,5-dihydro-1H-pyrrol-1-yl)-2-methyl-3-

(pent-4-ynoyloxy)propanoic acid, 165 

 

To a solution of 160 (31.2 mg, 0.0750 mmol) in MeCN (1 mL), DMAP (22.9 mg, 0.188 

mmol) was added, followed by 164 (22.0 mg, 0.113 mmol). The reaction mixture was 

heated to reflux for 3 h. The solvent was removed in vacuo. The crude product was then 

purified by silica flash chromatography (gradient elution of 0-3% MeOH in DCM with 1% 

AcOH) to afford the title compound as a yellow wax (30.7 mg, 0.0620 mmol) in an 83% 

yield. 

1H NMR (700 MHz, CD3OD): δ 7.30 – 7.23 (m, 6H, 1-CH and 3-CH), 7.20 – 7.15 (m, 4H, 2-

CH), 4.78 (d, J = 11.6 Hz, 1H, 8-CHH), 4.34 (d, J = 11.6 Hz, 1H, 8-CHH), 2.48 (t, J = 6.9 Hz, 

2H, 10-CH2), 2.40 (td, J = 7.0, 2.6 Hz, 2H, 11-CH2), 2.26 (t, J = 2.6 Hz, 1H, 13-CH), 1.83 (s, 

3H, 14-CH3); 13C NMR (176 MHz, CD3OD): δ 173.3 (C-15), 172.9 (C-9), 168.0 (C-6), 137.3 

(C-5), 132.5 (C-1/2/3), 130.5 (C-4), 130.0 (C-1/2/3), 129.2 (C-1/2/3), 83.1 (C-12), 70.3 

(C-13), 66.4 (C-8), 63.9 (C-7), 34.2 (C-10), 20.5 (C-14), 14.9 (C-11); IR (wax, cm-1): 3294 

(w), 2922 (m), 2852 (w), 1707 (s); LRMS (ES+) (m/z, %): 416.1 ([M-COCH2CH2CCH+H]+, 

100), 496.1 ([M+H]+, 77), 514.1 ([M+NH4]+, 51); HRMS: exact mass calculated for [M+H]+, 

[C25H22NO6S2]+ 496.0883, found 496.0883. 
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N-(3-Azidopropyl)-5-(dimethylamino)naphthalene-1-sulfonamide, 184345,346 

 

To a solution of dansyl chloride (135 mg, 0.500 mmol) and triethylamine (0.139 mL, 1.00 

mmol) in DCM (5 mL), 3-azidopropylamine (50.1 μL, 0.500 mmol) was added and the 

reaction mixture was stirred for 3 h at room temperature. The solvent was removed in 

vacuo. The crude product was then purified by silica flash chromatography (gradient 

elution of 0-40% EtOAc in cyclohexane) to afford the title compound as a yellow oil (160 

mg, 0.480 mmol) in a 96% yield. 

1H NMR (700 MHz, CDCl3): δ 8.55 (d, J = 8.5 Hz, 1H, ArH), 8.26 (d, J = 2.7 Hz, 1H, ArH), 8.25 

(br s, 1H, ArH), 7.58 (t, J = 8.1 Hz, 1H, ArH), 7.54 (t, J = 7.8 Hz, 1H, ArH), 7.20 (d, J = 7.5 Hz, 

1H, ArH), 4.84 (t, J = 6.3 Hz, 1H, NH), 3.27 (t, J = 6.4 Hz, 2H, 14-CH2), 2.97 (q, J = 6.4 Hz, 2H, 

12-CH2), 2.89 (s, 6H, 1-CH3), 1.65 (p, J = 6.5 Hz, 2H, 13-CH2); 13C NMR (151 MHz, CDCl3): δ 

152.2 (C-Ar), 134.4 (C-Ar), 130.8 (C-Ar), 130.0 (C-Ar), 129.7 (C-Ar), 128.7 (C-Ar), 123.4 

(C-Ar), 118.7 (C-Ar), 115.5 (C-Ar), 48.9 (C-14), 45.6 (C-12), 41.0 (C-1), 28.9 (C-13); IR (oil, 

cm-1): 3296 (br), 2942 (m), 2869 (m), 2833 (m), 2788 (m), 2093 (s), 1309 (s), 1140 (s); 

LRMS (ASAP+) (m/z, %): 334.1 ([M+H]+, 100); UV (MeCN): ε339 = 4200 cm-1 M-1. 

 

3-(1-(3-((5-(Dimethylamino)naphthalene)-1-sulfonamido)propyl)-1H-1,2,3-

triazol-4-yl)propanoic acid, 186 

 

To a solution of 184 (33.3 mg, 0.100 mmol) and pentynoic acid (19.6 mg, 0.200 mmol) in 

1:1 H2O:tBuOH (3 mL), CuSO4.5H2O (25.0 mg, 0.100 mmol) in 1:1 H2O:tBuOH (0.5 mL) was 

added, followed by sodium ascorbate (19.8 mg, 0.100 mmol) in 1:1 H2O:tBuOH (0.5 mL). 

The reaction mixture was stirred for 4 h at room temperature. The solvent was removed 

in vacuo. The product was separated between EtOAc (20 mL) and H2O (20 mL). The crude 

product was then purified by silica flash chromatography (gradient elution of 0-10% 
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MeOH in DCM with 1% AcOH) to afford the title compound as a yellow oil (28.9 mg, 

0.0670 mmol) in a 67% yield. 

1H NMR (600 MHz, CD3CN): δ 8.54 (d, J = 8.5 Hz, 1H, ArH), 8.26 (d, J = 8.6 Hz, 1H, ArH), 

8.14 (d, J = 7.3 Hz, 1H, ArH), 7.63 – 7.55 (m, 2H, 2ArH), 7.29 – 7.25 (m, 2H, ArH and 15-

CH), 6.02 (t, J = 6.0 Hz, 1H, NH), 4.18 (t, J = 6.9 Hz, 2H, 14-CH2), 2.89 – 2.83 (m, 8H, 1-CH3 

and 17-CH2), 2.78 (q, J = 6.5 Hz, 2H, 12-CH2), 2.61 (t, J = 7.4 Hz, 2H, 18-CH2), 1.86 (p, J = 

6.8 Hz, 2H, 13-CH2); 13C NMR (151 MHz, CD3CN): δ 174.3 (C-19), 153.0 (C-Ar), 147.0 (C-

16), 136.0 (C-Ar), 131.2 (C-Ar), 130.6 (C-Ar), 130.3 (C-Ar), 130.3 (C-Ar), 129.2 (C-Ar), 

124.4 (C-Ar), 122.7 (C-15), 119.8 (C-Ar), 116.3 (C-Ar), 47.8 (C-14), 45.7 (C-1), 40.8 (C-12), 

33.7 (C-18), 30.8 (C-13), 21.5 (C-17); IR (oil, cm-1): 3139 (br), 2926 (m), 2854 (m), 2790 

(w), 1711 (s), 1316 (s), 1143 (s); LRMS (ES+) (m/z, %): 432.2 ([M+H]+, 100); HRMS: exact 

mass calculated for [M+H]+, [C20H26N5O4S]- 432.1700, found 432.1703; UV (PBS pH 6.0): 

ε329 = 3100 cm-1 M-1. 

 

3.1.3: Monitoring the photodecarboxylation reactions 

3.1.3.1: NMR monitoring 

Aliquots of the direct irradiation mixture in MeCN and buffer were taken at the specified 

timepoints, as indicated in section 5.1, and added to an NMR tube. A Pasteur pipette was 

saturated with tetramethylsilane (TMS) vapour. The TMS vapour was then bubbled 

through the NMR solution to act as reference peak (0 ppm chemical shift). The NMR tube 

was vigorously shaken to ensure homogeneity and submitted on the Bruker Avance III 

600 instrument as a double solvent suppression 1H NMR experiment. The recorded 1H 

NMR spectra were compared to 1H NMRs recorded in the same way of the starting 

materials and products. The ratio of the starting material and product integrals were used 

to determine the % conversion caused by photodecarboxylation upon irradiation. 

 

3.1.3.2: NMR monitoring of a mixture of two substituted maleimides 

Stock solutions of dithiomaleimide 144 and aminobromomaleimide 145 were made (12 

mM, MeCN). For each experiment, the stock solutions were used to make up 3 mM, 0.60 

mL (50:50 MeCN:PB pH 7.4) solutions. For the irradiations, a 470 nm H-B3 Ultrafire LED 

torch or a 365 nm UVG2 Labino LED torch were used, as specified below. The NMR tube 

was held at a distance of 5 cm from the torches. After irradiation was complete, a Pasteur 

pipette was saturated with tetramethylsilane (TMS) vapour. The TMS vapour was then 
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bubbled through the NMR solution to act as reference peak (0 ppm chemical shift). The 

NMR tube was vigorously shaken to ensure homogeneity and submitted on the Bruker 

Avance III 400 instrument as a double solvent suppression 1H NMR experiment. The 

recorded 1H NMR spectra were compared to 1H NMRs recorded previously. 

 

Control 1: 3 mM dithiomaleimide 144 in 50:50 MeCN:PB pH 7.4 was irradiated at 470 nm 

for 40 min. The 1H NMR results indicate complete photodecarboxylation (see section 

5.1.7). 

 

Control 2: 3 mM aminobromomaleimide 145 in 50:50 MeCN:PB pH 7.4 was irradiated at 

470 nm for 40 min. The 1H NMR results indicate around 11% photodecarboxylation to 

have taken place (see section 5.1.7). 

 

Attempted two-step irradiation: A 1H NMR spectrum of 3 mM of both dithiomaleimide 

144 and aminobromomaleimide 145 in 50:50 MeCN:PB pH 7.4 was recorded as 

described above. The mixture was irradiated at 470 nm for 40 min and the 1H NMR 

spectrum recorded again. A 6:1 photodecarboxylation selectivity was found for 

dithiomaleimide 144:aminobromomaleimide 145, determined through the integral 

ratios of the respective enamide proton singlets at 5.25 ppm and 5.18 ppm (see section 

5.1.7). The mixture was then irradiated at 365 nm for 55 min and again the 1H NMR 

spectrum recorded. 

 

3.1.3.3: LCMS monitoring 

Aliquots of the direct irradiation mixture were taken at the specified timepoints, as 

indicated in section 5.1. LCMS analyses of these aliquots and of the standards were 

performed using a Waters Acquity UPLC system comprising the pump, autosampler and 

TUV detector, connected to a Waters Acquity Single Quadrupole Detector (SQD). 10 μL of 

the sample was injected using a 10 μL loop into an Accucore Vanquish C18+ column (150 

mm x 2.1 mm, 1.5 μm particle size) which was kept at 50 °C. The TUV detector was set at 

254 nm. Mobile phase A was H2O (0.1% formic acid) and mobile phase B was MeCN (0.1% 

formic acid). The flow rate was 400 μL/min and the gradient used as in Table 14. 
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Time (min) 
Mobile phase 

A (%) 
Mobile phase 

B (%) 
0.00 99 1 
1.00 99 1 
5.00 60 40 
9.00 40 60 

10.00 40 60 
11.00 99 1 
12.00 99 1 

Table 14: LCMS gradient for monitoring photodecarboxylation. 
 

The mobile phase was continuously introduced into the electrospray (ESI) source of the 

SQD mass spectrometer. The ESI source was operated in positive mode and the data was 

acquired in continuum mode. The ESI source parameters were set up as follows: capillary 

voltage of 3.5 kV and cone voltage of 31 V. The full mass scan range was m/z 115–900 

with a scan time of 0.5 s. The selected ion recording (SIR) mode was operated in negative 

mode and the m/z was set up at 135 for phenylacetic acid 141, and 121 for benzoic acid 

152. The ESI source parameters were set up with a dwell time of 0.2 s and a cone voltage 

of 15 V. Nitrogen was used as the nebuliser gas and the desolvation gas was at a total flow 

rate of 600 L/h.  
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3.2: Bioconjugation 

3.2.1: General remarks 

All chemical reagents and solvents were purchased from Merck, VWR and Fisher 

Scientific and used as received, without any further purification. Stock solutions of 

reagents were made in double-deionised H2O (dH2O), MeCN or DMF as specified, unless 

otherwise stated. 

 

Conjugation experiments were conducted in 1.5 mL Eppendorf tubes at atmospheric 

pressure at the stated temperature. Eppendorf 5415 R and VWR Galaxy 14D 

microcentrifuges were utilised for centrifugation and temperature was controlled by 

carrying out the reactions using an Eppendorf thermomixer comfort heating block. 

 

All buffers were made using dH2O; the pH adjusted using 1 M HCl or 1 M NaOH, using a 

Jenway 3510 pH meter; and filter-sterilised before use. 

 

For the irradiation of protein and peptide samples, the samples were placed in a plastic 

micro UV- cuvette. A 365 nm UVG2 Labino LED torch held at a distance of 14 cm from the 

sample was used for the irradiation. 

 

For LCMS preparation and analysis, LCMS grade H2O and LCMS grade MeCN were utilised. 

 

3.2.1.1: Octreotide 

Octreotide was purchased from Generon/Adooq in its lyophilised form. This was 

solubilised in dH2O to a concentration of 6 mM. Aliquots of 50 μL octreotide were stored 

at -20 °C for up to 6 months. 

 

Buffers used for octreotide experiments 

Phosphate buffer (PB) pH 6.2: 40.3 mM NaH2PO4, 9.7 mM Na2HPO4 

Sodium acetate (NaOAc) buffer pH 5.0: 31.7 mM sodium acetate, 18.3 mM acetic acid 

Phosphate buffered saline (PBS) pH 7.4: 10 mM phosphate, 2.7 mM KCl, 137 mM NaCl 

(prepared from a tablet purchased from Sigma) 

Borate buffered saline (BBS) pH 8.4: 80 mM boric acid, 20 mM NaCl, 5 mM EDTA 
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LCMS preparation 

Sep-Pak C18 cc vac cartridge (200 mg sorbent, 55-105 μm particle size) were used to 

purify 10 μL aliquots of the 300 μM reaction mixture, diluted to 10 μM, 300 μL. The wash 

solvent was H2O (0.1% formic acid) and the eluent solvent was 90% MeCN in H2O (0.1% 

formic acid). The peptide conjugates were concentrated to 150 μL using the Eppendorf 

Concentrator 5301 before submitting for LCMS. 

 

LCMS analysis 

LCMS analysis of octreotide conjugates was performed using a ThermoScientific Accela 

600 LC chromatographer consisting of the autosampler, pump and degasser which was 

coupled to a ThermoScientific Finnigan LTQ. 10 μL sample was injected into the Hypersil 

Gold C18 column (150 mm x 2.1 mm, 1.9 μm particle size) kept at 30 °C. Mobile phase A 

was H2O (0.1% formic acid) and mobile phase B was MeCN (0.1% formic acid). A flow 

rate of 200 μL/min was used. The gradient was set as in Table 15. 

Time (min) 
Mobile phase 

A (%) 
Mobile phase 

B (%) 
0.00 80 20 
1.00 80 20 

13.00 50 50 
13.10 5 95 
15.00 5 95 
15.10 80 20 
18.00 80 20 

Table 15: LCMS gradient for analysis of octreotide conjugates. 
 

The Finnigan LTQ mass spectrometer was operated in positive electrospray mode. The 

ion source parameters were set up as follows: a spray voltage at 4.8 kV, a capillary voltage 

at 20 V, an ion source temperature at 275 °C and sheath/auxiliary gas flow rates of 40/10 

arb. The full mass scan range was m/z 400–2000 and the data acquired in centroid mode. 

 

3.2.1.2: Trastuzumab 

Trastuzumab (Ontruzant) was purchased from UCLH Pharmacy in its clinical formulation 

(lyophilised). This was solubilised in LCMS grade H2O to a concentration of 68.9 μM (10.0 

mg/mL). Aliquots of 0.50 mL trastuzumab were stored at -20 °C for up to 6 months. 
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Ultrafiltration was carried out with Sartorius Vivaspin 500 centrifugal concentrators with 

a molecular weight cut-off (MWCO) of 10 kDa. Fluorophore removal was carried using a 

GE Healthcare PD MiniTrap G-25 desalting column as per manufacturer’s instructions. 

 

UV/Vis absorbance was measured using a ThermoFisher NanoDrop One/One 

Microvolume UV-Vis Spectrophotometer. These readings were used to determine the 

protein concentration using the molecular extinction coefficients of ε280 = 215,380 cm-1 

M-1 for full antibody and ε280 = 68,590 cm-1 M-1 for Fab.67 

 

Fluorophore-to-antibody (FAR) calculations upon CuAAC to conjugate 178 

The FAR was calculated by recording the UV/Vis spectra of the conjugates on a Shimadzu 

UV-2600 UV-VIS spectrophotometer using a quartz cuvette with a path length of 1 cm. 

The sample buffer was used for baseline correction. For calculations, dithiomaleimide 

concentration was assumed to equal Fab concentration as fully rebridged conjugate 178 

was observed by LCMS. The FAR was calculated using Equation 5 for attaching Azide-

fluor 488 and using Equations 6-8 for attaching dansyl azide 184. 

 𝐹𝐴𝑅 =

𝐴𝑏𝑠501

𝜀501

𝐴𝑏𝑠280 − (𝐶𝑓
488 × 𝐴𝑏𝑠501)

𝜀280
𝐹𝑎𝑏 + 𝜀280

𝑀𝑎𝑙

 
5 

 𝐹𝐴𝑅 =
𝑐𝐷𝑎𝑛𝑠

𝑐𝐹𝑎𝑏
 6 

 𝑐𝐹𝑎𝑏 =
𝐴𝑏𝑠280 − (𝐶𝑓

𝐷𝑎𝑛𝑠 × 𝐴𝑏𝑠501)

𝜀280
𝐹𝑎𝑏 + 𝜀280

𝑀𝑎𝑙 − (𝐶𝑓
𝐷𝑎𝑛𝑠 × 𝜀329

𝑀𝑎𝑙)
 7 

 𝑐𝐷𝑎𝑛𝑠 =
𝐴𝑏𝑠501 − (𝑐𝐹𝑎𝑏 × 𝜀329

𝑀𝑎𝑙)

𝜀501
 8 

𝜀280
𝐹𝑎𝑏 = 68,590 cm-1 M-1 for Fab; 𝜀280

𝑀𝑎𝑙  = 4,770 cm-1 M-1 for a dithiomaleimide; ε501 = 74000 

cm-1 M-1 for Azide-fluor 488; 𝐶𝑓
488 is the correction factor for the absorbance of Azide-

fluor 488 at 280 nm (0.14); cDans = dansyl concentration; cFab = Fab concentration; 𝜀329
𝐷𝑎𝑛𝑠 

= 4433 cm-1 M-1 for dansyl azide 184; 𝜀329
𝑀𝑎𝑙  = 1115 cm-1 M-1 for a dithiomaleimide; and 

𝐶𝑓
𝐷𝑎𝑛𝑠 is the correction factor for the absorbance of dansyl azide 184 at 280 nm (0.39). 

 
% 𝑓𝑙𝑢𝑜𝑟𝑜𝑝ℎ𝑜𝑟𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑢𝑝𝑜𝑛 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =  

𝐹𝐴𝑅𝑝𝑟𝑒 − 𝐹𝐴𝑅𝑝𝑜𝑠𝑡

𝐹𝐴𝑅𝑝𝑟𝑒
 

 

9 
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Fluorescence analysis was carried out using a Horiba Fluorolog-3 spectrophotometer 

using a quartz fluorescence cuvette and recorded with the FluorEssence software. 

 

Buffers used for trastuzumab experiments 

NaOAc buffer pH 3.1: 20 mM NaOAc 

Digest buffer pH 6.8: 50 mM phosphate, 150 mM NaCl, 1mM EDTA (10 mM DTT specified) 

BBS pH 7.4: 25 mM boric acid, 25 mM NaCl, 1 mM EDTA 

BBS pH 8.0: 25 mM boric acid, 25 mM NaCl, 1 mM EDTA 

PBS pH 6.0: 22 mM NaH2PO4, 3 mM Na2HPO4, 25 mM NaCl, 1 mM EDTA 

PB pH 7.0 (no EDTA for CuAAC): 23 mM NaH2PO4, 77 mM Na2HPO4 

PBS pH 6.0 (no EDTA for CuAAC): 22 mM NaH2PO4, 3 mM Na2HPO4, 25 mM NaCl 

 

SDS-PAGE analysis 

Conjugation reactions were monitored by non-reducing 12% glycine SDS-PAGE with a 

6% stacking gel, prepared using the components listed in Table 16. The gels were stored 

at 4 °C for up to a month. Gel samples were made with a 1:1 ratio of 3 μg of Fab sample 

and 2 x SDS non-reducing loading dye (composition of 5 x loading dye: 1.6 mL of 10 % 

(w/v) SDS, 8 mL of glycerol, 4 mL of dH2O, 1 mL of 0.5 M Tris buffer pH 6.8, 25 mg of 

bromophenol blue). The gel samples were heated at 75 °C for 5 min pre-loading (6 μL per 

lane). The ThermoScientific Page Ruler Plus Pre-Stained Protein Ladder was used as a 

mass reference (4 μL). The gel was run at a constant voltage of 200 V for 60 min in 1 x 

SDS running buffer (composition for 10 x SDS running buffer: 30 g of Tris base, 144 g of 

glycine, 10 g of SDS in 1 L of dH2O, pH 8.3). Gels were stained in Coomassie blue stain 

(10% ammonium sulfate (100 g), 0.1% Coomassie G-250 (500 mg), 3% phosphoric acid 

(30 mL), ethanol (200 mL), and water (1 L)). Gels were destained with water. 

Components 12 % Separating 6 % Stacking 

dH2O 7.95 mL 5.3 mL 

Acrylamide 9.6 mL 2.0 mL 

1.5 M Tris pH 8.8 6.0 mL - 

0.5 M Tris pH 6.8 - 2.5 mL 

10 % SDS 240 L 100 L 

10 % APS 240 L 100 L 

TEMED 24 L 10 L 

Table 16: Components of 12% glycine SDS-PAGE required for four gels. 
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LCMS preparation 

The trastuzumab Fab samples were buffer exchanged into H2O using ThermoFisher Zeba 

Spin desalting columns as per manufacturer’s instruction, followed by adjusting the 

concentration to 5 M with H2O. 

 

LCMS analysis 

LCMS of trastuzumab Fab conjugates was performed on an Agilent 1200 HPLC system 

coupled to an Agilent 6510 QTOF. 10 µL sample was injected through a 300 µL loop into 

the Agilent PLRPS 1000 Å column (150 mm x 2.1 mm, 8 µM particle size) kept at 60 °C. 

Mobile phase A was H2O (0.1% formic acid) and mobile phase B was MeCN (0.1% formic 

acid). The flow rate was 300 μL/min and the gradient was set as per Table 17. 

Time (min) 
Mobile phase 

A (%) 
Mobile phase 

B (%) 
0.00 85 15 
2.00 85 15 
3.00 68 32 
4.00 68 32 

14.00 65 35 
18.00 5 95 
20.00 5 95 
22.00 85 15 
25.00 85 15 

Table 17: LCMS gradient for analysis of trastuzumab Fab conjugates. 
 

Where a lower temperature method is specified, the Agilent PLRPS 1000 Å column (150 

mm x 2.1 mm, 8 µM particle size) was kept at 20 °C. Mobile phase A was H2O (0.1% formic 

acid) and mobile phase B was MeCN (0.1% formic acid). The flow rate was 300 μL/min 

and the gradient was set as per Table 18. 

Time (min) 
Mobile phase 

A (%) 
Mobile phase 

B (%) 
0.00 85 15 
1.00 85 15 
1.50 68 32 
2.00 68 32 
7.00 50 50 
9.00 5 95 

10.00 5 95 
12.00 85 15 
15.00 85 15 

Table 18: LCMS gradient for analysis of trastuzumab Fab conjugates at 20 °C. 
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The mobile phase flow was continuously introduced into a capillary ESI ion source of the 

Agilent 6510 QTOF, which was operated in a positive mode. The ESI parameters were as 

follows: VCap of 3500 V, gas temperature of 350 °C, dry gas flow rate at 10 L/min, 

nebuliser of 30 psi, fragmentor at 380 V, skimmer at 65 V and acquisition rate of 0.5 

spectra/s. Data was acquired in a profile mode within a mass scan range of m/z 700-5000. 

The acquired data was analysed by deconvolution of the full scan mass spectra to zero-

charge mass spectra using a maximum entropy deconvolution algorithm within the 

MassHunter software version B.07.00. 

 

HPLC analysis 

HPLC of trastuzumab Fab Azide-fluor conjugates was performed on an Agilent 1260 

Infinity II LC system equipped with a multiple wavelength detector. 10 µL sample was 

injected through an InfinityLab Poroshell 120 EC-C18 column (50 mm x 3.0 mm, 2.7 µM 

particle size) kept at 30 °C. The multiple wavelength detector was set at 214, 254, 280 

and 501 nm. Mobile phase A was H2O (0.1% TFA) and mobile phase B was MeCN (0.1% 

TFA). The flow rate was 1 mL/min and the gradient was set as shown in Table 19.  

Time (min) 
Mobile phase 

A (%) 
Mobile phase 

B (%) 
0.00 95 5 
1.00 95 5 
7.00 9 95 
7.50 5 95 
8.00 95 5 

10.00 95 5 
Table 19: HPLC gradient for analysis of trastuzumab Fab Azide-fluor conjugates. 

 

Preparation of trastuzumab Fab fragment 

A literature protocol involving sequential enzymatic digestion with pepsin and papain 

was followed.57 Trastuzumab (0.50 mL, 68.9 μM, 10.0 mg/mL) was buffer exchanged into 

NaOAc buffer via ultrafiltration (10 kDa MWCO). The concentration was determined and 

adjusted to 44.0 μM with NaOAc buffer. Immobilised pepsin (0.15 mL) was also washed 

with NaOAc buffer (3 × 0.40 mL) using a Pierce centrifuge column. Trastuzumab (0.50 

mL, 44.0 μM) was then added to the pepsin and the mixture was incubated at 37 °C for 5 

h, under constant agitation (1,100 rpm). The pepsin resin was then removed from the 

digest by washing with digest buffer (4 × 0.40 mL). The digest was combined with the 

washes and a 5 mL falcon tube Vivaspin was used to concentrate and adjust the volume 
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to ~0.50 mL. The concentration of the F(ab’)2 was determined and adjusted to 150.0 μM 

with digest buffer. Next, immobilised papain (0.65 mL) was activated with digest buffer 

containing 10 mM DTT, by incubation at 37 °C for 90 min under constant agitation (1,100 

rpm). After this time, the papain resin was washed with digest buffer without DTT using 

a Pierce centrifuge column. F(ab’)2 (0.50 mL, 150.0 μM) was added to the washed papain 

and the mixture incubated at 37 °C for 20 h under constant agitation (1,100 rpm). The 

papain resin was then removed from the digest by washing with BBS buffer pH 7.4 (4 × 

0.40 mL). The digest was combined with the washes and a 15 mL falcon tube Vivaspin 

was used to concentrate and adjust the volume to ~1.0 mL. The concentration of the Fab 

was determined and adjusted to 100 μM with BBS pH 7.4. Aliquots of 50 μL Fab were 

stored at -20 °C for up to 6 months. 

 

3.2.2: Octreotide bioconjugation 

Preparation of octreotide conjugate 68 

 

Original protocol: Octreotide (300 μM, 200 μL) in 50:50 MeCN:PB pH 6.2 was reduced 

with TCEP (30 mM in 50:50 MeCN:PB pH 6.2, 1.2 eq., 2.4 μL) at 37 °C for 1 h. The reduced 

octreotide was then added to N-methyl bromomaleimide 64 (300 mM in 50:50 MeCN:PB 

pH 6.2, 100 eq., 20 μL) and incubated for 30 min at 22 °C. 

 

Different conditions were attempted for protocol optimisation (Table 20). The 30 mM 

stock of TCEP was always made up in dH2O and the 300 mM stock of N-methyl 

bromomaleimide 64 was made up in MeCN for attempts 1-4 and DMF for attempts 5-10. 

Attempt 7 represents the optimised conditions. 
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Attempt Buffer 
Organic 
solvent 

Ratio of 
buffer:organic 

Equivalents 
of TCEP 

1 PB pH 6.2 MeCN 50:50 2 
2 NaOAc buffer pH 5.0 MeCN 50:50 2 
3 PBS pH 7.4 MeCN 50:50 2 
4 BBS pH 8.4 MeCN 50:50 2 

5 BBS pH 8.4 
40% MeCN 
2.5 % DMF 

57.5:42.5 2 

6 BBS pH 8.4 DMF 70:30 2 
7 BBS pH 8.4 DMF 70:30 1.2 
8 BBS pH 8.4 DMF 70:30 1.5 
9 BBS pH 8.4 DMF 70:30 5 

10 BBS pH 8.4 DMF 70:30 
2 followed by 

2 after 
conjugation 

Table 20: The different conditions attempted to optimise the conjugation of N-methyl 
bromomaleimide 64. The organic solvent and buffer refer to what the octreotide stock is 

made up in. 
 

Preparation of octreotide conjugate 74 

 

Octreotide (300 μM, 200 μL) in 30:70 DMF:BBS pH 8.4 was reduced with TCEP (30 mM 

in dH2O, 1.2 eq., 2.4 μL) at 37 °C for 1 h. Bis-bromomaleimide 60 (30 mM in DMF, 2 eq., 4 

μL) was then added to the reduced octreotide and incubated for 30 min at 22 °C. 

 

Irradiation of conjugate 74 produced conjugate 76 

 

The crude mixture of octreotide conjugate 74 (300 μM, 70 μL) in 30:70 DMF:BBS pH 8.4 

was irradiated for 2 min.  
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Testing reactivity of N-methyl bromomaleimide 64 without disulfide reduction 

 

To octreotide (300 μM, 200 μL) in 30:70 DMF:BBS pH 8.4, N-methyl bromomaleimide 64 

(300 mM in DMF, 100 eq., 20 μL) was added and incubated for 24 h at 22 °C. 

 

3.2.3: Trastuzumab Fab bioconjugation 

Preparation of Fab conjugate 77 

Trastuzumab Fab (100 μM, 50.0 μL) in BBS pH 7.4 was reduced with TCEP (10 mM in 

dH2O, 5 eq., 2.50 μL) at 37 °C for 90 min. The excess TCEP was removed via ultrafiltration 

(10 kDa MWCO) into BBS pH 7.4. The concentration was determined and adjusted to 40.0 

μM, 106 μL in BBS pH 7.4. To this reduced Fab, bis-bromomaleimide 60 (4 mM in DMF, 2 

eq., 2.12 μL) was added and incubated for 20 min at 22 °C. The excess bis-

bromomaleimide 60 was removed via ultrafiltration (10 kDa MWCO) into PBS pH 6.0 to 

give conjugate 77, observed by LCMS (see section 2.1.4). 

 

Irradiation of Fab conjugate 77 

Fab conjugate 77 was adjusted to 40.0 μM, 70.0 μL in PBS pH 6.0. This was then irradiated 

for 2 min to give hydrolysed conjugate 79, observed by LCMS (see section 2.1.4). 

 

Testing the thiol stability of conjugate 77 

Conjugate 77 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). 

The concentration was determined and adjusted to 34.0 μM, 50.0 μL in BBS pH 7.4. To 

this, BME (10 mM in dH2O, 100 eq., 17.0 μL) was added and incubated for 2 h at 22 °C. 

LCMS observed multiple products (see section 2.1.4.1). 

 

Conjugate 77 was buffer swapped into BBS pH 8.0 via ultrafiltration (10 kDa, MWCO). 

The concentration was determined and adjusted to 17.8 μM, 60.0 μL in BBS pH 8.0. To 

this, BME (40 mM in DMF, 100 eq., 2.67 μL) was added and incubated for 2 h at 37 °C. 

LCMS observed multiple products (see section 2.1.4.1). 
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Conjugate 77 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). 

The concentration was determined and adjusted to 50.0 μM, 62.6 μL in BBS pH 7.4. To 

this, EDT (50 mM in DMF, 100 eq., 6.26 μL) was added and incubated for 21 h at 37 °C. 

LCMS observed multiple products (see section 2.1.4.1). 

 

Testing the thiol stability of conjugate 79 

Conjugate 79 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). 

The concentration was determined and adjusted to 34.0 μM, 50.0 μL in BBS pH 7.4. To 

this, BME (10 mM in dH2O, 100 eq., 17.1 μL) was added and incubated for 2 h at 22 °C. No 

reaction was observed by LCMS (see section 2.1.4.1). 

 

Conjugate 79 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). 

The concentration was determined and adjusted to 50.0 μM, 62.6 μL in BBS pH 7.4. To 

this, EDT (50 mM in DMF, 100 eq., 6.26 μL) was added and incubated for 21 h at 37 °C. No 

reaction was observed by LCMS (see section 2.1.4.1). 

 

Preparation of Fab conjugate 85 

Trastuzumab Fab (100 μM, 50.0 μL) in BBS pH 7.4 was reduced with TCEP (10 mM in 

dH2O, 5 eq., 2.50 μL) at 37 °C for 90 min. The excess TCEP was removed via ultrafiltration 

(10 kDa MWCO) into BBS pH 7.4. The concentration was determined and adjusted to 40.0 

μM, 110 μL in BBS pH 7.4. To this reduced Fab, N-methyl bromomaleimide 64 (40 mM in 

DMF, 100 eq., 11.0 μL) was added and incubated for 20 min at 22 °C. The excess N-methyl 

bromomaleimide 64 was removed via ultrafiltration (10 kDa MWCO) into PBS pH 6.0 to 

give conjugate 85, observed by LCMS (see section 2.1.4.1). 

 

Testing the thiol stability of conjugate 85 

Conjugate 85 was buffer swapped into BBS pH 7.4 via ultrafiltration (10 kDa, MWCO). 

The concentration was determined and adjusted to 50.0 μM, 77.7 μL in BBS pH 7.4. To 

this, EDT (50 mM in DMF, 100 eq., 7.77 μL) was added and incubated for 21 h at 37 °C. 

Rebridged Fab observed by LCMS (see section 2.1.4.1). 
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Attempted hydrazine attack of upon irradiation of conjugate 77 

To Fab conjugate 77 (40.0 μM, 103 μL) in PBS pH 6.0, hydrazine hydrate (800 mM in DMF, 

1000 eq., 5.15 μL). The reaction mixture (40.0 μM, 70.0 μL) was then irradiated for 2 min 

to give hydrolysed conjugate 79, observed by LCMS (see section 2.1.4.2). 

 

Preparation of Fab conjugate 166 

Trastuzumab Fab (100 μM, 50.0 μL) in BBS pH 7.4 was reduced with TCEP (10 mM in 

dH2O, 5 eq., 2.50 μL) at 37 °C for 90 min. The excess TCEP was removed via ultrafiltration 

(10 kDa MWCO) into BBS pH 7.4. The concentration was determined and adjusted to 40.0 

μM, 106 μL in BBS pH 7.4. To this reduced Fab, dithiomaleimide 161 (20 mM in DMF, 5 

eq., 1.06 μL) was added and incubated for 20 min at 22 °C. The excess dithiomaleimide 

161 was removed via ultrafiltration (10 kDa MWCO) into PBS pH 6.0 to give conjugate 

166, observed by LCMS (see section 2.5.3). 

 

Irradiation of Fab conjugate 166 

Fab conjugate 166 was adjusted to 40.4 μM, 75.0 μL in PBS pH 6.0. This was then 

irradiated for 2 min. LCMS observed multiple products (see section 2.5.3). 

 

Preparation of Fab conjugate 174 

Trastuzumab Fab (100 μM, 50.0 μL) in BBS pH 7.4 was reduced with TCEP (10 mM in 

dH2O, 5 eq., 2.50 μL) at 37 °C for 90 min. The excess TCEP was removed via ultrafiltration 

(10 kDa MWCO) into BBS pH 7.4. The concentration was determined and adjusted to 40.0 

μM, 100 μL in BBS pH 7.4. To this reduced Fab, dithiomaleimide 163 (20 mM in DMF, 5 

eq., 1.00 μL) was added and incubated for 20 min at 22 °C. The excess dithiomaleimide 

163 was removed via ultrafiltration (10 kDa MWCO) into PBS pH 6.0 to give conjugate 

174, observed by LCMS (see section 2.5.3). 

 

Irradiation of Fab conjugate 174 

Fab conjugate 174 was adjusted to 37.5 μM, 75.0 μL in PBS pH 6.0. This was then 

irradiated for 2 min. LCMS observed multiple products (see section 2.5.3). 
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Preparation of Fab conjugate 178 

Trastuzumab Fab (100 μM, 50.0 μL) in BBS pH 7.4 was reduced with TCEP (10 mM in 

dH2O, 5 eq., 2.50 μL) at 37 °C for 90 min. The excess TCEP was removed via ultrafiltration 

(10 kDa MWCO) into BBS pH 7.4. The concentration was determined and adjusted to 40.0 

μM, 105 μL in BBS pH 7.4. To this reduced Fab, dithiomaleimide 165 (20 mM in DMF, 5 

eq., 1.05 μL) was added and incubated for 20 min at 22 °C. The excess dithiomaleimide 

165 was removed via ultrafiltration (10 kDa MWCO) into the relevant buffer for CuAAC 

(specified below) to give conjugate 178, observed by LCMS (see section 2.5.4). 

 

CuAAC of Fab conjugate 178 with Azide-fluor 488 in PB pH 7.0 

Fab conjugate 178 was adjusted to 40.0 μM, 92.6 μL in PB pH 7.0 (no EDTA). To this Fab 

conjugate 178, the following reagents were added sequentially: THPTA ligand (100 mM 

in water, 1.85 μL, 50 eq.), CuSO4 (20 mM in water, 1.85 μL, 10 eq.), Azide-fluor 488 (10 

mM in DMF, 3.70 μL, 10 eq.) and sodium ascorbate (100 mM in water, 10 mM final conc., 

11.1 μL). The resultant mixture was incubated 22 °C for 4 h. The excess reagents were 

removed using a desalting column and repeated ultrafiltration (10 kDa MWCO) into PBS 

pH 6.0 to give conjugate 179 and hydrolysed conjugate 180, observed by LCMS (see 

section 2.5.4). FAR determined to be 0.86. 

 

Irradiation of Fab conjugates 179 and 180 

The mixture of Fab conjugates 179 and 180 was adjusted to 36.6 μM, 75.0 μL in PBS pH 

6.0. This was then irradiated for 2 min. LCMS observed multiple products (see section 

2.5.4). 

 

CuAAC of Fab conjugate 178 with Azide-fluor 488 in PBS pH 6.0 

Fab conjugate 178 was adjusted to 40.0 μM, 176 μL in PBS pH 6.0 (no EDTA). To this Fab 

conjugate 178, the following reagents were added sequentially: THPTA ligand (100 mM 

in water, 3.51 μL, 50 eq.), CuSO4 (20 mM in water, 3.51 μL, 10 eq.), Azide-fluor 488 (10 

mM in DMF, 7.03 μL, 10 eq.) and sodium ascorbate (100 mM in water, 10 mM final conc., 

21.1 μL). The resultant mixture was incubated 22 °C for 4/6/22 h. The excess reagents 

were removed using a desalting column and repeated ultrafiltration (10 kDa MWCO) into 

PBS pH 6.0 to give conjugate 179 and unreacted conjugate 178, observed by LCMS (see 

section 2.5.4). FAR determined to be 0.74. 
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Irradiation of Fab conjugates 178 and 179 

The mixture of Fab conjugates 178 and 179 was adjusted to 40.0 μM, 75.0 μL in PBS pH 

6.0. This was then irradiated for 2 min. LCMS observed multiple products (see section 

2.4.5.3). The photoreleased Azide-fluor was removed using a desalting column (PD 

MiniTrap G-25) and repeated ultrafiltration (10 kDa MWCO) into PBS pH 6.0. The FAR 

was determined to be 0.24. 

 

CuAAC of Fab conjugate 178 with dansyl azide 184 

Fab conjugate 178 was adjusted to 40.0 μM, 264 μL in PBS pH 6.0 (no EDTA). To this Fab 

conjugate 178, the following reagents were added sequentially: THPTA ligand (100 mM 

in water, 5.28 μL, 50 eq.), CuSO4 (20 mM in water, 5.28 μL, 10 eq.), dansyl azide 184 (10 

mM in DMF, 10.6 μL, 10 eq.) and sodium ascorbate (100 mM in water, 10 mM final conc., 

31.7 μL). The resultant mixture was incubated 22 °C for 22 h. The excess reagents were 

removed using a desalting column and repeated ultrafiltration (10 kDa MWCO) into PBS 

pH 6.0 to give conjugate 185, observed by LCMS (see section 2.5.4). 

 

Irradiation of Fab conjugates 185 

Fab conjugate 185 was adjusted to 35.7 μM, 75.0 μL in PBS pH 6.0. This was then 

irradiated for 2 min. LCMS observed multiple products (see section 2.5.4). 
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3.3: Photophysical investigations 

3.3.1: Ab initio calculations 

The ab initio calculations were conducted by Dr Michael Parkes at UCL Chemistry. Model 

thiomaleimide 95 was chosen for the calculations to reduce computational cost while still 

capturing the main features of the molecule. The structure of the ground state molecule 

95 was optimised using DFT with the CAM-B3LYP functional and the 6-311++G basis set 

in Gaussian 09.352 Frequency calculations were performed to confirm that a minimum 

had been achieved. The optimised atomic positions are given in Table 21. This optimised 

structure was then used for calculations of the excited states with the EOM-CCSD method 

and the 6-311++G** basis set in Q-Chem 5.2.311 CAS-PT2 calculations were also 

performed on the model chromophore with the 6-311++G** basis set and an active space 

with 12 electrons and 8 orbitals in MolPro.312,313 The active space included six π-orbitals 

and two n-orbitals with O lone pair character and these MOs are shown in Figure 65. 

Vertical singlet and triplet excitation energies E and oscillator strengths f for the model 

thiomaleimide in Cs symmetry calculated using both the EOM-CCSD and CAS-PT2 

methods are stated in Table 5 in section 2.2.3. 

Atom X / Å Y / Å Z / Å 

C -0.05463 -1.04675 0 

C -0.56913 0.38213 0 

C 0.48982 1.215472 0 

C 1.740237 0.400549 0 

H 0.511214 2.299886 0 

S -2.27908 0.718209 0 

H -2.62586 -0.58583 0 

O -0.72272 -2.06316 0 

O 2.895254 0.776805 0 

N 1.323059 -0.94148 0 

H 1.955964 -1.73338 0 
Table 21: Optimised structure for the thiomaleimide model chromophore 95 generated 
using DFT with the CAM-B3LYP functional and the 6-311++G basis set in Gaussian 09.352 
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Figure 65: Molecular orbitals (MOs) included in the active space for the model 
chromophore 95. These are generated from ab initio calculations using the CAS-PT2 

method, performed using  MolPro312,313 with the 6-311++G** basis set and an active space 
with 12 electrons and 8 orbitals. Orbitals n1, π1 and π1* are involved in the formation of 

the S1 (n1π1*) and S2 (π1π1*) excited states. 
 

3.3.2: Quantum yields 

For the quantum yield measurements, a fluorescence quartz cuvette placed in a sample 

holder on a magnetic stirrer was used to provide homogeneous irradiation of the whole 

sample. The sample was irradiated using a 365 nm UVG2 Labino LED torch (spectrum in 

Figure 94 in section 5.3.1) held at a 38 cm distance from the cuvette. The UV absorption 

of the sample was measured simultaneously using an Ocean Optics HR 4000 

spectrometer. The spectrometer beam was at a perpendicular pathway to the LED torch 

beam. The background was measured using a blank sample of MeCN or DCM, as required. 

The power and photon flux of the LED reaching the cuvette was calculated using o-

nitrobenzaldehyde as a chemical actinometer, with a known quantum yield Φ of 0.43 ± 

0.02.173 Equation 10 was used to calculate the LED torch’s photon flux, I0 (M s-1): 

 𝐼0 =
𝑘𝑓𝑖𝑡𝑐0

𝛷(1 − 10−𝐴i)
 10 
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kfit is the decay constant (s-1) calculated by fitting a mono-exponential growth function to 

the absorbance vs. time graph for the reaction of o-nitrobenzaldehyde at 283 nm (Figure 

66); c0 is the initial concentration used (M); Φ = 0.43 ± 0.02 is the quantum yield; and Ai 

is the initial absorbance at the 365 nm irradiation wavelength. The power of the LED 

torch, P was calculated from Equation 11. 

 𝑃 =
𝐼0ℎ𝑐𝑁A𝑉

𝜆
 11 

h is Planck’s constant (6.63×10-34 J s); c is the speed of light (2.998×108 m s-1); NA is 

Avogadro’s constant (6.02×1023 mol-1); V is the reaction volume (0.004 L); and λ is the 

wavelength of the LED (3.65×10-7 m). 

 

Figure 66: A) Change in UV spectrum upon irradiation of o-nitrobenzaldehyde causing 
conversion to o-nitrosobenzoic acid and B) absorbance vs. time graph at 283 nm. 

 

The quantum yield of maleimide consumption, Φreactant, was calculated with Equation 12: 

 𝛷reactant =
𝑟

𝐼abs
 12 

r is the initial rate of change in concentration (M s-1) measured by the gradient of the 

concentration vs. time graph up to ~10% conversion (to keep the absorbance at the 

irradiation wavelength constant);215 and Iabs (M s-1) is the amount of photons absorbed 

by the sample. This is calculated from Equation 13: 

 𝐼abs = 𝐼0(1 − 10−𝐴i) 13 

The value of Φcycloaddition = Φreactant for the intramolecular reactions, but Φcycloaddition = 

1

2
Φreactant for the intermolecular reactions. 

 

The quantum yield Φcycloaddition errors are propagated from the error associated with the 

quantum yield of o-nitrobenzaldehyde (0.43 ± 0.02), the error in the stock concentration, 

the error in the decay constant, kfit, and error in the fitting of the initial rate, r. 

The value of kfit was calculated as 4.55×10-3 s-1. It then follows that I0 = 2.79×10-5 M s-1 and P 
= 36.6 mW. These values were consistent for all experiments with an average P = 36.1 mW. 
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3.3.3: TEAS and TVAS experiments 

Transient absorption experiments were performed by Dr Michael Staniforth and Dr Jack 

Woolley at the Warwick Centre for Ultrafast Spectroscopy. The solutions were made up 

in spectroscopic grade MeCN to concentrations of 20 mM for thiomaleimide 65 and 5 mM 

for bis-thiomaleimide 61 and circulated through a Harrick cell using a peristaltic pump 

from a 50 mL reservoir, allowing fresh sample to always be present. For both TEAS and 

TVAS, a Ti:sapphire oscillator and amplifier (Spectra-Physics) produced laser pulses of 

~40 fs duration centred around 800 nm with a repetition rate of 1 kHz. A Light conversion 

TOPAS-Prime optical parametric amplifier with UV extension was used to generate an 

excitation pulse centred at 354 nm at 500 μW with a pulse duration of <80 fs. For TEAS, 

a portion of the 800 nm light from the amplifier was focused onto a CaF2 window to 

produce a white light continuum probe pulse (~325-680 nm). For TVAS, tunable infrared 

light was generated by a second optical parametric amplifier (Light Conversion OTPAS-

C), operating in the 1-15 μm range and with a bandwidth of hundreds of nm (~1750-1490 

cm-1). For both TEAS and TVAS, the linear polarisation vectors of the pump and probe 

laser pulses were aligned at 54.7° (the magic angle). The changes in optical density (ΔOD) 

were recorded using a spectrometer (Avantes, AvaSpec-ULS1650F) for TEAS and using a 

Horiba iHR320 imaging spectrometer with a mercury cadmium telluride detector for 

TVAS. The delay between the pump and probe pulses was controlled using a 500 mm 

delay stage, giving a maximum delay of 2.5 ns. The TEAS data was chirp-corrected using 

the KOALA package.314 Regions of the spectra where residual pump or ground state 

bleach (GSB) obscured the data were removed prior to analysis. The original false colour 

plots showing signal masking are shown in Figure 67. 

 

Figure 67: The original false colour plot of 5 mM bis-thiomaleimide 61: A) chirp-
corrected TEAS experiment showing the major residual pump signal at ~354 nm and B) 

TVAS experiment showing a major ground state bleach (GSB) at 1690 cm-1. 
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Initial analysis of the TEAS and TVAS experiments was done through integration of each 

of the major absorption bands. For the TEAS experiments, the following regions were 

integrated: 577-603, 379.5-394.5 and 422.5-487.5 nm. For the TVAS experiments, the 

following regions were integrated: 1570.5-1589.5, 1610-1618 and 1661-1669 cm-1. 

These were plotted against the time delay between the pump and probe pulse.  Sequential 

exponential fittings using the equation of the form 𝑦 = 𝑦0 + 𝐴1 𝑒𝑥𝑝 (
−𝑡

𝜏1
) +𝐴2 𝑒𝑥𝑝 (

−𝑡

𝜏2
) + ⋯ was 

used to determine the lifetimes of the different absorption bands observed. All dynamics 

that were of interest took place on a longer timescale than the instrument response 

function (IRF) and thus no IRF was included and all fittings were undertaken from 1.3 ps, 

to prevent noise and artefacts in the early ps time region interfering with the analysis.318 

 

Global analysis using the Glotaran software319 was employed to support the local 

exponential fits to determine the different lifetimes involved in the excited state 

dynamics. An instrument response function (IRF) was included due to early time features. 

For the TEAS experiments, wavelengths below 380 nm were not included in the global 

analysis due to interference from the GSB and residual pump in this region. For the TVAS 

experiments, the global analysis was only conducted between 1560 and 1630 cm-1 as this 

region contained the key bands. It was not feasible to include the band at 1665 cm-1 due 

to very few data points at longer timescales. The IRF values are summarised in Table 22. 

 TEAS TVAS 

IRF 
Thiomaleimide 

65 
Bis-thiomaleimide 

61 
Thiomaleimide 

65 
Bis-thiomaleimide 

61 
t0 -0.0325 ± 0.0003 0.0232 ± 0.0005 0.717 ± 0.003 0.620 ± 0.004 

σ 0.1743 ± 0.0005 0.1693 ± 0.0006 0.115 ± 0.004 0.043 ± 0.005 
Table 22: Summary of IRF values generated from the global fittings using the Glotaran 
software.319 The values of σ generated from the Glotaran fitting of the TEAS data are in 

agreement with those obtained from a later solvent-only scan (0.167 ps). 
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5: Appendix 

5.1: Synthetic organic chemistry 

5.1.1: Irradiation of dithiomaleimide 140 

 

Figure 68: 1H NMR spectra of dithiomaleimide 140 (lane 1), dithiomaleimide 140 after 10 
min of irradiation (lane 2), enamide 136 (lane 3) and phenylacetic acid 141 (lane 4). Note 

that the peak observed at 5.38 ppm (lanes 1 and 3) represents residual DCM solvent. 

141 
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140 10 min h 

140 
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Figure 69: Mass spectra from the LC-UV traces in Figure 46 in section 2.4.3: A) Peak at 
RT 8.69 min shows dithiomaleimide 140, expected and observed m/z 784. B i) Peak at RT 
8.53 min shows enamide 136, expected and observed m/z 604. B ii) Peak at RT 6.80 min 

shows dithiomaleimide 142, expected and observed m/z 564. C) Peak at RT 8.53 min 
shows enamide 136, expected and observed m/z 604. D) Peak at RT 6.76 min shows 

dithiomaleimide 142, expected and observed m/z 564. 
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5.1.2: Irradiation of dithiomaleimide 144 

 

Figure 70: 1H NMR spectra of dithiomaleimide 144 (lane 1), dithiomaleimide 144 after 10 
min of irradiation (lane 2), enamide 136 (lane 3) and benzoic acid 152 (lane 4). Note that 

the peak observed at 5.38 ppm (lane 3) represents residual DCM solvent. 
 

 

Figure 71: LC-UV trace of A) dithiomaleimide 144, B) dithiomaleimide 144 after 10 min 
irradiation, C) enamide 136 and D) dithiomaleimide 142. 
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Figure 72: Mass spectra from the LC-UV traces in Figure 71: A) Peak at RT 10.34 min 
shows dithiomaleimide 144, expected and observed m/z 771. B i) Peak at RT 10.26 min 
shows enamide 136, expected and observed m/z 604. B ii) Peak at RT 8.52 min shows 
dithiomaleimide 142, expected and observed m/z 564. C) Peak at RT 10.43 min shows 

enamide 136, expected and observed m/z 604. D) Peak at RT 10.55 min shows 
dithiomaleimide 142, expected and observed m/z 564. 
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Figure 73: SIR chromatogram at m/z 121 of A) dithiomaleimide 144, B) dithiomaleimide 
144 after 10 min of irradiation and C) benzoic acid 152.  
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5.1.3: Irradiation of alkyl aminobromomaleimide 145 

 

Figure 74: 1H NMR spectra of aminobromomaleimide 145 (lane 1), 
aminobromomaleimide 145 after 10 min of irradiation (lane 2), aminobromomaleimide 

145 after 20 min of irradiation (lane 3), aminobromomaleimide 145 after 30 min of 
irradiation (lane 4), aminobromomaleimide 145 after 40 min of irradiation (lane 5), 

aminobromomaleimide 145 after 50 min of irradiation (lane 6), enamide 153 (lane 7) and 
benzoic acid 152 (lane 8). Note that the peak observed at 5.39 ppm (lanes 1-7) represents 

residual DCM solvent. 
 

 

Figure 75: SIR chromatogram at m/z 121 of A) aminobromomaleimide 145, B) 
aminobromomaleimide 145 after 50 min of irradiation and C) benzoic acid 152. 
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Figure 76: LC-UV trace of A) aminobromomaleimide 145, B) aminobromomaleimide 145 
after 10 min irradiation, C) aminobromomaleimide 145 after 50 min irradiation and D) 

enamide 153. 
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Figure 77: Mass spectra from the LC-UV traces in Figure 76: A) Peak at RT 6.33 min 
shows aminobromomaleimide 145, expected and observed m/z 439. B i) Peak at RT 6.33 
min shows aminobromomaleimide 145, expected and observed m/z 439. B ii) Peak at RT 

5.81min shows enamide 153, expected and observed m/z 273. C) Peak at RT 5.80 min 
shows enamide 153, expected and observed m/z 273. D) Peak at RT 5.81 min shows 

enamide 153, expected and observed m/z 273. 
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5.1.4: Irradiation of aryl aminobromomaleimide 148 

 

Figure 78: 1H NMR spectra of aminobromomaleimide 148 (lane 1), 
aminobromomaleimide 148 after 10 min of irradiation (lane 2), aminobromomaleimide 

148 after 20 min of irradiation (lane 3), aminobromomaleimide 148 after 30 min of 
irradiation (lane 4), aminobromomaleimide 148 after 40 min of irradiation (lane 5), 

aminobromomaleimide 148 after 50 min of irradiation (lane 6), aminobromomaleimide 
148 after 60 min of irradiation (lane 7), aminobromomaleimide 148 after 80 min of 

irradiation (lane 8), aminobromomaleimide 148 after 100 min of irradiation (lane 9), 
aminobromomaleimide 148 after 120 min of irradiation (lane 10), enamide 154 (lane 11) 

and benzoic acid 152 (lane 12). Note that the peak observed at 5.39 ppm (lanes 1-11) 
represents residual DCM solvent. 

 

 

Figure 79: SIR chromatogram at m/z 121 of A) aminobromomaleimide 148, B) 
aminobromomaleimide 148 after 120 min of irradiation and C) benzoic acid 152. 

152 

148 20 min h 

148 10 min h 

148 

148 30 min h 

148 40 min h 

148 50 min h 

154 

148 60 min h 

148 80 min h 

148 100 min h 

148 120 min h 

Time
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

0

100

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

0

100

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

0

100

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

5.0e-1

RM280B_030921 3: Diode Array 
Range: 7.356e-1

RM409B_210921 2: SIR of 1 Channel ES- 
TIC

4.31e3

RM439_50_030921 2: SIR of 1 Channel ES- 
TIC

8.22e3

RMbzoicacid_030921 2: SIR of 1 Channel ES- 
TIC

2.28e4

Time
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

5.0e-1

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

0

100

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

0

100

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

0

100

RM444_1h_210921 1: Scan ES+ 
TIC

1.20e8

6.576.13

0.03

4.313.302.561.811.20 1.88 2.95
3.48

3.74 5.615.46
4.49 7.867.317.15 10.339.648.648.52 9.53

9.12 11.06 11.24 11.86

RM444_2h_210921 2: SIR of 1 Channel ES- 
TIC

1.08e4

3.28

0.01

2.43

RM_bzoicacid_210921 2: SIR of 1 Channel ES- 
TIC

6.06e4

3.29

2.72

RM444A_210921 3: Diode Array 
Range: 9.028e-16.05

148 after 120 min h 

152 

148 A 

B 

C 



259 
 

 

Figure 80: LC-UV trace of A) aminobromomaleimide 148, B) aminobromomaleimide 148 
after 20 min irradiation, C) aminobromomaleimide 148 after 40 min irradiation, D) 

aminobromomaleimide 148 after 60 min irradiation, E) aminobromomaleimide 148 after 
120 min irradiation and F) enamide 154. 
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Figure 81: Mass spectra from the LC-UV traces in Figure 80: A) Peak at RT 6.48 min 
shows aminobromomaleimide 148, expected and observed m/z 473. B i) Peak at RT 6.49 
min shows aminobromomaleimide 148, expected and observed m/z 473. B ii) Peak at RT 
6.05 min shows enamide 154, expected and observed m/z 307. E i) Peak at RT 6.49 min 

shows aminobromomaleimide 148, expected and observed m/z 473. E ii) Peak at RT 6.05 
min shows enamide 154, expected and observed m/z 307. F) Peak at RT 6.05 min shows 

enamide 154, expected and observed m/z 307. 
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5.1.5: Irradiation of aminothiomaleimide 147 

 

Figure 82: 1H NMR spectra of aminothiomaleimide 147 (lane 1), aminothiomaleimide 
147 after 20 min of irradiation (lane 2), aminothiomaleimide 147 after 40 min of 
irradiation (lane 3), aminothiomaleimide 147 after 60 min of irradiation (lane 4), 

aminothiomaleimide 147 after 80 min of irradiation (lane 5), aminothiomaleimide 147 
after 100 min of irradiation (lane 6), aminothiomaleimide 147 after 120 min of 

irradiation (lane 7), enamide 155 (lane 8) and benzoic acid 152 (lane 9). Note that the 
peak observed at 5.38 ppm (lane 8) represents residual DCM solvent. 

 

 

Figure 83: SIR chromatogram at m/z 121 of A) aminothiomaleimide 147, B) 
aminothiomaleimide 147 after 120 min of irradiation and C) benzoic acid 152. 
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Figure 84: LC-UV trace of A) aminobromomaleimide 147, B) aminothiomaleimide 147 
after 20 min irradiation, C) aminothiomaleimide 147 after 40 min irradiation, D) 

aminothiomaleimide 147 after 60 min irradiation, E) aminothiomaleimide 147 after 120 
min irradiation and F) enamide 155. 
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Figure 85: Mass spectra from the LC-UV traces in Figure 84: A) Peak at RT 7.36 min 
shows aminobromomaleimide 147, expected and observed m/z 628. B i) Peak at RT 7.36 
min shows aminobromomaleimide 147, expected and observed m/z 628. B ii) Peak at RT 
7.06 min shows enamide 155, expected and observed m/z 462. E i) Peak at RT 7.36 min 

shows aminobromomaleimide 147, expected and observed m/z 628. E ii) Peak at RT 7.05 
min shows enamide 155, expected and observed m/z 462. F) Peak at RT 7.06 min shows 

enamide 155, expected and observed m/z 462. 
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5.1.6: Irradiation of aminomaleimide 151 

 

Figure 86: 1H NMR spectra of aminomaleimide 151 (lane 1), aminomaleimide 151 after 
10 min of irradiation (lane 2), aminomaleimide 151 after 20 min of irradiation (lane 3), 
aminomaleimide 151 after 30 min of irradiation (lane 4). Note that the peak observed at 

5.39 ppm (lanes 1-4) represents residual DCM solvent. 
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5.1.7: Irradiation of a mixture of two substituted maleimide 

 

Figure 87: 1H NMR spectra of dithiomaleimide 144 (lane 1), dithiomaleimide 144 after 40 
min of irradiation using the 470 nm LED torch (lane 2) and dithiomaleimide 144 after 10 

min irradiation with in mercury lamp (lane 3). 
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Figure 88: 1H NMR spectra of aminobromomaleimide 145 (lane 1), 
aminobromomaleimide 145 after 40 min of irradiation using the 470 nm LED torch (lane 
2) and aminobromomaleimide 145 after 50 min irradiation in the mercury lamp (lane 3). 
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Figure 89: 1H NMR spectra of dithiomaleimide 144 and aminobromomaleimide 145 (lane 
1), after 40 min of irradiation of the mixture using the 470 nm LED torch (lane 2) and 

subsequent 55 min irradiation of the mixture using the 365 nm LED torch (lane 3). 
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Figure 90: Zoomed in 1H NMR spectrum after 40 min of irradiation using the 470 nm LED 
torch of the mixed solution of dithiomaleimide 144 and aminobromomaleimide 145. 

Dithiomaleimide enamide 136 has proton peaks at 5.25 ppm and 4.96 ppm, and 
aminobromomaleimide enamide 153 has proton peaks at 5.18 ppm and 4.91 ppm. The 

ratio of the singlets at 5.25 ppm and 5.18 ppm were used to determine a 
photodecarboxylation selectivity of 6:1 for dithiomaleimide 144:aminobromomaleimide 

145. 
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5.2: Bioconjugation 

5.2.1: Octreotide conjugate 68 preparation with the original protocol 
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Figure 91: A) TIC trace upon conjugation to N-methyl bromomaleimide 64. Mass spectra 
at the following RT: B) 5.93 min: native octreotide, expected and observed m/z 1019. C) 

6.37 min: bridged succinimide 69, expected and observed m/z 1130. D) 6.66 min: bridged 
succinimide 69, expected and observed m/z 1130. E) 7.65 min: double reduced species 70, 

expected and observed m/z 1243. F) 8.21 min: single reduced species 71, expected and 
observed m/z 1241. G) 8.53 min: single reduced species 71, expected and observed m/z 

1241. H) 8.96 min: thiomaleimide conjugate 68, expected and observed m/z 1239. 
 

5.2.2: Irradiation of conjugate 74 
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Figure 92: A) TIC trace upon irradiation of crude conjugate 74. Mass spectra at the 
following RT: B) 4.24 min: conjugate 76, expected and observed m/z 1269. C) 4.49 min: 

conjugate 76, expected and observed m/z 1269. D) 5.29 min: conjugate 76, expected and 
observed m/z 1269. E) 6.60 min: regioisomer of conjugate 74, expected and observed m/z 
1251. F) 6.82 min: regioisomer of conjugate 74, expected and observed m/z 1251. G) 7.41 
min: single reduced species, expected and observed m/z 1253. H) 7.51 min: single reduced 
species, expected and observed m/z 1253. I) 7.62 min: single reduced species, expected and 
observed m/z 1253. J) 7.99 min: thiomaleimide conjugate 74, expected and observed m/z 

1251. K) 8.67 min: thiomaleimide conjugate 74, expected and observed m/z 1251. 
 

5.2.3: Irradiation of Fab conjugates 179 and 180 

 

 

Figure 93: LCMS after irradiation of Fab conjugates 179 and 180 showing the non-
deconvoluted ion series for A) the full spectrum; and B) zoomed in. The mass envelope of 

m/z series 1299, 1375, 1461 indicated correspond to light chain enamine 170 of mass 
23362 Da.  
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5.3: Photophysical investigations 

5.3.1: 365 nm UVG Labino LED torch 

 

Figure 94: UV absorbance spectrum of the 365 nm UVG2 Labino LED torch measured 
using an Oceans Optics HR 4000 spectrometer. 

 

5.3.2: TEAS and TVAS fittings 

 

Figure 95: Exponential fits for bis-thiomaleimide 61 for the A) TEAS experiment: 585 nm 
band with a single exponential function and 385 nm with a double exponential function; 

and B) TVAS experiment: 1665 cm-1 band with a single exponential function. 
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 Bis-thiomaleimide 61 

Absorbance 
band 

τgrowth τdecay 

585 nm - 11.5 ± 1.1 ps 
385 nm 8 ± 68 ns 8 ± 69 ps 

1665 cm-1 97 ± 15 ps - 
Table 23: Summary of the lifetimes shown of the exponential fits in Figure 95. 
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