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Abstract 

Luciferins are a class of small, light-emitting molecules that produce visible light through an 

oxidation reaction catalysed by luciferase enzymes. This bioluminescent system, when 

combined with CCD camera technologies, has enabled groundbreaking advances in measuring 

mammalian gene expression, protein–protein interactions, biochemical labelling, and small 

molecule dynamics. Among the luciferins, D-luciferin—originally isolated from the American 

firefly Photinus pyralis—is the most extensively studied. Synthetic analogues of D-luciferin 

have become increasingly important due to their incorporation into a wide range of 

commercially available assay kits, where they serve as sensitive reporters in both in vitro and 

in vivo applications. This thesis focuses on the development of improved synthetic methods 

for D-thioluciferin, C6-substituted analogues, and aza-derivatives of D-luciferin, the latter 

enabling the design of novel caged bioluminescent probes for advanced molecular imaging. 
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Chapter 1 : Introduction 

1.1 Bioluminescence 

1.1.1 Bioluminescence technology 

Light-based technologies have greatly advanced healthcare innovation by enabling precise, 

non-invasive diagnostic and therapeutic methods.1-3 Insights into the structure, composition 

and functional features of tissues, their abnormalities and disease progression have been 

facilitated by modern medical imaging systems through light–tissue interactions.3-5 

Importantly, light can also serve as a therapeutic agent through heat generation or triggering 

photochemical and biological reactions.3 Techniques like photobiomodulation (PBM),6, 7 

photothermal therapy (PTT)8 and photodynamic therapy (PDT)9 rely on light to treat conditions 

ranging from cancer10, 11 to tissue regeneration in dental stem cells12 and cranial bones.13 

However, these approaches face a major limitation: the shallow penetration of external light 

sources into deep tissues, which restricts their effectiveness in certain clinical applications. 

Various strategies have been employed to address this limitation such as the use of deep tissue 

penetrating near-infrared (NIR) light,14 implantation of miniaturised light sources15 and light-

delivering materials such as optic fibres16 and waveguides.17 However, a common challenge 

among these strategies is their invasive light delivery. 

To overcome this, researchers have turned to bioluminescence, a remarkable naturally 

occurring phenomenon in which living organisms emit visible light through an internal 

chemical reaction. It is found across a wide range of species, including marine organisms, 

bacteria and insects.18-22 This form of chemiluminescence, arises from the oxidation of 

luciferin, which is catalysed by the activity of the luciferase enzyme found in bioluminescent 

organisms.18, 23 Unlike external light, bioluminescent light originates from within tissues, 

eliminating the need for invasive devices or deep light delivery methods. This makes 

bioluminescence particularly promising for theranostic use, where simultaneous diagnosis and 

therapy are essential. Notably, over 40 types of bioluminescent systems exist in nature, with 

several already adapted for medical purposes.24-26 

With progress in protein engineering and delivery technologies, bioluminescence has expanded 

into various applications such as bioimaging, biosensing and PDT.3 Additionally, techniques 
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like bioluminescence resonance energy transfer (BRET) allow for improved light emission and 

functional versatility.27, 28  

Bioluminescent imaging (BLI) has significantly advanced the fundamental understanding of in 

vivo biology and greatly enhanced the utility of small animal models in laboratory research 

due to its reliable, sensitive, convenient and non-invasive technique. Given that BLI enables 

the visualisation of various biological phenomena, it has been widely applied to monitor cells 

and biomolecular processes in living organisms.29 These applications include pathogen 

detection,30 monitoring of protein–protein interactions,31 studies on ADMET (absorption, 

distribution, metabolism, excretion, and toxicity)32 and - importantly to this project - tumour 

growth tracking33 and analysis of responses to therapy patterns of gene regulation.34 

1.1.2 Bioluminescence-based systems: Luciferins and luciferases 

Although more than 30 distinct bioluminescent systems exist in nature,21 only nine luciferins 

have been structurally elucidated and characterised to date (Figure 1.1).29 Among these, the 

coelenterazine, bacterial, and firefly luciferase systems are particularly noteworthy due to their 

widespread use and biological significance. 

Coelenterazine-based systems are found in marine organisms and used by luciferases such as 

Renilla (RLuc), Gaussia (GLuc), and Oplophorus (OpLuc).26 These systems do not require 

ATP, making them advantageous in ATP-deficient environments. However, they are more 

prone to spontaneous oxidation, which can lead to background interference.35 Moreover, 

coelenterazine has low solubility in water, which limits its suitability for some applications 

compared to D-luciferin. Its bioluminescence typically presents as a flash rather than a 

sustained glow, with specific characteristics varying by luciferase type.3, 36  

The bacterial luciferase (Lux) system operates differently compared to the coelenterazine 

system. It is genetically encoded in the luxCDABEG operon and is self-sufficient, producing 

all necessary substrates internally.37, 38 This eliminates the need for external luciferin, enabling 

continuous bioluminescence with light being emitted around 490 nm. Ideally, these factors 

would make the Lux system useful in theranostic applications however, introducing this system 

into eukaryotic cells requires significant optimisation due to differences in cellular 

environments.3 
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Figure 1.1. Structures of the nine known luciferins. 29 
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Finally, one of the most well-known examples of insect bioluminescence is that of  the North 

American firefly (Photinus pyralis).21 Among the various bioluminescent systems, the firefly 

luciferin–luciferase reaction is the most extensively studied, with research spanning over 50 

years. In this system, two essential components are involved: D-luciferin, the light-emitting 

molecule, and firefly luciferase (fLuc), the enzyme that catalyses the oxidation of luciferin. 

This oxidation results in the formation of an excited-state molecule called oxyluciferin, which 

releases light as it returns to its ground state. It requires ATP, Mg²⁺, and oxygen to function, 

emitting light at approximately 560 nm (Scheme 1.1). While ATP dependence may seem like 

a drawback, it reduces background noise, making the signal clearer. The system also benefits 

from a high quantum yield (~40%), good water solubility, and low toxicity, making it highly 

suitable for biological applications.29  

Scheme 1.1. Condensed mechanism of the D-luciferin bioluminescence reaction. 

1.1.3 Theranostic applications of bioluminescent probes 

Various luciferase–luciferin systems are used in theranostic applications, each with unique 

characteristics such as light emission wavelength, reaction kinetics, and environmental 

requirements. Although all luciferases catalyse light-producing reactions, their specific 

substrates and optimal conditions vary. This makes it essential to carefully select the most 

appropriate system for a given application. The utility of bioluminescent probes will be 

discussed according to three principal areas: bioimaging, biosensing and photodynamic therapy 

(PDT). 
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(i) Bioimaging

BLI is extensively utilised for non-invasive, real-time monitoring of biological processes. 

Initially employed to track luciferase-expressing tumour cells, advancements in luciferase-

luciferin systems have enabled deeper tissue imaging,39-44 higher brightness,42, 44, 45 improved 

sensitivity39, 46, 47 and various other factors. Innovations such as the development of red- and 

near-infrared-emitting luciferins (e.g., AkaLumine-HCl) have facilitated effective visualisation 

of deep-seated tumours.43 Furthermore, the integration of luciferin-regenerating enzymes 

(LRE) with luciferases has enhanced signal stability and duration.48 Beyond cell tracking, 

bioluminescence is now applied to monitor physiological parameters, exemplifying the 

expansion of BLI from structural imaging to functional diagnostics.47 

Bioimaging has also been employed to assess various enzyme activities, with a notable 

example being the β-lactamase (β-lac) assay. β-lac is an enzyme expressed by bacteria that 

hydrolyses β-lactam antibiotics, such as penicillin and cephalosporins.49 Yao et al. developed 

Bluco, the first β-lactam and D-luciferin conjugate, which serves as a bioluminogenic substrate 

for evaluating TEM-1 β-lac activity.50 Bluco is specifically activated by β-lac, which cleaves 

the β-lactam ring to release free D-luciferin. This liberated D-luciferin is subsequently oxidised 

by luciferase, producing light and enabling the visualisation of β-lac activity (Scheme 1.2). 

This innovative probe allows for the imaging of β-lactamase-expressing, antibiotic-resistant 

bacteria in vivo. 

Scheme 1.2. Proposed two-step mechanism for the detection of ꞵ-lac. 



6 

 

(ii) Biosensing 

Bioluminescent biosensors provide superior sensitivity and specificity compared to 

fluorescence-based systems due to their resistance to background noise and photobleaching.51 

These biosensors leverage mechanisms such as BRET or analyte-responsive luciferins. Their 

applications range from detecting antibodies and small molecules to metal ions like mercury52, 

53 and zinc.54, 55 Additionally, biosensors capable of detecting mechanical forces like a BRET-

based molecular tension sensor have been developed by Aird et al. for monitoring vinculin 

dynamics.56 This example further highlights the expanding utility of bioluminescent systems 

in mechanobiology. 

(iii) Photodynamic Therapy 

Bioluminescence-driven photodynamic therapy (BL-PDT) addresses the limitations of 

traditional PDT by providing an internal light source capable of activating photosensitisers in 

deep tissues. Although inherently less intense than external light sources, coupling luciferases 

to photosensitisers via BRET enhances therapeutic efficacy.57-62 Strategies include direct 

chemical conjugation,57-60 fusion proteins,61, 62 and nanoparticle-mediated delivery.63-65 A 

representative example of this is presented by the work of Yan et al., in which a luciferase-

photosensitiser (chlorin e6, Ce6) conjugate encapsulated in liposomes demonstrated effective 

tumour ablation in murine models.58 Gene delivery of luciferase-phototoxic protein 

constructs66 and the use of bioluminescent bacteria further extend the potential of BL-PDT in 

achieving spatially targeted and immune-responsive cancer therapy.67 

1.1.4 Luciferin analogues with bathochromic shifts 

The application of bioluminescence for studying living systems imposes specific constraints 

on the chemical structures and physicochemical properties of the luciferins used. A major 

limitation in in vivo BLI is the low stability of natural luciferins in solution, particularly upon 

exposure to air. Additionally, optimal tissue penetration of light, especially in tumours, occurs 

within the red and NIR regions. Unfortunately, most naturally occurring luciferins emit light 

at shorter wavelengths. To address these challenges, various research groups have focused on 

developing more stable luciferin analogues with red-shifted emission profiles suitable for deep 

tissue imaging. As a result, a plethora of luciferin derivatives as luminogenic substrates have 

been developed by various research groups. Figure 1.2 contains a subset of the structurally 
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modified luciferin analogues synthesised to date, which have exhibited bathochromic shifts 

(red shifts) relative to D-luciferin. 

While D-luciferin has a maximum emission wavelength of 557 nm with natural luciferase, 

White et al. reported that the 6-amino analogue 1.11a exhibited an emission maximum of 594 

nm.68 It was also demonstrated that mono and di-substituted analogues of alkylaminoluciferin 

1.12a–d69, 70 and cyclic aminoluciferins 1.13a and b42 possessed emission maxima ≥ 600 nm. 

To further expand the range of red-shifted analogues, Conley et al. made use of an electron 

donating amino group and polarisable selenium atom to synthesise 1.14 which exhibited an 

emission maxima at 600 nm.71 Interestingly, this compound possessed a characteristic light 

emission, easily distinguishable from the yellow-green light of D-luciferin and the orange light 

from aminoluciferin 1.11a. 

Compound 1.16 was found to have an emission maximum similar to that of D-luciferin, 

however in the presence of click beetle green (CBG) luciferase this maximum increased to 624 

nm.72 On the other hand, compound 1.18a was also bioluminescent (608 nm) but required a 

higher pH for stable light emission.73 In 2013, Iwano et al. replaced the benzothiazole moiety 

of D-luciferin with benzene, styrene or a longer conjugated pi-bond olefinic system, resulting 

in compounds 1.21-1.24.74, 75 This increased conjugated pi-system stimulated the formation of 

chromophores with long-wavelength absorption ranging from 640 – 675 nm. Like Iwano and 

colleagues, Jathoul et al. also introduced a double bond to achieve a bathochromic shift when 

synthesising compound 1.25.76 However, they preserved the benzothiazole and thiazole rings. 

As a result, Jathoul et al. successfully synthesised a dual-colour, far-red to NIR emitting 

analogue of beetle luciferin, infra-luciferin 1.25. This analogue shifted the emission spectrum 

of native fLuc into the NIR region (λmax = 706 nm), while maintaining high brightness, thereby 

improving its suitability for bioluminescence imaging.76 Finally, the most recent analogue of 

D-luciferin 1.26, reported by Steinhardt et al., possesses an alkyl group in the benzothiazole

ring. This compound was also found to emit a red shift maximum (610 nm) and was 

subsequently evaluated in HEK293 cells.77 
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Figure 1.2. A subset of structurally modified D-luciferin analogues containing bathochromic 

shifts.29 



9 

 

Despite significant progress achieved by the aforementioned research groups, none of the 

synthesised analogues exhibited enhanced bioluminescent output in luciferase-catalysed 

reactions compared to D-luciferin under conditions of excess luciferin and ATP. In the case of 

aminoluciferins, it has been hypothesised that the diminished light emission may result from 

inhibition of the bioluminescent reaction by oxidation products of luciferin.70, 78 For analogues 

bearing substituted benzothiazole moieties (compounds 1.18-1.24), the reduced efficacy has 

been likely attributed to a decreased rate of adenylate intermediate formation and/or increased 

susceptibility to non-enzymatic oxidation.74, 79, 80 In both scenarios, the overall light output may 

also be limited by inherently low quantum yields of the excited states. Thus, D-luciferin 

remains the most effective substrate for in vitro bioluminescent assays, particularly when 

substrate availability is not a limiting factor. 

1.2 Synthetic strategies towards D-luciferin and its analogues 

1.2.1 General synthetic strategies towards D-luciferin  

As discussed in the previous sections, D-luciferin and its derivative, D-aminoluciferin, are key 

bioluminescent compounds widely used in imaging applications.68, 81-83 Their synthesis 

typically involves the formation of the thiazoline-thiazole core and functionalization of the 

benzothiazole system.84, 85 The classical synthesis described by White et al. in 1963 has been 

used to synthesise D-luciferin and related compounds from p-anisidine (Scheme 1.3).86 A facile 

condensation reaction between D-cysteine and 2-cyano-6-hydroxybenzothiazole 2.9 forms the 

thiazoline-thiazole system through a 1,2-aminothiol click reaction87 to produce D-luciferin, in 

an overall yield of 9%. Slightly improved synthetic pathways incorporating the synthesis of the 

6-methoxybenzothiazole-2-carboxyamide intermediate have been attempted resulting in an 

overall yield of 39%, as described by Seto et al.88 However, it was not until 2012 that there 

was a significant breakthrough in the synthesis of D-luciferin. 
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Scheme 1.3. Synthesis of D-luciferin from p-anisidine 2.1.85, 86 Reagents and conditions: (i) 

ethyl oxalate, 180 °C, 5 min, (58%) (ii) P2S5, reflux, 40 min, (iii) NaOH, 0 °C then HCl, (iv) 

K3Fe(CN)6/ OH-, <10 °C, 15 min, (76% crude, no isolation in steps ii – iv), (v) CH2N2, 0 °C, 

15 min, (40%), (vi) anhydrous NH3/MeOH, heat, 30 min, (100%). (vii) POCl3, reflux, 15 min, 

(56%), (viii) PyHCl, 200 °C, 1 h, (62%) (ix) D-cysteine (in situ from D-cystine/liquid NH3/Na, 

rt, 10 min) and 2.9 in H2O/MeOH, rt, 0.5 h (94%). 

In the method described by McCutcheon and coworkers, p-anisidine 2.1 was treated with 

Appel’s salt 1 to provide the expected dithiazole adduct 2.10. Of note, Nyoni et al. 

demonstrated that DBU could also be utilised as a thiophilic base to extrude sulphur.89 

Therefore, reacting dithiazole 2.10 with DBU produced cyanothioformamide 2.11. Subsequent 

palladium and copper-mediated cyclisation produced the key 6-methoxy-2-

cyanobenzothiazole 2.8. The methyl protecting group was then removed from 2.8 to produce 

6-hydroxy-2-cyanobenzothiazole 2.9 followed by condensation with D-cysteine to yield D-

luciferin (Scheme 1.4). Overall, this route is four steps shorter than the sequence employed by 

White et al.86 and produced the key intermediate 2.8 in a markedly better yield of 61%, with 

an overall yield of 42%.90  
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Scheme 1.4. McCutcheon et al. synthesis of D-luciferin from p-anisidine 2.1.90 Reagents and 

conditions: (i) Appel’s salt 1, DCM, pyridine (2 eq), rt, 3 h, (99%), (ii) DBU (3 eq), DCM, 0 

°C-rt, 30 min, (97%), (iii) PdCl2 (10 mol %), CuI (50 mol %), TBAB (2 eq), DMF:DMSO 

(1:1), 120 °C, 2 h, (87%), (iv) PyHCl (10 eq), neat, 190 °C, 1 h, (61%), (v) D-cysteine, K2CO3, 

H2O:MeOH, rt, 20 min (86%). 

Despite their initial success, in 2015 McCutcheon et al. attempted to address the limitations in 

their original synthetic route by abandoning the use of large volumes of solvent. They were 

able to replace DBU with a more tractable nucleophile, thiosulphate (S2O3
2−) to access 2.11. 

Additionally, they found that this reaction could occur in a single pot following condensation 

of Appel’s salt 1 and 2.1. This condensed route improved the overall yield of D-luciferin (60%) 

by eliminating one synthetic step, along with two chromatographic separations (Scheme 1.5).91 

 

Scheme 1.5. One pot condensation synthesis of D-luciferin employed by McCutcheon et al.91 

Reagents and conditions: (i) 1, DCM, pyridine (2 eq), rt, 3 h, (ii) Na2S2O3 (3 eq), H2O, rt, 3 h 

(86%), (iii) PdCl2 (10 mol %), CuI (50 mol %), TBAB (2 eq), DMF:DMSO (1:1), 120 °C, 2 h, 

(87%), (iv) pyr·HCl (10 eq), sulfolane, 180 °C, 1 h, (93%), (v) D-cysteine, K2CO3, H2O:MeOH, 

rt, 20 min (86%). 

However, the work of McCutcheon et al. was still not complete. The authors also recognised 

that the formation of cyanobenzothiazole 2.8 in their original synthesis (step 3, Scheme 1.3) 
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was not optimal as it required the use of expensive metal reagents, non-ideal solvents, excess 

TBAB, and dilute conditions. Based on work from Rakitin,92 the authors reasoned that 2.8 

could be obtained directly from dithiazole 2.10 through thermolysis. In a single pot, under 

conditions of high temperatures and subsequent treatment with pyr·HCl, 2.8 (20%) as well as 

2.9 (61%) were isolated (Scheme 1.6, A). Rather excitingly, the authors also found that the 

cyclisation/deprotection sequence could be coupled with the formation of imine 2.10 (as in 

Scheme 1.4). When condensing 2.1 with Appel’s salt 1, followed by rigorous heating in 

sulfolane and pyr·HCl treatment, 2.8 and 2.9 were isolated in yields of 21% and 51% 

respectively. This improved, streamlined synthesis that requires only two steps is the shortest 

synthesis of D-luciferin from simple anilines to date (Scheme 1.6, B). 

Scheme 1.6. Condensed synthesis of D-luciferin via Appel’s salt 1 condensation and 

thermolysis.91 Reagents and conditions (A): (i) 1, DCM, pyridine (2 eq), rt, 3 h, (96%), (ii) 

Sulfolane, 180 °C, 20 min, (iii) pyr·HCl (10 eq), 180 °C, 1 h, 2.8 (20%) and 2.9 (61%). (B): 

(i) 1, sulfolane, 40 °C, 3 h, (ii) 180 °C, 20 min, (iii) pyrHCl (10 eq), 180 °C, 1 h, 2.8 (21%) and

2.9 (51%), (iv) D-cysteine, K2CO3, H2O:MeOH, rt, 20 min (86%).

1.2.2 General synthetic strategies towards D-aminoluciferin 

The synthesis of D-aminoluciferin follows a similar pathway but incorporates an amino 

functional group instead of the hydroxyl at the 6-position of the benzothiazole ring. The typical 

synthetic route also published by McCutcheon et al.91 starts with p-nitroaniline which was 

condensed with 1 followed by treatment with sodium thiosulfate to produce the 6-hydroxy-2-

cyanobenzothiazole 2.13. Palladium and copper mediated cyclisation produced benzothiazole 

2.14, followed by reduction of the nitro group and subsequent D-cysteine condensation to 

produce the desired D-aminoluciferin with an overall yield of 51% (Scheme 1.7, A). The 

authors were able to further improve their synthetic route by installing a thiol group ortho to 

the nitro group in the starting material p-nitroaniline, thus enabling facile access to D-
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aminoluciferin in three steps with an overall yield of 54% (Scheme 1.7, B). Notably, the authors 

also reported this as the shortest and highest yielding synthesis of D-aminoluciferin to date. 

 

Scheme 1.7. McCutcheon et al. synthesis of D-aminoluciferin from (A) p-nitroaniline and (B) 

hydrazine.91 Reagents and conditions: (i) 1, MeCN:THF (2:1), (ii) Na2S2O3 (3 eq), H2O, rt, 3 

h, (80%), (iii) PdCl2 (10 mol %), CuI (50 mol %), TBAB (2 eq), DMF:DMSO (1:1), 130 °C, 3 

h, (74%), (iv) Zn, NH4Cl, MeOH, rt, 30 min, (95%), (v) D-cysteine, K2CO3, MeCN:H2O (4:1), 

rt, 20 min, (91%), (vi) NH2NH2.H2O, EtOH, rt 12 h, (vii) 1, DCM, reflux 12 h (62%). 

1.2.3 C-6 Heteroatom substitution of D-luciferin 

With the first synthesis of D-luciferin and its 6-amino analogue by White et al., a new era of 

bioluminescence assays and BLI was ushered in. This advancement led to a surge in luciferin-

based assays, where the amine functionality served as a handle for constructing probes via 

amide hydrolysis. Since then, numerous derivatives have been developed by various research 

groups to create new bioluminogenic substrates and imaging probes. However, these 

derivatives are all based on modifications of either natural (6′-hydroxy) D-luciferin or D-

aminoluciferin, thereby restricting the chemistry to O- and N-linked variants.93 

Previously, Ohulchanskyy et al. investigated how replacing the oxygen atom in 

tetramethylrosamine (TMR-O) dyes with sulphur (TMR-S) or selenium (TMR-Se) affects their 

photophysical properties, particularly fluorescence, triplet state behaviour, and singlet oxygen 

generation.94 They found that while substituting oxygen with sulphur or selenium leads to a 
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decrease in fluorescence efficiency, bathochromic shifts in both absorption and emission 

spectra were observed (Figure 1.3). The results strongly demonstrate the heavy-atom effect, 

where increased atomic mass (O → S → Se) enhances spin-orbit coupling, boosts intersystem 

crossing, and alters excited-state dynamics.95  

Figure 1.3. Compounds with varying fluorescence emission maxima due to heteroatom 

substitution, illustrating the heavy atom effect. 

In addition, several time-dependent density functional theory (TD-DFT) investigations have 

explored how heteroatom substitution influences the photophysical properties of 

heteroaromatic fluorescent molecules (Figure 1.3).96, 97 These studies consistently report that 

replacing oxygen with sulphur leads to bathochromic shifts in  fluorescence emission maxima. 

This shift is attributed to a reduced energy gap between the ground and excited states. 

It has been established that the energies of the highest occupied molecular orbitals (HOMOs) 

and lowest unoccupied molecular orbitals (LUMOs) in both states are critical not only for 

determining spectral properties but also for influencing chemical reactivity. Since the same 

energy differences that affect fluorescence also govern bioluminescence emission maxima, 

findings from fluorescent systems are directly relevant to bioluminescent ones. 

While the influence of C-6 nitrogen substitution on bioluminescent activity has already been 

studied, introducing sulphur at the C-6 position, offers new insights into how the 6′-heteroatom 

affects the photobiological properties of D-luciferin (Figure 1.4). Furthermore, this 

bioluminescent thiol analogue could pave the way for a new class of bioluminescent probes 

with potential applications that extend beyond the capabilities of conventional D-luciferin and 

D-aminoluciferin systems.
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Figure 1.4. Structures of C-6 heteroatom-substituted luciferins. 

1.2.4 D-Thioluciferin, a novel thio-analogue of D-luciferin 

(i) Jardine - Rylands Method

In 2018 Rylands et al. reported the synthesis of a novel luciferin analogue, namely D-

thioluciferin.93 This analogue was unique in that it demonstrated a bioluminescence emission 

maximum with a red-shift λmax (599 nm) relative to D-luciferin (557 nm) and D-aminoluciferin 

(593 nm) upon treatment with purified Photinus pyralis (Ppy) luciferase (Luc). Moreover, 

cancer cells have been shown to undergo abnormal redox homeostasis, resulting in oxidative 

stress.98 This lead to the hypothesis that cancer cells expressing fLuc would oxidise the thiol 

group of D-thioluciferin to the disulphide in vivo. Theoretically, this would cause cancer cells 

to produce a less intense bioluminescence signal as opposed to healthy cells. 

The Rylands et al. synthesis relies on the aryl thioacrylate as a sulphur protecting group. As 

such, using thiol-yne click chemistry, aryl thioacrylate 5.2 was obtained via a chemoselective 

reaction between benzyl propiolate 5.1 and p-aminothiophenol. This, he reported, resulted in a 

separable E/Z thioacrylate mixture of 5.2 and 5.3.  The cis isomer 5.2 was isolated and 

subsequently reacted with Appel’s salt 1 to yield N-aryliminodithiazole 5.4. Subsequent 

nucleophilic attack of thiophilic DBU converted N-aryliminodithiazole 5.4 into 

cyanoformanilide 5.5. Thereafter, intramolecular C-S coupling using palladium chloride 

formed the cyclised carbonitrile 5.6. Following the addition of 2 mol equivalents of D-cysteine, 

a one pot D-cysteine condensation as well as thioacrylate deprotection of carbonitrile 5.7 

released D-thioluciferin in an overall yield of 14% (Scheme 1.8).93 

The limitations of the Rylands method, however manifested in the penultimate step of the 

synthetic sequence. In previous attempts of replicating the synthetic route, it appeared that the 

cis isomer is stable as the D-thioluciferin acrylate 5.7.99 It was found that in the presence of 

organic bases, the cis isomer 5.2 undergoes conversion to a mixture of E/Z isomers following 

a Michael addition-elimination mechanism. Shiu et al. investigated the modification of 

cysteine-containing peptides in which they found that thiol-protection of cysteine using 

electron-deficient alkynes favoured formation of the Z-isomer.100 Attempts made to isolate the 

trans isomer 5.3 to ascertain whether the uncaging was isomer-dependent were unsuccessful, 
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with the dominant cis isomer 5.2 forming in low yield. It was thus concluded that the E-isomer 

was stable to a thio-Michael addition-elimination reaction.99  

 

Scheme 1.8. Synthetic route toward D-thioluciferin.101 Reagents and conditions: i) Cs2CO3, 

BnBr, DMF, 0° C, (99%), (ii) p-aminothiophenol, DMF, 24 hrs, 0° C, N2, (39%), (iii) Appel’s 

salt 1, pyridine, DMF, rt, N2, (99%), (iv) DBU, DMSO, rt, N2, (61%), (v) PdCl2, CuI, TBAB,  

DMSO, 120° C, N2, (62%), (vi) D-cysteine, K2CO3, DMSO, 0 °C, N2, (98%). 

As a result, D-thioluciferin was not obtained which warranted the exploration of an alternate 

route. To this end, Rylands reported that the synthesis of 2-cyano-6-iodobenzothiazole 14 was 

a key intermediate in future D-thioluciferin synthetic routes.93 The reasoning being that the 

iodine functionality would act as a surrogate group to access the thiol moiety. In his attempts, 

he succeeded in synthesising 6-iodo-2-cyanobenzothiazole 14,101 however, was not able to 

obtain the thio derivative 7 (Scheme 1.9). This, he presumed, was due to the C-2 nitrile 

functionality which reacted with the sulphur reagent. This argument is supported by the claims 
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of Sharma et al who also stated that the C-2 nitrile functionality presented a challenge on C-6 

halide substitution.102 Attempts made at improved synthesis of 6-iodo-2-cyanobenzothiazole 

are discussed in detail in Chapter 2. 

Scheme 1.9. One pot, metal-free base-mediated cyclisation from o-bromoaniline.93 Reagents 

and conditions: (i) NaBO3, KBr, AcOH, rt, 16 h, (78%), (ii) Appel’s salt 1, DCM, 3 h, (iii) 

DBU, DCM, 5 °C, 3-4 h, (67%), (iv) CuI, Sulfur powder, K2CO3, DMF, 90 °C, NaBH4. 

(ii) Sharma synthesis of D-alkylthioluciferins

In 2017, Sharma et al. published a paper on a new synthetic approach for accessing a wide 

range of 6′-substituted firefly luciferin analogues, expanding the scope of known luciferase 

substrates.102 The researchers developed a route that included nucleophilic aromatic 

substitution (SNAr) and Buchwald-Hartwig103 amination of 6-fluoro- and 6-bromo-2-

cyanobenzothiazoles respectively. The latter methodology effected the introduction of diverse 

electron-donating groups at the 6′-position of the D-luciferin core. Furthermore, the work 

enabled the synthesis of novel “caged” amide and azetidine analogues, luminogenic aryl amine 

derivatives as well as thioether luciferase inhibitors. 

Some key thioether analogues the authors investigated included methanethiol-substituted 

analogue 19 (obtained in an overall yield of 34%) which was expected to be highly fluorescent, 

as well as its sulfoxide derivative 21, obtained in an overall yield of 24%. Their luciferin 

analogues 20 and 22 were obtained in overall yields of 17% and 13% respectively. (Scheme 

1.10).  
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Scheme 1.10. Sharma’s synthetic route to thiomethyl 20 and methylsulfinyl-substituted 

luciferin 22 from (A) 4-fluoroaniline and (B) 2,4-difluoroaniline.102 Reagents and conditions: 

(i) Br (s), KSCN, acetic acid, rt, 21 h, (94%), (ii) t-butyl nitrite, CuCl2, CH3CN, rt – 65 °C, 3 h,

(95%), (iii) Potassium ethyl xanthogenate, DMF, 95 °C, 4 h, Ar (g), (93%), (iv) SO2Cl2, rt, 2 h,

N2 (g), (95%), (v) KCN, DMSO, 80 °C, 6 h, (81%), (vi) Sodium thiomethoxide, DMF, 60 °C,

8 h, (48%), (vii) D-cysteine, Na2PO4, rt, 1 h, Ar (g), (50%), (viii) Oxone, ethanol, 60 °C, 8 h,

(71%), (ix) D-cysteine, Na2PO4 (aq), methanol, 1 h, Ar (g) (53%).

Bioluminescence evaluation revealed that thioether 20 is a potent luciferase inhibitor, while 

thiomethyl sulfoxide 22 is only weakly inhibitory. The authors suggest these results could 

provide a potential strategy for constructing bioluminescent sensors of S-oxidation based on 

relief of luciferase inhibition.102 While this may be the case, the overall yields of the 

aforementioned target compounds are quite low. Additionally, the use of the asphyxiant 

potassium cyanide is highly unfavourable due to the substantial risks related to toxicity and 

potential oxygen displacement in confined laboratory environments. Attempts at a high 

yielding, condensed method for the synthesis of these compounds is thus explored in 

Chapter 3.  
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(iii) Pirrung synthesis of D-thioluciferin 

More recently, Pirrung et al. published a completely new synthetic route to D-thioluciferin 

from (allylthio)aniline.104 This synthetic route comprises of a sequence of steps incorporating 

the general luciferin synthesis developed by Prescher90, 91 as well as a Mislow-Evans105 type 

rearrangement mediated by triphenylphosphite. 

Pirrung and co-workers employed an S-allyl protecting group in their synthetic strategy. The 

sequence begins with the condensation of 4,5-dichloro-1,2,3-dithiazolium chloride (Appel’s 

salt) 1 and amine 2 to generate imine 3. This intermediate then undergoes DBU-mediated 

dithiazole fragmentation to yield thioformamide 4. A copper(I) iodide/palladium(II) chloride-

catalysed C–S cross-coupling of thioformamide 4 produces benzothiazole 5. Subsequent non-

asymmetric oxidation of 5 using sodium periodate affords sulfoxide 6, which undergoes a 

Mislow–Evans-type [2,3]-sigmatropic rearrangement. This is followed by triphenylphosphite 

[P(OPh)3]-mediated cleavage of the sulfenate intermediate to give thiobenzothiazole 7. The 

final step involves a standard luciferin condensation with D-cysteine to afford the desired 

product, D-thioluciferin (Scheme 1.11). Overall, this route is one step shorter than that reported 

by Rylands et al. and proceeds in a higher overall yield of 23%. 

Optical analyses by the authors revealed that D-thioluciferin exhibited a blue-shifted absorption 

and fluorescence emission maxima compared to D-luciferin which they attributed to reduced 

conjugation due to the sulphur atom’s larger orbital size. Bioluminescence evaluation of the 

product revealed it to be a modest substrate with very low light output, while displaying 

substrate inhibition at higher concentrations. These findings are consistent with the thioether 

luciferin analogues developed by Sharma et al.102 The authors attributed the diminished 

bioluminescence due to poor orbital overlap between the thiolate and the aromatic system, 

making D-thioluciferin more like non-luminescent deoxyluciferin. However, despite the low 

emission, D-thioluciferin was found to bind tightly to luciferase (Km = 0.16 µM; Ki = 

0.07 µM).104 
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Scheme 1.11. Linear synthetic route for the synthesis of D-thioluciferin.104 Reagents and 

conditions: (i) DCM, rt, 24 h, (ii) Allyl bromide, K2CO3, acetone, rt, 18 h, ( 90%), (iii) Appel's 

salt, DCM, anhydrous pyridine, rt, 3 h, (77%), (iv) DCM, DBU, -5 ℃, 1 h, (83%), (v) PdCl2 

(10 mol %), CuI (50 mol %), TBAB (2 eq), DMF:DMSO (1:1), 120 ℃, 1 h, (65%), (vi) 

DCM:MeOH (1:5), NaIO4, 0 ℃, 12 h, (90%), (vii) P(OPh)3, THF,  H2O, 18 h, (79%), (viii) D-

Cysteine, K2CO3, MeOH:H2O, rt, 30 min (87%). 

Furthermore, D-thioluciferin easily forms a disulphide in solution, however this oxidised form 

is non-bioluminescent as expected. Since the reduced form is required for bioluminescent 

activity, it was stabilised with tris(2-carboxyethyl)phosphine (TCEP).104 Although the low light 

output of D-thioluciferin limits immediate application, the authors suggest its unique redox 

sensitivity and enzyme binding possess potential as a redox probe in future engineered 

luciferase systems or modified assay conditions. To further analyse D-thioluciferin, this 

synthetic route was attempted, with the results obtained discussed in Chapter 3.  
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1.3 Motivation for the synthesis of C-6 modified luciferin derivatives  

Previous attempts at D-thioluciferin and D-alkylthioluciferin syntheses were unfavourable due 

to the low yields and use of a toxic asphyxiant. The general plan of this research project is thus 

to elucidate a condensed, high yielding synthetic route to D-thioluciferin and D-

alkylthioluciferin to be used as bioluminescent probes in cancer cell lines. The availability of 

thioluciferin will also enable the synthesis of cephalosporin conjugates in a ꞵ-lactamase 

activation strategy as previously demonstrated by the Bluco probe (Figure 1.5). 

 

Figure 1.5. Structures of C-6 heteroatom-substituted luciferins. 

Additionally, forming a D-cysteine-cephalosporin conjugate (cysCeph) would allow for the 

release of free D-cysteine once the conjugate is hydrolysed by ꞵ-lac. Uncoupled 6-substituted 

benzothiazoles could react with D-cysteine and subsequently produce a bioluminescence 

emission in cells expressing the fLuc enzme (Scheme 1.12). 
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Scheme 1.12. Proposed ꞵ-lactamase activation strategy with D-cysteine. 
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1.4 Aims and Objectives 

1.4.1 Aims 

The overall aim of this project is to develop an improved synthetic route towards D-

thioluciferin and alkylthioluciferins, and in doing so improve the synthesis of the key 

intermediate 6-iodo-2-cyanobenzothiazole. Improving the aqueous solubility of luciferin 

analogues by developing synthetic routes to aza-luciferin analogues has also been highlighted 

as part of the aims of this project as aza-analogues hold potential for further development. 

These results are discussed in Chapter 4. The availability of D-thioluciferin will enable the 

synthesis of ꞵ-lactam probes such as Bluco. Lastly, all target compounds were to be analysed 

for their potential fluorescence, bioluminescence and cytotoxic activity and are discussed in 

Chapter 5.  

1.4.2 Objectives 

Objective 1: Synthesise and characterise 6-iodo-2-cyanobenzothiazole. 

Objective 2: Synthesise and characterise D-thioluciferin. 

Objective 3: Synthesise and characterise alkylthioluciferins. 

Objective 4: Synthesise and characterise aza-luciferin analogues. 

Objective 5: Evaluate the fluorescence emission of the target compounds. 

Objective 6: Evaluate the bioluminescence emission of the target compounds. 

Objective 7: Evaluate the possible cytotoxic effects of the target compounds in cancer cell 

lines. 
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Chapter 2 : Benzothiazole core and its reactivity 

2.1 Literature overview 

2.1.1 Synthesis of 2-cyanobenzothiazoles 

As outlined in Chapter 1, Rylands reported the synthesis of 6-iodo-2-cyanobenzothiazole 14 as 

a crucial intermediate in the preparation of D-thioluciferin.1 Given its significance, the efficient 

synthesis of this key benzothiazole intermediate 14 was identified as a strategic starting point 

for the development of a more concise and streamlined synthetic route to D-thioluciferin. In 

the proposed approach, p-iodoaniline was initially subjected to bromination at the C-2 position 

to enable intramolecular cyclisation in the subsequent step. This was followed by the general 

condensation with 4,5-dichloro-1,2,3-dithiazolium chloride (Appel’s salt) as developed by 

Prescher2 and finally, the optimal conditions of ring closure were investigated (Scheme 2.1). 

Scheme 2.1. Proposed route for the synthesis of 6-iodo-2-cyanobenzothiazole 14. Reagents 

and conditions: (i) NaBO3, KBr, acetic acid, rt, 16 h, (ii) Appel’s salt, DCM, 3 h. 

An array of methods to mediate benzothiazole ring closure has been reported in literature 

(Scheme 2.2). Previous publications from Besson and Rees explored the reactivity of Appel’s 

salt with various anilines.3 They generated iminodithiazole intermediates and converted them 

into 2-cyanobenzothiazoles and cyanoimidoyl chlorides through thermolysis (250 °C) or 

oxidation (m-CPBA). By 1997, English reported that product distribution depends on the 

electronic nature of the substituents, with electron-donating groups (EDG) promoting 

cyclisation while electron-withdrawing groups (EWG) promoting fragmentation.4 A year later 

Besson and coworkers employed microwave irradiation at atmospheric pressure in pyridine 

containing cuprous iodide and were able to form various benzothiazole derivatives in moderate 

to high yields.5 Later publications also reported a productive and more eco-friendly 

methodology for 2-cyanobenzothiazoles synthesis via graphite/microwave interaction.6 By 

2014 Deau and coworkers had published an optimised method on the microwave-assisted 

copper(I)-mediated cyclisation of ortho-halogenated N-aryliminodithiazoles which produced a 

number of novel N-(4-phenylthiazol-2-yl)-benzo[d]thiazole-, thiazolo[4,5-b]pyridine-, 

thiazolo[5,4-b]pyridine and benzo[d]oxazole-2-carboximidamides.7 In their synthetic 
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procedure, a stirred solution of the appropriate aryliminodithiazole and copper iodide in dry 

pyridine was heated under microwave irradiation (400 W) at 115 °C for 30 min at atmospheric 

pressure. This reaction illustrated much potential as the benzothiazole derivatives reported 

were synthesised from imines structurally similar to 12 (i.e. o-brominated imines). 

Rylands had also reported a one-pot metal free cyclisation reaction incorporating five 

equivalents of DBU at a slightly elevated temperature of 40 °C.1 The imine derivative used was 

also o-brominated on the C-2 position to facilitate ring closure, with an EWG on its C-4 

position. This reaction was thus identified as a suitable approach as it could be applied directly 

to imine 12.  

The procedure developed by McCutcheon et al., was also deemed to be reliable route in the 

synthesis of C-6 substituted benzothiazoles. However, their initial method2 incorporated the 

use of a combination of metal catalysts which do not function ideally in upscaled reactions. 

Their subsequent scalable and condensed method was suitable for upscaled reactions, however 

their mechanism for benzothiazole formation relied on the presence of an electron donating 

(OMe) group substituent on the C-4 position of its imine derivative.8  

Interestingly, in 2022 Broudic and coworkers revised the initial metal-catalysed reaction 

developed by McCutcheon2 and reported the cyclisation of cyanothioformamides and the 

synthesis of 2-cyanobenzothiazoles in the presence of air, using two equivalents of an inorganic 

additive (KI).9 Furthermore, they reported that the reaction led to a sole product in most cases 

which was regioselectively obtained and in good yield. Of the many benzothiazoles they 

generated, 6-chloro- and 6-bromo-2-cyanobenzothiazlole were also reported in yields of 71% 

and 54% respectively. Considering their successful synthesis of novel C-6 halogenated 2-

cyanobenzothiazoles, this method was also identified as a possible route to the synthesis of 6-

iodo-2-cyanobenzothiazole 14. However, due to the incorporation of the expensive metal 

catalysts and the extra synthetic step requiring cyanothioformamide formation, it was decided 

that this method would only be attempted if the DBU reaction by Rylands1 and the microwave 

reaction by Deau7 were not successful. 
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Scheme 2.2. Overview of the different strategies for benzothiazole ring closure reported in 

literature. 
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Another publication in 2022 by Moussa and colleagues reported the development of a mild and 

scalable method for converting N-arylcyanothioformamides into N-arylcyanoformamides 

using a simple iodine (I2) and DMSO oxidative system.10 The thione group (C=S) in the starting 

material was oxidised to a carbonyl group (C=O), forming the desired cyanothioformamide. 

To the authors surprise, they discovered some substrates underwent intramolecular cyclisation 

instead of simple oxidation, producing 2-cyanobenzothiazoles. They reported their synthesis 

as high yielding and scalable to gram quantities, providing a green, efficient route to important 

molecular scaffolds. Although Moussa’s findings were biologically relevant and useful in 

designing luciferin analogues, their method relied on the presence of EDGs on the imine 

derivative (Scheme 2.3). In contrast, an electron withdrawing iodine group was present on the 

C-4 position of the imine at hand. As such, Moussa’s method was not attempted on imine 12.  

 

Scheme 2.3. Proposed mechanism for the formation of 2-cyanobenzothiazoles from N-

arylcyanothioformamide containing -OMe substituents on the aromatic ring as an example.10 

2.1.2 Synthesis of 6-thio-2-cyanobenzothiazole (7) 

Following the formation of the benzothiazole ring, the next key intermediate in the synthesis 

of D-thioluciferin was identified as the C-6 sulphur-substituted benzothiazole 7. Rylands 

previously reported significant challenges in accessing this intermediate, which he attributed 

to the presence of the electron withdrawing nitrile group at the C-2 position of the 

benzothiazole ring.1 In 2019, Pirrung and co-workers reported a successful synthesis of 6-thio-

2-cyanobenzothiazole 7 using triphenylphosphite.11 However, their approach involved a 

Mislow–Evans rearrangement12 from an allylic sulfoxide benzothiazole, a strategy that could 

not be applied to 6-iodo-2-cyanobenzothiazole 14, thereby limiting its general utility in this 

context (Scheme 2.4). 
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Scheme 2.4. Proposed Mislow-Evans rearrangement of an allylic sulfoxide to unmask the thiol 

group and produce allylic alcohol.11 

In 2013, Soria-Castro and Peñéñory reported a strategy to overcome the synthetic challenges 

posed by the nitrile functional group.13 In their study, they successfully synthesised S-(4-

cyanophenyl) thioacetate from 4-iodobenzonitrile using cost-effective potassium thioacetate 

under a base-free copper/ligand catalytic system (Scheme 2.5). This approach demonstrated 

that C–S bond formation in the presence of an EWG nitrile group is feasible under carefully 

optimised conditions.  

 

Scheme 2.5. Synthesis of S-(4-cyanophenyl) thioacetate from 4-iodobenzonitrile.13 Reagents 

and conditions: (i) CuI (10 mol %), 1,10-phenanthroline (20 mol %), potassium thioacetate (1.5 

eq), toluene, 100 °C, 24 h. 

Aromatic carbon–sulphur (C–S) bond formation via C–X (X = halide, pseudohalide) activation 

is a key strategy in synthesising aryl sulphides. Copper-catalysed Ullmann-Type Reactions14 

are useful, especially for aryl iodides and bromides. This study showed promise, as it was 

anticipated that it could be extended to the benzothiazole ring of 2-cyano-6-iodobenzothiazole 

14 to yield the desired thiol 7 (Scheme 2.6).  

 

Scheme 2.6. Proposed synthesis of thiol 7. Reagents and conditions: (i) CuI (10 mol %), 1,10-

phenanthroline (20 mol), potassium thioacetate (1.5 eq), toluene, 100 °C, 24 h. 

2.2 Research rationale and motivation 

With the synthetic strategies of the two key benzothiazoles in place, a complete retrosynthetic 

route targeting D-thioluciferin was thus constructed (Scheme 2.7). The starting material p-

iodoaniline would be brominated using potassium bromide in an electrophilic substitution 

reaction, forming 2-bromo-4-iodoaniline 11. Thereafter the general Appel’s salt condensation2 

reaction was to be followed to form imine 12, without isolation. Copper iodide-mediated ring 

closure would facilitate the formation of key benzothiazole 14 followed by a novel reaction 
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with potassium thioacetate to yield thiobenzothiazole 7. Lastly, the standard luciferin reaction 

would be conducted to form D-thioluciferin. 

Scheme 2.7. Proposed retrosynthetic route for the synthesis of D-thioluciferin from p-

iodoaniline.  

2.3 Results and Discussion 

2.3.1 Model study 

To evaluate the thioacetylation protocol reported by Soria et al.,13 a preliminary model study 

was conducted to establish optimal thioacetylation conditions on the benzothiazole scaffold. 

Commercially available benzothiazoles 7.1a and 7.1b were selected as convenient starting 

materials. These substrates were subjected to halogenation using sodium iodide and potassium 

bromide to afford C-6 substituted benzothiazole derivatives 7.2a, 7.2b, 7.2c, and 7.2d via 

electrophilic substitution (Scheme 2.8). Both iodination and bromination were employed to 

assess the potential influence of halogen electronegativity and atomic radius on the reaction 

rate. Following halogenation, the resulting 6-substituted benzothiazoles were reacted with 

potassium thioacetate, copper(I) iodide, and 1,10-phenanthroline to afford the corresponding 

thioacetate-substituted benzothiazoles 7.3a and 7.3b through a nucleophilic substitution 

reaction. To initiate the synthetic sequence, four parallel reactions were carried out to prepare 

the halogenated benzothiazole derivatives 7.2a, 7.2b, 7.2c, and 7.2d (Scheme 2.8). 
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Scheme 2.8. Overview of the four proposed reaction pathways to synthesise thioacetate-

benzothiazoles 3a and 3b. 

After 24 hours, thin-layer chromatography (TLC) revealed no change in the Rf values for 

reactions 1 and 2, indicating that compound 7.1a did not undergo reaction with either sodium 

iodide or potassium bromide. This observation was confirmed by 1H NMR spectroscopy, which 

showed that ethyl benzothiazole-2-carboxylate 7.1a remained unreacted. These results suggest 

that the electron-withdrawing carboxylate group in 7.1a significantly deactivates the aromatic 

ring, rendering it less susceptible to electrophilic substitution. 

In contrast, new products were observed in reactions 3 and 4 after only 3 hours. After 24 hours, 

the starting material in both reactions was fully consumed, and the halogenated products were 

successfully isolated. In comparison to the starting material (Figure 2.1a), the 1H NMR 

spectrum of reaction 3 revealed the complete disappearance of the methylene proton signals, 

while the aromatic proton signals remained unchanged (Figure 2.1b). This suggests 

regioselective iodination at the methylene position rather than the aromatic ring. In reaction 4, 

however, a residual methylene proton signal was still present, and the aromatic region exhibited 

two distinct sets of signals, indicative of the formation of two regio-isomeric bromo-substituted 

products (Figure 2.1c). In both halogenation reactions with 7.1b, downfield shifts of the 

aromatic proton signals were observed, consistent with the decreased electron density resulting 
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from halogen substitution. The electron-withdrawing nature of the halogen atoms reduces local 

shielding, thus accounting for the observed chemical shift changes. 

Figure 2.1. Stacked expansion of crude 1H NMR spectra for (a) 2-benzothiazoleacetonitrile 1b 

with all protons annotated according to colour, (b) Reaction 1: product formed with 1b and 1 

eq NaI and (c) products formed with 1b and 1 eq KBr in CDCl3. 

Given that halogenation predominantly occurred at the methylene carbon rather than on the 

aromatic ring of 7.1b, the halogen equivalents were increased from one to three in reactions 1 

and 2 to promote halogenation at both the methylene and aromatic positions (Table 2.1). In 

reaction 5, despite the increased iodine equivalents, 1H NMR analysis of the isolated product 

revealed selective iodination at the methylene carbon, with no evidence of substitution on the 

aromatic ring (Figure 2.2). This suggests the formation of 2-benzothiazole-2,2-

diiodoacetonitrile 9 rather than the anticipated aromatic iodinated benzothiazole 7.2e. Although 

a sufficient quantity of the compound was obtained for further analysis (98.7 mg, 30% yield), 

13C NMR spectroscopy could not be performed due to the compound’s pronounced air 

sensitivity. 
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Table 2.1. Summary of reactions 5 and 6. 

Reaction Starting 

material 

Halogen 

source 

Halogen 

molar eq. 

Target Product 

5 

 

7.1b 

NaI 3 

 

7.2e 

Not obtained 

6 

 

7.1b 

KBr 3 

 

7.2f 

Not obtained 

 

 

Figure 2.2. 1H NMR spectrum of 9 in CDCl3. 

Similarly, the major product obtained from reaction 6 was found to be halogenated exclusively 

at the methylene carbon, with no evidence of substitution on the aromatic ring, as confirmed 

by 1H NMR analysis (Figure 2.3). Comparative IR analysis of compounds 9 and 10 revealed a 

characteristic absorption band consistent with the presence of a nitrile functional group in 9 
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and a loss of the nitrile group in 10 (Figure 2.4). Based on these observations, the product is 

tentatively assigned as 2-(tribromomethyl)benzo[d]thiazole 10, with further characterisation 

by mass spectroscopy required to confirm the structure.  

Figure 2.3. 1H NMR spectrum of 2-benzothiazole-2,2-dibromoacetonitrile 2h in CDCl3. 

Figure 2.4. Stacked IR spectra of 9 and 10 with the nitrile group highlighted in light blue. 
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2.3.2 Improved synthesis of 6-iodo-2-cyanobenzothiazole (14) 

Although initial attempts at halogenation of the benzothiazole core were unsuccessful, it was 

hypothesised that thioacetylation of 6-iodo-2-cyanobenzothiazole 14 might still be feasible.  As 

such, bromination of p-iodoaniline proceeded smoothly, affording the desired amine 11 in 

excellent yield (96%). The crude product was of sufficient purity to be used directly in 

subsequent steps without further purification. In contrast, the synthesis of imine 12 resulted in 

a markedly lower yield of 13%. This significant decrease was attributed to the compound’s 

sensitivity, likely leading to degradation during purification on silica gel. Given the poor yield 

of imine 12, it became clear that a more efficient strategy was required to access the ring-closed 

product 14. An initial approach involved a metal-free cyclisation using five equivalents of 

DBU, as described by Rylands (Scheme 2.2).1 However, this methodology was unsuccessful, 

yielding only the intermediate thioformamide 13 (Sceme 2.9). 

Scheme 2.9. p-Iodoaniline synthetic route. Reagents and conditions: (i) KBr, NaBO3, 

CH3COOH, rt, 18 h, (96%), (ii) Appel's salt, DCM, Anhydrous pyridine (2 eq), rt, 3 h, (13% 

when isolated), (iii) DBU (5 eq), DCM, -5 ℃, 1 h, (60-80%). 

The formation of 13 was suggested by IR spectroscopy, with the appearance of a characteristic 

nitrile stretch (Figure 2.5).1H NMR spectroscopy confirmed the product, with the appearance 

of the NH/SH peak due to the thione 13 and thiol 13’ tautomer formation (Figure 2.6).  
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Figure 2.5. Stacked IR spectra of 11, 12 and 13 with the nitrile group highlighted in blue. 

Figure 2.6. 1H NMR spectrum of thione 13 and thiol 13’ formation. 

Subsequently, the focus shifted to the microwave-assisted method reported by Deau and 

colleagues. In their synthetic procedure, a stirred solution of the appropriate 
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aryliminodithiazole and copper iodide in dry pyridine was heated under microwave irradiation 

(400 W) at 115 °C for 30 min at atmospheric pressure.7 This method was applied to the p-

iodoaniline series in which crude imine 12 and copper iodide in anhydrous pyridine were sealed 

in a microwave tube and subjected to microwave irradiation at 115 °C. After 30 min the tube 

was allowed to cool and removed for workup. TLC analysis indicated the presence of a new 

product (Rf = 0.42 with 10% diethyl ether / petroleum ether) which was purified via column 

chromatography to afford benzothiazole 14 in moderate yield (60%). This method proved to 

be superior as it could be conducted on crude imine 12 and still produce the desired 

benzothiazole 14 in moderate yield. The method was also repeated using sulfolane, a higher 

boiling point solvent in an attempt to improve the yield, but produced a similar moderate yield 

(54%). It was rationalised that the electrocyclisation and fragmentation process, previously 

reported by Besson,3, 5 may be facilitated by halogen complexation (Scheme 2.9)  

 

Scheme 2.10. Proposed mechanism of benzothiazole 14 formation through electrocyclisation 

and fragmentation. Reagents and conditions: (i) CuI (1 eq), pyr, 115 °C (MW), 30 min.  

Interestingly, benzothiazole 14 did not possess any fluorescent activity, a common trait of 

benzothiazoles. This is thought to be due to the iodine group in the 6-position of the 

benzothiazole ring increasing intersystem crossing (ISC) due to the heavy atom effect. 

1H NMR analysis of the isolated material revealed the three aromatic protons H-7, H-4 and H-

5 as a singlet, doublet and doublet as expected. Despite attempting to separate the material via 

column chromatography, there were still some impurities such as iodobenzene present in the 

spectrum (Figure 2.7). LCMS analysis of the isolated material confirmed the appropriate mass 

of the product and the iodobenzene by-product (Supplementary materials, page 38). 
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Figure 2.7. 1H NMR spectrum of 14 in CDCl3. 

2.3.3 Thioacetylation reaction on 6-iodo-2-cyanobenzothiazole (14) 

Following the successful synthesis of benzothiazole 14, the thioacetylation reaction was 

attempted once more. A mixture of impure benzothiazole 14, 10 mol% CuI, 1,10-

phenanthroline and potassium thioacetate in toluene was heated under reflux at 110 °C 

according to the literature method.15 After 48 h the crude reaction mixture was purified via 

column chromatography on silica gel, with the primary product of the reaction eluting with 

70% ethyl acetate/hexane in moderate yield (52%). 1H NMR analysis of the isolated material 

15 was promising as it indicated that the aromatic ring remained substituted at the 6-position 

with a doublet, singlet and doublet of doublets splitting pattern (Figure 2.8). However, when 

analysing the material via IR spectroscopy, surprisingly there was an absence of the nitrile 

functional group (Figure 2.9). This suggested that the nitrile group was in fact not maintained 

during the reaction and that the thioacetylation reagents may have reacted on the C-2 position 

of the benzothiazole ring, instead of the C-6 position.  
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Figure 2.8. 1H NMR spectrum of 15 in CDCl3. 

Figure 2.9. Stacked IR spectra of benzothiazole 14 and benzothiazole 15 showing the loss of 

the nitrile group.  

LCMS analysis confirmed that indeed the iodine functional group was not substituted, instead 

the C-2 position of the benzothiazole ring was substituted. The calculated mass of the product 

was 304.88, while 304.9 was found (Supplementary materials page 39). Other masses of side 
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products were found in the LCMS spectrum as well; however, these also corresponded to 

thioacetylation occurring on the nitrile group. With that result it was evident that the 

thioacetylation reaction was not successful on benzothiazole 14 and would most likely not be 

successful in substituting benzothiazoles at the 6-position.  

2.4 Conclusion 

Halogenation of ethyl benzothiazole-2-carboxylate 7.1a was unsuccessful, which is attributed 

to the electron-withdrawing nature of the carboxylate group, rendering the aromatic ring 

deactivated towards electrophilic substitution. This finding suggests that commercially 

available 2-cyanobenzothiazole would likewise be unsuitable as an intermediate in luciferin 

synthesis, due to its analogous reactivity profile. In contrast, halogenation of 2-

benzothiazoleacetonitrile 7.1b occurred preferentially at the methylene carbon, consistent with 

the relatively high acidity of the methylene protons and their susceptibility to electrophilic 

substitution. Even upon increasing the halogen equivalents from one to three, no substitution 

at the aromatic ring was observed, thereby leading to the discontinuation of this model study. 

In the alternative synthetic approach based on p-iodoaniline, four intermediates were 

successfully synthesised. Although a metal-free method for benzothiazole ring closure was not 

achieved, Deau et al.’s microwave-assisted, copper(I)-mediated cyclisation protocol7 was 

found to be effective when applied to the novel imine intermediate 12, affording benzothiazole 

14 in an overall yield of 7%. The low overall yield was attributed to the instability and 

degradation of intermediate 12 on silica during purification. However, performing the 

cyclisation directly on crude 12 afforded 14 in an isolated yield of 60%, indicating this as a 

preferred approach for future synthesis. 

Attempts to thioacetylate benzothiazole 14 at the C-6 position were unsuccessful. The reaction 

instead occurred at the more reactive C-2 position, resulting in the formation of benzothiazole 

15. Further modifications to enforce substitution on the aromatic ring were not pursued, due to 

the concurrent loss of the essential nitrile group. Despite this limitation, a new and effective 

route to benzothiazole 14 was established and could serve as the foundation for further 

synthetic efforts (Scheme 2.10). These findings justified the exploration of an alternative route 

to D-thioluciferin, involving the incorporation of alkyl-sulphur substituents. The outcomes of 

this investigation are detailed in Chapter 3. 
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Scheme 2.11. p-Iodoaniline synthetic route. Reagents and conditions: (i) KBr, NaBO3, 

CH3COOH, rt, 18 h, (96%), (ii) Appel's salt, DCM, Anhydrous pyridine (2 eq), rt, 3 h, (13% 

when isolated), (iii) DBU (5 eq), DCM, -5 ℃, 1 h, (60-80%), (iv) CuI (1 eq.), pyr, 115 °C, 30 

min, (59%), (v) CuI (10 mol %), 1,10-phenanthroline (20 mol %), AcS-K+, toluene, 110 °C, 

2 h (52%). 
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Chapter 3 : Improved synthesis of alkylthioether luciferins 

3.1 Literature overview 

3.1.1 Thioether luciferin synthesis by Sharma 

Due to the limitations encountered in the metal-free synthetic route to D-thioluciferin,1 as 

outlined in the preceding chapter, it became necessary to explore an alternative strategy for the 

synthesis of D-thioluciferin and related thioether luciferins. As discussed in the introduction, 

the synthetic approach developed by Sharma and co-workers for thioether luciferins2 was 

reviewed, along with its associated applications and limitations. The former included a 

promising platform for the design of bioluminescent probes responsive to sulphur oxidation, 

based on the alleviation of luciferase inhibition. However, the method was hindered by a low 

overall yield and the use of potassium cyanide, a hazardous and toxic reagent. These drawbacks 

highlighted the need for a more efficient and safer synthetic route. 

A key transformation in the synthesis of D-thioluciferin is the preparation of 6-thio-2-

cyanobenzothiazole 7. Pirrung and co-workers previously achieved this intermediate through 

a Mislow–Evans rearrangement3, 4 of an allylic sulfoxide.5 However, this strategy was not 

applicable to methyl(thio)-substituted benzothiazole 21, due to the absence of an allylic 

functional group (Scheme 3.1). Additionally, efforts to introduce the thiol functionality via 

potassium thioacetate under a base-free copper/ligand catalytic system6 proved ineffective for 

2-cyanobenzothiazoles, as detailed in Chapter 2. Consequently, an alternative synthetic 

approach to this key intermediate was required. 

 

Scheme 3.1. Synthetic challenges posed for the synthesis of 6-thio-2-cyanobenzothiazole 7. 

Reagents and conditions: (i) m-CPBA, DCM, rt, 12 h. 
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3.1.2 Unmasking the thiol group 

The Pummerer rearrangement7 is a well-established transformation in organic synthesis, 

wherein a sulfoxide is converted into an α-acyloxy sulphide (or α-thioether) in the presence of 

an acid anhydride or acid chloride. The mechanism involves nucleophilic activation of the 

sulfoxide oxygen, followed by elimination to form a sulfonium intermediate and subsequent 

addition of the acyloxy group to the carbon α to the sulphur atom (Scheme 3.2). 

Scheme 3.2. Pummerer rearrangement of sulfoxides into aldehydes or ketones and free thiols. 

This reaction has been effectively applied in the synthesis of various sulphur-containing 

compounds, including alkoxysulfonium salts,8 enantiomerically pure β-hydroxy-γ-sulfenyl-γ-

butyrolactones,9 (11,12)-dihydrodibenzo[c,g][1,2]dithiocine,10 and alkylthiomethyl esters.11 

In a 2004 study, Wyatt and Hudson reported the synthesis of (11,12)-

dihydrodibenzo[c,g][1,2]dithiocine via two distinct approaches, both originating from a 

common dibromide intermediate 3.1.10 The first strategy involved sequential incorporation of 

two sulphur atoms. The dibromide was first subjected to double lithiation, followed by 

treatment with dimethyl disulphide (Me2S2), affording the methylated disulphide intermediate 

3.2 in high yield. Oxidation of this intermediate to the corresponding sulfoxide, followed by a 

double Pummerer rearrangement, afforded intermediate 3.3. Subsequent treatment with 

methanol and ammonia produced the dithiol compound 3.4, which was then oxidised with 

potassium triiodide (KI3) to yield the final product 3.5 (Scheme 3.3). Despite the multi-step 

route, the overall yield of 28% demonstrated its viability. 

In contrast, the second approach employed disulphur diimidazole (S2Im2) as a bis-electrophilic 

sulphur donor, allowing for the simultaneous introduction of both sulphur atoms. Treatment of 

the lithiated dibromide with S2Im2 enabled direct access to the target dithiocine in a single step, 
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affording the product in an impressive 85% yield. Although the second method was superior 

in terms of both efficiency and operational simplicity, the study underscored the value of the 

Pummerer rearrangement in heterocyclic sulphur chemistry, particularly when utilising 

methyl(sulfoxide)-substituted intermediates. 

 

Scheme 3.3. Double Pummerer rearrangement of 1,2-bis(2-bromophenyl)ethane 3.1.10 

Reagents and conditions: (i) n-BuLi (2 eq), THF, 78 °C, 30 min, (92%), (ii) Me2S2 (6 eq), 

78 °C-rt, 12 h, (iii) m-CPBA, sodium sulphite, rt, 10 min, (iv) TFAA, 40 °C, 30 min, (30%), 

(v) 1:1 MeOH / Et3N (30%), (vi) KI3, chloroform (94%). 

3.2 Research rationale and motivation 

Commercially available 4-(methylthio)aniline was selected as a suitable starting material. This 

compound was to undergo the standard Appel salt condensation,12 followed by intramolecular 

cyclisation via thermolysis,13 to afford benzothiazole 19. The efficient synthesis of 

benzothiazole 19 was of particular importance, as it served as a pivotal intermediate en route 

to benzothiazole derivatives 21 and 7, and ultimately to the corresponding luciferin analogues 

20, 22, and D-thioluciferin (Scheme 3.4). 

Subsequently, the Pummerer rearrangement conditions described by Wyatt and Hudson were 

to be applied to benzothiazole 21 in order to obtain the key thio derivative 7. To ensure 

structural confirmation of both 6-thio-2-cyanobenzothiazole 7 and D-thioluciferin, the linear 

synthetic route reported by Pirrung and co-workers5 would also be replicated. This validation 

step would be conducted prior to the synthesis of the thioether luciferin analogues. 
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Scheme 3.4. Proposed synthetic route to D-thioluciferin and its methyl(thio) analogues. 

Reagents and conditions: (i) Appel's salt, DCM, anhydrous pyridine, rt, 3 h, (ii) Sulfolane, 180 

°C, 30 min (iii) D-Cysteine, K2CO3, MeOH:H2O, rt, 30 min, (iv) m-CPBA, DCM, rt, 12 h, (v) 

D-Cysteine, K2CO3, MeOH:H2O, rt, 30 min (vi) TFAA, 40 °C, 30 min, 1:1 MeOH / Et3N, (vii)

D-Cysteine, K2CO3, MeOH:H2O, rt, 30 min.

Furthermore, it was proposed that the resulting luciferin derivatives be evaluated as substrates 

for firefly luciferase (fLuc), in order to assess their bioluminescent activity and potential utility 

in sensing applications (Scheme 3.5). 

Scheme 3.5. Structures of different sulphur-containing luciferin analogues for potential 

bioluminescent emission analysis. 
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3.3 Results and Discussion 

3.3.1 Challenges with the Pirrung synthesis of D-thioluciferin 

Similar to the Rylands approach which was previously attempted,14 the synthetic route reported 

by Pirrung and co-workers5 was also successful up to the penultimate step. All intermediates 

leading up to the synthesis of D-thioluciferin were successfully synthesised in moderate to high 

yields until the synthesis of 6-thio-2-cyanobenzothiazole 7 (Scheme 3.6). 

 

Scheme 3.6. Linear synthetic route for the synthesis of D-thioluciferin. Reagents and 

conditions: (i) DCM, rt, 24 h, (84%), (ii) Allyl bromide, K2CO3, Acetone, rt, 18 h, (90%), (iii) 

Appel's salt, DCM, Anhydrous pyridine, rt, 3 h, (81%), (iv) DCM, DBU, -5 ℃, 1 h, (57%), (v) 

PdCl2, CuI, TBAB, DMF:DMSO (1:1), 120 ℃, 1 h, (56%), (vi) DCM:MeOH (1:5), NaIO4, 0 

℃, 12 h, (82%), (vii) P(OPh)3, THF,  H2O, 18 h, (viii) D-Cys, K2CO3, MeOH:H2O, rt, 30 min. 

The conversion of sulfoxide 6 to thiol 7 was proposed to proceed via a Mislow–Evans 

rearrangement,3, 4 as originally described by the authors.5 The initial transformation involves a 

[2,3]-sigmatropic rearrangement of sulfoxide 6, carried out at an elevated temperature of 72 °C 

for 16 hours. This step yields the intermediate sulfenate ester 6.1. Nucleophilic addition of 

triphenylphosphite to this intermediate subsequently generates a thiolate salt 6.2, which upon 

hydrolysis with water affords 6-thio-2-cyanobenzothiazole 7 (Scheme 3.7). 
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Scheme 3.7. Proposed mechanism for the formation of aryl thiol 7. Reaction conditions (i) 

P(OPh)3, THF, H2O, 18 h. 

Following hydrolysis and 30 minutes of stirring with water, thin-layer chromatography (TLC) 

analysis indicated the formation of a new product with an Rf value of 0.50 (30% ethyl 

acetate/hexane). The crude yellow oil was subjected to normal-phase column chromatography 

on silica gel using 5% ethyl acetate in hexane to isolate the target compound. However, upon 

solvent removal under reduced pressure the expected yellow solid had not formed, precluding 

an accurate determination of the reaction yield. 

Nevertheless, analytical data provided some insight into the reaction outcome. 1H NMR 

analysis of the isolated material revealed multiple signals in the aromatic region (6.7–7.5 ppm), 

which are attributed to the phosphine oxide. Additionally, lower-intensity signals observed 

between 7.6–8.3 ppm were consistent with the aromatic proton resonances reported for thiol 

7.⁴ Furthermore, signals in the 4.0–6.0 ppm region were tentatively assigned to the allylic

protons of sulfenate ester 6.1, suggesting the presence of multiple reaction intermediates in the 

crude product mixture (Figure 3.1). 
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Figure 3.1. 1H NMR spectrum of 6.1, 7 and phosphine oxide in CDCl3. 

LCMS analysis of the isolated material revealed a molecular ion peak at m/z 193.0, consistent 

with the expected mass of thiol 7.5 This observation suggests that thiol 7 may have formed via 

hydrolysis of the thiolate salt intermediate 6.2 during column chromatography. Additional 

peaks at m/z 270.3 and 263.0 were observed and are attributed to degradation products of 

triphenylphosphite (Figure 3.2c). Taken together with the 1H NMR data, these results indicate 

that the reaction may not have proceeded to full completion, instead halting at the formation of 

the thiolate intermediate 6.2, prior to hydrolysis. This interpretation is supported by the limited 

aqueous work-up time, as the reaction mixture was stirred in water for only 30 minutes. 

To address this, the reaction was repeated three additional times, with variations in the duration 

of the heating step. However, the resulting 1H NMR spectra were largely similar across trials, 

showing no significant improvement in the conversion to thiol 7. A persistent challenge during 

purification was the presence of excess triphenylphosphite, which consistently co-eluted with 

the presumed product, complicating isolation. 

At this stage, the cause of the incomplete conversion remained unclear. In an effort to better 

understand the reaction profile and to monitor the progression of key intermediates, an NMR 

kinetic study was undertaken. The findings of this investigation are presented in the following 

section of this chapter. 
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(a)

(b) 

(c) 

Figure 3.2. (a) LC spectrum of the isolated material at 290 nm. (b) TIC spectrum with the peak 

of interest highlighted in pink. (c) MS spectrum of the isolated material.  
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To ascertain where the potential problem in the synthesis of thiol 7 was, sulfoxide 6 and 

triphenylphosphite were reacted in deuterated tetrahydrofuran (THF) and monitored via 1H, 

13C and 31P NMR periodically over two days. At the time of submission (t=0) all the reactants 

were added and the sulfoxide 6 proton peaks, highlighted in red, are clearly visible (Figure 

3.3).  

Figure 3.3. 1H NMR spectrum for sulfoxide 6 and P(OPh)3 in THF-d8 at the time of submission 

(t=0).  

As time progressed, signals corresponding to the starting material 6 (Figure 3.4a) became less 

intense. Instead, peaks corresponding to the rearranged intermediate, sulfenate ester 6.1 

highlighted in green, became visible (Figure 3.4b). Interestingly, these peaks appeared without 

the introduction of heat to the reaction system This is further confirmed by HSQC analysis of 

the reaction mixture, 18 hours after submission whilst still at 303 K (Figure 3.5). After 10 h of 

reacting at 323 K, the starting material peaks had diminished almost entirely (Figure 3.4c). 
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Figure 3.4. Stacked 1H NMR spectra of sulfoxide 6 and triphenylphosphite reaction mixture 

in THF-d8 at (a) 303K immediately after mixing, (b) 303K after 18 h, (c) 323K for 10 h.  

Figure 3.5. Expanded HSQC spectrum of sulfoxide 6 and triphenylphosphite reaction mixture 

in THF-d8 at 303 K.  
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Similarly, from 13C NMR analysis, the signal for the methylene carbon of sulfoxide 6 became 

less intense as the reaction proceeded, whilst the signal for the O-allyl residue 6.1 became 

visible (Figure 3.6). 

 

Figure 3.6. Stacked expansion of 13C NMR spectra of sulfoxide 6 and triphenylphosphite 

reaction mixture in THF-d8 at (a) 303 K immediately after mixing, (b) 303 K 18 h after mixing, 

(c) 323 K, with THF as an intensity reference.  

As the reaction progressed even further, the proton peaks for sulfoxide 6 diminished almost 

entirely (Figure 3.7d). However, at t=36 after 18 hours of heating the proton peaks for the 

sulfenate ester were still present in the reaction mixture (Figure 3.7e). The reaction remained 

unchanged after an additional 18 h of heating and quenching with D2O (Figure 3.7f). This 

indicated that intermediate 6.1 was not fully converted into the next intermediate, the thiolate 

salt 6.2. 

Additionally, triphenylphosphite and its breakdown products were also tracked via the 31P 

NMR analysis (Figure 3.8). By t=36, after the addition of D2O, all triphenylphosphite in the 

reaction mixture seems to have been broken down into triphenyl phosphate (Figure 3.8d). This 

seems plausible as the addition of water into the reaction system should hydrolyse intermediate 

6.2. 
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Figure 3.7. Stacked expansion of 1H NMR spectra of sulfoxide 6 and triphenylphosphite 

reaction mixture in THF-d8 at (d) 323 K, (e) 323 K for 18 h, (f) 323 K for 36 h in 0.4 mL D2O. 

Figure 3.8. Stacked expansion of 31P NMR spectra of sulfoxide 6 and triphenylphosphite 

reaction mixture in THF-d8 at (a) 303 K immediately after mixing, (b) 303 K after 18 h, (c) 

heated at 323 K for 10 h, (d) 323 K in 0.4 mL D2O.  

When examining the aromatic region of the final 1H NMR spectrum, there does appear to be 

some peaks emerging which could correspond to those of thiobenzothiazole 7 since the 

intermediate 6.2 is thought to be quite short-lived (Figure 3.9). This indicated that this reaction 

may require a much longer heating period than what was reported in literature. 
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Figure 3.9. 1H NMR spectrum of sulfoxide 6 and triphenylphosphite reaction mixture in THF-

d8 at 323K in 0.4 mL D2O with THF as an intensity reference. 

The synthetic obstacle in this reaction is thought to have arisen from the extraction part of the 

methodology. When examining the extraction mixture, both phases were fluorescent 

(indicative of the benzothiazole ring closure). This could indicate that the desired product is 

entering the aqueous water layer as a sulphide, rather than the free thiol. The THF:H2O reaction 

mixture was therefore reduced and resuspended in saturated ammonium chloride solution, then 

extracted with chloroform. The extract was subjected to column chromatography, however the 

phosphite remained present in the fractions collected. In the interest of time, no further attempts 

at synthesising thiol 7 and D-thioluciferin were made from this methodology. Instead, the 

alkyl(thio)-luciferins synthesised by Sharma et al.2 was attempted. 

3.3.2 Improved synthesis of thioether luciferins 

Due to the failed attempts at synthesising D-thioluciferin in the abovementioned route, it was 

clear a new method had to be employed. By utilising the ring closure methodology developed 

by McCutcheon et al.,13 it was proposed that the synthesis of benzothiazole 19 could be 

condensed to one step as opposed to Sharma’s four-step method.2 As such, 4-methylthioaniline 

and Appel’s salt were allowed to stir for 1 h at room temperature followed by the slow addition 

of anhydrous pyridine which afforded imine 18 after 2 h. About 100 mg of this crude reaction 

mixture was subjected to column chromatography to obtain a pure sample of the intermediate 
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18, which was confirmed by 1H NMR analysis. As the imine is symmetrical, two doublets 

corresponding to H-3 and H-2 were expected to be located in the aromatic region of the 

spectrum. However, evidence of a doublet of doublets (dd) splitting pattern was observed 

which indicated that the imine formed was present as a mixture of E and Z isomers (Figure 

3.10).  

Figure 3.10. 1H NMR spectrum of imine 18 in CDCl3. 

After confirmation of the successful formation of imine 18, the remaining imine was not 

purified but instead, DCM was removed under reduced pressure and replaced with sulfolane, a 

higher boiling point solvent. The reaction mixture was heated at 180 °C which afforded 

benzothiazole 19 in an impressive time of 30 min and in high yield (79%). All protons for this 

key intermediate were accounted for by 1H NMR analysis (Figure 3.11). 



64 

Figure 3.11. 1H NMR spectrum of benzothiazole 19 in CDCl3. 

Once purified, benzothiazole 19 was reacted with one equivalent of m-CPBA to afford the 

oxidation product 21. This method differed from the literature reported by Sharma in which 

they reported that one equivalent of m-CPBA would produce the sulfone intermediate.2 

The rearrangement of sulfoxides into α-acylated sulfides under acidic conditions, commonly 

referred to as the Pummerer rearrangement7 has been previously reported in literature to oxidise 

the methylthio functionality to free thiols via their sulfoxide derivatives.10, 15 The mechanism 

is thought to occur as follows; Sulfoxide 21 reacts with trifluoroacetic anhydride (TFAA) to 

form the sulfonium intermediate (R-S(+)-OAc), making the α-carbon more electrophilic. The 

acetate anion deprotonates the α-position, leading to the formation of a positively charged 

sulphur intermediate. A 1,2-migration occurs where the adjacent alkyl group shifts from 

sulphur to the α-carbon. This leads to the formation of an α-acylated sulfide. Nucleophilic 

attack of methanol further modifies the product to afford benzothiazole 7 (Scheme 3.8). 
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Scheme 3.8. Proposed reaction mechanism for the formation of thiol 7 from sulfoxide 21 via 

the Pummerer rearrangement. 

When attempting this reaction on sulfoxide 21, a one-pot method was used, as reported in 

literature.10 Sulfoxide 21 was dissolved in TFAA and heated at 40 °C for 30 min. After 

removing the TFAA under reduced pressure, the crude mixture was dissolved in 1:1 methanol 

and triethylamine. TLC analysis of the reaction mixture revealed a new bright green 

fluorescence signal on the baseline of the TLC plate as well as a blue fluorescent signal 

corresponding to the Rf of benzothiazole 19. Isolation of the reaction mixture proved 

challenging as a purified product could not be obtained. However, 1H NMR analysis of the 

crude precipitate confirmed that benzothiazole 19 was indeed present in the reaction mixture, 

as well as a new product. IR analysis of the crude reaction mixture revealed a thiol stretch at 

2595 cm-1 (Figure 3.12). Similarly, LCMS analysis confirmed that thiol 7 was forming, 

however the main product of the reaction appeared to be the oxidised disulphide (Figure 3.13).  
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Figure 3.12. IR spectrum of crude thiol 7. 

(a)

(b)
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(c)

Figure 3.13. (a) LC spectrum of the isolated material at 290 nm. (b) TIC spectrum. (c) MS 

spectrum of the isolated material with the peak of interest highlighted in orange.  

Despite the challenges presented in this reaction, benzothiazoles 19 and 21 were reacted with 

D-cysteine to form the respective luciferin analogues 20 and 22 (Scheme 3.9). All these steps

were moderate to high yielding, with a significant increase in the overall yield of 

benzothiazoles 19 and 20 and their luciferin analogues 20 and 22, compared to the literature 

values.2 Furthermore, implementing McCutcheon’s method of thermolysis13 aided facile ring 

closure and condensed the synthetic route to one step from the starting material 4-

(methylthio)aniline to benzothiazole 19. 
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Scheme 3.9. Condensed synthetic route to methylthio-substituted benzothiazoles and 

luciferins. Reagents and conditions: (i) Appel's salt, DCM, anhydrous pyridine, rt, 3 h, (ii) 

Sulfolane, 180 °C, 30 min (70%), (iii) D-Cys, K2CO3, MeOH:H2O, rt, 30 min (85%), (iv) m-

CPBA, DCM, rt, 12 h (75%), (v) D-Cys, K2CO3, MeOH:H2O, rt, 30 min (50%). 

3.4 Conclusion 

From the Pirrung method; six intermediates in the synthetic sequence for D-thioluciferin were 

successfully synthesised and characterised via different spectroscopic techniques. 1H NMR and 

LCMS analyses indicated that transformation of sulfoxide 6 produced intermediates on route 

to the target product 7, which was confirmed by an NMR kinetic study. The rearrangement of 

6.1 is reversible and is the rate limiting step, followed by phosphite mediated reduction.  

Despite increasing the reaction time and subjecting the material to multiple rounds of 

purification, the triphenylphosphite breakdown products continued to coelute with thiol 7. It is 

thought that subsequent aqueous hydrolysis may also require a longer reaction time for 

optimisation or more aggressive basic breakdown. However, in the interest of time this route 

was also abandoned. 

From the Sharma method; four intermediates on route to D-thioluciferin were successfully 

synthesised and characterised. Using commercially available 4-(methylthio)aniline as a starting 

material and elevated temperature to facilitate ring closure allowed the synthetic route to be 

condensed by three steps with an increase in the overall yield of compounds 19, 20, 21 and 22. 

Unfortunately, the Pummerer rearrangement of sulfoxide 21 into thiol 7 was unsuccessful as a 

one-pot method. The analytical data strongly suggests that this reaction needs to be performed 

in two steps rather than the one pot method. In such a case the sulphonium intermediate would 

be purified and characterised before subjecting it to nucleophilic attack with methanol and 
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triethyl amine. Alternatively, the reaction could proceed as a one-pot method to yield the 

disulphide intermediate. Subsequent reduction with a reducing agent such as dithiothreitol 

(DTT) may yield the free thiol 7. 

Due to the interesting change in fluorescence properties of benzothiazoles 19 and 21 and 

luciferins 20 and 22, all four compounds were subjected to UV, fluorescence, bioluminescence 

and cell viability assays which will be discussed in Chapter 5. 
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Chapter 4 : Synthesis of Aza-luciferin analogues 

4.1 Literature Overview 

4.1.1 General synthetic strategies towards pyridone aza-luciferin analogues 

As discussed in Chapter 1, luciferin is the natural substrate of luciferase, the enzyme 

responsible for the bioluminescence in organisms like fireflies.1-4 Aza-luciferin analogues are 

synthetic derivatives of luciferin in which one or more carbon atoms in the heterocyclic ring 

are replaced by nitrogen atoms. These derivatives possess some interesting properties which 

are of interest in the biological sense.5, 6 In 2018 Zhang et al. developed new pyridone-based 

luciferins and evaluated their compatibility with native and mutant firefly luciferases (Fluc).7 

These two regioisometric pyridine luciferins are structurally similar to D-luciferin but 

incorporate a pyridone core (Figure 4.1).  

 

Figure 4.1. D-luciferin and luciferin analogues 4.7 and 4.8, possessing pyridone moieties 

(purple).7 

Computational DFT analysis performed by the authors showed expected emission shifts due to 

differences in HOMO-LUMO energy gaps between pyridone and hydroxypyridine tautomers 

(Figure 4.2). The study proposed that light emission arises from excited-state tautomerisation, 

leading to distinct spectral properties. The authors thus hypothesised that the pyridine core 

could improve chemical stability and modulate light emission.  

 

Figure 4.2. Pyridone and hydroxypyridine tautomers.7 

Pyridone luciferins 4.7 and 4.8 were thus synthesised from a common precursor using a robust 

previously developed chemical route.8, 9 As in the previous methods, this method also relied on 

the dithiazolium reagent, Appel’s salt,10 to access the annulated thiazole of the luciferin core. 
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Aniline 4.1 was first condensed with Appel’s salt and the resulting dithiazole 4.2 was 

subsequently fragmented11 using sodium thiosulphate to access cyanothioformamide 4.3. 

Oxidative cyclisation of 4.3 with a palladium catalyst12 provided intermediates 4.4a and 4.4b. 

These regioisomers were separated by flash column chromatography. The methyl protecting 

groups of the cyclised isomers were then removed by subjecting them to pyridine hydrochloride 

at elevated temperatures. Some undesired N-methylation byproducts were readily separated 

from the desired cyanobenzothiazoles upon treatment with acetic anhydride and subsequent 

chromatography. Finally, condensation of 4.5 and 4.6 with D-cysteine afforded luciferins 4.7 

and 4.8 in an overall yield of 14% and 2% respectively (Scheme 4.1). 

Scheme 4.1. Synthesis of pyridone luciferins.7 (a) Formation of the thiazolo-pyridyl core. 

Reagents and conditions: (i) THF, pyr (2 eq), rt, 19 h, (ii) Na2S2O3 (2 eq), H2O, RT, 4.5 h, 

(71%), (iii) PdCl2 (20 mol %), CuI (50 mol %), (nBu)4NBr (2 eq), DMF:DMSO (1:1), 120 °C, 

1 h, (4.4a = 44% and 4.4b = 9%). (b) Condensations with D-cysteine provided the desired 

analogues. Reagents and conditions: (iv) pyr⋅HCl (10 eq), 160 °C, 15 min, (v) DMAP (20 

mol %), Ac2O (10 eq), pyr (20 eq), rt, 1 h, (77%), (vi) K2CO3 (2 eq), MeCN:H2O (6:1), rt, 

1.5 h, (62%), (vii) pyr⋅HCl (10 eq), 160 °C, 30 min, (viii) DMAP (20 mol %), Ac2O (10 eq), 

pyr (20 eq), rt, 1 h, (73%), (ix) K2CO3 (2 eq), MeCN:H2O (2:1), rt, 10 min (53%). 

From the study it was found that compounds 4.7 and 4.8 emitted light at 570 nm and 530 nm 

respectively. The emissions were distinct and resolvable, supporting potential for dual-colour 
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imaging.13-15 Both luciferins were cell-permeable and functional in HEK293 cells expressing 

Fluc. However, their photon output was lower than native D-luciferin, about 1-3% in vitro and 

3-20% in cells.16 Further screening of 166 Fluc mutants led to the discovery of two mutants 

that significantly boosted light output. These mutants restored light emission levels to those 

seen with native Fluc/D-luciferin pairs in cells (up to 80x for compound 4.8). 

This combination of engineered luciferins and mutant luciferases expands the bioluminescent 

imaging toolkit. These new tools can be used for multi-component, spectrally resolved 

imaging,17, 18 potentially enabling more complex in vivo experiments. 

4.1.2 General synthetic approaches towards heteroarenethiazoles 

To expand the synthesis of aza-luciferin analogues, the synthesis of heteroazine fused thiazoles 

(heteroarenothiazoles) needed to be investigated. Unlike benzothiazoles19-23 which contain a 

bicyclic ring system, synthetic routes to heteroarenothiazoles are less well developed.20, 21 This 

being despite the fact that these and related compounds have displayed interesting biological 

activity including anticoagulant behaviour.24, 25  

The thermolysis of [(4-chloro-5H-1,2,3-dithiazol-5-ylidene)-amino]arenes 4.9 primarily yields 

arene-fused thiazole-2-carbonitriles, with benzothiazole-2-carbonitriles 4.10 being the main 

products (Scheme 4.2). These reactions also generate elemental sulfur (S8), and when the 

aniline substituent is electron-deficient, arylcarbonocyanidimidic chlorides 4.11 are formed as 

well. A mechanistic explanation for the formation of both products has been proposed by 

Rees.26, 27 

 

Scheme 4.2. Thermolysis of dithiazoles to give arene-fused carbonitriles. 
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Drawing on the precedent of benzothiazole-2-carbonitrile 4.10 formation (Scheme 4.2), 

Koutentis and colleagues hypothesised that thermolysis of their previously synthesized [(4-

chloro-5H-1,2,3-dithiazol-5-ylidene)amino]azines28 could offer a facile route to azine-fused 

thiazole-2-carbonitriles.29 

Initial efforts by the authors employed thermolysis of N-(4-chloro-5H-1,2,3-dithiazol-5-

ylidene)pyridin-n-amines. This yielded the desired thiazolopyridine-2-carbonitriles, but in low 

to moderate yields, alongside by-products like elemental sulphur. A more efficient 

transformation was developed using a thiophile-mediated ANRORC (Addition of Nucleophile, 

Ring Opening, and Ring Closure) mechanism (Scheme 4.3).30 Benzyltriethylammonium iodide 

(BnEt3NI) was used to catalyse the ring transformation. This method produced 14 different 

azine-fused thiazole-2-carbonitriles in moderate to near-quantitative yields. Further 

optimisation found that reactions performed in dry, degassed chlorobenzene under an argon 

atmosphere gave the best results. Similarly, catalytic (5 mol%) amounts of BnEt₃NI were 

sufficient, although required longer reaction times. 

Scheme 4.3. Proposed ANRORC strategy for the synthesis of thiazolo[5,4-b]pyridine-2-

carbonitrile 10a.29 

Of particular interest was the synthesis of 5-chlorothiazolo[5,4-b]-pyridine-2-carbonitrile 17. 

Considering the success in the ANRORC strategy, the authors prepared (Z)-2,6-Dichloro-N-

(4-chloro-5H-1,2,3-dithiazol-5-ylidene)-pyridin-3-amine 9i using the standard method for the 

condensation of Appel salt with 2,6-dichloropyridin-3-amine. The resulting dithiazole 9i was 

then treated with the optimized conditions for ring closure and the desired heteroarenothiazole-

2-carbonitrile 17 was obtained in moderate yield (40%) along with isothiocyanate 11b (13%)

(Scheme 4.4). Interestingly, no further application studies were performed on the synthesised 

compounds by the authors. 
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Scheme 4.4. Synthesis of 17.29 Reagents and conditions: (i) Appel salt, 2-6 lutidene (2 eq), 

DCM, rt, 3 h, (85%), (ii) BnEt3NI (5 mol%), dry PhCl, 132 °C, Ar (g), 17 = 43% and 11b = 

13%. 

Overall this method expands the utility of Appel salt in heterocycle synthesis which represents 

a promising avenue for drug discovery.31 The study presents a reliable, two-step synthetic route 

for creating heteroarenothiazole-2-carbonitriles. These compounds are notable for their 

biological potential24, 25 and material properties.32, 33 In addition to tuning light output, these 

analogues often exhibit improved chemical stability and solubility compared to natural 

luciferin, enhancing their bioavailability within cells. A further benefit is their selective 

interaction with engineered luciferases7; some aza-luciferins are specifically designed to work 

only with these tailored enzymes, enabling orthogonal reporter systems in which multiple 

distinct light signals in a single experiment without signal interference. 

4.2 Research rationale and motivation 

While there has been considerable successful synthesis and application of numerous luciferin 

analogs9, 34, 35, the synthesis and properties of aza-lucfiferin analogues have not fully been 

exploited.  Commercially available starting material, 3-amino-2,6-dichloropyridine was 

considered ideal to open new directions in the synthesis of a pyridyl benzothiazole intermediate 

that will allow access to novel aza D-luciferin analogues (Scheme 4.5). Additionally, the ring 

closure reaction would be attempted with DBU instead of BnEt3NI with an aim of improving 

the overall yield of the ring-closed product 17 and its luciferin derivative 17a. 

Scheme 4.5. Attempted synthesis of a pyridine-luciferin analogue 17a. Reagents and 

conditions: (i) Appel's salt, DCM, anhydrous pyr, rt, 3 h, (ii) CuI (1 eq), anhydrous pyr, 115 

°C, 30 min, (iii) D-Cysteine, K2CO3, MeOH:H2O, rt, 30 min.  

It was hypothesised that the structural modification of aza-luciferin analogue 17a would alter 

the molecule’s electronic properties, resulting in a red-shifted emission compared to native D-
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luciferin. This is particularly advantageous for deep-tissue imaging in biological systems. 

Overall, this would open a library of new aza-D-luciferin analogues with functional group 

diversity at the 6-position (Scheme 4.6). 

 

Scheme 4.6. Proposed library of novel aza D-luciferin analogues from 17. 

 

4.3 Results and Discussion 

4.3.1 Synthesis of dithiazole (16)  

Commercially available 3-amino-2,6-dichloropyridine was reacted in slight excess of 

previously synthesised Appel’s salt 1 in a solution of DCM at room temperature. After the 

brown mixture was left to stir for 1 h, two equivalents of anhydrous pyridine were added drop-

wise and the resulting mixture was left to stir for another 2 h. This deviates from the published 

synthesis in which two equivalents of 2,6-lutidene were used.29 The reaction was then 

monitored by TLC which showed the complete conversion of pyridine starting material into a 

new product (Rf = 0.70 with 20% diethyl ether / pet ether). The crude precipitate was purified 

via normal phase column chromatography on silica gel eluting with pet ether and isolated to 

afford dithiazole 16 as a bright yellow solid in moderate yield (62%). The reaction forming 
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dithiazole 16 is thought to proceed via a nucleophilic substitution involving pyridine and 

Appel’s salt 1 (Scheme 4.7).  

 

Scheme 4.7.  Proposed reaction mechanism for the formation of dithiazole 16. Reagents and 

conditions: (i) Appel's salt, DCM, anhydrous pyridine, rt, 3 h (62%). 

(a)  
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(b)  

Figure 4.3. (a) 1H NMR spectrum of 16 in CDCl3. (b) 13C NMR spectrum of 16 in CDCl3. 

1H NMR analysis of the isolated product confirmed the formation of dithiazole 16. Two 

doublets were observed corresponding to the two aromatic protons H-5 (J = 8.1 Hz) and H-4 

(J = 8.1 Hz), with H-5 being the most deshielded due to the presence of the ortho chlorine 

(Figure 4.3a). 13C NMR was able to further confirm the presence of the product as a total of 

seven carbon signals were observed, as expected (Figure 4.3b). 

4.3.2 Synthesis of carbonitrile (17) 

The ring closure of dithiazole 16 yielded intriguing results. Rather than employing BnEt3NI29 

as a catalyst, it was hypothesised that the reaction could proceed via a DBU-mediated ring 

closure without the need for a catalyst.36 As such, a solution of 3-amino-2,6-dichloropyridine 

and Appel’s salt in DCM was cooled to below 5 °C. and one equivalent of  DBU was added. 

After allowing the reaction mixture to stir overnight at room temperature, an additional two 

equivalents of DBU were added and the reaction mixture was left to heat under reflux in DMSO 

overnight. The title compound 17 was purified by column chromatography, eluting with 

hexanes as a colourless solid in low yield (17%). 1H NMR analysis of the isolated material was 

consistent with that found in literature,29 revealing two doublets corresponding to H-7 (J = 8.6 

Hz) and H-6 (J = 8.6 Hz) respectively (Figure 4.5). Some side product corresponding to the 

formation of 2-chloro-5-isothiocyanatopyridine 11b had coeluted with 17 and was also visible 
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in the 1H NMR spectrum (7.0 – 7.6 ppm). However, due to the limiting amount of material 

obtained, no further attempts at purifying the sample were performed.  

 

Figure 4.4. 1H NMR spectrum of 17 in CDCl3. 

Notably, subsequent attempts to reproduce this reaction did not yield the desired compound. 

Due to time constraints, a limiting amount of starting material and an absence of BnEt3NI,29 it 

was evident that a new method of ring closure had to be employed. 

As a last attempt at obtaining the ring closed material, a small-scale reaction was performed. 

A stirred solution of dithiazole 16 and copper iodide in anhydrous pyridine was heated at 

115 °C for 30 min.37 Surprisingly, TLC analysis of the reaction mixture revealed product 

formation (Rf = 0.70 in 20% hexane / DCM) and the ring closed product 17 was isolated via 

column chromatography eluting with hexanes in low yield (24%). The isolated material was 

promptly submitted for LCMS analysis, which revealed a m/z peak at 196.0, closely matching 

the calculated [M+H]+ value of 195.9731 for C7H2N3SCl (Figure 4.6). 
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(a)

(b)

(c)

Figure 4.5. LCMS spectrum of 17. (a) LC spectrum of the isolated material at 290 nm. (b) TIC 

spectrum. (c) MS spectrum of the isolated material with the peak of interest highlighted in pink. 
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4.4 Conclusion 

Two intermediates in the aza-lucifeirn analogue series were successfully synthesised and 

characterised. The synthesis of dithiazole 16 was successful, despite deviating from the 

literature method by using 2 equivalents of anhydrous pyridine instead of 2,6-lutidene. 

Similarly, the synthesis of heteroarenothiazole 17 proceeded using copper iodide instead of 

BnEt3NI (Scheme 4.8). The ring closed reaction was also successful using three equivalents of 

DBU, however attempts at repeating the experiment with DBU were unsuccessful. As such, it 

is proposed that future reactions forming 17 should proceed using copper iodide instead. 

 

Scheme 4.8. Synthesis of heteroarenothiazole 17. Reagents and conditions: (i) Appel's salt, 

DCM, anhydrous pyr, rt, 3 h (62%), (ii) CuI (1 eq), anhydrous pyr, 115 °C, 30 min, (24%). 

Due to time constraints and a depletion of the starting material, the upscaling of the successful 

ring closure method using copper iodide could not be repeated. For the same reasons, reaction 

optimisation could not be performed to improve the yield of 16 and 17. However, new 

directions were opened in the synthesis of a pyridyl intermediate that will allow future 

generation of aza D-luciferin analogues. 
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Chapter 5 : Evaluation of luciferins as probes for anticancer drug 

discovery 

5.1 Literature Overview 

Bioluminescence is a chemical reaction within a living organism that creates light, while 

fluorescence involves a molecule absorbing light and re-emitting it at a different wavelength. 

Bioluminescence relies on chemical energy within the organism while fluorescence requires 

an external light source to excite the molecule. Considering the facile click reaction between 

cysteines and benzothiazoles, it is prudent to investigate and exploit both properties in vivo 

where possible. 

5.1.1 Fluorescent properties of benzothiazoles 

In recent years, fluorescence imaging technology has emerged as one of the most effective 

tools for detecting and visualising biological molecules in living cells, due to its excellent 

temporal and spatial resolution, high sensitivity, and non-destructive nature.1-5 However, 

despite these advancements, most probes that have been developed contain defects such as 

short emission wavelength, small Stokes shift (<100 nm), complicated probe synthesis and are 

susceptible to interference by biomolecules.6-8  

Benzothiazoles are a class of chemical compounds which possess a strong electron-

withdrawing property. This characteristic arises from the electron-deficient nature of the 

benzothiazole ring, created by the presence of the nitrogen and sulphur atoms. As a result, 

benzothiazoles serve as excellent electron acceptors, particularly in donor–acceptor systems. 

This facilitates intramolecular charge transfer (ICT), which plays a crucial role in enhancing 

fluorescence and producing large Stokes shifts.9-13 Due to these advantageous chemical 

properties, benzothiazoles are often used as fluorescent probes.14-16 In a previous study, 

Hrobárik et al. presented the design and synthesis of a series of triphenylamine-based 

chromophores incorporating benzothiazole units arranged in either a matched (reverse polarity) 

or mismatched fashion (Figure 5.1).17 This was done to systematically study their impact on 

linear and nonlinear optical properties, especially two-photon absorption (TPA). By tuning the 

electron-withdrawing strength through additional substituents at the C2 and C6 positions of the 

benzothiazole ring, the authors demonstrated that “matched” configurations significantly 

enhance TPA cross-sections, shift absorption/emission to longer wavelengths, and increase 

charge-transfer efficiency. These findings presented the “matched” setup as a powerful strategy 
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for developing efficient nonlinear optical (NLO)-active chromophores for applications like 

two-photon microscopy and optical imaging.  

Figure 5.1. Structure of benzothiazoles with matched and mismatched alignment with respect 

to electron-donating (EDG) and electron withdrawing (EWG) groups.17 

Benzothiazoles are chemically and photophysically stable, meaning they do not degrade easily 

under light exposure. This is crucial for applications like real-time imaging or long-term 

tracking in biological systems. An example of this is their bright and colourful emission. 

Benzothiazole derivatives can emit light in the blue to red wavelength range (450 to 750 nm). 

They often display high fluorescence quantum yields, making them bright and easy to detect 

at low concentrations.16, 18 

Some applications of benzothiazole based fluorescent probes include fluorescent sensors for 

metal ions or pH,14, 18, 19 bioimaging agents in cancer research, theranostic probes  and two-

photon fluorescent dyes for deep tissue imaging.17, 20, 21 
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5.1.2 Use of benzothiazoles as probes in anticancer research 

Benzothiazoles are often used in cancer research due to their excellent bioavailability and cell 

membrane permeability. Their strong fluorescence signal and photostability enables them to 

emit light in the visible to near infrared (NIR) range which is ideal for non-invasive imaging. 

In addition to this, benzothiazoles can be easily modified to bind specific targets like receptors, 

DNA, or enzymes. 

There are several examples of benzothiazole-based probes in cancer research including those 

used as selective anticancer agents and imaging probes. These have been shown to selectively 

bind to oestrogen receptor-positive breast cancer cells, possessing strong fluorescence and high 

cytotoxicity in cancer cells but low in normal cells.22 Benzothiazole–cyanine dyes have been 

used in NIR imaging of live animal tumours. These dyes are often functionalized to target 

cancer-specific receptors. An example of this is benzothiazole–Cy5 conjugates which is used 

for fluorescence-guided surgery.23 

Cancer cells often have altered mitochondrial activity. Due to this, lipophilic cations attached 

to benzothiazoles help target mitochondria in cancer cells. These probes can differentiate 

cancer cells from normal cells due to metabolic differences. Benzothiazole-based Aβ (amyloid-

β) probes which were originally developed for imaging amyloid-β plaques in Alzheimer’s have 

been repurposed to detect this activity.24 Furthermore, enzymes like matrix metalloproteinases 

(MMPs) or cathepsins are overexpressed in tumours. Benzothiazole–fluorophore conjugates 

have been used to detect these enzymes through enzymatic cleavage.25 

Another promising probe on the horizon is BPN-01, designed to assist in cancer detection and 

tissue biopsy analysis.26 BPN-01 was synthesized using a benzothiazole-phenylamide scaffold 

linked to nitrobenzoxadiazole (NBD), a visible light-emitting fluorophore. The compound was 

engineered for optical imaging of cancer cells with the possibility of future modifications (e.g., 

NIR dyes or radiolabeling). Moreover, the probe specifically stained prostate (DU-145) and 

melanoma (B16-F10) cancer cells and did not stain normal muscle cells (C2C12), suggesting 

selectivity for cancer cells with the best staining results observed at lower concentrations 

(0.01 mM). 

A summary of the abovementioned benzothiazole probes with their corresponding structures 

has been made in Table 5.1. There are also numerous other benzothiazole-based fluorescent 

probes used in anticancer research recorded in literature.18, 27 
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Table 5.1. Summary of several known benzothiazole probes used in anticancer research. 

Probe Type Application Structure 

2-(4′-

Aminophenyl)benzothi

azole (PBZ) 

Derivatives22 

Breast cancer 

imaging and 

therapy. 

 

Benzothiazole–Cyanine 

Dyes23 

NIR tumour 

imaging. 

 

Benzothiazolium-Based 

Probes24 

Mitochondrial pH 

imaging in cancer 

cells. 

 

Benzothiazole-Based 

Enzyme-Activated 

Probes25 

Detection of 

tumour-associated 

enzymes. 

 

Benzothiazole- 

phenylamide moiety 

featuring 

nitrobenzoxadiazole 

(NBD) BPD-0126 

Fluorescence 

image-guided 

surgery (FIGS). 
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5.1.3 Bioluminescent properties of luciferins 

Bioluminescence imaging (BLI) is a widely adopted non-invasive technique used to visualise 

molecular and cellular processes in living organisms.28 Compared to fluorescence imaging, 

BLI offers the advantage of a lower background signal, resulting in a higher signal-to-noise 

ratio.  

D-Luciferin is the natural substrate of the enzyme luciferase (Luc). This enzyme catalyses the 

production of the characteristic yellow-green bioluminescent light seen in fireflies,29 which are 

part of a broader group of bioluminescent insects capable of emitting light in a range of 

wavelengths from yellow-green (around 560 nm) up to red (620 nm).30 Interestingly, all of 

these enzymes use the same substrate: D-luciferin. The variation in light colour is due to subtle 

differences in the structure of luciferase active sites. These structural nuances can shift the 

emitted wavelength, and in firefly luciferases, the balance between green and red light is further 

regulated by a pH-sensitive mechanism.31  

Among these enzymes, the luciferase from the North American firefly Photinus pyralis (fLuc) 

is one of the best characterised. It is widely used in mammalian cell research and in vivo 

imaging, thus becoming a standard tool in optical molecular imaging.32 Additionally, it is often 

employed as a reporter gene in transgenic animals or as a cellular tag in transplantation 

studies.33 Functionally, fLuc catalyses a multistep reaction with D-luciferin. It first forms 

luciferyl adenosine monophosphate (AMP) and inorganic pyrophosphoric acid (PPi) in a 

process similar to that of acyl-adenylate synthetases.34 The reaction proceeds with oxygen 

interacting with the thiazoline ring of luciferin, producing a dioxetane intermediate through a 

mechanism known as intramolecular chemically initiated electron-exchange luminescence 

(CIEEL).35, 36  

The final step involves the release of CO2, which leads to the formation of oxyluciferin in an 

electronically excited state. As it relaxes back to the ground state, it emits yellow-green light 

in the 530 to 640 nm wavelength range, peaking at a wavelength of about 560 nm. (Scheme 

5.1). This detailed understanding of fLuc has helped researchers unravel the complex chemistry 

behind bioluminescence and continues to support its widespread use in scientific and medical 

applications. 
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Scheme 5.1. Mechanism of fLuc-catalysed transformation of D-luciferin-based 

bioluminescence.37, 38 

5.1.4 Caged luciferins 

To date, bioluminescent imaging systems based on D-luciferin and luciferase have been widely 

employed to visualise biological analytes39, 40 and monitor cellular processes.41, 42 A common 

design strategy involves “caging” D-luciferin with specific functional groups, rendering it 

inactive. Upon interaction with a target biological analyte, the protecting group is cleaved, 

triggering a bioluminescent signal. This "turn-on" mechanism enables real-time imaging of the 

corresponding biological events. The most employed design of the luciferin–luciferase system 

for biomolecule detection involves the use of caged D-luciferin. Typically, the caging occurs 

at either the 6- or 4’-position of the luciferin molecule (Scheme 5.2).  
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Scheme 5.2. General strategy for the design of caged luciferin bioluminescence probes.38 

The 6-hydroxy or 6-amino functional group in D-luciferin or D-aminoluciferin, respectively is 

essential for luciferase binding and the subsequent enzyme-catalysed bioluminescent 

reaction.28, 43 Conversely, the 4’-carboxyl group serves as the site for adenylation which is the 

initial step in the luciferase-mediated reaction.44, 45 By strategically placing caging groups at 

the 6- or 4’-position, the interaction between luciferin and luciferase is inhibited, effectively 

turning “off” the bioluminescence. Upon exposure to specific biological targets such as 

enzymes, bioactive small molecules, or metal ions, the caging group is cleaved, releasing free 

D-luciferin. This restored luciferin can then undergo oxidation by luciferase, producing a 

bioluminescent signal. 

A representative example has been displayed in the work by Chen et al., who developed a 

bioluminescent probe, Gly-Gly-Arg-aminoluciferin (GGR-amLuc), for detecting urokinase-

type plasminogen activator (uPA).38 In this probe, the 6-amino group of aminoluciferin was 

replaced with the uPA-recognised tripeptide GGR. Upon enzymatic cleavage of the GGR 

moiety by uPA, free aminoluciferin was released, enabling the emission of a bioluminescent 

signal and thus allowing for real-time imaging of uPA activity (Scheme 5.3). Based on this 

strategy of caging and uncaging luciferins, a variety of biological molecule-responsive 

bioluminescent probes have been designed. Moreover, they have been successfully applied to 

evaluate the activity of a variety of enzymes or small molecules.40, 46-49 
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Scheme 5.3. uPA-triggered bioluminescence generation of the bioluminescent probe GGR-

AmLuc.38 

5.1.5 Use of luciferins as probes in anticancer research 

Luciferins have also been used in anticancer drug discovery, though not as direct anticancer 

agents, but rather as tools for imaging, monitoring, and screening. Luciferins are widely used 

in combination with luciferase enzymes in preclinical cancer research such as tumour tracking 

and drug efficacy. One of the earlier studies using D-luciferin tested how effective Topotecan, 

a chemotherapy drug which inhibits topoisomerase 1, is at treating cancer using two human 

cancer cell lines DU-145 (prostate cancer) and MCF-7 (breast cancer).50 To make it easier to 

track tumour growth and shrinkage, researchers modified these cancer cell lines by stably 

transfecting them with plasmid pcDNA3.1-Luc expressing fLuc. This allowed them to visually 

track tumour growth and metastasis via light emission. This is significant as BLI allows non-

invasive, real-time monitoring of how tumours respond to anticancer drugs over time. This 

makes luciferins essential in in vivo screening for identifying potential anticancer drugs. 

Luciferase-luciferin systems are also used in high-throughput assays to screen for compounds 

that affect cancer cell viability, apoptosis, or specific oncogenic pathways. For example, ATP 

assays based on luciferin-luciferase are used to measure cell viability in response to drug 

candidates. This is perfectly illustrated in the work by Zhang et al., in which researchers 

developed a BLI-based high-throughput assay to identify inhibitors of the ABCG2 transporter, 

which is associated with tumour resistance to chemotherapeutic drugs.51 By using HEK293 

cells engineered to express both ABCG2 and fLuc, they screened a library of FDA-approved 

drugs. Since D-luciferin is also a substrate of ABCG2, compounds that inhibited ABCG2 

increased intracellular D-luciferin concentrations, thereby enhancing the bioluminescence 
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signal. This method efficiently identified several potential ABCG2 inhibitors, including 

previously unrecognised ones. 

Similar high-throughput firefly luciferase assays have also been used to assess tumour 

angiogenesis in mice using dynamic bioluminescence imaging (DBLI)52 and to identify 

inhibitors of the heat shock protein 90 (Hsp90).53 Sun et al. illustrated that increasing 

bioluminescence intensity correlated with tumour mass and vascular changes, providing 

insights into the dynamics of tumour angiogenesis over time.52 Similarly, Sadikot et al. 

illustrated that by measuring luciferase refolding in cancer cells, compounds like ethoxyquin 

and biperiden could be identified as significant inhibitors of Hsp90.53 

Alternatively, Gaussia luciferase (GLuc) has also been used to monitor cell viability in 

glioblastoma multiforme (GBM) cells using a screening assay. This assay enabled the 

identification of small-molecule drugs that sensitized GBM cells to apoptosis induced by 

tumour necrosis factor-related apoptosis-inducing ligand (TRAIL).54  

In recent years, Wang et al. developed a novel bioluminescent probe AcAH-Luc that allows 

for the simultaneous imaging of esterase (CES) and histone deacetylase (HDAC) activity in 

tumours.55 This probe was engineered to release D-luciferin, in response to enzyme activity. 

The probe showed high sensitivity and selectivity in vitro, with limits of detection of 0.495 nM 

for CES and 1.14 nM for HDAC6. Cell and animal studies using human breast cancer (MDA-

MB-231) cells demonstrated that the bioluminescence signal was primarily due to CES and 

HDAC activity, contributing approximately half and one-third of the signal, respectively.  

As shown in Scheme 5.4, AcAH-Luc was carefully designed with two key components: (1) a 

D-luciferin core responsible for generating bioluminescence, and (2) a 6-acetamidohexanoic 

acid (AcHA) group, connected via an ester bond, which allowed the probe to respond to both 

CES and HDAC enzyme activity. In its intact form, AcAH-Luc does not emit light due to the 

hydroxyl group of D-luciferin being caged. However, when in the presence of CES, the ester 

bond of the prove is hydrolysed, releasing free D-luciferin. Subsequently, a bioluminescent 

signal is produced in the presence of fLuc (Scheme 5.4 a). Alternatively, when HDAC is 

present, it removes the acetyl group from the AcHA moiety, triggering a self-immolated 

intramolecular cyclisation reaction that also liberates D-luciferin, resulting in bioluminescence 

(Scheme 5.4 b). 
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(a) 

  

(b)

 

Scheme 5.4. (a) CES-triggered and (b) HDAC-triggered bioluminescence emission of AcAH-

Luc.55 

This work highlights AcAH-Luc as a promising tool for non-invasive imaging of tumour 

enzyme activity, offering potential applications in early and accurate cancer diagnosis. 

In summary, luciferins are not used as drugs themselves, but are indispensable tools in 

anticancer research for imaging, screening, and evaluating drug candidates. As such, 

researchers are constantly trying to develop newer synthetic luciferins with better properties 

such as red-shifted light emission for deeper tissue imaging, which further enhances their 

usefulness in drug discovery and cancer biology. 
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5.2 Research rationale and motivation 

As previously demonstrated by Sharma et al., the thioether luciferin analogue 20 was identified 

as a potent inhibitor of luciferase activity, whereas its oxidised sulfoxide derivative 22 

exhibited only weak inhibitory effects, compared to the natural D-luciferin substrate.56 

Complementary absorbance and fluorescence spectroscopy studies performed on these 

luciferin analogues revealed notable photophysical changes upon oxidation. Specifically, 

oxidation of the sulphur atom of the sulphide 20 to the sulfoxide 22 resulted in a reduction in 

absorbance and a complete quenching of fluorescence (Figure 5.2). Notably, the authors did 

not report corresponding data for the benzothiazole derivatives 19 and 21, although it is 

presumed that these compounds may exhibit analogous trends in their absorbance and emission 

properties. 

 

Figure 5.2. Photophysical properties of the selected luciferin analogues, reported in methanol. 

The authors proposed that the observed alteration in bioluminescence emission of 20 and 22 

may serve as a basis for the development of bioluminescent probes capable of sensing S-

oxidation events, through a mechanism involving the alleviation of luciferase inhibition. This 

may be applicable to sulphur redox chemistry occurring in cancer cells; thus, these compounds 

may be exploited as redox probes. From a redox status point of view, normal and cancer cells 

differ significantly due to variations in metabolism, reactive oxygen species (ROS) handling, 

and antioxidant capacity. 
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5.3 Results and Discussion 

5.3.1 UV-Vis properties of benzothiazole and luciferin derivatives 

Absorption spectra for 6-(methylthio)benzo[d]thiazole 19 and its derivatives 20, 21 and 22 

were recorded using a Varian Cary 60 UV-Vis spectrophotometer, using 1cm path length 

quartz cell cuvettes. Benzothiazole samples 19 and 21 were prepared as 0.1 mM ethanol 

solutions while luciferin samples 20 and 22 were prepared as 0.1 mM H2O solutions. These 

samples were scanned from 200 nm to 800 nm. Absorption spectra for 19 and 21 revealed a 

λmax of 343 nm and 299 nm respectively (Figure 5.3). The distinct shift in λmax for the two 

samples is indicative of the addition of the sulfoxide functional group.  

 

Figure 5.3. UV spectrum of 19 (λmax = 343 nm) and 21 (λmax = 299 nm) in ethanol. 

Similarly, the absorption spectra for luciferin derivatives 20 and 22 revealed a λmax of 346 nm 

and 308 nm respectively (Figure 5.4). This shift in λmax is also thought to be due to the oxidation 

of sulphur which pulls electron density away from the adjacent aromatic ring.  
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Figure 5.4. UV spectrum of 20 (λmax = 346 nm) and 22 (λmax = 308 nm) in H2O. 

5.3.2 Fluorescent properties of benzothiazole and luciferin derivatives 

After completion of the UV-vis analysis of the four samples, the fluorescence studies were 

conducted. Excitation and emission spectra were recorded on a TECAN infinite M200 

fluorometer using a NanoQuant plate. The samples were scanned from 280 nm to 850 nm.  

Emission spectra were recorded at the excitation wavelength corresponding to previously 

recorded absorption maxima. Benzothiazole 19 and its luciferin derivative 21 were prepared as 

0.01 mM ethanol and H2O solutions respectively while benzothiazole 20 and its luciferin 

derivative 22 were prepared as 0.1 mM ethanol and H2O solutions respectively. The 

concentration of 19 and 21 had to be prepared 10-fold more dilute than 20 and 22 due to their 

higher fluorescence quantum yield.  

As in the case with the UV-vis spectra, the fluorescence emission spectra of benzothiazoles 19 

and 21 were distinctly different (Figure 5.5). Both benzothiazoles were excited at their UV 

absorption maxima of 343 nm and 299 nm respectively, however only benzothiazole 19 

displayed an emission wavelength (λem = 450 nm). Similarly, luciferin derivatives 20 and 22 

were excited at their UV absorption maxima of 346 nm and 208 nm respectively (Figure 5.6). 

Once more, only luciferin derivative 20 displayed a fluorescence emission wavelength (λem = 

500 nm). 
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Figure 5.5. Fluorescence emission spectrum of 19 (λex = 343 nm, λem = 450 nm) and 21 in 

ethanol. 

 

Figure 5.6. Fluorescence emission spectrum of 20 (λex = 346 nm, λem = 500 nm) and 22 in 

H2O. 

The observed photophysical changes in the sulphide and sulfoxide analogues can be related 

back to the “matched” and “mismatched” setups observed in benzothiazole systems. In 

benzothiazole 19, electrons on the sulphur atom of the sulphide EDG are available to resonate 

into the adjacent benzene ring. This facilitates an efficient charge transfer where a virtual dipole 

is created between the electron rich benzothiazole ring and the electron poor nitrile group at 
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the C-2 position. The virtual dipole is thus in the same direction of the ICT which reinforces 

the excited-state dipole moment. As such, a strong fluorescence emission is observed for 

benzothiazole 19 and its sulphide luciferin derivative 20. Conversely, the electron-withdrawing 

sulfoxide functional group in compounds 21 and 22 pulls electrons away from the adjacent 

aromatic ring.  Efficient charge transfer is not facilitated as there are EWGs on the C-2 (nitrile) 

and C-6 (sulfoxide) positions of the benzothiazole ring (Figure 5.7). As such, no fluorescence 

emission is observed for these two compounds. 

 

Figure 5.7. Schematic structure of (a) matched alignment of the benzothiazole core with 

respect to the sulphide (EDG) and (b) mismatched alignment of the benzothiazole core with 

respect to the sulfoxide (EWG). 

5.3.3 5.3.3 Bioluminescent properties of luciferin analogues 

Initial findings by Sharma and colleagues indicated that thioether luciferin analogue 20 

exhibited strong luciferase inhibitory activity, whereas the thiomethyl sulfoxide 22 displayed 

only weak inhibition.56 However, in the present study, luciferase inhibition assays conducted 

on the synthesised analogues revealed the inverse to be true. Compound 20 demonstrated only 

weak inhibitory effects, while compound 22 emerged as a potent luciferase inhibitor (Figure 

5.8). 
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Figure 5.8. Inhibition of firefly luciferase by luciferin analogues 20 and 22. 

5.3.4 5.3.4 Cell viability assays 

The National Cancer Institute (NCI) states that a promising therapeutic agent should have an 

initial single dose effect below 10 µM, after which, the ability of the drugs to inhibit additional 

cancer hallmarks can be assessed.57 Therefore, to assess if compounds 19, 20, 21 and 22 may 

have cytotoxic effects MTT cell viability assays were performed in the most frequently used 

and most well established cervical cancer cell lines, HeLa and CaSki at 10 µM. In addition, 

cisplatin (Cis), a platinum-based chemotherapy drug commonly used to treat various cancers, 

including cervical cancer, was included as a positive control in these assays. 

The cytotoxic profiles of the compounds of interest against HeLa and CaSki cancer cells at a 

10 µM concentration are shown in Figure 5.9. The average percentage cell viability recorded 

for the drugs was well above 75% in both cell lines, with only the positive control having a 

percentage viability of 68.42% in HeLa cells and 62.68% in CaSki cells. These findings 

revealed that none of the test compounds had any significant suppressing effect on the growth 

of either cervical cancer cell lines including the control, cisplatin. The cisplatin result is not 

surprising as these cell lines have exhibited variable resistance to cisplatin.58, 59 This was further 

supported by the morphological analysis of both cancer cell lines. No changes in cell 

morphology or evidence of apoptosis were observed at this concentration (Figure 5.10). 

Similarly, the fluorescence output at this concentration in both cell lines was very low. Only 

slight fluorescence was observed for compounds 19 and 20 while no fluorescence was observed 

for compounds 21 and 22, as expected (Figure 5.11). 
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Figure 5.9. MTT cell viability assays of human cervical cancer cell lines, (a) HeLa and (b) 

CaSki, treated with 10 µM of compounds 19, 20, 21 and 22 for 72 hours. Graphs show mean 

cell viability as a percentage of vehicle control ± SEM for each treatment determine.  
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Figure 5.10. Representative light microscopy images (×200; EVOS M5000) of (a) HeLa and 

(b) CaSki cell lines treated with 10 µM of compounds 19, 20, 21, 22 or vehicle for 72 h. 
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Figure 5.11. Representative fluorescent microscopy images of (a) HeLa and (b) CaSki cell 

lines treated with 10 µM of compounds 19, 20, 21, 22 or vehicle for 72 h. Images obtained in 

the DAPI channel (×200; EVOS M5000). 

Due to the resistant nature of these cells, the concentration of all the compounds were increased 

to 100 µM. This concentration was chosen as this ensured that the final DMSO concentration, 

the dissolving reagent, was below the 1% threshold. Interestingly, at this concentration there 

was a considerable reduction in the viability in both cell lines (Figure 5.12). The average 
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percentage cell viability recorded for compounds 19, 20 and 21 was below 50% in both cell 

lines, while being just over 50% for compound 22 (50.67% in HeLa cells and 50.94% in CaSki 

cells). Compound 19 had the lowest percentage cell viability in HeLa cells (41.80%), while 

compound 21 had the lowest cell percent viability in CaSki cells (41.56%). The viability of 

cells treated with the cisplatin control remained below 30% in both cell lines.  

 

 

Figure 5.12. MTT cell viability assays of human cervical cancer cell lines, (a) HeLa and (b) 

CaSki, treated with 100 µM of compounds 19, 20, 21 and 22 for 72 hours. Graphs show mean 

cell viability as a percentage of vehicle control ± SEM for each treatment determin  

These findings were further supported by the morphological analyses of both cancer cell lines. 

Significant changes in cell morphology and evidence of apoptosis were observed at the 

increased concentration in both cell lines (Figure 5.13). Furthermore, the fluorescence output 

at this concentration increased significantly for compounds 19 and 20 in HeLa cells, while 

fluorescence in CaSki cells was only observed for compound 20 (Figure 5.14). No fluorescence 

was observed for compounds 21 and 22 in both cell lines, as expected. 
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Figure 5.13. Representative light microscopy images (×200; EVOS M5000) of (a) HeLa and 

(b) CaSki cell lines treated with 100 µM of compounds 19, 20, 21, 22 or vehicle for 72 h.
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Figure 5.14. Representative fluorescent microscopy images of (a) HeLa and (b) CaSki cell 

lines treated with 100 µM of compounds 19, 20, 21, 22 or vehicle for 72 h. Images obtained in 

the DAPI channel (×200; EVOS M5000). 
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5.4 Conclusion 

Fluorescence studies revealed that thiomethyl derivative 19 and its corresponding sulfoxide 21 

exhibited trends comparable to those observed for the luciferin analogues 20 and 22, as reported 

by Sharma. For both the benzothiazole and luciferin derivatives, oxidation of the sulphur atom 

resulted in a reduction in the maximum absorbance and a complete quenching of fluorescence 

(Figure 5.15). 

Figure 5.15. Photophysical properties of the selected luciferin (20 and 22) and benzothiazole 

(19 and 21) analogues, reported in H2O and ethanol respectively. 

Bioluminescence analysis of the luciferin analogues exhibited the opposite properties to what 

was previously reported in literature. From this study, thioether 20 weakly inhibited luciferase 

activity, while compound 22 emerged as a potent luciferase inhibitor. 

The potential cytotoxic effects of compounds 19, 20, 21, and 22 on cancer cells were assessed 

using MTT assays. At a concentration of 10 µM, these compounds exhibited negligible anti-

proliferative activity against HeLa and CaSki cell lines, with no observable changes in cell 

morphology or indications of apoptosis. Correspondingly, fluorescence emission at this 

concentration was minimal in both cell lines. 

In contrast, increasing the concentration to 100 µM resulted in a considerable reduction in cell 

viability for both HeLa and CaSki cells. Significant morphological alterations and clear signs 

of apoptosis were evident at this higher concentration. Notably, fluorescence output also 

increased substantially for compounds 19 and 20 in HeLa cells, whereas only compound 20 

displayed fluorescence in CaSki cells. As anticipated, compounds 21 and 22 did not exhibit 

any detectable fluorescence in either cell line. 
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Chapter 6 : Conclusion and Future Outlook 

6.1 Overall Summary and Conclusions 

The primary synthetic target of this project was the preparation of D-thioluciferin, aimed at 

achieving red-shifted light emission for tumour imaging. A key intermediate in the synthetic 

route, 2-cyano-6-iodobenzo[d]thiazole 14, was successfully synthesised using microwave 

irradiation. However, attempts to substitute the iodine functional group with a thiol group were 

unsuccessful. As a result, alternative synthetic approaches toward D-thioluciferin had to be 

explored. 

Efforts to repeat the method reported by Pirrung and co-workers were successful up to the 

penultimate step. Multiple attempts to synthesise 2-cyano-6-mercaptobenzo[d]thiazole 7 via a 

Mislow-Evans rearrangement were unsuccessful. An in-depth NMR kinetic study revealed that 

the reaction stalled at the formation of the thiolate salt intermediate 6.2. It was suggested that 

a stronger base might be required to cleave the salt from the benzothiazole ring. However, due 

to time constraints, no further optimisation of this route was pursued. 

Given the challenges associated with unmasking the thiol group, the synthesis of the free thiol 

7 was identified as a key intermediate en route to D-thioluciferin. Consequently, a new strategy 

involving 4-(methylthio)aniline was developed for the synthesis of methylthio-luciferins. By 

applying the thermolysis method previously reported by McCutheon, the synthetic sequence 

was shortened and the overall yield significantly improved. However, attempts to convert the 

sulfoxide 20 to the free thiol 7 under reported Pummerer rearrangement conditions were 

unsuccessful. However, it is hypothesised that the transformation may proceed via a stepwise 

process rather than a one-pot reaction, as originally described. 

Subsequent UV-Vis and fluorescence studies of the methylthio derivatives 19, 20, 21 and 22 

revealed notable changes in their photophysical properties. Upon oxidation of the sulphide 

derivatives 19 and 21 to their corresponding sulfoxides 20 and 22, a hypsochromic shift in λmax 

was observed in the UV-Vis spectra, accompanied by complete quenching of fluorescence. 



114 

6.2 Future Outlook 

Given that the primary aim of this study was the synthesis of D-thioluciferin and its subsequent 

evaluation as a bioluminescent probe for anticancer drug discovery, it was necessary to 

critically assess the synthetic route toward the target compound. Although literature reports 

support the application of the Pummerer rearrangement in related systems, the transformation 

proved unsuccessful when applied to 6-(methylsulfinyl)benzo[d]thiazole-2-carbonitrile 21 for 

unmasking the C-6 thiol functionality. This limitation is likely attributable to the C-2 nitrile 

substituent on the benzothiazole ring being sensitive to the strong acidic medium. To 

potentially circumvent this challenge, a modified approach may be considered in which a 

chlorine atom is introduced at the C-6 position, as demonstrated by Sharma and co-workers. 

This would allow for the Pummerer rearrangement to reveal the C-6 thiol group, followed by 

nucleophilic substitution with potassium cyanide to install the C-2 nitrile moiety (Scheme 6.1). 

Scheme 6.1. Proposed retrosynthetic pathway to the synthesis of D-thioluciferin incorporating 

a C-2 chlorine functional group on the benzothiazole ring. 

Additionally, new directions were opened in the aza-luciferin series which would possibly 

allow a future generation of aza D-luciferin analogues with functional group diversity at the C-

6 position. 
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Chapter 7 : Experimental Procedures 

7.1 General synthetic procedures 

All reactions were carried out in oven-dried glassware under an inert nitrogen atmosphere, 

unless otherwise stated. Reagents were obtained from commercial sources (Sigma–Aldrich, 

Merck, Kimix) and used as received unless otherwise stated. Solvents were evaporated under 

reduced pressure at 40 °C using a Buchi Rotavapor, unless otherwise stated. Reaction 

temperatures were achieved with heat/silicone oil (for > 25 ⁰C) and ice/NaCl salt (for 0 and -5 

°C). Aqueous solutions were prepared using distilled water. All reactions were monitored by 

TLC using aluminium-backed Sigma Aldrich silica-gel 60 F254 plates, and compounds were 

visualised on TLC under a UV-lamp at 254 and 365nm. Normal phase column chromatography 

was carried out using silica-gel (Fluka Silica Gel 60, 40-63 microns) and compounds eluted 

with the appropriate solvent mixtures. All compounds were dried under vacuum before yields 

were determined and spectroscopic analyses performed.  

Nuclear Magnetic Resonance (NMR) spectra (1H and 13C) were recorded on a Bruker 400 

UltrashieldPlus spectrometer (Bruker Biospin, Rheinstetten, Germany) equipped with a 5 mm 

BBO probe or a Bruker Avance III 600 MHz NMR spectrometer (Bruker Biospin, Rheinstetten, 

Germany) equipped with a BBO Prodigy cryoprobe and processed using Bruker processing 

software (Topspin 4.2.0). All NMR were recorded in CDCl3, CD3OD or DMSO-d6 as the 

solvents, unless otherwise stated. Chemical shifts (δ) and J coupling values were reported in 

units of ppm and Hz respectively. Chemical shifts for 1H and 13C were recorded using 

tetramethylsilane (TMS) as the internal standard. Assignments were confirmed by COSY or 

HSQC analysis, when required.  

Infrared (IR) spectroscopy was performed on a Perkin-Elmer Spectrum One FT-IR 

Spectrometer using Attenuated Total Reflectance (ATR) with bond variations measured in 

reciprocal centimetres (cm-1) and analysed using Microsoft Excel. 

Melting points were obtained using a Reichert-Jung Thermovar hot stage microscope (HSM) 

and are uncorrected.   

LCMS analyses were carried out with a UPLC Agilent 1290 Infinity Diode Array Detector FS 

(Germany), accurate mass spectrometer Agilent 6150 single quadrupole mass spectrometer 

equipped with an Agilent jet stream ionisation source (positive ionisation mode) (ESI+) and 

column (Kinetex 1.7µm EVO C18 100Å, 50 x 2.1mm). 
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7.1.1 Attempted synthesis of D-thioluciferin using the Pirrung et al route 

(Appel salt) 4,5-Dichloro-1,2,3-dithiazol-1-ium chloride (1)1  

Sulfur monochloride (26 mL, 316 mmol), was added to a solution of chloroacetonitrile (4 mL, 

63.2 mmol) in DCM (30.0 mL) in a flask equipped with a stopper and gas outlet. The reaction 

mixture was allowed to swirl for a few seconds and then left to stand for 24 h at room 

temperature under nitrogen. The resulting brown precipitate that had formed was agitated by 

stirring for 5 min at room temperature. The precipitate was filtered under vacuum and washed 

with DCM (4 x 200 mL) to afford Appel’s salt as a dark-green solid (8.94 g, 84.3%).  

4-(Allylthio)aniline (2)2 

Potassium carbonate (4.27 g, 30.9 mmol) was suspended in a solution of 4-aminothiophenol 

(5.00 g, 39.9 mmol) in acetone (80 mL). Allyl bromide (1.7 mL, 20.0 mmol) was then injected, 

and the reaction mixture was allowed to stir for 18 h under a nitrogen atmosphere. The mixture 

was then filtered under vacuum and the solvent removed under reduced pressure. The 

concentrated filtrate was dissolved in DCM (20 mL) and washed with 1 M NaOH (20 mL), 

then water (20 mL). The organic layer was collected and dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The crude residue was subjected to column 

chromatography on silica gel (10% ethyl acetate / hexane) to afford 2 as a yellow oil (2.99 g, 

91%). Rf = 0.53 with 30% ethyl acetate / hexane. 1H NMR (600 MHz, CDCl3): 𝛿 (ppm) 7.23 

(d, J = 8.2 Hz, 2H, H-3), 6.66 (d, J = 8.2 Hz, 2H, H-2), 5.79 – 5.88 (m, 1H, H-6), 5.02 – 4.95 

(m, 2H, H-7), 4.05-3.61 (br s, 2H, NH2), 3.39 (d, J = 7.1 Hz, 2H, H-5). 13C NMR (100.6 MHz, 

CDCl3) δ (ppm): 144.8 (C-1), 134.3 (C-3), 131.9 (C-6), 123.8 (C-4), 117.1 (C-7), 116.0 (C-2), 

39.7 (C-5).  
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4-Chloro-5-[(4-(allylthio)phenyl)imino]-5H-1,2,3-dithiazole (3)2 

 

Appel’s salt (4.98 g, 21.7 mmol) was added to a solution of 1 (2.99 g, 18.1 mmol) in DCM (20 

mL). The brown mixture was stirred for 1 h under a nitrogen atmosphere. Anhydrous pyridine 

(2.94 mL, 36.3 mmol) was added dropwise and the resulting reddish-brown mixture was 

allowed to stir for an additional 2 h. Thereafter, the solvent was removed under reduced 

pressure and the crude product was purified by flash chromatography on silica gel (10% ethyl 

acetate / hexane) with gradient elution to afford compound 3 as a red-orange solid (4.41 g, 

81%). Rf = 0.65 (30% ethyl acetate / hexane). M.p.: 77 – 83 °C (lit. 80 – 83 °C).2 1H NMR 

(600 MHz, CDCl3) 𝛿 (ppm) 7.40 (d, J = 8.6 Hz, 2H, H-3), 7.16 (d, J = 8.6 Hz, 2H, H-2), 5.81 

– 5.92 (m, 1H, H-6), 5.11 (dd, J = 15.7, 1.2 Hz, 1H, H-7a), 5.07 (dd, J = 10.0, 0.7 Hz, 1H, H-

7b), 3.55 (d, J = 6.9 Hz, 2H, H-5). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 157.8 (C-4’), 148.8 

(C-1), 148.2 (C-5’), 134.5 (C-4), 133.3 (C-6), 131.1 (C-2), 120.3 (C-3), 117.9 (C-7), 37.9 (C-

5). 

 

N-(p-(Allylthio)phenyl)cyanothioformamide (4)2 

 

A solution of 3 (4.41 g, 18.83 mmol) in dry DCM (40 mL) was cooled to -5 °C. DBU (8.43 

mL, 56.50 mmol) was added dropwise followed by stirring for 1 h under a nitrogen atmosphere. 

The solution was washed thrice with 1 M NaHSO4, water and then brine. The organic layer 

was dried over anhydrous MgSO4, filtered and the solvent removed under reduced pressure. 

The crude product was subjected to column chromatography on silica gel (10% ethyl acetate / 

hexane) elution to obtain the title compound 4 as a dark red solid (1.96 g, 57%).  Rf = 0.54 

(30% ethyl acetate / hexane). Thione; 1H NMR (600 MHz, CDCl3) 𝛿 (ppm) 9.72 (s, 1H, NH), 

7.73 (d, J = 8.5 Hz, 1H, H-3), 7.36 (d, J = 8.5 Hz, 2H, H-2), 5.88 – 5.82 (m, 1H, H-6), 5.18 
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(dd, J = 11.3, 3.9 Hz, H-7a), 5.11 (dd, J = 6.7, 5.5 Hz, 1H, H-7b), 3.58 (d, J = 6.4 Hz, 2H, H-

5).  13C NMR (100.6 MHz, CDCl3) δ (ppm): 165.2 (C-8), 138.0 (C-1), 134.9 (C-4), 132.92 (C-

6), 130.0 (C-3), 122.9 (C-2), 118.4 (C-7), 113.5 (C-9), 36.6 (C-5). Thiol; 1H NMR (400 MHz, 

CDCl3) 𝛿 (ppm) 9.51 (s, 1H, SH), 7.34 (d, J = 8.6 Hz, 1H, H-3’), 7.28 (d, J = 8.5 Hz, 2H, H-

2’), 5.86 (m, 1H, H-6’), 5.18 (dd, J = 11.3, 3.9 Hz, H-7a’), 5.11 (dd, J = 6.7, 5.5 Hz, 1H, H-

7b’), 3.58 (d, J = 6.4 Hz, 2H, H-5). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 161.1 (C-8’), 

136.9 (C-1’), 134.6 (C-4’), 132.8 (C-6’), 129.5 (C-3’), 122.4 (C-2’), 118.3 (C-7’), 112.0 (C-

9’), 36.6 (C-5’). 

2-Cyano-6-(allylthio)benzo[d]thiazole (5)2

N-(p-(Allylthio)phenyl)cyanothioformamide 4 (509 mg, 2.13 mmol), palladium chloride (37.8 

mg, 0.213 mmol), copper(I) iodide (203 mg, 1.02 mmol) and tetrabutylammonium bromide 

(1.37 g, 4.26 mmol) was suspended in 1:1 DMF:DMSO (20 mL). The resulting mixture was 

allowed to stir under nitrogen at 120 °C for 1 h. The reaction mixture was diluted with ethyl 

acetate (60 mL) and washed four times with water (40 mL). The organic layer was dried over 

anhydrous MgSO4, filtered and the solvent removed under reduced pressure. The title 

compound 5 was obtained from the crude residue by column chromatography on silica gel 

(10% ethyl acetate / hexane) as a dark orange solid (1.12 g, 57%). Rf = 0.61 (10% ethyl acetate 

/ hexane). M.p.: 107 – 111 °C (lit. 102 – 105 °C).2 1H NMR (600 MHz, CDCl3) 𝛿 (ppm) 8.10 

(d, J = 8.7 Hz, 1H, H-4), 7.84 (s, 1H, H-7), 7.57 (d, J = 8.7 Hz, 1H, H-5), 5.92 (m, 1H, H-9), 

5.26 (d, J = 16.7 Hz, 1H, H-10a), 5.17 (d, J = 10.1 Hz, 1H, H-10b), 3.70 (d, J = 6.6 Hz, 2H, H-

8). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 150.4 (C-2), 139.1 (C-3a), 136.3 (C-6), 135.4 (C-

7a), 132.5 (C-9), 128.9 (C-4), 125.0 (C-5), 120.2 (C-7), 118.8 (C-10), 113.0 (C≡N), 36.6 (C-

8). FT-IR (ATR) 𝜈max (cm-1): 2224 (nitrile, -CN). 
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2-Cyano-6-(allylsulfinyl)benzo[d]thiazole (6)2 

 

A solution of 2-cyano-6-(allylthio)benzothiazole 5 (1.12 g, 4.83 mmol) in 1:5 DCM:MeOH 

(25 mL) was cooled to 0 °C followed by dropwise addition of a solution of NaIO4 (1.03 g, 4.83 

mmol) in water (10 mL). The reaction mixture was allowed to reach room temperature and 

stirred for 10 h. The solvent was then removed under reduced pressure. Water (50 mL) was 

added, and the mixture was extracted thrice with ethyl acetate (30 mL). The organic layer was 

dried over MgSO4, filtered, and concentrated under reduced pressure. The title compound 6 

was isolated from this residue by column chromatography on silica gel (50% ethyl 

acetate/hexanes) as an off-white solid (978 mg, 82%). Rf = 0.19 with 50% ethyl 

acetate/hexanes. 1H NMR (600 MHz, CDCl3) 𝛿 (ppm) 8.33 (d, J = 1.1 Hz, 1H, H-7), 8.30 (d, 

J = 8.6 Hz, H-4), 7.69 (dd, J = 8.6, 1.6 Hz, 1H, H-5), 5.62 (m, 1H, H-9), 5.33 (dd, J = 10.1 Hz, 

1H, H-10a), 5.16 (dd, J = 17.0, 1.0 Hz, H-10b), 3.68 (dd, J = 13.0, 7.4 Hz, 1H, H-8a), 3.54 (dd, 

J = 13.0, 7.5 Hz, 1H, H-8b). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 153.7 (C-2), 144.3 (C-

3a), 138.8 (C-6), 136.1 (C-7a), 125.7 (C-4), 124.7 (C-5), 124.3 (C-7), 123.4 (C-9), 118.8 (C-

10), 112.5 (C≡N), 60.7 (C-8). FT-IR (ATR) 𝜈max (cm-1): 2228 (nitrile, -CN), 1046 (sulfoxide, 

-S=O). 

 

2-Cyano-6-mercaptobenzo[d]thiazole (7)2 

 

Triphenylphosphite (360 µL, 1.37 mmol) was added to a solution of 2-cyano-6-

(allylsulfinyl)benzothiazole 6 (34.0 mg, 0.137 mmol) in THF (2 mL). The resulting mixture 

was heated at reflux under nitrogen for 16 h. Water (1 mL) was added and the reaction mixture 

was allowed to stir for 30 min. This mixture was extracted twice with diethyl ether (8 mL). The 

combined organic phase was washed twice with brine (10 mL), dried over anhydrous MgSO4, 
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filtered through celite, and concentrated under reduced pressure. The title compound 7 was 

isolated from this residue by column chromatography on silica gel (ethyl acetate/hexanes 

gradient) as a yellow oil 151.2 mg (crude, largely triphenyl phosphate). Rf = 0.50 (20% ethyl 

acetate/hexane). MS (ESI+): m/z Calculated for C8H5N2S2 [M+H]+192.99, found 193.00. 

7.1.2 Model Study 

2-Benzo[d]thiazole -2,2-dibromoacetonitrile (9)

NaI (0.253g, 1.68 mmol, 2.8 eq) and NaBO3.4H2O (0.265 g, 2.25 mmol, 3.77 eq.) were 

suspended in acetic acid (5 mL) whilst allowed to stir at room temperature under a nitrogen 

atmosphere. The resulting solution was added dropwise to a suspension of 2-(benzo[d]thiazol-

2-yl)acetonitrile (0.104 g, 0.597 mmol, 1 eq) in acetic acid (3 mL) at 0 °C. The reaction mixture

was maintained at 5 °C throughout the addition. Thereafter, it was allowed to warm to room 

temperature and left to stir overnight. The reaction mixture was poured into chilled water and 

the resulting precipitate filtered and washed with 50 mL of chilled water to afford 9 as a brown 

solid (98.7 mg, 30%). 1H NMR (600 MHz, CDCl3): δ (ppm) 8.39 – 8.18 (m, 1H, H-4), 8.10 – 

7.90 (m, 1H, H-7), 7.75 – 7.50 (m, 2H, H-5,6). FT-IR (ATR) vmax (cm-1): 2227 (nitrile, -CN). 

2-Benzo[d]thiazole-2,2-dibromoacetonitrile (10)

KBr (0.202g, 1.70 mmol, 2.8 eq) and NaBO3.4H2O (0.269 g, 1.75 mmol, 2.9 eq) were 

suspended in acetic acid (5 mL) whilst allowed to stir at room temperature under a nitrogen 

atmosphere. The resulting solution was added dropwise to a suspension of 2-(benzo[d]thiazol-

2-yl)acetonitrile (0.105 g, 0.602 mmol, 1 eq) in acetic acid (3 mL) at 0 °C. The reaction mixture

was maintained at 5 °C throughout the addition. Thereafter, it was allowed to warm to room 
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temperature and left to stir overnight. The reaction mixture was poured into chilled water and 

the resulting precipitate filtered and washed with 50 mL of chilled water. The crude material 

was purified by silica gel chromatography eluting with hexanes to afford the corresponding 2-

benzothiazole-2,2-dibromoacetonitrile 10 as a light brown solid (0.140 g, 75%). Rf = 0.70 (20% 

ethyl acetate / hexane). 1H NMR (600 MHz, CDCl3): δ (ppm) 8.14 (d, J = 8.2 Hz, 1H, H-4), 

7.92 (d, J = 8.1 Hz, 1H, H-7), 7.67 – 7.47 (m, 2H, H-6, H-5).  13C NMR (100.6 MHz, CDCl3) 

δ (ppm): 165.6 (C-2), 151.8 (C-3a), 137.1 (C-7a), 127.7 (C-6), 127.7 (C-5), 125.2 (C-4), 122.0 

(C-7), 22.9 (C-Br3). FT-IR (ATR) vmax (2250 cm-1): (nitrile, -CN).  

 

7.1.3 p-Iodoaniline synthetic route 

2-Bromo-4-iodoaniline (11)3 

 

KBr (2.82 g, 21 mmol, 1 eq) and NaBO3 (3.65 g, 21 mmol, 1 eq) were suspended and left to 

stir in acetic acid (11 mL) at room temperature. The resulting solution was added dropwise to 

a suspension of p-iodoaniline (4.54 g, 21 mmol, 1 eq) in acetic acid (3 mL) cooled to below 0 

°C. The reaction mixture was maintained below 0 °C throughout the addition. Thereafter, it 

was allowed to equilibrate to room temperature and left to stir overnight. The reaction mixture 

was poured into chilled water and the resulting precipitate filtered and washed with copious 

amounts of water (4 x 100 mL) to afford the brominated product 11 as a brown solid (6.01, 

96.4%). 1H NMR (600 MHz, DMSO): δ (ppm) 7.58 (d, J = 1.9 Hz, 1H, H-3), 7.30 (dd, J = 8.5, 

2.0 Hz, 2H, H-5), 6.61 (d, J = 8.5 Hz, H-6), 5.44 (s, 1H, NH2). 13C NMR (100.6 MHz, CDCl3) 

δ (ppm): 146.0 (C-1), 139.3 (C-3), 137.0 (C-5), 117.8 (C-6), 108.7 (C-2), 76.3 (C-4). MS 

(ESI+): m/z Calculated for C6H6NBrI [M+H]+ 297.92, found 298.9. 
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(Z)-N-(2-bromo-4-iodophenyl)-4-chloro-5H-1,2,3-dithiazol-5-imine (12) 

 

Method A: 2-Bromo-4-iodoaniline 11 (49.3 mg, 0.165 mmol) was added to DCM (6 mL) and 

Appel’s salt (35.1 mg, 0.168 mmol). The solution was cooled to 0 °C and DBU (25.0 µL, 0.167 

mmol) was added dropwise to the reaction mixture. The reaction mixture was allowed to stir 

for 24 hrs at room temperature under a nitrogen atmosphere. Thereafter, the reaction mixture 

was washed with water and extracted with ethyl acetate. The organic layer was dried over 

anhydrous MgSO4, filtered through celite and the solvent removed under reduced pressure. The 

crude product was purified via column chromatography eluting with hexanes to afford the 

dithiazole 12 as a yellow solid (12.3 mg, 17.2%).  

Method B: Appel’s salt 1 (1.25g, 6.00 mmol) was added to a solution of 2-bromo-4-iodoaniline 

11 (0.613 g, 0.547 mmol) in DCM (20 mL) in a 100 mL round-bottom flask. The reaction 

mixture was allowed to stir for 4.5 hrs at room temperature under a nitrogen atmosphere. 

Pyridine (0.8 mL, 9.91 mmol) was added slowly, and the resulting mixture was left to stir 

overnight. The solvent was removed under reduced pressure. The crude mixture was purified 

via column chromatography eluting with hexanes, to afford the dithiazole 12 as a yellow solid 

(19.7 mg, 0.76%). Rf = 0.70 (15% ethyl acetate / hexane).  1H NMR (300 MHz, CDCl3): δ 

(ppm) 8.02 (s, 1H, H-3), 7.69 (d, J = 8.3 Hz, 1H, H-5), 6.88 (d J = 8.1 Hz, 1H, H-6). 13C NMR 

(100.6 MHz, CDCl3) δ (ppm): 161.5 (C-5’), 150.0 (C-4’), 147.6 (C-1), 141.9 (C-3), 138.0 (C-

5), 119.8 (C-6), 116.6 (C-2), 89.9 (C-4). FT-IR (ATR) vmax (cm-1): 1690 (imine, C=N).  
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(Z)-(2-bromo-4-iodophenyl)carbonocyanidimidothioic acid / (2-bromo-4 

iodophenyl)carbamothioyl cyanide (13) 

 

Method A: To a solution of 2-bromo-4-iodoaniline 11 (102.8 mg, 0.345 mmol) in DCM (10 

ml) was added Appel’s salt (82.3 mg, 0.395 mmol).The reaction mixture was allowed to stir 

for 15 min and then cooled to 0 °C. DBU (150.4 µL, 1.01 mmol) was added dropwise and the 

reaction was allowed to stir overnight. Thereafter, the reaction mixture was heated under reflux 

for 2 h at 40 °C. The crude mixture was washed with water and extracted with ethyl acetate. 

The organic layer was dried over anhydrous MgSO4, filtered through celite and the solvent 

removed under reduced pressure. The title compound was purified by column chromatography 

eluting with ethyl acetate as a red solid (31.4 mg, 24.80 %).  

Method B: Appel’s salt (2.15 g, 10.3 mmol) was added to a solution of 2-bromo-4-iodoaniline 

11 (3.00 g, 10.1 mmol) in DCM (20 mL) in a 100 mL round-bottom flask. The reaction mixture 

was allowed to stir for 1.5 hrs at room temperature under a nitrogen atmosphere. Anhydrous 

pyridine (1.6 mL, 20.2 mmol) was added slowly, and the resulting mixture was left to stir 

overnight. Thereafter, DCM and pyridine was removed under reduced pressure. Subsequently, 

120 mg of the crude material in anhydrous DCM (2 mL) was cooled to below 0 °C. DBU (123.8 

µL, 0.830 mmol) was added slowly and the reaction was left to stir for 1 hr under a nitrogen 

atmosphere. The solution was dissolved in ethyl acetate (2 mL), washed thrice with NaHSO4 

(1 mL), twice with water (1.5 mL) and once with brine (2 mL). The organic layer was dried 

over Na2SO4, filtered through celite and the solvent removed under reduced pressure. The crude 

product was purified via column chromatography to afford the cyanothioformamide 13 as a red 

solid (27.8 mg, 27%). Rf = 0.20 (15% ethyl acetate / hexane). 1H NMR (300 MHz, CDCl3): δ 

(ppm) 9.38 (s, 1H, SH/NH), 8.18 (d, J = 8.4 Hz, 1H, H-5), 8.04 (s, 1H, H-3), 7.72 (d, J = 8.4 

Hz, 1H, H-6). FT-IR (ATR) vmax (cm-1): 2226 (nitrile, -CN).  
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2-Cyano-6-iodobenzo[d]thiazole (14)3 

 

Method A: To a solution of crude imine 12 (505.1 mg, 1.17 mmol) in anhydrous pyridine (10.5 

ml) was added copper iodide (221.6 mg, 1.16 mmol) followed by heating under microwave 

irradiation (400W) at 115 °C for 30 min at atmospheric pressure. Pyridine was removed under 

reduced pressure and the resulting dark residue was dissolved in ethyl acetate (40 mL) and 

washed with a saturated solution of sodium thioacetate (4 x 20 mL) and brine (1 x 20 mL). The 

organic layer was dried over sodium thiosulphate, filtered through celite and solvent removed 

under reduced pressure. The crude product was purified via column chromatography on silica 

gel to afford 14 as a pale yellow solid (25.8 mg, 59.17%).  

Method B: A solution of purified imine 12 (478.9 mg, 1.10 mmol) and copper iodide (210.8 

mg, 1.11 mmol) in sulfolane (11 mL) was heated under microwave irradiation (400W) whilst 

stirring at 115 °C for 30 min at atmospheric pressure.4 The dark solution was dissolved in ethyl 

acetate (40 mL) and washed with a saturated solution of sodium thioacetate (4 x 20 mL) and 

brine (1 x 20 mL). The organic layer was dried over anhydrous magnesium sulphate, filtered 

through celite and solvent removed under reduced pressure. The crude product was purified 

via column chromatography on silica gel to afford 14 as a pale yellow solid (169.3 mg, 

53.61%). Rf = 0.42 (10% diethyl ether / petroleum ether). 1H NMR (300 MHz, CDCl3): δ 

(ppm) 8.14 (s, 1H, H-7), 8.08 (d, J = 8.7 Hz, 1H, H-4), 7.76 (d, J = 8.7 Hz, 1H, H-5). 13C NMR 

(100.6 MHz, CDCl3) δ (ppm):151.6 (C-2), 137.4 (C-7), 136.9 (C-3a), 131.9 (C-7a), 130.5 (C-

4a), 124.5 (C-5), 112.6 (C≡N), 94.4 (C-6). FT-IR (ATR) vmax (cm-1): 2250 (nitrile, -CN). MS 

(ESI+): m/z Calculated for C8H4NSI [M+H]+ 286.91, found 286.91. 
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6-Iodobenzo[d]thiazole-2-carbothialdehyde (15)

A mixture of 2-cyano-6-iodobenzothiazole 14 (38.5 mg, 0.135 mmol), CuI (2.5 mg, 0.0135 

mmol), 1,10-phenanthroline (4.3 mg, 0.0269 mmol) and potassium thioacetate (50.3 mg, 0.440 

mmol) in toluene (7 mL) was heated under reflux at 110 °C for 48 h under a nitrogen 

atmosphere. The reaction mixture was allowed to cool to room temperature and quenched with 

water. The organic material was extracted with diethyl ether (x2). The combined organic phase 

was dried over Na2SO4, filtered through celite and the solvent removed under reduced pressure. 

The title compound was purified via column chromatography on silica gel, eluting with 70% 

ethyl acetate/hexane to afford the product 15 as a dark solid (21.5 mg, 52.24%).  1H NMR (600 

MHz, CDCl3): δ (ppm) 7.54 (d, J = 8.6 Hz, 1H, H-4), 7.36 (t, J = 1.8 Hz, 1H, H-7), 7.13 (dd, 

J = 8.6, 2.5 Hz, 1H, H-5). FT-IR (ATR) vmax (cm-1): 1696 (C=N). MS (ESI+): m/z Calculated 

for C8H4NS2I [M+H]+ 304.88, found 304.9. 

7.1.4 Pyridyl series 

(Z)-4-chloro-N-(2,6-dichloropyridin-3-yl)-5H-1,2,3-dithiazol-5-imine (16)5 

Appel’s salt (882 mg, 3.18 mmol) was added to a solution of 3-amino-2,6-dichloropyridine 

(950 g, 3.18 mmol) in DCM (30 mL) in a 100 mL round-bottom flask. The reaction mixture 

was allowed to stir for 1 h at room temperature under a nitrogen atmosphere. Pyridine (0.5 mL, 

6.36 mmol) was added slowly, and the resulting mixture was left to stir for 2 h. The solvent 

was removed under reduced pressure. The crude mixture was purified via column 

chromatography eluting with petroleum ether, to afford the dithiazole 16 as a yellow solid 

(411.8 mg, 62 %). Rf = 0.70 (20% diethyl ether / pet ether). 1H NMR (300 MHz, CDCl3): δ 

(ppm) 7.44 (d, J = 8.1 Hz, 1H, H-5), 7.35 (d, J = 8.1 Hz, 1H, H-4). 13C NMR (100.6 MHz, 
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CDCl3) δ (ppm): 163.3 (C-5’), 147.6 (C-4’), 146.4 (C-6), 144.0 (C-2), 141.7 (C-3), 130.0 (C-

4), 124.2 (C-5). FT-IR (ATR) vmax (cm-1): 1690 (imine, C=N).  

 

5- chlorothiazolo[5,4-b]-pyridine-2-carbonitrile (17)5  

 

Method A: To a solution of 3-amino-2,6-dichloropyridine (50.6 mg, 0.310 mmol) in DCM (5 

ml) was added Appel’s salt (77.6 mg, 0.372 mmol). The reaction mixture was cooled to below 

5 °C and DBU (45.8 µL, 0.306 mmol) was added. The reaction mixture was raised to room 

temperature and allowed to stir overnight. The solvent was then removed under reduced 

pressure. An additional two equivalents of DBU (91.6 µL, 0.612 mmol) was added and the 

reaction mixture was left to heat under reflux at 81 °C in DMSO overnight. The title compound 

17 was purified by column chromatography, eluting with hexanes as a colourless solid (15 mg, 

16.9 %).  

Method B: A stirred solution of (Z)-4-chloro-N-(2,6-dichloropyridin-3-yl)-5H-1,2,3-dithiazol-

5-imine 16 (10.8 mg, 0.0362 mmol) and copper iodide (6.1 mg, 0.0320 mmol) in anhydrous 

pyridine (10.5 mL) was heated at 115 °C for 30 min.4 The dark solution was dissolved in ethyl 

acetate (3 mL) and washed with a saturated solution of sodium thioacetate (1.5 mL) and brine 

(1 mL). The organic layer was dried over sodium sulphate, filtered through celite and solvent 

removed under reduced pressure. The crude product was purified via column chromatography 

on silica gel to afford 17 as a colourless solid (1.73 mg, 24.4 %). Rf = 0.70 (20% hexane / 

DCM).  1H NMR (300 MHz, CDCl3): δ (ppm) 8.42 (d, J = 8.6 Hz, 1H, H-7), 7.62 (d, J = 8.6 

Hz, 1H, H-6). MS (ESI+): m/z Calculated for C7H3N3SCl [M+H]+ 195.97, found 196.0. 
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7.1.5 Improved synthesis of thioether luciferins 

(Z)-4-chloro-N-(4-(methylthio)phenyl)-5H-1,2,3-dithiazol-5-imine (18) 

Appel’s salt (157.6 mg, 0.756 mmol) and 4-(methylthio)aniline (105.0 mg, 0.754 mmol) were 

allowed to stir in DCM (10 mL) at rt for 1 hr. Thereafter, anhydrous pyridine (0.12 mL, 1.51 

mmol, 2 eq) was added and left to stir for 2 h at rt under a nitrogen atmosphere. The crude 

material was subjected to column chromatography on silica gel with the desired product eluting 

with 20% diethyl ether / pet ether. The title compound 18 was isolated from the brown residue 

by column chromatography on silica gel (20% diethyl ether/pet ether) as a yellow solid (148.6 

mg, 71.7 %). Rf = 0.7 (20% diethyl ether/petroleum ether). 1H NMR (400 MHz, CDCl3) 𝛿 

(ppm) 7.33 (d, J = 8.7 Hz, 2H, H-3), 7.21 (d, J = 8.7 Hz, 2H, H-2), 2.52 (s, 3H, SMe).  

6-(methylthio)benzo[d]thiazole-2-carbonitrile (19)6 

Appel’s salt (6.55g, mmol) was added to a solution of 4-(methylthio)aniline (5.09 g, 24.7 

mmol) in DCM (100 mL) in a 250 mL round-bottom flask. The reaction mixture was allowed 

to stir for 1 h at room temperature under a nitrogen atmosphere. Anhydrous pyridine (2.90 mL, 

35.9 mmol) was added slowly, and the resulting mixture was left to stir for an additional 2 h. 

The solvent was removed under reduced pressure. Sulfolane (70 mL) was added and the 

resultant mixture was heated at 180 °C for 30 min. The crude mixture was dissolved in ethyl 

acetate and washed with a saturated solution of ammonium chloride and then water. The 

mixture was left to separate overnight. The organic layer was dried over Na2SO4, filtered 

through celite and solvent removed under reduced pressure. The brown residue was subjected 

to column chromatography to afford 19, eluting with 20% diethyl ether / petroleum ether as an 

orange solid (5.94 mg, 78.8 %). Rf = 0.50 (40% diethyl ether / petroleum ether).  1H NMR 
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(400 MHz, CDCl3): δ (ppm): 8.06 (d, J = 8.8 Hz, 1H, H-4), 7.71 (d, J = 1.6 Hz, 1H, H-7), 7.49 

(dd, J = 8.8, 1.6 Hz, 1H, H-5), 2.58 (s, 3H, SMe). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 

149.9 (C-2), 141.7 (C-3a), 136.8 (C-6), 134.9 (C-7a), 126.9 (C-5), 125.0 (C-4), 116.9 (C-7), 

113.2 (C-7), 15.8 (SMe). FT-IR (ATR) vmax (cm-1): 2226-(C≡N), 1579 (-C=N). MS (ESI+): 

m/z Calculated for C9H7N2S2 [M+H]+ 207.00, found 207.1. UV (ethanol) λmax = 343 nm. 

Fluorescence (ethanol) λex = 343 nm, λem = 450 nm. 

(S)-2-(6-(methylthio)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (20)6 

D-cysteine hydrochloride monohydrate (17.5 mg, 0.0996 mmol) and 6-

(methylthio)benzo[d]thiazole-2-carbonitrile 19 (19.1 mg, 0.0926 mmol) were suspended in in 

2:1 MeOH:H2O (1 mL). K2CO3 (13.8 mg, 0.0998 mmol) was added and the yellow solution 

was allowed to stir under nitrogen overnight. Methanol was removed under reduced pressure 

and the remaining solution was acidified to pH 4 using 1 M HCl. The solution was then washed 

with water and the product extracted with ethyl acetate. The organic layer was dried over 

Na2SO4, filtered through celite and solvent removed under reduced pressure to afford 20 as a 

yellow solid (24.3 mg, 84.6%). Rf = 0.01 (40% diethyl ether / petroleum ether). 1H NMR 

(400 MHz, CDCl3): δ (ppm) 8.03 (d, J = 8.7 Hz, 1H, H-4), 7.73 (d, J = 1.4 Hz, 1H, H-7), 7.43 

(dd, J = 8.7, 1.6 Hz, 1H, H-5) 5.44 (t, J = 9.7 Hz, 1H, H-4’), 3.81 (dd, J = 9.6, 1.7 Hz, 2H, H-

5’), 2.58 (s, 3H, SMe). 13C NMR (100.6 MHz, CDCl3) δ (ppm): 171.2 (COOH), 164.5 (C-2’), 

159.2 (C-3a), 150.1 (C-2), 138.9 (C-7a), 136.7 (C-6), 125.7 (C-4), 123.9 (C-5), 118.2 (C-7), 

78.1 (C-4’), 34.8 (C-5’), 14.8 (SMe). FT-IR (ATR) vmax (cm-1): 1727 (C=O). MS (ESI+): m/z 

Calculated for C12H11N2O2S2 [M+H]+ 310.99, found 311.0. UV (H2O) λmax = 346 nm. 

Fluorescence (H2O) λex = 346 nm, λem = 500 nm. 



129 

 

6-(methylsulfinyl)benzo[d]thiazole-2-carbonitrile (21)6  

 

Method A: A solution of 19 (494.9 mg, 2.40 mmol) in 1:5 DCM:MeOH (3.5 mL) was cooled 

to  0 °C followed by the dropwise addition of a solution of NaIO4 (515.7 mg, 2.41 mmol) in 

water (0.5 mL).2 The reaction mixture was allowed to reach room temperature and allowed to 

stir for 12 h. Solvent was removed under reduced pressure. Water was added and the mixture 

was extracted twice with ethyl acetate. The organic layer was dried over anhydrous Na2SO4, 

filtered through celite and solvent removed under reduced pressure. The title compound was 

purified via column chromatography on silica gel (50% ethyl acetate/hexane) to afford 21 as 

an off-white solid (265.4 mg, 49.7 %). 

Method B: To a solution of 6-(methylthio)benzo[d]thiazole-2-carbonitrile 19 (102.8 mg, 0.498 

mmol) in DCM (4 mL) was added m-CPBA (84.4 mg, 0.491 mmol).6 The resulting opaque 

solution was left to stir overnight. The solution was then diluted with ethyl acetate (20 mL) and 

washed with a saturated solution of sodium bicarbonate (2 x 10 mL). The organic layer was 

dried over Na2SO4, filtered through celite and solvent removed under reduced pressure. The 

title compound 21 was isolated from this yellow residue by column chromatography on silica 

gel (50% ethyl acetate/hexanes) as an off-white solid (83.4 mg, 75%). Rf = 0.19 (40% ethyl 

acetate/hexanes). 1H NMR (400 MHz, CDCl3) 𝛿 (ppm) 8.44 (d, J = 1.4 Hz, 1H, H-7), 8.35 (d, 

J = 8.5 Hz, 1H, H-4), 7.75 (dd, J = 8.5, 1.6 Hz, 1H, H-5), 2.82 (s, 3H, S(=O)Me). 13C NMR 

(100.6 MHz, CDCl3) δ (ppm): 153.7 (C-6), 147.1 (C-2), 139.0 (C-3a), 136.4 (C-7a), 126.2 (C-

4), 122.9 (C-5), 118.0 (C-7), 112.6 (C≡N), 44.3 (S(=O)Me). FT-IR (ATR) 𝜈max (cm-1): 2228 

(nitrile, -CN), 1056 (sulfoxide, -S=O). MS (ESI+): m/z Calculated for C9H7N2OS2 [M+H]+ 

222.99, found 223.0. UV (ethanol) λmax = 299 nm.  
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(S)-2-(6-((S)-methylsulfinyl)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid 

(22)6

D-cysteine hydrochloride monohydrate (14.0 mg, 0.0797 mmol) and 21 (17.5 mg, 0.0787

mmol) were suspended in in 2:1 MeOH:H2O (3 mL). K2CO3 (11.4 mg, 0.0825 mmol) was 

added and the solution was allowed to stir under nitrogen for 30 min. Methanol was removed 

under reduced pressure and the remaining solution was acidified to pH 4 using 1 M HCl. The 

solution was then washed with water and the product extracted with ethyl acetate. The organic 

layer was dried over anhydrous Na2SO4, filtered through celite and solvent removed under 

reduced pressure to afford 22 as a white solid (12.8 mg, 49.8%). Rf = 0.01 (40% diethyl ether 

/ petroleum ether).  1H NMR (400 MHz, 1:1 CDCl3: CD3OD): δ (ppm) 8.04 (s, 1H, H-7), 7.92 

(d, J = 8.5 Hz, 1H, H-4), 7.43 (dd, J = 8.5 Hz, 1H, H-5) 5.08 (t, J = 9.6 Hz, 1H, H-4’), 3.47 

(dd, J = 9.6, 4.3 Hz, 2H, H-5’a), 3.03  2.95 (m, 1H, 5-5’b), 2.52 (s, 3H, S(=O)Me). 13C NMR 

(100.6 MHz, 1:1 CDCl3: CD3OD) δ (ppm): 171.3 (COOH), 165.8 (C-2’), 163.1 (C-2), 154.3 

(C-3a), 143.3 (C-6), 136.5 (C-7a), 124.8 (C-4), 121.4 (C-5), 117.9 (C-7), 77.9 (C-4’), 42.8 (C-

5’), 34.7 (S(=O)Me). FT-IR (ATR) vmax (cm-1): 1727 (C=O). MS (ESI+): m/z Calculated for 

C12H11N2O3S2 [M+H] 326.99, found 327.0. UV (H2O) λmax = 308 nm. 

7.2 General assay procedures 

UV-vis Experiments (absorption spectra) 

Absorption spectra for 6-(methylthio)benzo[d]thiazole and its derivatives were recorded with 

a Varian Cary 60 UV-Vis spectrophotometer, instrument version 2.00, using 1cm path length 

quartz cell cuvettes. Benzothiazole samples were prepared as a 0.1 mM ethanol solution and 

luciferin samples were prepared as a 0.1 mM H2O solution unless otherwise stated. These 

samples were scanned from 200 nm to 800 nm. Data were analysed using Origin Software.  

Fluorescence Spectrophotometry (excitation emission spectra) 

Excitation and emission spectra were recorded on a TECAN infinite M200 fluorometer using 

a NanoQuant plate. Emission spectra were recorded at an excitation wavelength corresponding 
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to previously recorded absorption maxima. The compound 6-(methylthio)benzo[d]thiazole and 

its luciferin derivative were prepared as  0.01 mM ethanol and H2O solutions respectively while 

6-(methylsulfinyl)benzo[d]thiazole and its luciferin derivative were prepared as 0.1 mM 

ethanol and H2O solutions respectively. These solutions were scanned from 280 nm to 850 nm 

(Ex. Slit/ Em. Slit 5 nm). Number of flashes = 25. Data were analysed using Origin Software. 

Cell culture 

HeLa (HPV 18-positive cervical cancer) cell lines were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Gibco, Life Technologies/Thermo Fisher Scientific, USA) and the 

CaSki (HPV 16-positive cervical cancer) cell line was cultured in Roswell Park Memorial 

Institute medium (RPMI, Gibco, Life Technologies/Thermo Fisher Scientific, USA), with both 

media supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, USA), 100 

U/ml penicillin and 100 μg/ml streptomycin (Gibco, USA). All cells were maintained in an 

incubator at 37 °C containing 5% carbon dioxide. Medium was replaced every 2 to 3 days and 

cells were routinely subjected to mycoplasma tests. Only mycoplasma free cells were used in 

experiments. Cell lines were purchased from the American Type Culture Collection (ATCC) 

and authenticated using short tandem repeat fingerprinting by Inqaba Biotechnical Industries 

(Pty) (Pretoria, South Africa). 

Cell treatments  

Making stock solutions  

Compounds were prepared in 100% DMSO (Sigma Aldrich, Missouri, USA) to give a stock 

solution of 5 mM, using the following formula:  

𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿) =
(

𝑀𝑎𝑠𝑠 (𝑔)
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔. 𝑚𝑜𝑙−1) 

)

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (10 x 10−3 𝑀)
 

The stock solutions were stored at -20oC and the stock solutions were subsequently diluted 

with working cell culture media to the desired final concentration and a vehicle control of the 

same DMSO concentration was also prepared.  
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-trazolium 

bromide (MTT) assay which is based on the ability of metabolically active cells to metabolise 

the yellow tetrazolium salt, MTT, to purple formazan crystals by mitochondrial succinate 

dehydrogenase. An MTT kit (Roche, Switzerland) was used according to the manufacturer’s 

instructions or MTT (M2128, Sigma Aldrich, Missouri, USA) and solubilising reagents were 

made up in the lab. Cells were seeded in 96-well plates and treated the next day at a confluency 

of 60%. Cells were treated with 10μM or 100μM of drug and 10μM or 100μM vehicle (DMSO). 

After treatment for 48 hours, images were taken using an EVOS M5000 Imaging System 

microscope (Thermo Fisher Scientific, USA). 48 hours later, 10μl of MTT reagent was added 

to each well and left to incubate for 4h followed by overnight incubation with 100μl 

solubilising reagent after which absorbance was measured at 585nm using a spectrophotometer 

(RT-2100C Microplate Reader, China). Wells with medium and drug only (no cells) were used 

as a blank. Mean cell viability for each treatment condition was calculated as a percentage of 

the mean vehicle control. At least three independent experiments in quadruplicate were 

performed. 

Immunofluorescence 

Cells were plated on glass coverslips and post treatment they were fixed with ice-cold 100% 

methanol at -20°C for 5min followed by 1XPBS washes and blocking and permeabilization 

with 0.2% Triton-X-100 (Sigma Aldrich, USA) and 5% BSA in 1XPBS for 30min at RT. Cells 

were imaged with an LSM 510, 710 or 880 confocal microscopes (Zeiss, Germany) using a 

Plan-Apochromat 63x/1.40 Oil DIC objective. In most cases, multiple z layers were acquired 

with 1μm step width, images were processed using ZEN 2012 imaging software (Zeiss, 

Germany) and maximum intensity projections were generated. 
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