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Abstract 
Firefly luciferin, also known as D-luciferin, is a naturally occurring bioluminescent compound, 

found in various insects. This small molecule and its synthetic analogues have been used for 

bioluminescent imaging (BLI). This thesis presents the synthesis of novel D-luciferin analogues 

that incorporate an amine functional group, to explore the development of red-shifted and 

brighter analogues. The opening chapter of this thesis discusses the history of 

bioluminescence and its studies. There is then a greater focus on the history of D-luciferin and 

luciferase enzyme, as well as the effect various changes to either of the two components has 

on the bioluminescence. A review of synthetic analogues of D-luciferin, previously reported 

in the literature, including their bioluminescent properties is presented. The introduction 

ends with a discussion of the current challenges in the field of bioluminescent reporters and 

the aim of this project to explore novel amine-based analogues to explore improved emission 

wavelength and brightness of existing analogues. The second chapter discusses the synthesis 

of novel amine infra-luciferin analogues. This chapter presents a convergent synthesis of 

amine infra-luciferin analogues. The third chapter details the synthesis of a C-4 substituted 

amine D-luciferin analogue. A variety of attempted methods to construct the benzothiazole 

moiety are discussed. The fourth chapter summarises the results and suggests future work 

for both the amine infra-luciferins and the C-4 substituted amine luciferin, as well as outlines 

of potential future work. The final chapter presents experimental procedures and analytical 

data. The thesis is fully referenced to the primary literature. 
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Impact Statement 
Bioluminescence imaging (BLI) is a non-invasive technique, allowing to monitor and study 

biological activity in cells and living organisms. A wide range of emission wavelengths, from 

visible light to near infra-red (nIR), are accessible with D-luciferin and its synthetic analogues 

as well as the variety of luciferase enzyme mutants. The nIR imaging market is expected to 

grow from USD 800 million in 2021 to USD 1.6 billion by 2026 at a compound annual growth 

rate of 14.0%. Hence, the results detailed in this thesis are important to both academic and 

industrial areas. This study explored the synthesis of novel nIR luciferins to broaden the 

understanding of the natural limitation between emission wavelength and quantum yield as 

well as the potential scope of non-invasive imaging. The new probes will potentially give 

medical and biological researchers access to new bioluminescent tools, allowing to better 

understand microscopic behaviour non-invasively and in real time. Moreover, the new 

convergent synthesis method of amine infra-luciferin analogues will allow future researchers 

to access a broad range of novel bioluminescent compounds.  
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1 Introduction 

1.1 Bioluminescence 

Bioluminescence is defined as production and emission of light by a living organism as a 

result of a chemical reaction. The ability to emit light has been observer in over 10000 

different species across 800 genera, although the real number of light-emitting organisms 

could be much larger.1 While the first written documented observation of this 

phenomenon date back about 3000 years to Shijing, known as the “Book of Odes”, 

humans have experienced it for much longer. Due to the difficulty and laboriousness of 

early methods of writing, such as clay tables, most evidence of observation of 

bioluminescence from the olden days come in the form of folk tales. From the will-o’-the-

wisp found in English folklore to the Finnish Firefox, said to have a tail twinkling with fire, 

to the Japanese kitsunes and Chinese “night travellers”, many different cultures have 

mentions of various mythological entities that are connected in some way to 

bioluminescence. On the American continent, the Mayans have attributed fireflies with 

spiritual and symbolic meaning. Several Mayan deities were represented as fireflies or had 

strong connections to them.2 However, various folktales merely tried to fit this 

phenomenon into the pre-existing worldview, without trying to understand it. 

The first scientific accounts of bioluminescence originated from Ancient Greece, which is 

widely thought of as the birthplace of scientific thought. The first detailed observations of 

marine bioluminescence were written by Aristotle (384 – 322 BCE), who observed light 

that, unlike the light from a candle, was not producing heat. His reports include 

descriptions of bioluminescence in dead fish and flesh, which were later connected to the 

bioluminescent bacteria infection, and the emission of light on the sea surface when it 

was disturbed by striking it with a rod, most likely originating from dinoflagellates. The 

first specific and complete record of bioluminescent species before the age of 

Renaissance, can be found in Naturalis Historia, written by roman naturalist and natural 

philosopher, Pliny the Elder (23 – 79 CE).  His work gives detailed descriptions of several 

species, including fireflies, glow-worms, jellyfish, molluscs, glowing wood and luminescent 

mushrooms. This account even included mentions of luminous birds, supposedly seen in 

the Black Forest in Germany, however even Pliny himself dismissed them as simple 

rumours. 
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The next noticeable written account of bioluminescence did not appear until the 16th 

century. De Lunariis, written by Conrad Gestner (1516 – 1565), is recognised as the first 

book, devoted to luminescence. While this book collected a significant number of 

observations of bioluminescence, it did not attempt to explain the nature of this 

phenomenon. However, with the science revolution of the 17th century and the 

recognition of the importance of experimental method, more works aiming at 

understanding the nature of bioluminescence followed. Robert Boyle (1627 – 1691) was 

one of the leading academics of the 17th century, one of the founders of the Royal Society 

and is now known as “the father of modern chemistry”. While he is best known for his 

works on gases and the discovery of Boyle’s Law, he did show strong interest in a variety 

of physical and chemical problem, including luminescence. He has published several 

papers on the subject, among which is a work comparing bioluminescent “shining wood” 

with coal. In this work, Boyle studied both samples using a vacuum chamber. While both 

require air for light emission, he also observed that shining wood would emit light for 

longer periods after being subjected to vacuum and would start emitting light again after 

air supply had been restored.3 He would later continue studying this “relationship 

between light and air” in his further works.4 This was a key discovery, which lead to our 

modern understanding of co-factors in bioluminescence and the requirement of oxygen 

in several bioluminescent reactions. 

During his travels onboard H.M.S Beagle, Charles Darwin (1809 – 1882) recorded several 

occurrences of marine and insect bioluminescence (which he at the time referred to as 

“phosphorescence”). He was puzzled by the evolutionary role of luminescent organs and 

wondered, why certain species were bioluminescent, while others, even closely related 

ones, were not. To him, the distribution of luminous species within a genus seemed 

random.5 The proper explanation was only formulated after the discovery of the chemical 

nature of bioluminescence by Raphael Dubois (1849 – 1929), a French pharmacologist. In 

his experiment, Dubois used a paste made from a luminescent material from a clam, which 

would emit light when placed in water. The paste would then be separated into two parts, 

one of which was heated to near boiling and the light emission stopped. The re-cooled 

heated sample would only start giving off light again when re-combined with the cold-

water extract, after the latter stopped emitting light. Dubois thus concluded that this 



3 
 

process was chemical in nature and required two components: the heat-stable organic 

molecule, dubbed “luciferin” and another, which decomposed when exposed to heat. 

With the discovery of enzyme around that time, he proposed that the cold-water extract 

could be one, and dubbed it luciferase”.6 Nowadays, luciferin and luciferase are general 

terms, used to describe enzymes and organic molecules that partake in chemical and 

biochemical reactions, resulting in bioluminescence. 

With the scientific development throughout the 20th and 21st century, bioluminescence 

and its evolutionary role became better understood. There are a number of possible 

explanations for the evolutionary benefits of bioluminescence – from neutralisation of 

atmospheric oxygen by the prehistoric bacteria to mating rituals, hunting, warding off 

predators and as a mean of communication.2 6 It is worth noting, that there is no single 

common ancestor of the bioluminescent species, suggesting that the biochemical 

processes were evolving independently in different organisms.  

Today many different luciferins from various species are known (Figure 1). Numerous 

bioluminescent insects emit yellow-green light and share the same bioluminescent 

molecule – D-luciferin (1).1 The bioluminescence in dinoflagellate and krill is caused by a 

tetrapyrrole-based luciferin systems (2), and is activated by mechanical or electronic 

stimuli, suggesting that it is used primarily as a defence mechanism.7 Another marine 

luciferin, coelenterazine (3), can be found in various aquatic organisms, and was first 

isolated from Renilla coral.8 Several species of fungi share 3-hydroxy hispidin (4), with 

some evidence suggesting that all fungi share one bioluminescent system.9 Bacterial 

luciferin (5), has a wide natural range of peak emission wavelengths, depending on 

biological and environmental factors, affecting the bacterial culture.10 Cypridina luciferin 

(6), another marine luciferin, named after Cypridina hilgendorfii, is found in over 300 

species of cypridinid ostracods.11 Latia luciferin (7), found in freshwater snails, requires 

purple protein as a co-factor.12 Diplocardia luciferin (8), found in earthworms, is used in 

peroxide and peroxide-producing reactions analysis.13 Another earthworm luciferin, 

Fridericia luciferin (9), was found in a Siberian earthworm species, discovered in 2004.14 

The structure of the most recently identified luciferins, Odontosyllis luciferin (10), found 

in fireworm Odontosyllis, was reported in 2019.15 
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Figure 1 – Various naturally occurring luciferins 

1.2 Firefly Bioluminescence 

The bioluminescence in insects is one of the most well-studied. While there is a variety of 

luciferins present in different arthropods, the majority of bioluminescent insects are 

found in the Coleoptera order, commonly known as beetle – this includes fireflies, railroad 

worms and click beetles.16 Fireflies use bioluminescence as a mean of communication and 

in mating rituals. 17 
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The mechanism of firefly bioluminescence has been studied extensively throughout the 

20th century. One of the first key discoveries was made in 1947 by William McElroy, who 

found that ATP was the required cofactor for D-luciferin bioluminescence. He also 

described a linear relationship between ATP concentration and duration of light emission, 

suggesting that ATP was the limiting factor. This was achieved by grinding the lanterns of 

50 fireflies with sand and cold water, then centrifuging the resulting mixture and treating 

the resulting supernatant with known amounts of ATP and water to achieve equivalent 

volumes of each sample. The resulting graph showed that the duration of light emission 

in minutes was directly proportional to the amount of ATP in micrograms.18 

In the following years, McElroy managed to develop methods for isolation and purification 

of luciferin from firefly lanterns.19,20 Later on, he isolated the luciferase (Luc) enzyme from 

the Photinus pyralis species.21 However, due to the technological limitations of the time, 

the crystal structure of the enzyme was not determined until 1996 (Figure 2).22 Conti et 

al. described Photinus pyralis luciferase as 62 kDa oxygenase that folds into two distinctive 

domains. The larger N-terminal domain is divided into two N-terminal β-sheet 

subdomains (β-sheet A shown in blue and β-sheet B shown in purple) and one N-terminal 

β-barrel subdomain (green) and contains 436 amino acids. The C-terminal domain (yellow) 

is composed of 110 amino acids and is separated from the N-terminal domain by a large 

cleft. The two domains are connected by a linker peptide. Firefly luciferase shares certain 

similarities with acyl-CoA ligases and peptide synthetases, the former being the most 

closely related in terms of primary amino acid sequence and secondary and tertiary 

structures. All the invariant residue in this superfamily of enzymes are located on the 

surface of the two domains, but are not in close enough proximity to interact with the 

substrate simultaneously.22 This suggests that the enzyme exists in two conformations: an 

open one in the absence of substrate and a closed one in the presence of substrate. 
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Figure 2 – Crystal structure of firefly luciferin22 

Many other firefly luciferases (Fluc) are known. Some are naturally occurring and come 

from different firefly species, such as the aforementioned North American Photinus 

pyralis luciferase (Luc), Japanese Luciola lateralis (Lat) and Italian Luciola Italica (Lit). 

Others are engineered using gene manipulation techniques. One example is a tricolour 

reporter assay of stable luciferase green (SLGTM), stable luciferase orange (SLOTM) and 

stable luciferase red (SLRTM), used to simultaneously monitor the expression of three 

genes  during in-vitro studies.23 

While luciferase structure varies from one firefly species to another, the luciferin is the 

same among the entire family. McElroy and Bitler were the first ones to isolate crystalline 

luciferin and describe some of the molecules’ properties. Despite isolating only 9 mg of 

material from 15000 fireflies and the instability of the molecule under several conditions, 

they managed to correctly determine several structural properties of luciferin. Those 

included the presence of a carboxylic acid and a phenol group, as evident by infra-red 

spectroscopy, and the empirical formula.20 The structure of firefly luciferin was first 

identified and published by McElroy and White in 1961. Due to the lack of readily available 

NMR spectroscopy at the time, the structure was determined analysing the results of spot 

tests, preliminary microanalysis, and colour tests. Among them, a series of reactions, such 

as hydrolysis, oxidation and desulfurization, with the spectroscopic analysis of the 
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degradation products and their comparison to the spectral data of known structures, is 

the most fascinating.24 Based on the identified structure, the first synthesis of firefly 

luciferin was developed and published in the same paper. The molecule had one 

stereogenic centre – at the C4 carbon of the thiazoline. Both the D and L enantiomers were 

prepared, but only the D enantiomer was enzymatically active. Thus, the molecule was 

appropriately dubbed D-luciferin (1, LH2, Figure 3). 

 

Figure 3 – D-lucferin 

1.2.1 Biochemistry of the luciferin-luciferase interaction 

With the discovery of the structure of D-luciferin, greater interest was expressed towards 

the studies of the mechanism of bioluminescence. White et al. first determined that the 

first step in the reaction of bioluminescence was the formation of luciferyl-adenylate (LH2-

AMP, 11), catalysed by the luciferase enzyme (Scheme 1).25 Further studies elucidated the 

additional need for a metal cation cofactor, such as Fe2+. Mg2+ and Ca2+, for most luciferin-

luciferase reactions. The reaction of light emission can be described as an enzyme-

catalysed oxidation of luciferin in the presence of oxygen and metal ion co-factors. 26  

 

Scheme 1 – Enzymatic adenylation of D-luciferin  

White also conducted the chemiluminescence studies of D-luciferin by treating the 

molecule and some of its analogues with potassium t-butoxide in dimethyl sulfoxide. 

Based on the results of those studies, he proposed that the second step involved the 

deprotonation at the C4 carbon to form an enolate 11. The anion would then react with 

oxygen to form a peroxyanion 12 that would rapidly displace AMP and convert into a high 

energy dioxetanone species 13. As the dioxetanone 13 collapses, it forms oxyluciferin 15 
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in an excited state. Upon relaxation to the ground state, oxyluciferin emits a photon of 

light (Scheme 2).27 

 

Scheme 2 – Mechanism of reaction of firefly luciferin-luciferase system 

The main problem with Whites’ proposed mechanism was the formation of the peroxide 

species from 1O2 oxygen in a spin-forbidden process. In 2015, Branchini conducted a series 

of physical-organic experiments using mutant luciferase enzyme and based on the 

spectroscopic evidence, proposed a single electron transfer (SET) mechanism. Unlike 

White’s original mechanism, it did not involve any electron spin changes (Scheme 3).28 

 

Scheme 3 – Mechanism of dioxetanone species formation 

Currently, there are two proposed mechanisms for the collapse of the dioxetanone 

species. The first one is a stepwise chemically-initiated electron exchange luminescence 
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(CIEEL).29 It postulates that an electron-rich dioxenatone anion 16 undergoes 

intramolecular electron transfer (eT) to donate electron density into the (O-O) σ* orbital 

to form a radical ion pair. The resulting species 17 then undergoes back-electron transfer 

(back eT) and decarboxylation to form the excited phenolate oxyluciferin 18 (Scheme 4). 

 

Scheme 4 – CIEEL mechanism of oxyluciferin formation 

The second proposed mechanism is known as charge transfer induced luminescence 

(CTIL).30 It is a concerted mechanism that does not involve any radical species (Scheme 

5) 

 

Scheme 5 – CTIL mechanism of oxyluciferin formation 

It is worth noting that D-LH2-AMP 11 can also undergo an oxidation producing dehydro-

luciferyl-adenylate 19 and hydrogen peroxide without light emission (Scheme 6).31 This 

dehydro-luciferin is a known luciferase inhibitor, that noticeably decreases the quantum 

yield of bioluminescence. 
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Scheme 6 – Dehydro-lucyferil-adenylate formation 

1.2.2 Emission colour modulation 

While all beetles share the same luciferin, the colour of emission ranges from yellow-

green to red (530 – 635 nm), across different species. This variation arises from different 

micro-environments in the active pockets of various luciferases, different temperatures, 

pH values and the presence of different metal ions, such as Hg2+, Cd2+ and Zn2+.32 

The confirmation that the wavelength of emission is dependent on the structure of an 

enzyme comes from Wood et al. Using reverse transcription from mRNA from Pyrophorus 

plagiophthalamus click beetle, they produced 4 different clone luciferases. The amino-

acid sequences of the clones were 95 – 99% identical. However, when the clone DNAs 

were expressed in Escherichia coli, four distinct bioluminescence emissions were 

observed: green (λ = 546 nm), yellow-green (λ = 560 nm), yellow (λ = 578 nm) and orange 

(λ =593 nm) (Figure 4).33 Since even one mutation can alter the pH and hydrophobicity of 

the active site, it was proposed that the change of wavelength of emission is linked to the 

structural changes in luciferase. 
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Figure 4 – Clone DNA’s expression in E. coli33 

Another factor affecting the change of colour of emission was the binding confirmation of 

D-luciferyl adenylate in the active site. It was proposed that the additional π-π conjugation 

between benzothiazole and thiazoline rings in a planar conformation would result in a 

higher-energy emission. More red-shifted emission would therefore come from a 

confirmation with a 90° angle between the cyclic systems. However, X-ray studies of 

dehydro-luciferin analogue have shown that the molecule rests in a near-planar 

confirmation with a 7° angle between the two rings in both wild-type and red mutant 

luciferases. 34  

White had observed that the light of emission of bioluminescence changes with pH. A 

possible explanation for the varying colour of emission was linked to the protonation state 

and structure of the excited oxyluciferin. There are a total of six different tautomeric and 

anionic structures that oxyluciferin can adopt (15, 18, 20-23 ) at different pH value (Figure 

5).35  
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Figure 5 – Six possible ionic forms of oxyluciferin 

White suggested that oxyluciferin exists in the active site as an enolate, due to the 

presence of enolisable hydrogens at the C-5 position. The initial hypothesis suggested that 

the phenolate-keto form 18 was responsible for red light (635 nm), while enolates 22 and 

23  were more blue-shifted (560 nm and 590 nm respectively).36 This was based on data 

from fluorescence and chemiluminescence experiments and was later tested in a variety 

of solvents and against all 6 possible oxyluciferin structures. 35 However, Branchini’s 

research had shown that the resonance form wasn’t the main factor determining the 

colour of light emission. He had shown that a 5,5-dimethyl oxyluciferin (24), a molecule 

locked in the keto form, can emit both red and green light with different enzymes (Figure 

6).37 

 

Figure 6 – 5,5-dimethyl oxyluciferin 

Current consensus postulates that there is no primary controlling factor that garners the 

colour of emission. The environment of the active site can stabilise either of the possible 

oxyluciferin form and determines the wavelength of emitted light. 
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1.2.3 Kinetics of light emission 

When luciferin, Mg2+.ATP and luciferase are mixed at 25 C° and the concentrations of D-

LH2 and Mg2+.ATP are in the μM range, a strong initial burst of light emission can be 

observed after 0.25 ms. The light output peaks at 300 ms, followed by rapid decay and 

slow sustained light emission. This behaviour is known as “burst kinetics”.38 

The light emission decay is thought to be due to either a rapid consumption of luciferin 

and ATP when their concentrations are low compared to the concentration of the enzyme 

or the inactivation (inhibition) of the enzyme itself. Both oxidation products oxyluciferin 

15 and dehydro-luciferyl-adenylate 19 act as inhibitors. Oxyluciferin 15 is a competitive 

luciferase inhibitor (Ki = 0.50 ± 0.03 μM). Dehydro-luciferyl-adenylate 19 is a much more 

potent tighter-binding competitive inhibitor (Ki = 3.8 ± 0.7 nM), despite only accounting 

for 16% of oxidised product. 39 

 

Figure 7 – Naturally occurring luciferase inhibitors 

 Further studies of potential luciferase inhibitors have determined that dehydroluciferin 

25 and L-luciferin 26 act as a tight-binding uncompetitive inhibitor and mixed-type 

inhibitor respectively (25 Ki = 4.90 ± 0.09 nM, 26 Ki = 0.68 ± 0.14 μM and αKi = 0.34 ± 0.16 

μM). Additionally, it was found that the potency of dehydro-luciferyl-adenylate 19 can be 

decreased by using a coenzyme to form dehydro-luciferyl-CoA (Ki = 0.88 ± 0.03 μM).40 



14 
 

 

Figure 8 – Other naturally occurring luciferase inhibitors 

1.3 Applications of bioluminescence in imaging 

The first paper, suggesting that bioluminescence could have analytical applications, was 

published by McElroy in 1982.41 Firefly luciferase cDNA was first cloned and expressed on 

Escherichia coli bacteria in 1985.42 Ten years later, Contag et al. showed that 

bioluminescent Salmonella bacteria could be used to monitor cells in-vivo by utilising an 

ultrasensitive charge-coupling device (CCD) camera.43 Based on that discovery, many 

applications of bioluminescence were invented: from gene and protein-protein 

interaction assays to  ATP monitoring in works of art to estimate the bacterial growth.44 

One such application was a novel technique dubbed bioluminescence imaging (BLI).  

Bioluminescence imaging is a powerful tool, that allows the monitoring of viruses, 

bacteria, parasites, tumour cells and metabolites including reactive oxygen species in-

vivo.45,46 Over the years, several different luciferin-luciferase pairs were adopted for the 

use in BLI, including Fluc.47 The Fluc and D-luciferin pair are considered preferred reporters 

for BLI in-vivo studies in preclinical cancer research due to the relative stability of the 

molecule in the body, low toxicity and largest proportion of red light, compared to other 

luciferin-luciferase systems.48 Mouse cells are tagged with genes both for disease or 

tumour cells and luciferase expression. These cells can then be used for in-vitro assays as 

well as in-vivo imaging, when injected back into the mouse. As luciferin is introduced into 

the organism, it will emit light with intensity, proportional to the amount of luciferase 

generated, which is in turn proportional to the number of disease/tumour cells (Figure 9). 
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Figure 9 – In-vitro and in-vivo bioluminescence imaging48 

Bioluminescence imaging shares a few traits with an established fluorescence imaging 

technique. Both involve protein expression in cells and create probes that can be used as 

luminescent probes that can be tagged on the molecule of interest.49 However, unlike 

bioluminescent assays, fluorescent proteins or smaller dye molecules require an external 

light source for excitation. Fluorescent probes also suffer from photobleaching. Due to the 

presence of naturally occurring chromophores, such as haemoglobin, issues with selective 

excitation of desired fluorophores, increased background emission and phototoxicity 

arise. Light scattering due to external radiation and issues with selective capturing of the 

light signal from the desired chromophore among the background noise led to poor 

bioimaging resolution. Unlike fluorescent probes, BLI does not require an external 

radiation source. Therefore, bioluminescent probes have a much higher signal to noise 

ratio and much lower phototoxicity. 

However, despite the advantages over conventional fluorescence imaging techniques, BLI 

techniques using D-luciferin have a range of limitations. Although D-luciferin is the most 

red-shifted naturally occurring luciferin, its emitted light (λmax = 558 nm) is still easily 

absorbed by haemoglobin and tissues. This makes D-luciferin-Luc pair poorly suited for 

deep-tissues imaging. There are two windows in the Near Infra-red (NIR) range that are 

better suited for deep tissue imaging in terms of tissues penetration: 650 – 900 nm and 

1000 – 1350 nm.50,51 As a result, development of more re-shifted BLI assays has been seen 

as a possible solution, especially since D-luciferin already exhibits some emission of light 

in the range of first nIR window (Figure 10).52 
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Figure 10 – Various wavelengths degree of penetration of living tissues52 

Radioactive studies, using radioiodine and 14C have also shown poor cellular uptake of D-

luciferin and heterogeneous biodistribution in rodents, both resulting from poor 

membrane permeability of the molecule.53,54 This also leads to low passage through the 

blood brain barrier (BBB), making it unsuitable in studies of brain tumours and diseases.55  

1.3.1 Firefly Luciferase Mutants 

One of the earlier approaches to modifying the colour of light emission from D-luciferin 

was the use of different luciferase enzymes. At the dawn of these studies, using naturally 

occurring red-emitting enzymes like click beetle luciferase (λmax = 613) and mealworm 

(λmax = 619) was common.33,56 As the field grew, more mutant enzymes were designed and 

produced. In addition to obtaining methods to create a variety of red-shifted enzymes 

with different peak wavelengths of emission, they helped rationalise mutagenesis design 

of novel luciferases.57–59 Additionally, some mutant enzymes showed greater thermal 

stability, tolerance to solvents and resistance to degradation (Table 1).60 
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Mutant Luciferases  Properties  

Q283R, S284G  λmax ≈ 605 nm in Escherichia coli.  

S293P  λmax ≈ 600 nm in Escherichia coli.  

λmax ≈ 560 nm at pH = 8.0  

λmax ≈ 610 nm at pH = 5.5  

F14R/ L35Q/ V182K/ I232K/ F465R  6 times more thermal stable than Luc at 43 

°C  

T214A/ I232A/ F295L/ E354K  2 times more thermal stable than Luc at 35 

°C  

T214A/ A215L/ I232A/ V241I/ G246A/ 

F250S/ F295L/ E354K  

λmax ≈ 546 nm, 40 times more thermal 

stable than Luc at 37 °C  

T214A/ A215L/ I232A/ S284T/ F295L/ 

E354K  

λmax ≈ 610 nm, 34 times more thermal 

stable than Luc at 37 °C  

I423L/ D436G/ L530R  At low ATP levels, 10 times more 

luminescence activity than Luc  

R337Q/ R337M  Good thermal stability and resistance to 

trypsin degradation  

S239T/ D357Y/ A532T  Stable in CHCl3, Surfactants, EtOH  

 

Table 1 – Mutant luciferase enzymes and their properties60 

However, none of the mutant were able to push the light-emission into the desired nIR 

window. This limitation is a result of inherent emission properties of oxyluciferin. In light 

of this, a new approach, which would often be complemented by the development of new 

enzyme mutants, was the design of nIR synthetic analogues of D-luciferin. 

1.4 Synthesis of D-luciferin and relevant analogues 

With the development of luciferase genetic editing technology to give improved and 

desired characteristics for bioluminescent expression, the synthesis of D-luciferin 

analogues was becoming a more popular branch of research in the field of BLI. While 

several studies have focused on the biosynthetic mechanism of D-luciferin formation, the 

chemical synthesis of D-luciferin was of utmost importance for it to be used as a tool in 

molecular imaging. A rapid and scalable synthesis of D-luciferin facilitates work on novel 

analogues. 

1.4.1 Biosynthesis of D-luciferin 

The first biosynthesis study of firefly luciferin was published in 1974.61 Okada and his co-

workers injected a 14C labelled 2-cyano-6-hydroxybenzothiazole 27 into the lantern of the 

Japanese firefly Luciola cruciate and managed to isolate the corresponding D-luciferin 28 

(Scheme 7). This result supported a theory that 2-cyano-6-hydroxybenzothiazole might be 

a precursor in the biosynthesis of D-luciferin. Moreover, recent studies suggest that 2-
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cyano-6-hydroxybenzothiazole can be condensed with cysteine under biocompatible 

conditions.62 However, 2-cyano-6-hydroxybenzothazole was never detected in fireflies 

directly. It is still unclear if 2-cyano-6-hydroxybenzothiazole is an intermediate in the 

biosynthesis of D-luciferin. 

 

Scheme 7 – Radiolabelling studies of luciferin biosynthesis 

Further deuterium and 13C radiolabelling studies suggested that one of the most probable 

biosynthetic precursors for D-luciferin were p-benzoquinone and cysteine. Benzoquinone 

can be obtained enzymatically from 1,4-hydroquinone 29. In 2013, a research group, led 

by Yuichi Oba, have determined one of the key steps in the biosynthesis of firefly 

luciferin.63 By injecting various 13C-labelled L-cysteines into the lanterns of fireflies, they 

concluded that decarboxylation was a key step. Specifically, injecting L-[1-13C]-cysteine 30 

only resulted in one radiolabelled luciferin 31 being isolated (Scheme 8 ). Interestingly, 

they also noticed that the isolated product was racemic. 

 

Scheme 8 – Radiolabelling studies of biosynthesis of luciferin in the lanterns of adult 

fireflies using 1,4-hydroquinone 29 and L-[1-13C]-cysteine 30 

 In 2016, Kanie et al. published the first one-pot non-enzymatic biosynthesis of firefly 

luciferin.64 Two years later, the same group conducted a follow-up study, where they 

managed to determine a key intermediate 34, first proposed by Oda, using D labelling 

(Scheme 9).65  
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Scheme 9 – Biosynthetic pathway of luciferin formation 

The compound 34 was chemically synthesised from benzoquinone 232 and L-cysteine 33. 

When it was reacted with L-cysteine in-vitro, it only gave the corresponding L-luciferin. 

This study has provided further evidence that decarboxylation was a key step in the 

benzothiazole ring formation in firefly luciferin. However, when injected into a firefly 

lantern, the isolated product was racemic, confirming the findings of Oba et al. At the 

time, the reasons for racemisation of luciferin in-vivo, as well as the stereochemistry-

determining steps in the biosynthesis, remained unclear.  

In 2020, a study of the evolution of biosynthesis and bioluminescence in fireflies 

determined and experimentally proved an enzymatic pathway of conversion of L-luciferin 

26 to D-luciferin 1.66 It concluded that L-luciferin 26 is converted to L-luciferyl CoA 36 by 

luciferase in presence of coenzyme A (CoASH) and magnesium ions. It then epimerises to 

form D-luciferyl CoA 37, which is converted to D-luciferin 1 by acyl-CoA thioesterase 

(ACOT) enzyme (Scheme 10). In-vitro experiments showed that L-luciferin was racemised 

in presence of luciferase, but when treated with a mixture of luciferase and ACOT, D-

luciferin was the major product. 
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Scheme 10 – Enzymatic racemisation pathway of L-luciferin 26 

1.4.2 Total synthesis of D-luciferin 

The first total synthesis of D-luciferin was published by White et al. in 1961.24 This route 

had a total of 9 steps and an overall yield of 9% (Scheme 11). At first, p-anisidine 38 was 

condensed with ethyl oxalate to produce amino oxyacetate 39 in 58% yield. Then 

oxyacetate 39 was reacted with phosphorus (V) sulphide to give thiooxyacetate 40, which 

was then saponified. The benzothiazole fused ring system was formed by oxidative 

cyclisation with alkaline K3FeCN6. The resulting carboxylic acid 41 was reacted with 

diazomethane to form the corresponding methyl ester 42 in 40% yield over 4 steps. 

Further condensation with anhydrous NH3 afforded amide 43 in 100% yield, which was 

then dehydrated using POCl3 to give nitrile 44 in 56% yield. Key intermediate 2-cyano-6-

hydroxybenzothiazole 45 was obtained in 62% yield by demethylation of 44 in molten 

pyridinium chloride. Finally, nitrile 45 was condensed with D-cysteine to give D-luciferin 1 

in 94% yield. Thiazoline ring formation via condensation of D-cysteine and an appropriate 

nitrile coupling agent has found wide-spread use as the final step in the synthesis of many 

D-luciferin analogues. 
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Scheme 11 – First chemical total synthesis of D-luciferin by White et al. 

While other synthetic routes to 2-cyano-6-hydroxybenzothiazole were published in the 

second half of 20th century, they were all poor yielding an contained a large number of 

steps.67,68  

A major advance in the field was made by Besson et al. in 2000. They have shown that 

Appel’s salt69 can be used for the rapid synthesis of benzothiazole derivatives (Scheme 

12).70 Condensing ο-bromo aromatic amine 46 with Appel’s salt 47 gave a stable 

intermediate 48 in 61% yield. Cyclisation was then achieved under CuI catalysis and 

microwave conditions to afford the corresponding  2-cyano benzothiazole ring 49 in 70% 

yield. 
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Scheme 12 – synthesis of benzothiazole core via Appel’s salt reaction 

In 2012 a scalable and high yielding synthesis of 2-cyano-6-methoxybenzothiazole 44 via 

C-H activation was published by McCutcheon et al. (Scheme 13).71 They reacted p-

anisidine 38 with Appel’s salt 47 to form dithiazole 50 in 99% yield, which upon treatment 

with DBU 51 gave thioamide 52 in 97% yield. Palladium and copper (I) catalysed cyclisation 

was used to form benzothiazole 44 in 87% yield. This method decreased the number of 

steps to 3 and increase the yield of 2-cyano-6-methoxybenzothiazole to 84%, compared 

to 6 steps and 13% yield in Whites’ original synthesis and did not require a bromide to 

facilitate the reaction. 

 

Scheme 13 – Synthesis of 2-cyano-6-methoxybenzothiazole using Appel’s salt by 

McCutcheon et al. 

In 2015, the same group demonstrated a one-pot synthesis, which only required 3 steps 

to make 2-cyano-6-hydroxybenzothiazole 45 (Scheme 14).72 It allows access to 

cyanobenzothiazole 45 on a 20 g scale with no intermediate purifications. Similar to 

previous reactions, p-anisidine 38 was condensed with Appel’s salt 47 to give 
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iminodithiazole 50. The solution of dithiazole 50 was then thermally cyclised and finally 

treated with Py.HCl to  cause denehtylation of the methyl ether in the same reaction pot 

to make 2-cyano-6-hydroxybenzothiazole 45 in 51% overall yield. Further condensation 

with D-cysteine awarded D-luciferin in 44% overall yield. 

 

Scheme 14 – Three step 2-cyano-6-hydroxybenzothiazole synthesis 

From 2-cyano-6-hydroxybenzothiazole 45, both D-luciferin free acid 1 and its potassium 

salt 53 could be accessed with high yields (Scheme 15). Treating the nitrile 45 with D-

cysteine hydrochloride and K2CO3 in MeOH: H2O (2:1) co-solvent system for 15 min, 

followed by acidification and extraction with EtOAc gave D-luciferin 1 in 86% yield. 

Alternatively, nitrile 45 could be condensed with D-cysteine hydrochloride in presence of 

K2CO3 in a less polar MeCN: H2O (4:1) co-solvent system for 20 min to precipitate D-

luciferin as its potassium salt 53. The potassium salt form has different bioactivity both in-

vitro and in-vivo, compare to free acid form.72 

 

Scheme 15 – Synthesis of both D-luciferin and its potassium salt from 2-cyano-6-

hydroxybenzothiazole 

Luciferin methyl esters can be used as substrates for chemiluminescence. They react in 

alkaline DMSO in oxygen-rich atmosphere and emit light in the absence of enzymes. 
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Additionally, they can be used for in-vivo imaging, as the ester group is hydrolysed by 

the organisms’ native esterases. Methyl ester of D-luciferin 54 can be obtained in 

quantitative yield by reacting the free acid 1 with TMS-diazomethane in MeOH: toluene 

(9:1) co-solvent system at room temperature (Scheme 16).73 

 

Scheme 16 – methylation of carboxylic acid of D-luciferin 

To further the understanding of the bioluminescence mechanism and study the rates of 

both adenylation and oxidation steps in bioluminescence reaction, luciferyl-adenylate 11 

has been chemically synthesised (Scheme 17).74 This was achieved by reacting D-luciferin 

1 with sodium adenylate in the presence of N,N’-dicyclohexylcarbodiimide (DCC) and 

pyridine. The molecule is highly susceptible to auto-oxidation and cannot be purified, so 

it is prepared and used in-situ. 

 

Scheme 17 – Chemical adenylation of D-luciferin 

1.4.3 Initial Structure-Activity Relationship (SAR) studies 

In addition to the first total synthesis of D-luciferin, White and co-workers also 

synthesised a range of luciferin analogues to study the structure-activity relationship of 

firefly luciferin. First key discovery was the importance of the stereo centre, as L-luciferin 

does not emit light and acts as an inhibitor. 75 After that, White and co-workers 

synthesised some key analogues 55-58 that shed light on the importance of certain 

functional groups (Figure 11).67 All the molecules were synthesised using a route, similar 

to that developed for D-luciferin total synthesis. None of the molecules 55-58 were 

bioluminescent. 
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Figure 11 – Early luciferin analogues made for SAR studies 

The next set of analogues 59-61 studied the role of phenols’ position on bioluminescence 

.76 None of the molecules gave light output when subjected to luciferase enzyme either. 

The only molecule synthesised as part of this early SAR study that did emit bioluminescent 

light was 4-hydroxyluciferin 62, however the original report only started that it emitted 

“red light” with no specification about the wavelength. 

 

Figure 12 – Phenol analogues of luciferin made for SAR studies 

This work first highlighted the importance of conjugation of the phenolate in the 6 

position in the excited-state oxyluciferin species for light emission (Scheme 18). 

 

Scheme 18 – Resonance forms of oxyluciferin anion 
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This work demonstrated that the design of novel luciferin analogues should be 

approached carefully and abide by certain rules: have an electron-donating group at the 

6 position, the carboxylic acid should have D stereochemistry at the thiazoline ring and no 

adjacent groups that sterically block the adenylation. 

1.4.4 Synthesis of amino-luciferin analogues 

The earliest work on synthetic luciferin analogues was published by White in 1966.77 It 

described the synthesis of a range of amino-luciferin analogues 65a-65c by treating the 

corresponding 2-chlorobenzothiazoles 63a-63c with cyanide salts (Either KCN or NaCN) in 

DMSO under strong heat. This SNAr reaction produced nitriles 64a-64c, which were then 

condensed with cysteine to give the target amino-luciferins (Scheme 19). 

 

Scheme 19 –First synthesis of amino analogues of D-luciferin 

Of all the analogues, originally synthesised by White, only the free amine analogue 65a 

was bioluminescent and interestingly gave red-shifted bioluminescence (λmax = 605 nm) 

compared to D-luciferin (λmax = 558 nm). Another notable difference was the 

independence of colour of emission of amino-luciferin with the change of pH. 

Two alternative methods to synthesise amino-luciferin were presented by McCutcheon et 

al.72 The first followed the general route, established by the same group in their D-luciferin 

synthesis (Scheme 20). Nitroaniline 66 was condensed with Appel’s salt and treated with 

sodium thiosulphate to give thioamide 67 which, upon Pd/Cu mediated cyclisation gave 

nitrile 68. The nitro group was reduced using Zn/NH4Cl to obtain 2-cyano-6-

aminobenzothiazole 69 that was cyclised with D-cysteine to afford amino-luciferin 70 as a 

potassium salt. 
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Scheme 20 – synthesis of primary amine analogue via Appel’s salt 

An alternative synthesis started with commercially available 6-nitrobenzothiazole 71 

(Scheme 21). Hydrazine was used to ring open 6-nitrobenzothiazole 71, then the resulting 

compound was condensed with Appel’s salt and cyclised under thermal conditions to yield 

2-nitrile-6-nitrobenzothiazole 68. The remaining steps are the same as described in 

Scheme 18. 

 

Scheme 21 – Alternative synthesis of 2-cyano-6-nitrobenzothiazole 

 There exists a variety of amino-luciferin analogues, both cyclic and acyclic. The simplest 

acyclic amino-luciferins can be accessed by reductive alkylation of the primary aniline.78,79 

The first procedure, proposed by Miller, started by nitration of 2-chlorobenzothiazole 73 

and reduction of the resulting nitro compound 74 to aniline 75. Using different 

equivalents of formaldehyde, both monomethylated 76a and dimethylated 76b aniline 

could be prepared by reductive alkylation. The nitriles 77a, 77b could then be prepared 

by SNAr with KCN and condensed with D-cysteine to make methyl-amino-luciferins 78a, 

78b (Scheme 22). There analogues produced emissions with wavelengths of 609 nm and 

623 nm respectively. 
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Scheme 22 – Synthesis of simplest secondary and tertiary amino analogues of D-luciferin 

A simple modification to access a range of substituted aminoluciferins included using 

cyclanones as coupling reagents (Scheme 23).79 By performing an alkyl substitution on 

amine 69 with an appropriate cyclanone, disubstituted amines 79a-c can be accessed. 

Cyclisation with D-cysteine would then produce the corresponding aminoluciferins 80a-c.  

 

Scheme 23 – Synthesis of amino analogues of D-luciferin using cyclanones 

An alternative way to access a range of amines, specifically tertiary amines, is via a 

Buchwald-Hartwing substitution (Scheme 24).80 Reacting 2-cyano-6-bromobenzothiazole 

81 with an appropriate coupling partner in the presence of a catalytic Pd species, xantphos 

and a base can yield a range of tertiary amines 82a-e, that can be condensed with cysteine 

to yield the corresponding aminoluciferins. 
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Scheme 24 – Synthesis of amino analogues intermediates of D-luciferin via Buchwald-

Hartwing substitution 

Another important subset of aminoluciferin analogues is the subset of fused cyclic 

systems. Major contribution to the synthesis of cyclic luciferins was reported by Miller, 

who has described synthetic routes towards various Cyclic luciferin (CycLuc) 

analogues.78,81 In 2010, the first two analogues (CycLuc1 and CycLuc2) were synthesised 

to test their hypothesis that the quantum yield of bioluminescence could be improved by 

restricting the degrees of freedom of the C-N bond at the 6’ position, as it would force the 

nitrogen lone pair to be planar and in conjugation with the rest of the aromatic system. 

The benzothiazole ring was assembled using previously reported reactions (Scheme 25). 

First, indoline 83 was protected with trifluoroacetamide. Then the nitro group on the 

resulting compound 84 was reduced to give amine 85. Oxidative ring closure followed by 

diazotisation and chloride displacement yielded the 2-chloro compound 87. After the 

deprotection of compound 87, precursor to CycLuc2 could be accessed from compound 

88a by reductive alkylation of the amine to yield methylated compound 88b. The synthetic 

routes converge after the reductive alkylation step, with an SNAr reaction followed by 

cysteine cyclisation to give CycLuc1 90a and CycLuc2 90b. Both molecules had increased 

light output, compared to their acyclic analogues, when using a mutant enzyme 

UltraGlow. The wavelengths of emission of cyclic analogues, however, were less red-

shifted than their acyclic counterparts (609 nm for 6’-MeNH-LH2 vs 599 nm for CycLuc1 

and 623 nm for 6’Me2N-LH2 vs. 607 nm for CycLuc2).78  
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Scheme 25 – Synthesis of CycLuc1 and CycLuc2 

The same paper attempted to form cyclic alkylaminoluciferins from precursor 75, however 

the formation of only one isomer, deemed undesirable by the authors due to its non-

linear conformation, was observed (Scheme 26). Unfortunately, the bioluminescence of 

compound 75 was not reported. While a number of other cyclic luciferins were made and 

identified by Miller (CycLuc3 through CycLuc12), the synthetic route followed the one 

established previously, but used different starting materials to yield different analogues.81 

An advantage of aminoluciferins was their versatility in modification of the molecule. 

Various substituents could be appended onto the amine to control the molecules 

properties, such as membrane permeability, without inhibiting bioluminescence.82 
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Scheme 26 – Synthesis of undesirable structural isomer of a cyclic amino luciferin 

analogue  

1.4.5 Substituted benzothiazole analogues 

An important type of luciferin analogues are ones with additional substituents on the 

benzothiazole core. Among the simplest substituents are various saturated and 

unsaturated hydrocarbons. One noteworthy modification is placing an alkyne on the 

benzothiazole to extend the conjugation.83 To do this, commercially available 2-bromo-4-

nitrophenol 94 was protected as its mesylate, followed by Sonogashira coupling with TMS-

acetylene to award compound 96. The nitro group was then reduced with iron in acetic 

acid and coupled with Appel’s salt. The resulting compound 98 was fragmented with resin-

linked triphenylphosphine and cyclised using palladium-copper catalysed C-H activation 

to yield the benzothiazole 100 (Scheme 27). Both the trimethylsilyl acetylene and mesyl 

ether were then deprotected and the resulting intermediate was condensed with D-

cysteine to yield luciferin analogue 101. The recorded wavelength of bioluminescent 

emission for the alkynyl luciferin was red-shifted (λmax = 610 nm). 83 
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Scheme 27 – Synthesis of alkyl luciferin analogue 

Another analogue, involving an additional hydrocarbon chain substituent, is 7’-AllylLuc 

93.73 It was synthesised by treating 2-cyano-6-hydroxybenzothiazole 45 with allyl bromide 

in an SN2 reaction. The resulting intermediate 102 was heated to give compound 103 via 

an aromatic Claisen Rearrangement. It was then cyclised with D-cysteine to yield 7’-

AllylLuc 104 (Scheme 28). While the peak of emission of bioluminescence for 7’-AllylLuc 

in wild-type enzyme was red-shifted (λmax = 605 nm), the quantum yield of emission was 

significantly lower, compared to the natural substrate.73 
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Scheme 28 – Synthesis of 7’-AllylLuc 

A different type of benzothiazole moiety substituent modification is halogenation. The 

initial studies of those analogues were conducted to make pH-insensitive luciferins. D-

luciferin emits red light at lower pH values, thus creating a molecule that has a more acidic 

phenol and comparable steric properties and observing its emission properties could be 

an important step in structure-activity studies.84,85 

A simple fluorinated analogue is 7F-LH2 106 with a fluoride at the C-7 position. 

Fluorination of benzothiazole 45 was achieved using MEC-13 electrophilic fluorinating 

agent (N,N’-difluoro-2,2’-bipyridinium bis(tetrafluoroborate)), followed by cyclisation of 

the resulting nitrile 105 with D-cysteine to yield 7F-LH2 95 (Scheme 29).84 

 

Scheme 29 – Synthesis of 7F-LH2 

Another fluorinated luciferin analogue is difluoroluciferin 110. It can be synthesised from 

commercially available difluoro aniline 107. First, difluoro aniline was treated with 

potassium thiocyanide and bromine to afford a corresponding aminobenzothiazole via 

oxidative cyclisation. It was then diazotised and substituted with bromine to afford 2-

bromobenzothiazole 108. The molecule was demethylated with BBr3 and the bromine 
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displaced with cyanide via an SNAr reaction to give 2-cyanobenzothiazole 109. The nitrile 

was cyclised with D-cysteine to afford the diflouroluciferin 110 (Scheme 30).85 

 

Scheme 30 – Synthesis of difluoroluciferin 

Both fluorinated analogues 106 and 110 had emission spectra and pH sensitivity of 

emission (with pH optimum at 7.5) similar to those of D-luicferin, but experienced reduced 

quantum yields. 

In 2017, a set of three bromoluciferin analogues were developed by Steinhardt et al. to 

investigate the steric effect of bulky halogens on the benzothiazole moiety.86 The 

synthesis of all three analogues followed the Appel’s salt route towards D-luciferin. First 

an appropriate aniline 111a-c was reacted with Appel’s salt and the resulting intermediate 

112a-c reduced with DBU and cyclised with catalytic palladium and copper to yield 2-

cyanobenzothiazoles 113a-c. Benzothiazole 113c was then brominated with NBS to afford 

brominated benzothiazole 113d. Dealkylation with BCl3 and condensation with D-cysteine 

gave the corresponding bromoluciferins 114a-c (Scheme 31). 
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Scheme 31 – Synthesis of bromoluciferins 

While all the analogues were slightly more red-shifted, they had reduced quantum yields 

of bioluminescence, with 114a being the dimmest and 114c being the brightest of the 

bromo analogues. 

An extension of the hydrocarbon and halogen substituted analogues are disubstituted 

luciferins, where two new substituents are placed at the C-4 and C-7 positions. Two 

disubstituted luciferins, 4’,7’-MeLuc and 4’-Br-7’-MeLuc were synthesised in 2021 by 

Prescher, who has previously reported the halogenated analogues.87 While both 

disubstituted luciferin analogues utilise Appel’s salt as a key reagent, the synthetic routes 

themselves are different. The analogue 4’,7’-MeLuc 120 was synthesised from 2,5-

dimethyl-4-nitrophenol 115, a commercially available starting material. The phenol was 

protected as an acetate and the nitro group was reduced with Pd/C to give aniline 117. It 

was then reacted with Appel’s salt and cyclised in sulfolane to yield 2-cyano-benzothiazole 

119, which upon condensation with D-cysteine and treatment with methanol yielded 

4’,7’-MeLuc 120 (Scheme 32). 
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Scheme 32 – Synthesis of 4’,7’-MeLuc 

The synthesis of 4’-Br-7’-MeLuc 126 started with another commercially available 

substance – 4-methoxy-3-methylaniline 121. the starting material was brominated with 

Benzyltrimethylamonium tribromide to yield dibrominated aniline 122. Reaction with 

Appel’s salt, reduction with sodium thiosulphate, and cyclisation with palladium-copper 

catalyst gave benzothiazole 124. After demethylation and condensation with D-cysteine, 

4’-Br-7’-MeLuc 126 was obtained (Scheme 33). While both compounds emitted light in 

the range similar to previously employed probes, they were dimmer compared to D-

luciferin and 4’-BrLuc 114a. Analogue 4’-Br-7’-MeLuc 126 was 10 times brighter than its 

dimethyl counterpart in-vitro. The two analogues, however, had similar light output in 

cultured cell assays, suggesting that  4’,7’-MeLuc 120 had better cell permeability.  
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Scheme 33 – Synthesis of 4’-Br-7’-MeLuc 

1.4.6 Replacing benzothiazole moiety 

Another way to modify luciferin is replacing the benzothiazole moiety with another 

appropriate aromatic heterocycle. Examples of possible heterocycles include 

benzimidazole, benzofuran, benzoxazole, benzothiophene, indole and fused 6-membered 

aromatic ring systems such as naphthalene and quinoline.71,88,89 Fused 5/6 membered ring 

luciferin analogues employ a variety of different reactions to arrive at the 2-cyano-6-

methoxy intermediates 129a-d (Scheme 34). Indole and benzimidazole analogues were 

made from commercially available substances with preformed heteroaromatic fused 

systems. For indole analogue 129a, 6-methoxy-indole-2-carboxylic acid 127 was treated 

with SOCl2, followed by NH4OH to form the corresponding amide. Dehydration with POCl3 

gave 2-cyano-6-methoxyindole 129a. The benzimidazole analogue 129b synthesis started 

with thiol 130, which was methylated and oxidised. The resulting 2-mesylbenzimidazole 

131 was substituted with cyanide to yield 2-cyano-6-methoxybenzimidazole 129b. The 

benzofuran 129c and benzothiophene 129d synthetic routes both started with 2-hydroxy-

4-methoxybenzaldehyde 132. Treatment of compound 132 with bromoacetonitrile and 

intramolecular condensation of the resulting compound 133 gave 2-cyano-6-

methoxybenzofyran 129c. Alternatively, compound 132 could be treated with 
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thiocarbamoyl chloride to produce Ο-aryl thiocarbamate 134. Upon heating in toluene 

compound 134 undergoes Newman-Kwart rearrangement to yield S-aryl thiocarbamate 

135. Hydrolysis of thiocarbamate 135, followed by alkylation with bromoacetonitrile gave 

2-cyano-6-methoxybenzothiophene 129d. 

 

Scheme 34 - Synthesis of various heterocyclic cyanomethoxy intermediates 

The 2-cyano-6-methoxy intermediates 129a-d were then demethylated and condensed 

with D-cysteine to yield corresponding luciferin analogues 138a-d. A different route was 

employed for the synthesis of benzoxazole analogue 138e. Reaction of 4-aminobenzene-

1,3-diol 136 with Appel’s salt and condensing the resulting benzoxazole 137e with D-

cysteine yielded the corresponding luciferin 138e in two steps, although the Appel’s salt 

reaction gave poor yield of only 12% (Scheme 35). Aside from indole luciferin, which 

produces no emission, all the 6/5 fused ring analogues bioluminesced, but suffered from 
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a much lower light output compared to natural substrate. Only imidazole luciferin 138b 

produced more red-shifted light than D-luciferin with Fluc enzyme. 

 

Scheme 35 – Synthesis of heterocyclic analogues of D-luciferin 

The first report of using naphthalene and quinoline structures in luciferin analogues date 

back to 1989.90 Demethylating starting material 139a-b and condensing the resulting 

products with D-cysteine gave the corresponding luciferin analogues 141a-b (Scheme 36). 

This luciferin analogue pair demonstrated the effect that substituting a single atom can 

have on the bioluminescence of the molecule. Naphthalene analogue 141a has a 

wavelength of emission of 524 nm, while quinoline analogue 141b emits light at a longer 

wavelength of 608 nm. 
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Scheme 36 – Synthesis of naphthalene and quinoline luciferin analogues 

Further work on naphthalene and quinoline luciferin was done in 2010 with the synthesis 

of their amino analogues.91 The primary amine on the starting materials 142a-b were 

alkylated via reductive alkylation using formaldehyde and sodium borohydride to yield 

precursors 142c-f. Condensing the corresponding nitriles with D-cysteine under basic 

conditions yielded luciferin analogues 143a-f (Scheme 37). As seen from their emission 

peaks, the more methylated compounds gave more red-shifted emission, with the shift 

being more drastic in the quinoline range. 

 

Scheme 37 – synthesis of amino analogues of naphthalene and quinoline luciferins 
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Another peculiar change of the benzothiazole moiety was substituting if for a tricyclic 

naphthyl system.92 Continuing the work on extended conjugation in luciferin analogues, 

pioneered by Maki and Anderson groups (which would be discussed in more details later 

in the chapter), it was hypothesised that an additional fused ring would result in a more 

red-shifted emission of bioluminescence. Aminonaphthalenes 144a-b were brominated 

by NBS to yield bromonaphthalenes 145a-b. Reacting them with Appel’s salt and cyclising 

them in presence of copper gives cyanobenzothiazole 146a-b. Compound 146a was 

demethylated with Py.HCl, while compound 146b was deprotected using TFA to give 

phenol 147a and free amine 147b respectively. Condensing those compounds with D-

cysteine gave the corresponding luciferin analogues OH-NpLH2 148a and NH2-NpLH2 148b 

(Scheme 38). Both analogues were tested in both wild-type and mutant enzymes. 

Analogue NH2-NpLH2 148b gave two peaks of emission with native enzyme (major peak 

at 678 nm and minor peak at 719 nm) and one peakwithn mutant enzyme (664 nm). 

Interestingly, while OH-NpLH2 148a emitted no light in wild-type enzyme, in mutant 

luciferase CBR it had a peak of emission at 758 nm, being one of the most red-shifted 

substrates to date. In-vivo studies showed that NH2-NpLH2 148b had better cell 

permeability than D-luciferin. However, both analogues suffered from reduced quantum 

yields, being 5000-500000 times less bright than D-luciferin. 
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Scheme 38 – Synthesis of OH-NpLH2 and NH2-NpLH2 

In recent years, a novel group of luciferin analogues have emerged, which can be broadly 

classified as chimeric luciferins. In those analogues, the benzothiazole moiety has been 

substituted for a different chromophore, often a fluorescent dye. One such example is a 

family of coumarin luciferins (CouLuc).93 A set of CouLuc-1 analogues 151a-c with different 

electron-donating groups were prepared from coumarins 149a-c. Olefination of 

coumarins 149a-c by condensation with cyanomethyl anions, prepared in-situ from 

acetonitrile and n-butyl lithium, followed by treatment of the resulting compound with 

0.5 M hydrochloric acid, yielded 150a-c as a mixture of E/Z isomers. Intermediates 150a-

c were then cyclised with D-cysteine under basic (NaHCO3) conditions to yield CouLuc-1 

analogues 151a-c (Scheme 39). While the CouLuc-1 analogues were all red-shifted, 

compared to D-luc, CouLuc-1-OH was the most red-shifted with a new peak of emission 

at 625 nm, but with a photon flux that was significantly lower than D-luciferin (1000-fold 

lower) with native Fluc. This was improved with mutant enzyme Pecan, which increased 

the light output by 14-fold. 
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Scheme 39 – Synthesis of chimeric coumarin luciferins 151a-c 

1.4.7 Replacing Thiazoline moiety 

Another vector for luciferin analogues was changing the thizaoline moiety for a different 

5-membered ring. Across different studies, the thiazoline has been replaced by 

imidazoline, pyrroline, oxazoline and selenazoline.71,94,95 

Imidazoline luciferin analogue 152 can be made from 2-cyano-6-hydroxybenzothiazole 45 

by first treating it with HCl gas and ethanol to form an imidate and reacting it with D-2,3-

diaminopropionic acid to yield imidazoline luciferin 152. Similarly, analogue 153 can be 

made from benzimidazole 137b (Scheme 37).71 

 

Scheme 40 – Synthesis of imidazoline luciferin analogues 
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Similarly, seleno-aminoluciferin 154 can be made from 2-cyano-6-aminobenzothiazole 69 

by condensing it with D-selenocysteine (Scheme 41).95 Interestingly, its has more red-

shifted emission compared to both D-luciferin (558 nm) and aminoluciferin (593 nm), but 

suffered from reduced quantum yields of about 74% of aminoluciferin. This is attributed 

to the heavy atom effect. 

 

Scheme 41 – Synthesis of seleno-aminoluciferin 

In 2016, Ioka et al. reported the synthesis of both oxazoline and pyrroline analogues.94 The 

synthesis of the oxazoline analogue involved converting the previously mentioned 2-

cyano-6hydroxybenzothiazole 45 into a methyl ester by treating it with potassium 

carbonate in methanol. The phenol group of compound 155 was then protected with the 

methoxymethyl (MOM) group and resulting methyl ester 156 condensed with D-serine 

methyl ester. The MOM protecting group is cleaved under acidic conditions to give 

compound 157, which was then protected again as an acetate. Oxazoline ring formation 

by treating compound 158 with diethylaminosulphur trifluoride (DAST) gave oxazoline 

methyl ester 159. The acetyl and methyl groups were then hydrolised with lipase enzyme 

to give oxazoline luciferin 160 (Scheme 42). No bioluminescence was observed with this 

analogue. 
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Scheme 42 – Synthesis of oxazoline luciferin 

The pyrroline analogue synthesis started with commercially available 2-amino-6-

methoxybenzothiazole 161. Diazotisation and bromide displacement of compound 161 

followed by demethylation with BBr3 produced 2-bromo-6-hydroxybenzothiazole 163. 

The phenol was then protected with the tert-Butyldimethylsilyl group. The key step was 

coupling bromide 164 with pyrrolidinone 165 via an organolithium intermediate. The 

resulting silyl ether 166 was then deprotected with TBAF. Glutamate linked benzothiazole 

167 was then cyclised in TFA to yield pyrroline luciferin 168 (Scheme 43). This analogue 

emited blue-shifted (λmax = 547 nm) bioluminescent light. 
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Scheme 43 – Synthesis of pyrroline luciferin analogue 

1.4.8 Analogues with extended π-π conjugation 

An influential work on luciferin analogues was published by Iwano et al. in 2013. It 

investigated the effect of π-π conjugation on the bioluminescence of luciferin analogues. 

The hypothesis stated that due to the lowering of the HOMO-LUMO gap with increased 

π-π conjugation, the emitted light would be red-shifted across the analogues. To test this, 

a range of analogues with electron-rich phenyl rings connected to the thiazoline structure 

with trans alkene linkers was designed. Both hydroxyl and dimethylamino luciferin 

analogues were made.96 

The simplest analogues with no intermediate linker between the phenyl and thiazoline 

moieties 170a-b can be made directly from nitriles 169a-b by condensation with D-

cysteine (Scheme 44). 
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Scheme 44 – Synthesis of phenyl luciferin analogues with no alkene linkers 

Analogues with one trans alkene linker were synthesised by two different routes 

depending on the availability of starting materials. The synthesis of phenol analogue 173a 

started with coupling 4-iodophenol 171 with acrylonitrile in the presence of catalytic 

palladium and condensing the resulting nitrile 172 with D-cysteine. Due to low yields of 

this two-step route (> 5%), an alternative route was developed and used for analogues 

173b and 182a-b. The synthesis of dimethylamino analogue 173b started with carboxylic 

acid 174, which could be coupled with D-cysteine (S-tartrate) methyl ester. The resulting 

compound 175 is then cyclised with Hendrickson’s reagent ((Ph3P-O-PPh3)(OTf)2) and then 

hydrolysed by esterase enzyme to give the luciferin analogue 173b (Scheme 45). 

 

Scheme 45 – Synthesis of phenyl luciferin analogues with one alkene linker 
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Both analogues with two alkene linkers 182a-b share the same synthetic route. Starting 

aldehydes 177a-b underwent Wittig olefination to afford ethyl esters 178a-b, which were 

saponified with sodium hydroxide. The saponification steps also deprotected the phenol 

of compound 178a. The following steps mirrored ones seen in the synthesis of analogue 

173b: coupling with D-cysteine (S-tartrate) methyl ester, cyclisation with Hendrickson’s 

reagent and enzyme-catalysed hydrolysis (Scheme 46). 

 

Scheme 46 – Synthesis of phenyl luciferin analogues with two alkene linkers 

Bioluminescence studies showed that the addition of each consecutive trans alkene linker 

red-shifts the emission by around 100 nm (Figure 13). 
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Figure 13 – Peaks of emissions of bioluminescence of phenyl luciferin analogues 

Recent studies, focusing on the hydrochloride salt of analogue 182b, dubbed AkaLumine 

(Aka-HCl), have shown the molecules’ increased effectiveness compared to both D-

luciferin 1 and CycLuc1 90a  for sensitive bioluminescence deep tissue imaging.97 

Additional advantages of AkaLumine include better cell membrane permeability, including 

passing the blood brain barrier when administered orally, and decreased production of 

luciferase inhibitors. A mutant enzyme, designed specifically for AkaLumine, dubbed 

AkaLuc, significantly improved the BLI sensitivity and thermal stability of this luciferin-

luciferase system.98 However, because the core structure of AkaLumine is a substantial 

deviation from D-luciferin, the toxicity of the molecule has to be explored. Some research 

suggests substantial toxicity of AkaLumine in mice during in-vivo studies.99 

An important discovery of Iwano’s work was the impact of multiple double bonds 

between the moieties on the instability of the molecule. They found that putting more 

than three alkene linkers between the cyclic systems reduced the stability of luciferin 

analogue in presence of air and light.96 Hence, a new biphenyl-type of luciferin analogues 

was developed by Miura et al.100 

A total of three analogues with a shared route were developed. The synthesis of amino 

analogues tarting with an appropriate organoboranes 183a-c, underwent Suzuki coupling 

with ethyl 4-iodobenzoate to give esters 184a-c, which were saponified with sodium 

hydroxide to give the carboxylic acids 185a and 185c. Compound 185b is a commercially 

available substance. Carboxylic acids 185a-c were then coupled with D-cysteine (S-trityl) 

methyl ester and cyclised with Hendrickson’s reagent to afford methyl esters 187a-c. The 

nitro group of 187c was then reduced with powdered iron and catalytic hydrochloric acid 

to yield primary amine 187d. The methyl esters were then saponified with lithium 

hydroxide to yield biphenyl luciferin analogues 188a-c (Scheme 47). Of the three 
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analogues, only the dimethyl amine biphenyl luciferin 188a was bioluminescent with a 

peak emission at 675 nm, but suffered from greatly reduced light intensity (less than 1% 

of that of D-luciferin). 

 

Scheme 47 – Synthesis of biphenyl luciferin analogues 

A range of amine analogues of AkaLumine were later synthesised.101 Various amine 

intermediates were accessed by installing various amine groups on 4-fluorobenzaldehyde 

189 via an SNAr reaction. A Horner–Wadsworth–Emmons (HWE) reaction was then 

performed to couple aldehydes 190a-d with triethyl 4-phosphocrotonoate to yield ethyl 

esters 191a-d. Those were then converted to the corresponding AkaLumine analogues 
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192a-d, following the route described above. All compounds showed major peaks at λ > 

650 nm with Photinus pyralis luciferase. 

 

Scheme 48 – Synthesis of amino analogues of AkaLumine 

In 2021, two novel azetidine-substituted analogues were made by Ikeda et al.102 Both 

analogues were made via an ethyl ester intermediate (194 and 200) , following the 

previously outlined route. The phenol ester intermediate 194 was made by coupling the 

starting aldehyde 193 with a phosphonate. The naphthyl ester 200 was prepared by a 

palladium-catalysed coupling of the naphthyl bromide 199 with azatidine hydrochloride. 

Both routes then used sodium hydroxide to saponify the esters to the corresponding 

carboxylic acids, coupled them with D-cysteine (S-trityl) methyl ester and cyclised with 

Hendrickson’s reagent. Saponification of the methyl esters 197 and 203 was done using 

Novozyme 435 lipase resin yielding styrene analogue 198 and napthyl analogue 204 

(Scheme 49).  Azetidine analogues showed improved quantum yields compared to their 

dimethylamine counterparts, while not affecting the bioluminescence spectra. 
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Scheme 49 – Synthesis of azetidine-substituted styrene analogue 198 (top) and 

azetidine-substituted naphthyl analogue 204 (bottom) 
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In 2014, the Anderson group used the principles outline by Iwano et al. and synthesised a 

π-extended D-luciferin analogue, dubbed infra-lucferin (iLH2, 214).103 The first published 

route followed the general route outline by Iwano. Staring with protection of 2-bromo-6-

hydroxybenzothiazole 205 with a benzyl protecting group, formylation with n-BuLi and 

DMF to give aldehyde 207. Wittig reaction with stabilised ylide 208 gave ester 209 which 

was saponified with sodium hydroxide. The produced acid 210 underwent amide coupling 

with a D-Cysteine (S-Trityl) ester and cyclisation with Hendrickson’s reagent to make 

esters 212a-b. Benzyl deprotection with BCl3 and hydrolysis with Pig Liver Esterase (PLE) 

yielded infra-luciferin 214 (Scheme 50). This novel luciferin had an emission peak of 706 

nm with x5 S284T Fluc mutant enzyme. This was the first D-luciferin analogue producing 

light with wavelength longer than 700 nm without Bioluminescence Resonance Energy 

Transfer (BRET). However, the initial synthetic route suffered from poor scalability of 

cyclisation and benzyl deprotection steps. The linearity of the route also meant that it 

could not be altered to access other infra-luciferin analogues. Thus, a new non-linear 

route was developed. 
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Scheme 50 – Linear synthesis of infra-luciferin 

In 2017, Anderson et al. published a convergent synthesis of infra-luciferin.104 

Commercially available 6-hydroxybenzothiazole 215 was protected with a 2-

methoxyethoxymethyl (MEM) protecting group, which was chosen based on its use in 

other luciferin analogue synthesis.105 Protected benzothiazole 216 was then formylated 

with n-BuLi and DMF. The resulting aldehyde 217 was coupled with phosphonate 218 in a 

HWE reaction in the presence of DBU and LiCl. Intermediate 219 was cyclised with DAST 

to yield MEM protected methyl ester 20. Deprotection with TFA yielded methyl ester 213, 

which was saponified with lithium hydroxide to give iLH2 214 (Scheme 51). 
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Scheme 51 – Convergent synthesis of infra-luciferin 

In the same work the new route was used to make another analogue – diene luciferin 223 

(Scheme 52). Its recorded peak of bioluminescence had wavelength of 675 nm in wild-

type Photinus pyralis luciferase, but was found to be unstable in line with Iwano’s 

findings.96

 

Scheme 52 – Synthesis of diene luciferin 
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Key intermediate phosphonate 218 became an important molecule in the synthesis of 

infra-luciferin analogues. Ethyl 2-(diethoxyphosphoryl)ethane dithioate 226 can be made 

from diethyl cyanoethylphosphonate 224 by treating it with ethanethiol and HCl gas, 

followed by hydrogen sulfide gas.106 Condensation of compound 226 with Serine methyl 

ester produces the desired phosphonate intermediate 1218 (Scheme 53). While the 

thiazoline can be pre-formed before being coupled with benzothiazole moiety, the 

attempts to perform the HWE reaction in presence of DBU and LiCl on a cyclised 

phosphonate 227 were unsuccessful.  

 

Scheme 53 – Synthesis of key phosphonate intermediate and its cyclic form 

Infra-luciferin was less bright than D-luciferin. The decrease in quantum yield was 

postulated to be due to the increased degree of rotational freedom that may lead to a 

corresponding increase in non-radiative decay. In 2019 Anderson group published a 

synthesis of a rotationally restricted infra-luciferin analogue, aiming to test the effect of 

rigidification on intensity of light emission.107 The benzimidazole infra-luciferin 236 was 

synthesised by first protecting phenol 228 as its triisopropyl silyl (TIPS) ether. The resulting 

nitro compound 229 was reduced with hydrogen gas and Pd/C catalyst and cyclised with 

triethyl orthoacetate to yield benzimidazole 230. Protection of the amine with 2-

(trimethylsilyl)ethoxymethyl chloride (SEMCl) gave the separable regio-isomeric 

benzimidazoles 231a-b. Oxidative formylation with selenium oxide, followed by coupling 

with phosphonate 218 produced the corresponding functionalised compounds 233a-b. 

The phenol was selectively deprotected with TBAF and the resulting compounds 235a-b 

cyclised with DAST. Cleaving of the SEM protecting group with tin(IV) chloride and 

hydrolysis of the resulting methyl ester with PLE gave the same benzimidazole infra-
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luciferin BliLH2 236 (Scheme 54). The corresponding benzimidazole luciferin 138b (Scheme 

35) was synthesised for a direct comparison in bioluminescence measurements.71 

 

Scheme 54 – Synthesis of benzimidazole infra-lucfierin 

The aromatic core of conformationally restricted luciferin 240 was made by condensing 

1,4-benzoquinone 237 with 2-amino-4-cyanopyridine 238. The resulting nitrile 239 was 

then reacted with DL-Cysteine.HCl to yield conformationally restricted benzimidazole 

infra-luciferin, PBliLH2 240 (Scheme 55). Bioluminescence studies using CBR mutant 

enzyme have shown that BliLH2 236 has a peak of emission of 561 nm, while PBliLH2 240 

has a major peak at 608 nm and a minor peak in the nIR window at 714 nm. 

Conformationally restricted luciferin 240 showed higher brightness compared to its non-

rigid analogue 236 but was less bright than infra-luciferin 214. 
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Scheme 55 – Synthesis of conformationally restricted benzimidazole infra-luciferin 

analogue 

Another set of luciferin analogues with extended π-conjugation was the phenyl luciferins, 

published in 2020.108 Palladium-catalysed modular Suzuki-Miyaura coupling of 2-bromide-

6-hydroxybenzothiazole 241 with an appropriate phenylboronic acid pinacol ester yielded 

compounds 242 and 244. Nitrile 242 was then coupled with D-cysteine to afford luciferin 

analogue Ph-Luc 243. Methoxy ester 244, however, had to be demethylated using boron 

tribromide and then coupled with D-cysteine, yielding phenol analogue PhOH-Luc 245 

(Scheme 56). The original theory suggested that hydrogen bonding between the phenol 

group and the nitrogen atom of the benzothiazole moiety would partially restrict rotation 

around the C2’-C2” bond, resulting in less non-radiative decay. While Ph-Luc 243 did not 

emit light with a range of known mutant enzymes, PhOH-Luc 245 gave a red-shifted 

emission (λmax = 608 nm) with 31% of emitted photons in the nIR (> 650 nm) region with 

a recombinant G2 mutant enzyme. 
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Scheme 56 – Synthesis of Ph-Luc 243 and PhOH-Luc 245 analogues 

A recent publication by Ikeda et al. presented six new cyclic amino analogues NIRLuc1-6 

of AkaLumine luciferin 182 (Figure 14).109 Synthetically, they used the route previously 

utilised for of AkaLumine luciferin 182 and its amine analogues 192. They gave pH 

independent-emission (as is common for amine analogues of luciferin) in the nIR range as 

well as good cell-membrane permeability, less dose-dependency of the photon output 

with little fluctuation of light emission in a range of concentrations of administered 

luciferin, longer half-life in blood and brighter nIR light emission compared to D-luciferin 

during in-vivo studies. 
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Figure 14 – Cyclic AkaLumine analogues and their peaks of emission 

1.5 Other application of BLI 

1.5.1 Bioluminescence Resonance Energy Transfer (BRET) 

The core idea behind Bioluminescence Resonance Energy transfer is using the energy of 

photons, produced by a luciferin-luciferase reaction to excite a proximal fluorescent 

protein, such as Green Fluorescent Protein (GFP). BRET assays tend to utilise either D-

luciferin 1 or the coelenterazine 3 systems.110 

Red-shifted nIR BRET assays can be accessed by attaching fluorescent dies, such as 

Cyanine 7, to an amino-luciferin core (Figure 15). However, such molecules tend to suffer 

from poor cell membrane permeability in-vivo.111 

 

Figure 15 – Cyanine 7-based luciferin analogue for BRET 
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1.5.2 Luciferin systems as biomarkers 

Over the course of structural-activity relationship studies of luciferin analogues over the 

years, a set of requirements that a molecule needs to fulfil to react in presence of 

luciferase has been established. Certain electron-donating group, capable of H-bonding, 

namely hydroxyl and amines, are required at the C-6 position. Additionally, replacing the 

carboxylic acid group with an ester or an amide results in enzyme inhibition. Those 

limitations can, however, be exploited in biomedical probe designs. Masked or ‘caged’ 

luciferin analogues that do not emit light in the enzyme naturally, but liberate their active 

forms in a chemoselective reaction can be used to detect certain reactive species and 

enzymes. 

Based on the notion that hydrogen peroxide reacts chemoselectively with 

benzeneboronic acids112,  a patented analogue Peroxy-Caged Luciferin-1 248 (PCL1) was 

designed. The analogue PCL1 248 itself is inactive due to the phenylboronic acid 

substituent in place of a hydroxyl group. Luciferin 1 is liberated when the boronic acid is 

hydrolysed by hydrogen peroxide (Scheme 57). While hydrogen peroxide is a natural 

component in cell signalling pathways, tumours have increased concentration of it. Thus, 

tumour cells give stronger bioluminescence signal in presence of PCL1 248.113 

 

Scheme 57 – Reaction of PCL1 with hydrogen peroxide 

Nitroluciferin 249 can be used to effectively detect bacterial nitroreductase (NTR) in-vitro. 

Light emission was observed when an NTR producing cell, administered with nitroluciferin 

249, was in contact with cells expressing luciferase enzyme. Studies showed that 6-

hydroxyamine luciferin 250 was the active luciferin molecule (Scheme 58).114 
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Scheme 58 – Reaction of nitroluciferin in presence of NTR 

A related class of bioluminogenic probes were developed in 2015, based on 

Bioluminescent Enzyme-Induced Electron Transfer (BioLeT).46 Unlike caged luciferins, 

BioLeT analogues do react with luciferase, but the bioluminescence is quenched due to 

the high HOMO of the benzene moiety. Diaminophenylpropyl aminoluciferin 251 (DAL) is 

a BioLeT probe designed for detection of nitric oxide. As high benzene HOMO compound 

251 reacts with nitric oxide, forming a lower benzene HOMO compound 252, dubbed DAL-

T (Scheme 59). Since the bioluminescence of molecule 252 is not quenched by its benzene 

moiety, DAL-T has a 41-fold increase in intensity of emission compared to DAL. 

 

Scheme 59 – Reaction of DAL with nitric oxide in presence of oxygen 

2 Amino infra-luciferin analogues 

2.1 Aim of Project and Research Proposal 

 The aim of the project is to synthesise novel nIR luciferin analogues for deep tissue 

imaging. As seen previously in the introduction chapter, D-luciferin and its analogues have 

a prominent role as BLI probes. Despite infra-luciferin (iLH2) being an especially good 

candidate for BLI due to being non-toxic, significantly red-shifted and appropriate for use 

in multiparametric imaging,103 it has a number of areas worth improving on. Some of those 

issues, specifically pH dependence of bioluminescence and cell membrane permeability, 

can be addressed by amino analogues. In addition, even simple amino analogues result in 

red-shifting of emitted light. 
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The aim of the project would be achieved through synthesis of the initial range of amino 

infra-luciferins 253a-c. This range will provide a solid baseline for understanding of the 

effect of functionalisation of amines on both the wavelength and intensity of the 

emitted light. We hope that this initial range will follow the general trend among simple 

amino luciferin analogues (Scheme 18, Scheme 20), with the NH2 substituent 253a being 

the brightest but least red-shifted and the NMe2 substituent 253c being the dimmest but 

most red-shifted. Additionally, understanding of other properties of the initial amino 

analogue range, such as their cell-membrane permeability, could direct studies of other 

analogues, such as the cyclic amino infra-luciferins, similar to the CyLuc range 

(Scheme23, Scheme 24). 

 

Figure 16 – Proposed amino infra-luciferin analogues  

2.2 Retrosynthesis of amino infra-luciferin analogues 

The proposed synthesis of amino-analogues is based on the convergent synthesis of 

racemic iLH2 (Scheme 47). The thiazoline ring can be disconnected to give thioamide 

precursor 254 (Scheme 55). Depending on the analogues, precursor 254 might need to 

be suitably protected. Disconnection of the alkene bond, which can be formed via HWE 

olefination, give suitably protected aldehyde 255 and the previously discussed key 

phosphonate 218 (Scheme 49). Aldehyde 255 can be made from benzothiazole 256 via 

metalation at the C-2 position, followed by reaction with an electrophile, in this case 

DMF. Functionalised/protected benzothiazole 256 could be made from 6-

aminobenzothiazole 257, which in turn can be obtained via a nitro reduction of 

commercially available 6-nitrobenzothiazole 258 (Scheme 60).115 
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Scheme 60 – Retrosynthesis of amino infra-luciferins 

2.3 Synthesis of amino infra-luciferins 253a and 253b 

One of the simplest ways to access a range of amino benzothiazoles was by reducing the 

nitro group of 6-nitrobenzothiazole 258 and functionalising the resulting amine 257. While 

there are multiple ways to reduce a nitro group, a literature precedent for nitro compound 

258 used iron powder and catalytic hydrochloric acid (Scheme 61).115 The reaction was left 

in 80% ethanol under reflux for 1 hour, in accordance with the literature. Amine 257 was 

synthesised in good yields (91%, lit.115 93%) and was stable under ambient conditions. 

 

Scheme 61 – Reduction of 6-nitrobenzothiazole 

The reaction mechanism of this reduction, also known as a Bechamp reduction, is a 

multistep process. First, the nitro group is transformed into a nitroso group via a single 

electron transfer (SET) mechanism. The resulting nitroso intermediate 259 then 

undergoes further SET processes to yield the final amine 257 (Scheme 62).116  
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Scheme 62 – Mechanism of Bechamp reduction 

Due to the nature of further synthetic steps, electron-donating groups at the C-6 positions 

need to be protected. In the synthesis of infra-luciferin, MEM protection of the 6-hydroxyl 

group was necessary. While it cannot be used to protect amines, the deprotection 

condition of the MEM group (neat TFA), shows that the other functional groups of late-

stage infra-luciferin intermediates are stable to acidic conditions.104 Thus, the tert-

Butoxylcarbonyl (Boc) protecting group was chosen, as it could be cleaved using similar 

acidic conditions.  a using Boc anhydride and catalytic zinc perchlorate in tert-Butanol 

(Scheme 63).117 While the yields were good (up to 61%), the literature yield117 of 93% could 

not be achieved.  

 

Scheme 63 – Protection of amine with Boc protecting group 
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Another advantage of using Boc as protective group is additional deactivation of the 

amine due to imine resonance (Scheme 64). Because of the electron-withdrawing nature 

of Boc group, the nucleophilic character of the amine is reduced, while making the 

amine proton more acidic. 

 

Scheme 64 – Resonance of Boc-protected aminobenzothiazole 

One of the literature methods for this specific monomethylation used sodium methoxide, 

paraformaldehyde and sodium borohydride, followed by Boc protection (Scheme 65).117 

However, an alternative route published in 2016, which included methylation after Boc 

protection was chosen instead due to higher reported yields (95% over 2 steps118 vs 58% 

over 2 steps 117) . 

 

Scheme 65 –Synthesis of Boc protected methylated 6-amino benzothiazole, reported by 

Serdons et al. 

The alternative method treated Boc-protected aminobenzothiazole 260 with potassium 

hydride and reacted the resulted anion with methyl iodide to form momomethyl 

protected amine 262 (Scheme 66).118 The reaction had a high yield of 77% but was lower 

than the 99% reported in the literature.118 

 

Scheme 66 – Alternative method of monomethylation of 6-aminobenzothiazole, used by 

Xie et al. 
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Both the mono protected amine 260 and the protected monomethylated amine 262 were 

formylated at the C-2 position of the heterocycle, following the procedure previously 

outlined in the synthesis of infra-luciferin. The appropriate benzothiazole was treated 

with n-BuLi, followed by DMF to afford the corresponding benzothiazoles 263a-b. 

(Scheme 67).104 The only difference between the two procedures was the number of 

equivalents of n-BuLi used. Since compound 260 has one additional acidic proton on the 

amine, 2 equivalents of the base were required for the reaction. Both reactions resulted 

in mostly pure crude product (> 95% purity by 1H NMR). The only major impurity in the 

crude product was DMF, which was removed with a high-vaccum set up or by column 

chromatography, depending on the amount of DMF left in the crude mixture. The crude 

product was used in the next reaction with no additional purification. 

 

Scheme 67 – Formylation of protected aminobenzothiazoles 

The formylation reaction was also performed on 6-nitrobenzothiazole 258 to investigate 

whether the nitro group could be used as a masked amine and selectively reduced further 

on in the synthesis. However, upon treatment of compound 258 with one equivalent of 

n-BuLi, two compounds in 1:1 ratio were obtained. One was the starting material, while 

other was the alkylated benzothiazole 265 (Scheme 68). 
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Scheme 68 – Expected and identified products of treatment of 6-nitrobenzothiazole 258 

with n-BuLi and DMF 

The structure of major product was deduced from the 1H NMR (δ 9.20 (s, 1H, Ha), 8.10 (d, 

J = 8.9 Hz, 1H, Hb) and 8.05 (d, J = 8.9 Hz, 1H, Hc)). When compared to the 1H NMR of the 

starting material (δ 9.28 (s, 1H), 8.93 (d, J = 2.4 Hz, 1H), 8.41 (dd, J= 9.0, 2.3 Hz, 1H), 8.26 

(d, J = 9.0 Hz, 1H)), a loss of one proton signal at δ 8.93 (d, J = 2.4 Hz, 1H), and the change 

of multiplicity of the remaining protons to both being doublets at δ 8.10 and 8.05, suggests 

substitution at C-7 position This is likely due to the result of the electron-withdrawing 

properties of the nitro group, that can stabilise the SNAr intermediate 266 (Figure 17). 

Subsequent loss of hydride would give 265. 

 

Figure 17 – Intermediate of SNAr reaction of 6-nitrobenzothiazole with n-BuLi 

A common issue, that occurred with the synthesis of infra-luciferin analogues was the 

substrate-dependence of the HWE reaction. Changing the benzothiazole core or 

substituents on it can lead to decreased yields.107 For the Boc protected 

aminobenzothiazole 263a-b, while the reaction conditions were the same for both 
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analogues and mirrored the conditions used in the synthesis of infra-luciferin, the yields 

were significantly reduced (Scheme 69).104 In both cases, coupling was performed by 

preparing a solution of the phosphonate anion, adding the corresponding aldehyde and 

stirring the resulting solution for 3 hours at room temperature (Scheme 64). Mono 

protected amine compound 267a was obtained in 39% yield over 2 steps, while the 

methylated amine 267b was obtained in 28% yield over 2 steps. This is a considerable 

decrease in yields compared to 63% for the infra-luciferin, with the remaining crude 

mixture being a complex mixture of inseparable byproducts. 

 

Scheme 69 – HWE coupling of protected aminobeznaothiazole aldehydes 

The key phosphonate intermediate 218 was synthesised on an 8-10 g scale using the 

procedure, previously described by our group.104 Diethyl cyanomethyl phosphonate 224 

was treated with ethanethiol in dry diethyl ether. Hydrochloride gas, generated by adding 

sulphuric acid dropwise to sodium chloride salt and was bubbled through the solution for 

6 hours. The resulting intermediate 225 was dissolved in dry diethyl ether and pyridine 

and hydrogen sulphide gas was bubbled through it for 2.5 hours. Finally, intermediate 226 

was coupled with racemic serine by stirring both compounds in dry dichloromethane in 

the presence of triethylamine for 3 days, to give phosphonate 218 in 95% yield over 3 

steps (Scheme 70). Progress of the reactions was monitored by 31P NMR. 
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Scheme 70 – Synthesis of phosphonate intermediate 218 

Thiazoline ring formation was successfully performed, using the modified cyclisation 

conditions, discussed in the infra-luciferin synthesis paper.104 Starting material 267 was 

treated with Diethylaminosulphur trifluoride (DAST) at 0 oC and stirred for 1 hour 40 

minutes (Scheme 71). The conditions were optimised, as the initial attempts to perform 

the cyclisation under literature conditions (-78 oC, 30 min reaction time) resulted in low 

yields. By increasing the temperature and reaction time, the yields were increased from 

60% to obtaining pure (>95% by 1H NMR) crude product, that was used in the next step 

with no additional purification. 

 

Scheme 71 – DAST cyclisation of compounds 267a-b 

It is known that 4-thiazoline esters and carboxylic acids are oxidised in air in the presence 

of bases,119,120 so in order to prevent the undesired oxidation, all solvents starting from the 

DAST cyclisation reaction were degassed. Since dehydroluciferins act as an inhibitors of 

Luc enzymes40  and their separation from the desired product is problematic even when 

using HPLC, it is crucial to keep the content of dehydroluciferins below 10% or lower. 

While DAST is usually used to fluorinate alcohols, aldehydes and ketones,121 in the infra-

luciferin synthesis it is used to facilitate cyclisation. The primary alcohol of molecule 269 
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reacts with DAST to form a good leaving group. Fluorinated sulfamine 270 cyclises by 

internal nucleophilic substitution to form thiazoline 271 (Scheme 72). 

 

Scheme 72 – Mechanism of DAST mediated cyclisation 

Neat trifluoroacetic acid was previously used to cleave the MEM protecting group of the 

phenol in the synthesis of infra-luciferin.104 Since the Boc protecting group is also cleaved 

under acidic conditions, the same procedure was attempted on protected amino infra-

luciferin esters 268a-b. Due to the sensitivity of the thiazoline moiety, an attempt to degas 

TFA was made. However due to excessive fuming, it was deemed impractical. Stirring the 

Boc protected starting material in neat anhydrous TFA at room temperature for one hour 

resulted in complete consumption of starting material, producing amino infra-luciferin 

esters 272a-b and no dehydro byproducts detected by NMR (Scheme 73). Crude product 

was used in the consecutive reaction with no additional purification. 

 

Scheme 73 – Deprotection of Boc protected amino infra-luciferin methyl esters 235a-b 

The mechanism of deprotection of Boc protected amines 273 under anhydrous conditions 

starts with the protonation of the t-butanol oxygen. The t-butyl cation is lost to produce 

carbamate 275, which spontaneously loses CO2 to form the desired amine 276 (Scheme 

74). 
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Scheme 74 – Mechanism of Boc deprotection 

One issue that was specific to the amino infra-luciferin synthesis was the purification of 

intermediates. Due to a risk of formation of significant amount (>10%) of dehydro 

analogue, purifying DAST cyclisation and Boc deprotection by column chromatography, 

even when using degassed solvents, proved to be challenging. For the synthesis of original 

infra-luciferin 214, a solution was devised based on its solubility in a range of solvents 

enabling trituration of any byproducts. The deprotection product, infra-luciferin methyl 

ester 213, is insoluble in chlorinated solvents and poorly soluble in polar non-chlorinated 

solvents, such as methanol and ethyl acetate. Trifluoroacetic acid was removed by two 

consecutive basic washes using saturated sodium bicarbonate, while other organic 

impurities and degradation products were removed by trituration, using methanol or 

ethyl acetate. This procedure gave infra-luciferin methyl ester 213 as a pure solid but 

resulted in lowering of the yield. Initially, the same approach was tested on the amino 

infra-luciferin methyl esters 272a-b. However, the amine esters have proven to be much 

more soluble in all organic solvent, compared to the infra-luciferin ester and the 

procedure did not afford any benefits. Due to the possibility of formation of significant 

amounts of dehydro byproducts and the lack of organic impurities, the crude material was 

used both in the deprotection and the following saponification steps. 

Saponification of amino infra-luciferin esters followed the procedure outlined in the 

synthesis of infra-luciferin 214.104 Degassed solutions of the appropriate amino infra-

luciferin methyl ester 272a-b in a mixture of tetrahydrofuran and water were treated with 

lithium hydroxide monohydrate and stirred at room temperature (Scheme 75). The 

literature timeframe of 5 min was chosen for the initial attempt and gave satisfying crude 

yields. While no starting material was observed in the crude products, a significant 

amount of dehydro byproduct (~40% of the isolated product) were observed. Due to time 

constraints, optimisation of the saponification reaction was not performed. 
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Scheme 75 – Saponification of amino infra-luciferin methyl esters 

2.4 Synthesis of amino infra-luciferin 253c 

Synthesis of N,N-dimethylamino infra-luciferin 253c had previously been done in the 

Anderson group. The key difference when compared to less alkylated amino infra-

luciferins 253a-b is the lack of acidic proton on the amine, leading to no protection of the 

amine being required (Figure 18). 

 

Figure 18 – N,N-dimethylamino infra-luciferin 

Previously reported synthesis of amino infra-luciferin analogue 253c started with 

reduction of commercially available 6-nitrobenzothiazole 258 with iron powder and 

catalytic acid to produce 6-aminobenzothiazole 257, as described previously. 

Dimethylation was performed by treating the 6-aminobenzothiazole (257) with 37% 

aqueous formaldehyde solution in presence of sulphuric acid and iron (Scheme 76).117 

 

Scheme 76 – Dimethylation of 6-aminobenzothiazole 

The mechanism of the dimethylation begins with nucleophilic attack of formaldehyde by 

the amine, followed by elimination of water and SET-mediated reduction of the resulting 

iminium ion by iron under acidic conditions. This is repeated again to give 6-N,N-

dimethylaminobenzothiazole (277) (Scheme 77). 
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Scheme 77 – Mechanism of dimethylation of 6-aminobenzothiazole 

This reaction is known to have moderate to low yields. Literature work reports average 

yields of formaldehyde dimethylation of amine 257 of around 20-30% with some sources 

claiming yields as low as 3%, depending on the conditions.115,117 The highest recorded 

literature yield was 45% by sonicating the reaction for 30 min.122 Initially, a set of 100 mg 

scale test reaction under varying conditions were performed for an optimisation study 

(Table 2). It was found that stirring amine 257 with formaldehyde, sulphuric acid, and iron 

powder in THF at room temperature for 3 hours resulted in the highest yield (Entry 3). 

Sonication, heating or prolonged reaction times all lead to a decrease in yield. Scaling up 

the reaction from 100 mg to 3 g led to more consistency in the recorded yields, averaging 

around 20%. While the yield of the reaction had dropped two-fold from Entry 3, the 100 

mg scale was too small for such an early stage reaction. 
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Entry Temperature Time Other Yield, % 

1 rt 30 min Sonicated 2 

2 reflux (70%) 30 min none 5 

3 rt 3 h none 40 

4 rt 24 h none 14 

5 rt 1.5 h none 9 

 

Table 2 – Conditions of dimethylation test reactions on 100 mg scale 

It is worth noting that benzothiazole 277 could alternatively be prepared from N,N-

dimethyl-p-phenyl diamine 278 in a two-step reaction (Scheme 78).123 Starting material 

278 was treated with sodium thiosulphate and sodium persulphate in a mixture of 

acetonitrile and water to afford intermediate 279 (yield 31%, lit.124 56%). This was then 

refluxed in formic acid to afford benzothiazole 277 (yield 81%, lit.123 97%).  

 

Scheme 78 – Alternative synthesis of 6-dimethylaminobenzothiazole 

Sodium thiosulphate and sodium persulphate ions react to form tetrathionate ion.125 

Diamine 278 then attacks the tetrathionate in an electrophilic substitution reaction to 

form intermediate 279 (Scheme 79). 

 

Scheme 79 – Mechanism of thiosulphate intermediate 279 
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Cyclisation of intermediate 279 with formic acid prodeeds by the formation of amide 280. 

Cyclisation and elimination of sulphur trioxide results in the formation of 6-

dimehtylbenzothiazole 277 (Scheme 80). 

 

Scheme 80 – Mechanism of cyclisation of intermediate 248 

While this method does not decrease the required number of steps, it can result in an 

increase of the overall yield. This two-step synthesis was attempted twice and had a yield 

of 25% over two steps. Based on the literature yields, it could be further increased to over 

60% over two steps.124 However, due to the divergent nature of the synthesis itself, as well 

as the availability of starting material 258, used in the synthesis of previous analogues, 

this method was not explored further. 

The remaining steps of the synthesis of amino infra-luciferin 253v mimic the ones 

described previously for the synthesis of amino infra-luciferin analogues 253a-b. 

Benzothiazole 277 is formylated using n-BuLi and DMF. Resulting aldehyde 281 is then 

couple with key phosphonate 218 to yield alkene 282. After treatment with DAST to form 

thiazoline moiety and saponification with lithium hydroxide, crude N,N-dimethylamino 

infra-luciferin 253c was isolated in ~10% overall yield (Scheme 81). However, the crude 

product consisted mostly of dehydro oxidation product 284, with the yield of N,N-

dimethylamino infra-luciferin being 3% over 6 steps by 1H NMR (lit126. 4%)  
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Scheme 81 – Synthesis of N,N-dimethylamino infra-luciferin 

Due to stability issues, prior to in-vitro bioluminescence tests, infra-luciferin analogues are 

usually stored at low temperatures (0 oC) in the ester form to minimise thiazoline 

oxidation. However, it was found out that N,N-dimethylamino infra-luciferin methyl ester 

283 does not exhibit any meaningful levels of oxidation in solution at ambient conditions. 

Being left for four weeks in a solution of deuterated chloroform and exposed to air, no 

formation of the dehydro-analogue was detected by 1H NMR. If the oxidation occurred, it 

would be expected to see a second set of aromatic proton signals with splitting pattern d, 

J ~ 9.0 Hz; d, J ~ 2.4 Hz and dd, J ~ 9.0, 2.4 Hz; dissolution of the triplet at δ = 5.23 and 

appearance of a singlet at δ > 8.00. This could suggest that amino infra-luciferin 

intermediates in general are more resistant to oxidation, compared to corresponding 

infra-luciferin intermediates. Thus, a range of purification techniques that are 
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incompatible with infra-luciferin precursors, such as column chromatography, could 

potentially be used in the synthesis of amino infra-luciferins. 

 

Figure 19 – 1H NMR of the freshly prepared N’N’-dimethylamino infra-luciferin (top) and 

N’N’-dimethylamino infra-luciferin left in solution at ambient temperature for 4 weeks 

(bottom) 

3 4-Aminoluciferin 

3.1 Intramolecular Charge Transfer (ICT) 

Intramolecular charge transfer (ICT) is a transfer of electrons from the HOMO of an 

electron-rich donor moiety to the LUMO of an electron-deficient acceptor moiety. Upon 

absorption of energy and excitation from the HOMO of an electron-rich moiety (S0) to the 

LUMO of an electron deficient moiety (S1), an electron rests at its local excited (LE) state. 

It then undergoes intramolecular relaxation via ICT to from its LE state to the ICT state 

(Figure 20).127 Relaxation form the ICT state results in lower energy (γmax (ICT)) of emission 

and thus longer wavelength. Changing the donor and acceptor parts of the molecule 

changes the charge distribution between ground and excited states of the molecule, 



79 
 

allowing control of its photophysical properties. ICT phenomenon has been utilised in the 

development of solar cells,128 luminescent solar concentrators,129 thin-film transistors130 

and fluorescent probes.131 Results of fluorescent studies suggest that ICT molecules could 

decrease band-gap, resulting in more red-shifter emission.132 

 

Figure 20 – Schematic representation of ICT process127 

3.2 Aim of the project and research proposal 

Addition of electron-donating groups (EDG) is a way of promoting ICT due to the increase 

of the HOMO energy level and a resulting decrease in the band gap as well as the increase 

in dipole moment.127 In the case of luciferin, adding an EDG in conjugation with the oxy-

luciferin light-emitting species, the carbon at the C-4 position, should make ICT more 

favourable, thus red-shifting the emitted light. The first reported luciferin analogue that 

could benefit from ICT was 4-Hydroxyluciferin 62, first synthesised by White in 1966.76 The 

specific wavelength of emission, however, was not reported. Instead, the paper stated 

that the emission was red. The aim of this part of the project was to synthesise 4-

aminoluciferin 285, an amino analogue of compound 62. Analogue 285 was targeted 

because its synthesis could be largely based on the synthesis of D-luciferin with additional 
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functionalisation at the C-4 position in the early stages of the synthesis. The synthesis of 

analogues 62 is known and will be carried out when necessary for comparison. 

 

Figure 21 – Structures of 4-hydroxyluciferin 62 and C-4 substituted analogues 285-287 

3.3 Design and Synthesis of ICT 4-aminoluciferin 

The initial retrosynthesis was based on the Appel’s salt synthesis of D-luciferin (Scheme 

82). The thiazoline moiety of luciferin 285 was disconnected to give 2-nitrilebenzothiazole 

288 and D-cysteine. Benzothiazole 288 could be prepared from the appropriate protected 

functionalised aniline 289 and Appel’s salt. Aniline 289 could be accessed from nitro p-

anisidine 290, which was previously reported to be made by nitrating commercially 

available p-anisidine 38.133 

 

Scheme 82 – First proposed retrosynthesis of 4-aminoluciferin 285 

The initial concern was the thermal stability of the aniline 289. The Appel’s salt cyclisation 

reaction proceeds in sulfolane at 200 °C, while amines tend to degrade at 100 – 210 °C.134 
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Anilines are generally more thermally stable, but primary and secondary anilines 

thermally degrade at temperatures below 200 °C.135 Thermal degradation can occur both 

via oxidation and by reaction with CO2.136 Additionally, the demethylation of methyl 

phenol is often done at high temperature with pyridine hydrochloride.72 Thus, we thought 

it prudent for the first attempt to use a more thermally stable nitrogen substituent, a nitro 

group, at the C-4 position, which could be reduced to an amine after performing the high 

temperature reactions. 

The fully substituted aromatic nucleus nitro p-anisidine 290 was prepared in two-steps 

from commercially available p-anisidine 38, following a literature procedure.133 The first 

step was a one-pot acetyl protection and nitro functionalisation. The starting material p-

anisidine 38 was treated with acetic anhydride in a mixture of acetic acid and water at 0 

°C and heated to 95 °C, monitoring the temperature with an internal thermometer. As 

soon as the internal temperature reached 95 °C, the mixture was cooled to 45 °C, treated 

with nitric acid and stirred for a further 30 min, resulting in the acetyl protected nitro p-

anisidine 291 (Scheme 83). The reaction was high-yielding (95%, lit.133 99%) and requires 

no purification of crude product as it was >95% pure by 1H NMR. 

 

Scheme 83 – Synthesis of acetal protected nitro p-anisidine 

 

Acetyl deprotection was achieved by treating 291 with Claisen’s alkali (88 g KOH in 187 

mL: 63 mL MeOH/H2O) at 95 °C for 30 min.133 Precipitation at 0 °C gave nitro p-anisidine 

290 in 95% yield (lit.133 70%) and was >95% pure by 1H NMR, requiring no purification 

(Scheme 84). These first two reactions are high yielding and easily scalable. The initial 

reaction was performed on a 2.5 g scale. 
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Scheme 84 – Synthesis of 2-nitro p-anisidine 

Reaction of aniline 290 with Appel’s salt was attempted using conditions, described by 

McCutcheon.72 Starting material 290 and Appel’s salt 47 were stirred in DCM for 2 h at rt, 

quenched with pyridine and stirred for an additional 1 h (Scheme 85). After purification 

by column chromatography, product 292 was isolated in 99% yield. 

 

Scheme 85 – Coupling of 2-nitro p-anisidine with Appel’s salt 

Appel’s salt was prepared in accordance with the literature procedure.69 

Chloroacetonitrile 293 and sulphur monochloride 294 were combined in dry 

dichloromethane and left at room temperature under an inert atmosphere for 48 hours 

to produce Appel’s salt 47 (Scheme 86). It could then be stored under inert atmosphere 

in a desiccator for up to 3 months. Due to the instability of Appel’s salt, there is no way of 

assessing the purity of resulting compound. The compound has a characteristic yellow-

dark green colour and undergoes discoloration, appearing more reddish as it degrades 

over time. 

 

Scheme 86 – Synthesis of Appel’s Salt 

While various mechanisms of Appel’s salt 47 formation have been proposed, none have 

concrete evidence.137 It is believed that chloroacetonitrile 293 initiates the reaction via a 
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nucleophilic attack of sulphur monochloride 294 and the resulting intermediate gets re-

chlorinated to form imine 295. This then tautomerizes and undergoes an intramolecular 

cyclisation, followed by addition of sulphur monochloride, aromatisation, with expulsion 

of sulphur to give Appel’s salt 47 in 93% yield (lit.69 85%, Scheme 87). 

 

Scheme 87 – Mechanism of Appel’s salt formation 

Qualitative analysis of Appel’s salt was done by a test reaction with p-anisidine 38 (Scheme 

88).72 A solution of Appel’s salt 47 and p-anisidine 38 in dichloromethane was stirred for 

2 h at room temperature under inert atmosphere, then quenched with pyridine and 

stirred for an additional hour. After purification by column chromatography, the yields of 

pure product 50 in the range of 85-99% indicated a good quality of Appel’s salt. 

 

Scheme 88 – Test reaction of Appel’s salt and p-anisidine 

Following the procedure, proposed by McCutcheon,72 cyclisation of compound 296 in 

sulfolane was attempted (Scheme 89). The consumption of starting material was 

monitored by TLC. It was found that the starting material was consumed after 1 h to give 

a complex mixture. This was then repeated, but the reaction stirred for 2 h to give the 
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reaction extra time to allow the intermediates present to convert into the desired 

benzothiazole 297. 

 

Scheme 89 – Conditions of attempted cyclisation of compound 296 

Analysis of the crude 1H NMR of the 2 h sulfolane cyclisation (Figure 22) suggested that 

the benzene ring has three protons on it. The splitting pattern corresponds to two protons 

adjacent to each other and one in between two of three substituents. The splitting pattern 

is similar to 2-nitro-6-methoxybenzothiazole 68, however the chemical shifts are not the 

same. This suggested that the reaction produce was the Appel’s salt adduct that seemed 

reluctant to cyclise. 

 

Figure 22 – 1H NMR of the crude product of heating compound 296 in sulfolane 
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We thought that this behaviour was the result of the strongly electron-withdrawing nitro 

group impeding the cyclisation in some capacity. It was decided to attempt a different 

route, using a protected amine. The nitro group would have to be reduced to an amine 

and protected using a relatively thermally stable acetyl protecting group. The amine of 

nitro p-anisidine 290 had to be protected by a different protecting group. Trifluoroacetyl 

was chosen, as it could be cleaved under relatively mild conditions. 

Trifluoroacetyl protection of amine 290 was achieved with trifluoroacetic anhydride and 

triethylamine in dichloromethane (Scheme 90) to give trifluoroacetamide 298 was in 

quantitative yield.138 While this procedure had not been used for the synthesis of 

compound 298 in the literature Adirectly, it has been used to protect a range of 

functionalised amines and anilines. 

 

Scheme 90 – Trifluoroacetyl protection of 2-nitro p-anisidine 

Due to the stability of the trifluoroacetamide group under most hydrogenation conditions 

(with the exception of Raney nickel), the reduction of the nitro group was attempted with 

hydrogen gas and palladium on carbon.139 A  heterogeneous solution of nitro compound 

298 and palladium on carbon in ethanol was placed under a hydrogen atmosphere for 2 

hours at room temperature and gave amine 299 in quantitative yield (Scheme 91). 

 

Scheme 91 – Nitro group reduction of compound 298 

Due to concerns about the stability of the trifluoroacetamide group at low pH and high 

temperature, methods to protection the amine 299 with an acetyl group were also 

explored. It was decided to use a mild catalytic solvent-free method.140 Amine 299 was 
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treated with phosphomolybdic acid (PMA) in acetic anhydride and stirred at room 

temperature for 10 minutes (Scheme 92). The reaction went to completion with the acetyl 

protected amine 300 isolated in 80% yield.  

 

Scheme 92 – Acetyl protection of amine 300 

Due to lower stability in alkali solutions at room temperature compared to acetyl, 

trifluoroaceamides have been cleaved using a solution of potassium carbonate in 2:1 

methanol/water.141 Stirring the trifluoroacetamide 300 in alkali aqueous methanol at 

room temperature overnight produced amine 301 in 81% yield (Scheme 93). Only one 

acetyl signal was observed, so we assumed that the acetamide protecting group was 

attached at one amino site and at its original position. 

 

Scheme 93 – Trifluoroacetyl deprotection of protected amine 300 

Coupling with Appel’s salt was based on the previously discussed procedure.71 A solution 

of amine 301 and Appel’s salt in dichloromethane was stirred for 2.5 hours at room 

temperature before being quenched with pyridine. The solution was then stirred for one 

additional hour (Scheme 94). The resulting product 302 was isolated in 57% yield. 
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Scheme 94 – Coupling of Appel’s salt with amine 301 

Cyclisation in sulfolane was attempted, using the method, described by McCutcheon. 72 

Starting material 302 was stirred in a mixture of sulfolane and dichloromethane at 200 °C 

for 3 hours (Scheme 95). Dichloromethane was used in small amounts to facilitate the 

dissolution of starting material in sulfolane and evaporated off over the course of the 

reaction. 

 

Scheme 95 – Attempted cyclisation of compound 302 

The reaction was done on 62 mg scale and on 150 mg scale. On smaller scale, a complex 

mixture of products was observed, while on the 150 mg scale thermal degradation of 

starting material could be seen by 1H NMR (Figure 23). Even if this reaction were to work, 

the inability to scale the reaction up as well as a considerable number of added protection 

and deprotection steps made it impractical. It was decided to revisit using nitro 

compounds with the aim of converting them to an amine at a later stage. 
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Figure 23 – 1H NMR of crude product after treating compound 302 with sulfolane at 200 

°C 

Due to the 1H NMR splitting pattern of product of attempted cyclisation of 296, it was 

speculated that the cyclisation could have occured at the nitro group carbon and lead to 

NO2 acting as a leaving group, producing 2-nitro-6-methoxybenzothiazole 68 (Scheme 96). 

 

Scheme 96 – Proposed mechanism of formation of benzothiazole 68 from nitro starting 

material 296 
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If the nitro functionalised carbon was a more desired reaction site and NO2 was indeed a 

leaving group, then using a symmetrical dinitro molecule would result in the generation 

of the desired mononitro benzothiazole. So, the next attempted plan was to make 2,5-

dinitro p-anisidine 304. 

Using a literature procedure,142 2,5-dinitro p-anisidine 304 was synthesised by stirring the 

aniline 290 in HNO3 at room temperature overnight (Scheme 97). The product was 

isolated in 43% yield. 

 

Scheme 97 – Nitration of 2-nitro p-anisidine 

The previously mentioned conditions were used in an attempt to couple dinitro 

compound 304 with Appel’s salt (Scheme 98). 

 

Scheme 98 – attempted coupling of dinitro compound 304 with Appel’s salt 

Initial attempt of this reaction at room temperature for 3 h was unsuccessful. Other 

conditions were then explored (Table 3). In every case, there was no reaction. It was likely 

due to the steric hindrance caused by two bulky nitro groups, nucleophilic attack of the 

amine on the Appel’s salt was prevented. 
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Entry Number Reaction time 

before quenching 

Temperature Result 

1 3 h RT No reaction 

2 overnight RT No reaction 

3 5 h reflux No reaction 

 

Table 3 – Reaction conditions of compling of compound 304 with Appel’s salt 

It was decided to look into alternative ways to form the benzothiazole aromatic structure. 

The nitrile on benzothiazole 297 was disconnected as it could be accessed from a 2-halide 

benzothiazole 306 via an SNAr reaction. Halogenation at the C-2 position can be achieved 

via Sandmeyer reaction from 2-amino benzothiazole 307. Disconnecting the thiazole part 

of the fused ring system leads to the previously prepared 2-nitro p-anisidine 290. 

Benzothiazole 307 can potentially be accessed from aniline 290 via a reaction with 

potassium thiocyanate and bromine (Scheme 99).80 

 

Scheme 99 – Alternative retrosynthesis of 2-cyano-4-nitro-6-hydroxybenzothiazole 

Formation of the benzothiazole core using thiocyanate reagents has been employed to 

make the benzothiazole nucleus for other D-luciferin analogues78 and remains a valid 

alternative to Appel’s salt reactions.143 In order to construct the benzothiazole moiety, 

aniline 290 and potassium thiocyanate were dissolved in acetic acid, stirred for 20 

minutes, then treated with bromine and stirring continued (Scheme 100).80 



91 
 

 

Scheme 100 – Synthesis of 2-amine-4-nitro-6-methoxybenzothiazole 

Potassium thiocyanate and bromine form a highly reactive Br-SCN species. Direct 

electrophilic substitution ortho to the amino group leads to cyclisation by nucleophilic 

addition of the amine on the cyano carbon (Scheme 101). Loss of proton and 

tautomerisation gives the desired benzothiazole 307. 

 

Scheme 101 – Mechanism of formation of benzothiazole 307 

Due to the mechanistic rrequirement that the amino substituent needs to act as an 

electron donor and nucleophile in this process, it was expected that the addition of 

conjugated electron-withdrawing nitro group would have a deleterious effect on the 

reactivity and yield of this reaction. Thus, the reaction had to be optimised to achieve 

better yields (Table 4). Initially, the reaction was attempted at 200 mg scale, giving a low, 

but reasonable yield of 35% with complete consumption of starting material. Increasing 

the scale of the reaction to 500 mg resulted in a comparable yield. However, a further 

increase of the scale to 1.30 g saw a significant drop in the yield to only 11%. Because of 

that, further optimisation reactions were all done on 500 mg. The effect of increase of 

time scale on the yield was also studied. When the reaction was left for 5 days at room 

temperature, the crude material was isolated in quantitative yield and was pure by 1H 

NMR. However, when the crude material was used in further reactions, a significant 

decrease in yield of subsequent reactions was observed. We think that this was connected 
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to the presence of significant amounts of insoluble impurities in the crude product. While 

it could be triturated with ethyl acetate, the reaction time made the reaction conditions 

suboptimal, so further optimisation of the reaction conditions was pursued. Decreasing 

the reaction time to 3 days produced material that had both the insoluble impurities and 

soluble impurities, visible by 1H NMR. Purification of this reaction by column 

chromatography resulted in 22% yield of compound 307. The decrease in yield with the 

increase of reaction timescale from 1 day to 3 days at the same reaction scale, as well as 

the lack of any soluble impurities at the 5 days timescale suggested that the side products 

as well as the desired product decay over time to form the insoluble material. One 

experiment to test the effect of temperature on the yield was performed. A reaction that 

was left at 70 °C overnight gave a crude product that showed degradation and no product 

peaks by 1H NMR. It was concluded that the literature conditions of stirring the solution 

overnight at room temperature resulted in the highest yield. In the further attempts more 

effort was put into optimising purification conditions. Optimising column chromatography 

conditions resulted in product 307 being isolated in 49% yield at 500 mg scale. However, 

even with the optimised purification conditions the yields of this reaction were 

inconsistent, ranging from 24% to 49% at 500 mg scale. 
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Entry Scale Time after 

Br2 addition 

Temp. Purification 

method 

Yield Notes 

1 200 mg Overnight RT Column 35% - 

2 500 mg Overnight  RT Column 31% - 

3 1.294 g Overnight RT Column 11% - 

4 500 mg 5 days RT - Quant. Pure by 1H NMR, 

significant amounts 

of insoluble impurity 

5 500 mg Overnight 70 °C - - Decomposition by 

1H NMR 

6 500 mg 3 days RT Column 22% - 

7 500 mg overnight RT Column 49% Purification 

conditions 

optimised 

 

Table 4 – Various conditions of KSCN and aniline 290 reactions tested 

Several halogenation methods of the amine were tested. The first attempted method was 

the treatment with sodium nitrite followed by N-Bromosuccinimide (NBS) bromination.144 

It was chosen as it is a mild method, requiring no acidic conditions or metal reagents. For 

this method, a solution of amine 307 in dimethylformamide (DMF) was treated with 

sodium nitrite and NBS and stirred at room temperature (Scheme 102) 

 

Scheme 102 – Conditions of first attempted bromination of benzothiazole 307 

A plausible mechanism (Scheme 103) starts with formation of bromonitrite from NBS and 

sodium nitrite. Bromonitrite and sodium nitrite then form bromide ion and ON-ONO2. 

Amine 307 then undergoes nitrosylation with ON-ONO2 to form nitrosamine intermediate 

309. Tautomerisation to diazohydroxide 310 and acid assisted loss of water leads to the 
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formation of diazonium cation 311. Diazonium compound 311 then undergoes a 

Sandmeyer substitution reaction to give 2-bromo-4-nitro-6-hydroxybenzothiazole 308. 

 

Scheme 103 – Mechanism of bromination of amine 307 with NBS and sodium nitrite 

Several different conditions were tried to optimise the NBS bromination (Table 5). The 

initial attempt of stirring 88 mg of starting amine 307 at room temperature overnight 

resulted in a relatively low yield of 308 of 29%. Upon upscaling the reaction from 88 mg 

to 197 mg, the yield dropped to 22%. The effect of changing the reaction time on the yield 

was investigated. It was found that decreasing the reaction time to 6 hours did not result 

in a significant change in yield (21% compared to 22% for an overnight reaction of 

comparable scale), but a significant increase of reaction time lead to a decrease in yield. 

An attempted increase of the reaction temperature from room temperature to 100 °C 

resulted in a decrease in yield (5%), but also in the formation of side-products with Rf 

values similar to the desired product, making it difficult to separate the bromide 308 from 

its side products. 
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Entry Scale Reaction 

time 

Temperature Yield 

1 88 mg Overnight RT 29% 

2 197 mg Overnight RT 22% 

3 182 mg 6 h RT 21% 

4 200 mg 3 days RT 15% 

5 200 mg Overnight 100 °C 5% 

 

Table 5 – Various conditions of NBS bromination of amine 307 

Due to low yields, alternative methods of halogenation were explored. One such way, 

which has been used in preparation of 2-cyano-6-methoxy-benzothiazole, is iodination of 

the intermediate diazonium species using potassium iodide.145 In this method, amine 307 

was dissolved in a mixture of water, acetic acid and sulphuric acid, cooled to 0 °C, treated 

with sodium nitrite, stirred at room temperature, and finally treated with potassium 

iodide (Scheme 104). 

 

Scheme 104 – Halogenation of amine 307 with sodium nitrite and potassium iodide 

In the initial attempt, a major product with 3 protons on the benzene part of the 

benzothiazole was detected by 1H NMR (Figure 24). Other attempted reactions either saw 

the formation of the same major product or isolation of a complex mixture of products. 

Moreover, the mass recovery of the crude product was inconsistent from reaction to 

reaction. It was thus decided to try a different approach for halogenation. 
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Figure 24 – 1H NMR of the major product of attempted sodium nitrite and potassium 

iodide halogenation of amine 307 

Another method of converting amines to halides is via a Copper(II) halide Sandmeyer 

reaction.94,146 In this reaction, amine 307 was stirred with amyl nitrite and copper(II) 

bromide under an inert atmosphere in acetonitrile at 65 °C for 3 hours (Scheme 105). This 

reaction gave the desired product in very good yields of above 90% with a maximum 

recorded yield of 98%. 

 

 

Scheme 105 – Halogenation of amine 307 using amyl nitrite and copper(II) bromide 

A proposed mechanism starts similar to the sodium nitrite process, with the amine lone 

pair attacking the nitrite to form a nitrosamine intermediate 313. The intermediate then 



97 
 

fragments into nitrogen gas, isopentyl alcohol radical and benzothiazole radical 314, 

which abstracts a bromine from the copper(II) species to form bromobenzothiazole 308 

(Scheme 106). 

 

Scheme 106 – Mechanism of amyl nitrite and copper (II) bromide Sandmeyer reaction 

 Conversion of bromide 308 to a nitrile was achieved by an SNAr reaction with a source of 

cyanide nucleophile. The initial attempted reaction used potassium cyanide and catalytic 

amounts of 1,4-diazabicyclo[2.2.2]octane (DABCO) in a mixture of water and DMSO 

(Scheme 107).80,147 This method was initially chosen for the mild conditions used as well 

as due to the literature president, utilising a nitrobenzothiazole derivative. 

 

Scheme 107 – Initial attempted synthesis of nitrile 297 from bromide 308 

A proposed mechanism consists of two steps.148 In the first one, DABCO acts as a 

nucleophile and adds to the aromatic system via an SNAr reaction to form intermediate 

315. This then reacts with cyanide ion in a second SNAr process to yield desired nitrile 297 

(Scheme 108). Presumably nitrile is not a good enough nucleophile to attach halide 308, 

but the use of the nucleophilic catalyst DABCO enables the overall process to proceed. 
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Scheme 108 – Proposed mechanism of cyanation of bromide 308 

The initial attempt at performing the reaction overnight at room temperature in a 1:1 

DMSO/H2O mixture led to no desired product formation. It was found that the reaction 

did not proceed under the literature conditions in a 1:1 DMSO/H2O mixture, as only 

starting material was recovered when the synthesis was performed at both room 

temperature or at 65 °C. A set of conditions were tested to try and optimise the reaction 

(Table 6). Increasing the DMSO content resulted in the formation of 297 in 46% yield on a 

80 mg scale. However, the yields decreased as the scale of the reaction was increased 

(Entries 4 and 5). Using a different source of cyanide nucleophile did not improve the yield. 

  



99 
 

Entry Scale Time Cyanide salt 

used 

Temperature DMSO: 

H2O ratio 

Yield 

1 100 mg Overnight KCN RT 1:1 St. mat. 

recovered 

2 100 mg Overnight KCN 65 °C 1:1 St. mat. 

recovered 

3 80 mg Overnight KCN RT 9:1 46% 

4 100 mg Overnight KCN RT 9:1 20 % 

5 236 mg Overnight KCN RT 9:1 11% 

6 100 mg Overnight NaCN RT 9:1 15% 

 

Table 6 – Various conditions for cyanation of bromide 308 

Conventional cyanation in hot DMSO was also attempted. A solution of bromide 308 was 

added to a solution of sodium cyanide in hot (50 °C) DMSO and the mixture was heated 

to 110 °C and stirred for 5 h (Scheme 109).149 The desired nitrile 297 was isolated in only 

5% yield. 

 

Scheme 109 – Cyanation of bromide 308 in hot DMSO 

Due to both benzothiazole formation and cyanation reactions being poorly scalable and 

fairly low-yielding, it was decided to revise the Appel’s salt synthetic route and explore 

possible modifications that had previously been reported in the literature. 

 One of the synthetic pathways towards D-luciferin that uses Appel’s salt includes a one-

pot coupling/condensation reaction.71,72 Repeating these conditions, nitroaniline 290 and 

Appel’s salt 47 were stirred in 1:1 acetonitrile: tetrahydrofuran for 2.5 hours at room 

temperature. Then the reaction was quenched with pyridine and stirred for one more 
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hour. After that, the mixture was treated with 1 M solution of sodium thiosulphate in 

water and stirred for one hour at room temperature (Scheme 110). The desired product 

316 was isolated in 61% yield.  

 

Scheme 110 – Synthesis of functionalised nitrophenol 316 

The mechanism of this reaction consists of two steps (Scheme 111). In the first step, 

Appel’s salt 47 is attacked by aniline 290 in a substitution process to form compound 296. 

Thiosulphate ion then attacks the carbon, attached to the chlorine atom in another 

substitution process to form thioimine intermediate 317, which upon fragmentation 

produces sulphur(VI) oxide, elemental sulphur and the desired product 316. 

 

Scheme 111 – Mechanism of coupling/fragmentation reaction of aniline 290 and Appel’s 

salt 47  

Cyclisation of compound 316 via palladium-copper catalysed C-H activation was 

attempted under the conditions, described in the literature.71,72 Starting material 316, 
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palladium(II) chloride, copper(I) iodide and tetrabutylammonium bromide (TBAB) were 

suspended in anhydrous 1:1 DMF/DMSO mixture and stirred at 130 °C under an inert 

atmosphere for 4 hours (Scheme 112). 

 

Scheme 112 – Attempted cyclisation of compound 316 via a C-H activation 

A plausible mechanism (Scheme 113) starts with C-H functionalisation through a directed 

electrophilic substitution reaction by the thioamide groupto give palladacycle 

intermediate 318. Intermediate 318 then undergoes reductive elimination to yield 

benzothiazole 297 and palladium in oxidation state zero. While the role of the additives is 

unclear, it is known that removal of either copper(I) iodide or TBAB leads to a significant 

decrease in the yield.150 Copper(I) iodide could act as an oxidant to reoxidise palladium(0) 

to palladium(II). However, there is only 50 Mol% in the reaction, which would only allow 

a 25% turnover of the catalyst The TBAB is known to improve the yields of palladium 

catalytic reactions, but the exact reasons are unclear.151,152  
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Scheme 113 – Plausible mechanism of palladium catalysed cyclisation of compound 316 

When the reaction was attempted, formation of aniline 290, alongside the desired 

product 297 was observed in a 1:2 ratio by 1H NMR (Figure 25). 

 

Figure 25 – 1H NMR spectra of thioamide 316 (top), aniline 290 (middle) and the crude 

product of palladium catalysed cyclisation of material 316 (bottom). 
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This was most likely a result of a competing fragmentation reaction (Scheme 114). Due to 

the strong electron-withdrawing effect of the nitro group, the C-H functionalisation would 

be slower than the equivalent reaction on compound 52 while making the aniline a good 

leaving group in a substitution reaction at the thioamide carbon. Additionally, 

fragmentation of starting thioamide material by a nucleophile has been previously 

reported in the literature.153,154 

 

Scheme 114 – Plausible mechanism of fragmentation of thioamide 316 

While 33 mg of the desired product 297 were isolated, 1H NMR showed that the isolated 

mixture contained mostly solvent. Due to the fragmentation side reaction occurring and 

the use of highly water miscible solvents (DMF and DMSO), that contributed to a loss of 

product during aqueous work-up, it was decided to investigate alternative ways that 

avoided the use of DMF and DMSO to facilitate the cyclisation of the Appel’s salt coupling 

product 296. 

In the first published synthesis of 2-cyanobenzothiazole derivative using Appel’s salt, the 

cyclisation was directed by a bromine substituent at the C-6 position.70 The same directing 

effect was used in the synthesis of the naphthyl-luciferin benzothiazole heterocycle.92 As 

our previous attempts to cyclise a coupled Appel’s salt intermediate 292 yielded an 

undesired product with three aromatic protons, we hoped that bromide might help 

facilitate and direct the cyclisation reaction. 

Bromination of aniline 290 has been previously reported in the literature.155 A solution of 

aniline 290 in dichloromethane was treated with bromine at low temperature for 30 min 

(Scheme 115). Our initial reaction on a 200 mg scale at -20 °C gave only 13% yield. 
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Scheme 115 – bromination of 2-nitro-4-methoxy-aniline 

A set of conditions were tested to increase the yield of the reaction (Table 7). Since the 

literature procedure was performed on a large scale (6.72 g), the decreased yield could 

have been connected to the smaller scale. Maintaining the temperature at -20 °C was also 

difficult. The next attempt was performed on a larger scale (756 mg) and at -40 °C 

(saturated calcium chloride aqueous solution/dry ice). This led to a significant increase of 

the yield, compared to the initial attempt. Further increase in scales also resulted in an 

increase of yield up to 49%. However, the literature yield of 65% was not achieved. 

Entry Scale Temperature Yield 

1 200 mg -20 °C 13% 

2 756 mg -40 °C 26% 

3 1.833 g -40 °C 41% 

4 2.376 g -40 °C 49% 

 

Table 7 – Various conditions of aniline 290 bromination 

The Appel’s salt coupling reaction was done in accordance with the literature procedure 

used previously (CH2Cl2, RT),71 but at first attempt only gave a 6% yield. 

 

Scheme 116 – Coupling of aniline 319 with Appel’s salt 

Several different conditions were tested to increase the yield of the Appel’s salt coupling 

reaction (Table 8). Initial attempts at performing the coupling reaction in accordance with 
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the literature reaction conditions resulted in low yields (6% - 21%). Increasing the 

timescale of the reaction from 3 h to overnight increased the yield significantly to 20%, 

but stirring the reaction for 3 days led to barely any improvement (entries 2 and 3). To 

study the effect of increasing the temperature of the reaction, the solvent was changed 

to acetonitrile, as it both provided solubility of the starting material similar to 

dichloromethane and allowed access to a reasonable range of temperatures. Performing 

the coupling reaction at a higher temperature (50 °C) saw a significant increase in the yield 

to 42% compared to the reactions at room temperature (entry 4). However, the yield 

dropped to 28% when the reaction was performed at reflux temperature of 82 °C (entry 

5). Due to the instability and reactivity of Appel’s salt, 50 °C reaction conditions were 

deemed sufficient. 

Entry Scale Temp. Time 

before Py 

quenching  

Solvent Appel’s 

salt eq. 

Purification Yield 

1 123 mg RT 2 h CH2Cl2 1.2  Column 

Chromatography 

6% 

2 123 mg RT  Overnight CH2Cl2 1.5 Column 

Chromatography 

20% 

3 123 mg RT 3 days CH2Cl2 1.2 Column 

Chromatography 

21% 

4 123 mg 50 °C 4 h MeCN 1.5 Column 

Chromatography 

42% 

5 123 mg 82 °C 4 h MeCN 1.5 Column 

Chromatography 

28% 

 

Table 8 – Various conditions of Appel’s salt coupling with aniline 319 

Upon investigating modern literature precedence of benzothiazole formation via a 

bromide intermediate, lack of purification of the Appel’s salt coupling intermediate was 

noted.92 Copper mediated cyclisation was attempted in accordance with literature 

conditions.92 Crude starting material 320 was dissolved in pyridine and treated with 
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copper(I) iodide. The solution was then stirred at 110 °C for 40 minutes to yield the desired 

product in 40% yield (300 mg) over 2 steps (Scheme 117). The reaction was upscaled to a 

1 g scale with no decrease of the yield. 

 

Scheme 117 – Copper mediated cyclisation of bromide 320 

A proposed reaction mechanism (Scheme 118) starts with the cyclisation, propagated by 

the sulphur lone pair to form a tricyclic intermediate 321. The bromine atom is then 

abstracted by the copper-pyridine complex, leading to the re-aromatisation of the 

benzothiazole and formation of the nitrile group to yield the desired 2-

cyanobenzothiazole 297.156 Halogen complexation is believed to facilitate 

electrocyclization and fragmentation, similar to the halogen facilitation of cyanation of 

aromatic systems.157  

 

Scheme 118 – A plausible mechanism of copper mediated cyclisation of bromide 320 

We considered the order of conversion of the methoxy group to the phenol and the nitro 

group to the amine group based upon the relative stability of these functional groups. 

Selective reduction of a nitro group to an amine usually employs stoichiometric amount 

of transition metals either at room temperature conditions or at reflux in organic acid or 

alcohol.116,147,158,159 Demethylation of a methoxy group generally tends to employ harsher 

conditions, either by utilising boron trihalide reagents at room temperature or below, 86,160 

or using basic reagents under high (> 150 °C) temperatures.72,161 It is worth noting that 

boron trihalide demethylation has proven to be substrate dependent and may lead to 
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degradation of starting material, as shown by previous work done in our group. Given the 

thermal stabilities of the corresponding benzene compounds, we speculated that the 

nitro reduction would lead to the most drastic decrease in thermal stability, as aniline 

decomposes at 130 °C, while nitrobenzene can withstand temperatures of up to 450 

°C.135,162 While anisole has similar thermal stability to nitrobenzene, decomposing at 476 

°C, phenols tend to be considerably more stable than primary aromatic amines, with 

thermal decomposition starting at temperatures above 270 °C.163,164 Because of this data, 

it was decided to attempt the demethylation first, followed by nitro reduction. 

The demethylation was first attempted using boron tribromide (BBr3).86,160 A solution of 

methyl ether 297 in dichloromethane was treated with BBr3 at -78 °C under an inert 

atmosphere (Scheme 119). 

 

Scheme 119 – Attempted BBr3 facilitated demethylation of methyl ether 297 

The reaction was monitored by thin layer chromatography (TLC) to track the consumption 

of starting material. After stirring the reaction for 1 hour at -78 °C, little consumption of 

starting material was observed. The temperature was then increased to room 

temperature and the reaction was stirred for an additional hour. When crude product was 

isolated, only starting material was observed by 1H NMR. This could be due to the strong 

electron-withdrawing effect of the nitro group deactivating the lone pair of the methoxy 

oxygen. 

The second attempted method was with sodium ethanethiolate, generated in-situ.161 

Ethanethiol was added to a suspension of sodium hydride in dimethylformamide, and the 

solution was stirred at room temperature overnight. A solution of methyl ether 297 in 

dimethylformamide was then added to the sodium ethanethiolate solution and the 

reaction was heated at reflux and stirred for three hours (Scheme 120). 
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Scheme 120 – Attempted sodium ethanethiolate mediated demethylation of methyl 

ether 297 

The crude 1H NMR showed that most of the material had decomposed (Figure 26). No 

desired compound or starting material was observed. 

 

Figure 26 – Crude 1H NMR of attempted ethanethiolate demethylation of methyl ether 

297 

The final demethylation attempted involved stirring the methyl ether in neat pyridine 

hydrochloride at high temperature.72 While in a number of published D-luciferin 

syntheses, pyridine hydrochloride mediated demethylation is carried out using 

conventional heat,71,72 this reaction can also be carried out under microwave radiation.165 

Previous work done in the group suggested that microwave reaction gave better yields 
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when compared to conventional heating. Thus, the reaction was performed by combining 

methyl ether 297 and pyridine hydrochloride in a microwave vial and heating the reaction 

using microwave radiation (Scheme 121). 

 

Scheme 121 – Pyridine hydrochloride mediated demethylation of methyl ether 297 

The reaction was first attempted using the literature conditions (210 °C, 1 h), but a 

significant proportion of material (>50%) degraded. Reaction conditions were optimised 

to minimise the degradation and maximise the consumption of starting material (Table 

9). All reactions were performed on a small (30 mg) scale, noting the mass recovery of the 

crude product and the purity of crude material by 1H NMR. At 210 °C for 1 h or 30 min, all 

starting material was consumed, however considerable degradation was observed for 

both (53% and 34% respectively, entries 1 and 2) Reducing the temperature to 180°C for 

30 min gave a quantitative yield of crude product judged to be ~95% product by 1H NMR 

(entry 3). Reducing the temperature further to 150 °C gave only 25% conversion to the 

product (entry 4). Thus, 180 °C and 30 min conditions were chosen and while a small 

amount of starting material remained in the crude product, it led to quantitative mass 

recovery. 

Entry Temperature Reaction time Mass recovery 1H NMR purity 

1 210 °C 1 h 47% 100% 

2 210 °C 30 min 66% 100% 

3 180 °C 30 min Quant. 95% 

4 150 °C 30 min Quant. 25% 

 

Table 9 – Optimisation conditions of pyridine hydrochloride demethylation of ether 297 

Initially, there were concerns about the difficulty of purification of the product using 

column chromatography due to its polarity and potential degradation on silica. Thus, we 
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first attempted purification by trituration, hoping that the aromatic alcohol would be 

poorly soluble or insoluble in certain solvents, such as diethyl ether. However, the starting 

material and product had comparable solubilities in a range of solvents. Because of that, 

purification by column chromatography was attempted. Surprisingly, the product gave a 

defined spot on TLC and was successfully isolated in pure form in 61% yield (Scheme 122). 

 

Scheme 122 – Final reaction conditions of pyridine hydrochloride demethylation of 

methyl ether 297 

While there are multiple literature conditions for the reduction of the nitro group, not all 

of them could be used to reduce nitro compound 322. Palladium and acid-catalysed 

reactions could reduce the nitrile to an amine and thus could not be used. This limited the 

scoped of possible reactions to stoichiometric metal reductions. Two different literature 

conditions were investigated. 

First method used stannous chloride in absolute ethanol (Scheme 123).158 The nitro 

compound 322 and stannous chloride were dissolved in absolute ethanol and stirred at 

70 °C under an inert atmosphere. 

 

Scheme 123 – First attempted reduction conditions of nitro compound 322 

Stirring the reaction for 30 min, and performing a standard aqueous work up, gave crude 

product. The 1H NMR analysis of the crude product showed a 45:55 mixture of two 

product (Figure 27, top), with the minor product later revealed to be the desired product 

323. However, due to the small scale of the reaction (46 mg) and poor conversion using 

the literature conditions, it was decided to subject the crude material to the same reaction 
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conditions for a longer period. We hoped that the second material was a reduction 

intermediate and stirring the reaction in presence of stannous chloride could result in a 

higher yield of the desired amine 323. However, upon stirring the reaction for a further 2 

hours, both products decomposed (Figure 27, bottom). 

 

Figure 27 – 1H NMR of crude product of attempted nitro reduction of compound 322 

using stannous chloride after 30 min (top) and 2.5 hours (bottom) 

Due to the low conversion and degradation of products under the reaction conditions, an 

alternative method of nitro reduction of compound 322 was attempted. In this procedure, 

nitro compound 322 was stirred with zinc powder and ammonium chloride in reagent 

grade methanol for 30 minutes (Scheme 124).72 

 

Scheme 124 – Alternative reaction conditions for reduction of nitro compound 322 
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Starting material was fully consumed and the ratio of desired product to side product in 

the 1H NMR of the crude product was much more favourable than in the stannous chloride 

reaction (1:0.32 vs SnCl2 1:1.3). 

The biggest challenge of this reaction was the purification. The crude mixture itself only 

contained two compounds based on TLC analysis, with the side product showing both 

streaking and degradation on both silica and alumina. While this issue was resolved by 

using both triethylamine and methanol in the eluent, the product degraded on silica. The 

product was considerably more stable on alumina, but it still bonded strongly to alumina 

and required a highly polar eluent system (7:3 EtOAc/ MeOH, 1% TEA). The desired 

product was isolated in 36% yield after neutral alumina purification. 

The last synthetic step was the cyclisation of nitrile 323 with D-cysteine. Starting material 

323 was stirred with D-cysteine and potassium carbonate in a 2:1 mixture of methanol 

and water under an inert atmosphere (Scheme 125).72,166 Because we had found with the 

synthesis of π-extended derivatives in the group that thiazoline systems become more 

prone to oxidation by atmospheric oxygen as the HOMO-LUMO gap of the molecule 

decreases, the reaction was performed under an inert atmosphere using degassed 

solvents. 

 

Scheme 125 – Reaction conditions of cyclisation of nitrile 323 with D-cysteine 

During the initial attempt to cyclise nitrile 323 with D-cysteine on a low (31 mg) scale, the 

reaction was stirred over 3 days to test both the stability of the product in solution and 

the conversion of the reaction. Because the desired product was a carboxylic acid, it was 

hoped that it could be isolated by acid-base work-up to avoid purification by column 

chromatography, which could lead to oxidation of the thiazoline moiety. Because the 

desired product 285 had hydroxylic acid and hydroxyl groups, which could be 

deprotonated under basic conditions, and an amine, which could be protonated under 

acidic conditions, the pH close to the isoelectric point of compound 285 had to be 
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determined. An aqueous solution of the crude product was acidified to pH 7, extracted 

with 5 x 10 mL ethyl acetate, the aqueous layer was then acidified to pH 5, extracted with 

5 x 10 mL ethyl acetate. The aqueous layer was further acidified to pH 3 with a final 5 x 10 

mL ethyl acetate extraction. All groups of the organic layers were separately dried and 

concentrated to give 3 fractions. The presence of the desired product in either of the 

fractions was identified by the characteristic triplet peak (CH2CHCO2H) at δ 5.34 ppm (1H, 

J = 9.0 Hz). While the fractions from the extraction at both pH3 and pH 5 had peaks 

corresponding to the desired product, according to 1H NMR (Figure 28), the mass of crude 

product isolated from solution at pH 3 (5 mg) was considerably lower than that of crude 

product, isolated from solution at pH 5 (23 mg). Additionally, cross-referencing all three 

1H NMR peaks suggested that the while both fractions at pH 5 and pH 3 had the same 

proportion of desired product to aromatic side products (55% at both pH 5 and pH 3), the 

fraction at pH5 only showed aromatic side-products and a better mass balance, suggesting 

more material throughput at pH 5 (Figure 28). Material isolated at pH 7 was thought to be 

dehydro analogue due to the lack of the triplet peak. Thus, extraction at pH 5 was 

concluded to be the most optimal out of the three conditions tested. 
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Figure 28 – 1H NMR of the crude product isolated from aqueous layer at pH 7 (top), pH 5 

(middle) and pH 3 (bottom) 

Unfortunately, in all three cases the crude product was a mixture of several compounds 

and still needed purification. Purification was attempted using reverse-phase column 

chromatography using C18 medium as a stationary phase and acetonitrile-water eluent 

system. The 1H NMR of the isolated product resembled that of mixture isolated at pH 3, 

suggesting that the product could be getting oxidised during the purification process. 

Thus, alternative methods of purification of product 285 had to be explored. 

The second attempted cyclisation was done on a larger (60 mg) scale. A solution of starting 

material 323, D-cysteine and potassium carbonate was stirred for 20 min. After the full 

consumption of starting material was confirmed by TLC, along with two other major spots 

being visible, the solution was acidified to pH 7 and extracted with ethyl acetate. Upon 

further acidification to pH 5, a precipitate formed. The precipitate was collected, and the 

remaining aqueous layer extracted with ethyl acetate. No desired compound was found 

in the organic layer by 1H NMR, which showed a complex mixture of side-products. The 

precipitate was washed with methanol in an attempt to dissolve the desired product. Both 
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the methanol filtrate and the remaining solid were analysed. The 1H NMR of the remaining 

solid showed no aromatic compounds present. The 1H NMR of the methanol filtrate 

showed the product, alongside a large water solvent peak (Figure 29). Solvent was 

removed by co-evaporation with degassed ethanol to yield 50 mg of product. 

Unfortunately, 1H NMR analysis of the final dried compound showed that the material had 

degraded during the drying process (Figure 29). Due to time constraints and running out 

of advanced synthetic intermediates, the experiment could not be repeated and no 

further investigation was carried out. 

 

Figure 29 – 1H NMR of the crude product after washing the filtrate with methanol (top) 

and the degraded product after attempted collection of full data of compound 285 

(bottom) 

4 Conclusions and future work 

4.1 Synthesis of amino infra-luciferin analogues 

 Two novel amino infra-luciferin ester analogues 253a-b were synthesised, thus 

completing the initial set of amine infra-luciferin ester analogues. Novel infra-luciferin acid 

analogues, free amine infra-luciferin 253a and methyl amine infra-luciferin 253b, were 
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synthesised, but couldn’t be separated from the crude mixture and thus were only 

partially characterised as impure mixture (1H NMR, mass spectrometry, IR, melting point). 

Synthesis of free amine analogue 253a was completed in seven steps, while methyl amine 

analogue 253b was completed in eight steps (Scheme 126). Both routes followed the 

previously published convergent route of infra-luciferin.104 This method marks the first use 

of tert-Butyloxycarbonyl (Boc) protecting group for the synthesis of infra-luciferin 

analogue in our group. Additionally, unlike the previously reported synthesis of dimethyl 

amine infra-luciferin 253c, this convergent route could be used to synthesise various 

secondary amine analogues. By cleaving the Boc group before formylation and 

functionalising the resulting amine, a range of tertiary amine infra-luciferins could also be 

accessed. 

 

Scheme 126 – Synthesis of amino-luciferin analogues 253a-b 
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4.2 Synthesis towards 4-aminoluciferin 

An eight step route towards novel substituted luciferin analogue 4-aminoluciferin 285 was 

developed (Scheme 127). The route was adapted from the various modern synthesis of D-

luciferin.72,92 The development of this route tested a number of reactions for compatibility 

with intermediates with strong electron-withdrawing groups. It was found that a bromine 

substituent was required to facilitate the cyclisation of intermediate 320 and that the 

demethylation could be efficiently performed in pyridine hydrochloride. While the final 

cyclisation step was promising, the final compound could not be isolated due to problems 

with purification methods and stability of the compound. 

 

Scheme 127 – Synthesis of 4-aminoluciferin 285 

4.3 Future work for amino-analogues 

Due to factors beyond our control the bioluminescence data of the analogues have not 

been determined. Our original collaborator has ceased academic work. While we have a 

new collaboration with Prof. Branchini in the United States, the compounds need to be 

remade and the final saponification to the acids investigated. While the saponification 
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using lithium hydroxide is a simple way to access the free acid analogues quantitatively, it 

tends to lead to significant amount of dehydro analogues forming. However, infra-

luciferin esters were acceptable bioluminescence assay favoured by our original 

collaborator. Infra-luciferin acids can be accessed by pre-incubating the esters with 

esterase enzyme prior to testing, but the absolute quantity of acid cannot be easily 

determined.103 Alternatively, novel milder saponification conditions, used in other work 

on D-luciferin analogues or employing lipase resin, could be tested.102 Based on the results 

of bioluminescence studies, the same synthetic route could be used to modify the 

hydrophobicity of the molecule to increase the cell permeability.82 

4.4 Future work for C-4 substituted aminoluciferin analogues 

Due to time constraints, 4-aminoluciferin 285 could not be fully characterised. Due to the 

instability of the compound in solvent and under atmospheric conditions, the purification 

method could be further explored and optimised to minimise the degradation and 

potential formation of dehydroluciferin. In order to have a range of substituted amine 

luciferin analogues, that could be compared to dihydroxyluciferin 62, ideally the synthesis 

of the analogues 4-hydroxyaminoluciferin 286 and diaminoluciferin 287 have to be 

performed (Figure 30). Due to the divergent nature of the synthesis of 4-aminoluciferin 

285, a new synthesis of both analogues 286 and 287 would have to be be developed. 

 

Figure 30 – A range of 4-substituted luciferin analogues 

However, most reactions present in the synthesis of luciferin analogue 285 could be 

repurposed to make both the 4-hydroxyaminoluciferin 286 and diaminoluciferin 287. 

Synthesis of analogue 286 could be done via a bromide intermediate 328, previously 

reported in the literature.167 Bromide 328, in turn, could be accessed from commercially 
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available ο-anisidine 324.168 Performing the Appel’s salt coupling, followed cyclisation, 

demethylation, nitro reduction and condensation with D-cysteine could lead to the 

formation of 4-hydroxyamineluciferin 286 (Scheme 128). 

 

Scheme 128 – proposed synthesis of 4-hydroxyaminoluciferin 286 

Similarly, bromide intermediate 335 can be made from commercially available 4-

nitroaniline.169,170 It could then be coupled with Appel’s salt, cyclised, treated with 

ammonium chloride and zinc powder to reduce the nitro groups and condensed with D-

cysteine to yield diaminoluciferin 287 (Scheme 129). 
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Scheme 129 – proposed synthesis of diamineluciferin 287 

4.5 Future work for infra-luciferin analogues 

Based on the work performed on both amine infra-luciferin analogues and C4 substituted 

luciferin analogues, as well as the work done on C4 substituted infra-luciferins 339 already 

done in the group,171 a range of C4 substituted amine infra-luciferins 340-342 can be 

proposed (Figure 31). Due to increased conjugation, analogues 340-342 should emit more 

red-shifted light, compared to the corresponding infra-luciferin 214 and amine infra-

luciferin 253a. Additionally, using different electron-donating groups (-OH, -NH2) would 

change the ICT properties, as well as the cell-permeability and hydrophobicity of the 

molecules. Compared to molecules 339-341, diamine infra-luciferin 342 is expected to be 

the most red-shifter and the least hydrophobic. 
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Figure 31 – Previously synthesised C4 infra-luciferin and proposed novel C4 substituted 

infra-luciferin analogues 

Novel compound 340-342 could be accessed, using the method previously developed in 

our group for the synthesis of analogue 339.171 All the proposed compounds could be 

accessed from the corresponding anilines 347. Following one of the routes towards 2-

cyano-benzothiazole 297, the benzothiazole ring could be constructed using potassium 

thiocyanate and bromine. Compound 346 could then be converted into a bromide 345, 

using isopentyl nitrile and copper(II) bromide. Depending on the target, the functional 

groups would need to be converted into the corresponding electron-donating groups and 

protected either one by one, starting with the methoxy group (analogues 340-341), or 

could be converted and protected consecutively (analogue 342). Alkene 344 could be 

constructed using a palladium-catalysed reaction with vinyl tin reagent. Functionalised 

alkene 345 could then be accessed via a Grubbs metathesis. Finally, the target compounds 

340-342 could be synthesised using Hendrickson’s (POP) reagent (Scheme 130). 
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Scheme 130 – Proposed retrosynthesis of C4 substituted infra-luciferins 340-342 
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Experimental Techniques 

General Experimental Details 

All experiments were carried out in oven dried glassware and under a positive flow of 

nitrogen or argon unless aqueous chemistry was involved. Room temperature range 

suggests a temperature range of 20 – 25 °C. Temperatures of 0 °C were achieved using an 

ice-water bath. Cryogenic temperatures were achieved suing solid CO2-saturated aqueous 

solution of calcium chloride (-40 °C), solid CO2-acetonitrile (-45 °C) and solid CO2-acetone 

(-78 °C). Thin layer chromatography (TLC) was carried out on Merck aluminium backed DC 

60 F254 0.2 mm pre-coated plates. Visualisation of the plates was done under ultraviolet 

light and then stained with potassium permanganate solution where required. Flash 

column chromatography was performed on Gedran® silica gel 60, 40-63 μm and Brockman 

I neutral aluminium oxide 60, 50-200 μm. Solvents were removed under reduced pressure 

using the house vacuum and Büchi rotary evaporators. Commercial solvents and reagents 

were used without further purification. The anhydrous solvents THF and CH2Cl2 were 

obtained from an in-house solvent towers solvent drying system. The 1H and 13C NMR 

spectra were recorded on the following machines: Bruker Acance 300 spectrometer, 

Bruker Avance III 400, Bruker Avance III 600, and Bruker Acance Neo 700 spectrometer. 

All the NMR spectra were manipulated using MestReNova (Version 11.0). The chemical 

shife (δ) was reported in parts per million (ppm) and coupling constants are quoted in 

Hertz (Hz). Two-dimensional NMR (COSY, HSQC, HMBC and NOESY) were used to assist 

full assignment where required. 19F NMR spectra were recorded as proton decoupled 

spectra at the frequency stated. A Perkin Elmer Spectrum 100 FT/IR with 100 μATR 

machine was used to collect IR spectra under thin film conditions or as a fine solid. Mass 

spectra were obtained on a ThermoMAT900 and an Accela LC-Finnigan LTQ instruments. 

Melting points are uncorrected and were recorded on an Electrothermal IA9300 machine. 
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Preparation and characterisation of desired compounds 

 

6-aminobenzothiazole (257)115 

 

A solution of 6-nitrobenzothiazole (500 mg, 2.80 mmol) in 80% EtOH (15 mL) was treated 

with 12 M HCl (0.40 mL), followed by iron power (0.63 g). The reaction mixture was stirred 

under reflux for 1h. Solid precipitate was removed by filtration. The solvent was removed 

under reduced pressure. Solid residue was extracted into a heterogeneous mixture of 10% 

aqueous solution of Na2CO3 (50 mL) and EtOAc (2 × 50 mL). Combined organic extracts 

were dried (MgSO4) and filtered. The solvent was removed under reduced pressure to give 

257 as brown solid (0.384 g, 91%); 1H NMR (600 MHz, CDCl3) δ 9.06 (1H, s, Ha), 8.25 (1H, 

d, J = 8.7 Hz, Hb), 7.52 (1H, d, J = 1.6 Hz, Hd), 7.23 (1H, dd, J = 8.6, 1.6 Hz, Hc), 4.23 (2H, br, 

NH2); 13C NMR (151 MHz, CDCl3) δ 150.3 (ArCH), 147.3 (ArC), 145.3 (ArC), 136.0 (ArC), 

124.5 (ArCH), 116.3 (ArCH), 106.2 (ArCH). Data was in agreement with the literature.115 

 

tert-Butyl benzo[d]thiazol-6-ylcarbamate (260)117 

 

A solution of 257 (367 mg, 2.44 mmol) in tert-butanol (10 mL) was heated to 80 °C (sand 

bath, 85 °C) and treated with Zn(ClO4)2.6H2O (46 mg, 0.12 mmol) and (Boc)2O (692 mg, 

3.17 mmol). The reaction mixture was stirred at room temperature for 3 h. The solvent 

was removed under reduced pressure. The crude product was purified by column 

chromatography (30% EtOAc: hexane) to give 260 as white oil (0.37 g, 61%); 1H NMR (400 

MHz, CDCl3) δ 8.94 (s, 1H, Ha), 8.04 (d, J = 8.7 Hz, 1H, Hc), 7.81 (s, 1H, Hd), 7.38 (d, J = 8.5 

Hz, 1H, Hb), 1.41 (d, J = 14.4 Hz, 9H, t-Bu), NH2 br. s. peak not observed; 13C NMR (101 

MHz, CDCl3) δ 154.81 (C(O)N), 154.2 (ArCH), 150.7 (ArC), 141.8 (ArC), 133.9 (ArC), 124.8 

(ArCH), 123.3 (ArCH), 118.6 (ArCH), 80.8 (t-Bu-C-O), 28.4 (t-Bu). Data was in agreement 

with the literature.117 

  



125 
 

tert-Butyl (2-formylbenzo[d]thiazol-6-yl)carbamate (263a) 

 

A solution of 260 (150 mg, 0.60 mmol) in dry THF (15 mL) was cooled to -78 °C, treated 

with n-BuLi (1.00 mL, 1.36 M, 1.36 mmol) and stirred at −78 °C for 20 min. Then DMF (0.20 

mL, 2.4 mmol) was added to the reaction dropwise. The reaction was stirred at -78 °C for 

2 h, then quenched with sat. NaHCO3 (aq) (6mL) at −78 °C and warmed to room 

temperature. The reaction taken up in EtOAc (50 mL), separated and aqueous layer was 

extracted with EtOAc (2 × 20 mL). The combined organic layers were dried (MgSO4) and 

filtered. The solvent was removed under reduced pressure to give crude 263a (189 mg) as 

yellow solid. Product was used with no further purification; Rf 0.21 (30% EtOAc: hexane); 
1H NMR (600 MHz, CDCl3) δ 10.11 (1H, s, C(O)H), 8.41 (1H, br s, Hc), 8.11 (1H, d, J = 8.9 Hz, 

Ha), 7.30 (1H, dd, J = 8.9, 2.2 Hz, Hb), 6.82 (1H, br s, NH), 1.55 (9H, s, t-Bu); 13C NMR (151 

MHz, CDCl3) δ 185.3 (C(O)H), 164.0 (C=O), 152.5 (ArC), 149.5 (ArC), 139.0 (ArC), 138.4 

(ArC), 126.1 (ArCH), 119.4 (ArCH), 110.3 (ArCH), 81.7 (t-Bu-C-O), 28.4 (t-Bu); m.p.: 205.2 – 

208.5 °C; IR νmax 3307 (N-H), 3122 (C-H), 2972 (C-H), 2933 (C-H), 1723 (C=O), 1664 (C=O), 

1605 (C=N) cm-1; HRMS (ES+) C13H14O3SN2 calcd. 279.07979, found 279.07981, m.p. 159.1 

– 160.4 °C. 

 

Methyl (2-(diethoxyphosphoryl)ethanethioyl)serinate (218)104 

 

To a solution of diethyl (cyanomethyl)phosphonate (5.00 g, 28.2 mmol) in Et2O (25 mL) 

was added ethanethiol (5.26 g, 84.7 mmol) and the mixture cooled to 0 °C. Hydrogen 

chloride gas (150 g NaCl, 100 ml Sulfuric Acid, replaced after 2.5 h) was bubbled through 

the reaction mixture for 6 h and reaction progress was monitored by 31P NMR. After 

complete consumption of starting material, solvent was removed under reduced pressure 

to obtain a colourless oil; 31P NMR (161 MHz, CDCl3); which was suspended in Et2O (10 

mL) and dry pyridine (20 mL) and cooled to 0 °C. Hydrogen sulphide gas was bubbled 

through the reaction mixture for 2.5 h and reaction progress was monitored by 31P NMR. 

After complete consumption of starting material, ice-cold water (5 mL) was added, 

followed by 9.0 M hydrochloric acid (20 mL), and the aqueous phase extracted with Et2O 

(3 x 20 mL). The organic layers were combined, dried (MgSO4) and concentrated in vacuo 

to give ethyl 2-(diethoxyphosphoryl)ethanedithioate as a red oil; 31P NMR (161 MHz, 

CDCl3) δ 17.9; which was dissolved in DCM (20 mL). A suspension of DL-serine (4.84 g, 31.1 
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mmol) in DCM (50 mL) was treated with Et3N (3.15 g, 31.1 mmol). The mixture was 

vigorously stirred at room temperature until all solid has dissolved, then diluted with DCM 

(50 mL). The solution was added to the DL-serine suspension dropwise. The reaction 

mixture was stirred at room temperature for 3 d. The reaction progress was monitored by 
31P NMR. After complete consumption of starting material, the solvent was removed 

under reduced pressure. The crude product was purified by column chromatography 

(silica, gradual elution EtOAc – 10% MeOH: EtOAc) to obtain 218 as yellow oil (8.961 g, 

quant.). Rf 0.18 (EtOAc); 1H NMR (700 MHz, CDCl3) δ 9.30 (s, 1H, NH), 5.02 – 4.98 (m, 1H, 

HN-CH-CO2Me), 4.05 – 3.97 (m, 4H, Me-CH2), 3.87 (m, 2H), 3.61 (s, 3H, OCH3), 3.42 (m, 

2H), 1.17 (t, J = 7.1 Hz, 6H, CH3). 31P NMR (284 MHz, CDCl3) δ 21.14. Data was in agreement 

with the literature.104 

 

Methyl-(E)-(3-(6-((tert-butoxycarbonyl)amino)benzo[d]thiazol-2-yl)prop-2-

enethioyl)serinate (267a) 

 

A solution of phosphonate 218 (188 mg, 0.599 mmol) in MeCN (10 mL) was treated with 

LiCl (33 mg, 0.78 mmol) and stirred at room temperature for 5 min. DBU (0.10 ml, 0.63 

mmol) was then added and the solution was stirred at room temperature for another 5 

min. A solution of 263a (190 mg, 0.683 mmol) in MeCN (15 mL) was added dropwise to 

the reaction mixture and stirred at room temperature for 3h. The reaction was filtered, 

and the solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (silica, 60% EtOAc: hexane) to give 267a as orange waxy solid 

(118 mg, 39% over 2 steps). Rf 0.36 (60% EtOAc: hexane); 1H NMR (400 MHz, CDCl3) δ 8.46 

(1H, s, NH), 8.26 (1H, s, Hc), 7.90 (2H, m, HC=CH + Ha), 7.24 (1H, d, J = 16.3 Hz, HC=CH), 

7.18 (1H, dd, J = 8.8, 2.2 Hz, Hb), 6.78 (1H, s, NH), 5.48 – 5.40 (1H, m, HNCH), 4.21 (2H, m, 

CH2OH), 3.83 (3H, s, COOCH3), 1.54 (9H, s, t-Bu); 13C NMR (176 MHz, CDCl3) δ 193.5 (C=S), 

170.4 (COOMe), 162.3 (C=O), 152.8 (ArC), 149.8 (ArC), 137.2 (ArC), 136.8 (HC=CH), 133.8 

(HC=CH), 133.2 (ArC), 123.9 (ArCH), 118.8 (ArCH), 110.4 (ArCH), 81.2 (t-Bu-C-O), 62.2 

(CH2OH), 60.0 (HNCH), 53.2 (OCH3), 29.2 (t-Bu); IR νmax 3297 (N-H), 2928 (C-H), 1721 (C=O), 

1602(C=O), 1570 (C=N), 1518 (C=C) cm-1; HRMS (CI+) C19H23O5N3S2 calcd. 438.11519, found 

438.11521. 
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Methyl-(E)-2-(2-(6-((tert-butoxycarbonyl)amino)benzo[d]thiazol-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylate (268a) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. A 

solution of 267a (118 mg, 0.270 mmol) in CH2Cl2 (10 mL) was cooled to 0 °C and treated 

with DAST (0.05 mL, 0.382 mmol). The reaction was stirred at 0 °C for 30 min, quenched 

with sat. NaHCO3 (aq) (10 mL) at -78 °C and then warmed to room temperature. The layers 

were separated, the aqueous layer was extracted with CH2Cl2 (2 × 20 mL). The combined 

organic layers were washed with brine, dried (MgSO4) and filtered. The solvent was 

removed under reduced pressure to give 268a as a yellow solid (0.121 g). Product was 

used with no further purification; Rf 0.39 (50% EtOAc: hexane); 1H NMR (700 MHz, CDCl3) 

δ 8.25 (s, 1H, Hc), 7.90 (1H, d, J = 8.8 Hz, Ha), 7.40 (1H, d, J = 16.2 Hz, HC=CH), 7.33 (1H, d, 

J = 16.2 Hz, HC=CH), 7.20 (1H, dd, J = 8.8, 2.1 Hz, Hb), 6.71 (1H, s, NH), 5.25 (1H, m, NCH), 

3.85 (3H, s, COOCH3), 3.73 – 3.58 (2H, m, SCH2), 1.54 (9H, s, t-Bu); 13C NMR (176 MHz, 

CDCl3) δ 171.0 (N=C-S), 169.2 (COOt-Bu), 163.1 (COOMe), 152.7 (ArC), 149.9 (ArC), 137.2 

(ArC), 136.6 (ArC), 134.9 (C=C), 129.4 (C=C), 124.0 (ArCH), 118.6 (ArCH), 110.3 (ArCH), 81.2 

(OC(CH3)), 78.4 (NCH), 53.1 (COOCH3), 35.1 (SCH2), 28.5 (C(CH3)); IR νmax 3346 (N-H), 2976 

(C-H), 2926 (C-H), 2853 (C-H) 1722 (C=O), 1603 (C=O), 1570 (C=N), 1521 (C=C) cm-1; HRMS 

(ES+) C19H21O4N3S2 calcd. 420.1046, found 420.1047, m.p. 129.3 – 130.6 °C. 

 

Methyl-(E)-2-(2-(6-aminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylate 

(272a) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. Starting 

material 268a (26 mg) was stirred in anhydrous TFA (1 mL) at room temperature for 1h. 

The reaction was cooled to 0 °C and treated with solid NaHCO3 until gas evolution has 

ceased. Sat. NaHCO3 (aq) (15 mL) was added. The product was extracted with EtOAc (3 × 

15 ml). Layers were separated, the combined organic layers were dried (MgSO4) and 

filtered. The solvent was removed under reduced pressure to give crude 272a as brown 

solid (44 mg). Product was used with no further purification; 1H NMR (600 MHz, CDCl3) δ 

7.79 (1H, d, J = 8.7 Hz, Ha), 7.39 (1H, m, HC=CH), 7.28 – 7.23 (1H, m, HC=CH), 7.06 (1H, d, 
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J = 2.2 Hz, Hc), 6.84 (1H, dd, J = 8.7, 2.3 Hz, Hb), 5.24 (1H, m, NCH), 3.85 (3H, s, COOCH3), 

3.64 – 3.59 (2H, m, SCH2); 13C NMR (176 MHz, CDCl3) δ 171.0 (N=C-S), 169.4 (COOMe), 

160.1 (ArC), 147.4 (ArC), 145.9 (ArC), 137.3 (ArC), 135.4 (HC=CH), 128.3 (HC=CH), 124.6 

(ArCH), 116.3 (ArCH), 105.3 (ArCH), 78.3 (NCH), 53.1 (COOCH3), 35.1 (SCH2)., IR νmax 3352 

(N-H), 2953 (C-H), 2923 (C-H), 2852 (C-H), 1736 (C=O), 1597 (C=N), 1554 (C=C), cm -1, HRMS 

– [C14H13O2N3S2+H]+ calcd. 320.0527, found 320.0517, m.p. 151.3 – 152.1 °C. 

 

(E)-2-(2-(6-Aminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylic acid 

(253a) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. A 

suspension of crude 272a (44 mg, 0.145 mmol) in THF/H2O (2:1, 3.6 mL) was treated with 

LiOH.H2O (15 mg, 0.36 mmol). The reaction was stirred at room temperature for 5 min, 

then diluted with H2O and extracted with EtOAc (2 × 20 mL) and Et2O (20 mL). The aqueous 

layer was acidified with 2M HCl to pH 3 and extracted with EtOAc (2 × 20 mL) and Et2O (20 

mL). The combined final organic layers were dried (MgSO4) and filtered. The solvent was 

removed under reduced pressure to give crude 253a as orange-red waxy solid (24 mg, 

57% combined with dehydro byproduct over 3 steps); 1H NMR (700 MHz, MeOD) δ 7.70 

(1H, d, J = 8.8 Hz, Ha), 7.38 (1H, d, J = 16.0 Hz, HC=CH), 7.25 (1H, d, J = 16.2 Hz, HC=CH), 

7.14 (1H, d, J = 1.9 Hz, Hc), 6.92 (1H, dd, J = 8.7, 2.0 Hz, Hb), 5.27 (1H, t, J = 9.3 Hz, NCH), 

3.70 (2H, m, SCH2); 13C NMR contains impurities and too weak for characterisation; IR – 

3350 (O-H), 3241 (N-H), 1708 (C=O), 1597 (C=N), 1559. (C=C) cm-1 ; HRMS (ES+) calcd. 

306.0365, found 306.0364, m.p. decomp. at 154 °C. 

 

6-(tert-Butoxycarbonyl(methyl)amino)benzo[d]thiazole (262)118 

 

Compound 260 (751 mg, 3.00 mmol) was slowly added to a suspension of 30% KH (450 

mg, 3.74 mmol) in THF (15 mL) at 0 °C under N2 atmosphere and the solution was stirred 

for 10 min. MeI (0.3 mL, 4.82 mmol) was added and the solution was warmed to rt. The 

reaction was stirred overnight at rt. The reaction mixture was cooled to 0 °C and quenched 
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with H2O (20 mL) and extracted with DCM (3 × 20 mL). Combined organic layers were 

washed with brine (40 mL) and dried (MgSO4). Solvent was removed under reduced 

pressure. Purification was achieved by flash column chromatography (30% EtOAc: hexane) 

to give 262 as yellow solid (611 mg, 77%); Rf = 0.41 (30% EtOAc: hexane). 1H NMR (400 

MHz, CDCl3) δ 8.94 (1H, s, Ha), 8.05 (1H, d, J = 8.8 Hz, Hb), 7.82 (1H, d, J = 2.1 Hz, Hd), 7.39 

(1H, dd, J = 8.8, 2.1 Hz, Hc), 3.32 (3H, s, NCH3), 1.45 (9H, s, t-Bu); 13C NMR (101 MHz, CDCl3) 

δ 154.8 (C=O), 154.0 (ArCH), 151.0 (ArC), 141.7 (ArC), 134.0 (ArC), 124.7 (ArCH), 123.3 

(ArCH), 118.6 (ArCH), 80.8 (t-Bu-C-O), 37.8 (N-CH3), 31.0 (t-Bu). Data was in agreement 

with the literature.118 

 

6-(tert-Butoxycarbonyl(methyl)amino)-1,3-benzothiazole-2-carbaldehyde (263b) 

 

A solution of 262 (200 mg, 0.75 mmol) in THF (15 mL) was cooled to −78 °C and treated 

with n-BuLi (1.40 M, 0.60 ml, 0.84 mmol) and stirred at −78 °C for 20 min. After this time, 

DMF (0.30 mL, 3.91 mmol) was added dropwise and the reaction mixture was stirred at -

78 °C for 2 h. The reaction was quenched with saturated NaHCO3 (aq., 5 mL), taken up in 

EtOAc (50 mL), separated and back extracted using EtOAc (2 × 20 mL). The combined 

organic layers were dried (MgSO4). The solvent was removed under reduced pressure, 

giving crude 263b as yellow-brown oil (304 mg). Product was used with no further 

purification; 1H NMR (400 MHz, CDCl3) δ 10.02 (1H, s, C(O)H), 8.05 (1H, d, J = 8.9 Hz, Ha), 

7.81 (1H, d, J = 2.0 Hz, Hc), 7.45 (1H, dd, J = 8.9, 2.1 Hz, Hb), 3.26 (3H, s, NH3), 1.38 (9H, s, 

t-Bu); 13C NMR (101 MHz, CDCl3) δ 185.3 (C(O)H), 165.2 (ArC), 162.6 (C=O) 150.9 (ArC), 

144.3 (ArC), 136.9 (ArC), 125.8 (ArCH), 125.5 (ArCH), 118.2 (ArCH), 81.3 (t-Bu-C-O), 37.5 

(N-CH3), 28.4 (t-Bu); HRMS (ES+) calcd. 293.0954, found 293.0951; IR – 3051 (C-H), 2978 

(C-H), 2928 (C-H), 1744 (C=O), 1691 (C=O), 1598 (C=N) cm-1. 

 

(E)-2-(2-(6-tert-Butoxycarbonyl(methyl)aminobenzo[d]thiazol-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylic acid (267b) 

 

Solution of phosphonate 218 (160 mg, 0.51 mmol) in MeCN (10 mL) was treated with DBU 

(0.10 mL, 0.65 mmol) and LiCl (44 mg, 1.04 mmol) and stirred at rt for 5 min. Solution of 
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263b (152 mg, 0.52 mmol) in MeCN (15 mL) was added dropwise and the reaction mixture 

was stirred at rt for 3.5 h. The solution was filtered, and solvent was removed under 

reduced pressure. Purification was achieved by flash column chromatography (50% 

EtOAc: hexane) to give 267b as orange oil (61 mg, 29% over 2 steps); 1H NMR (700 MHz, 

CDCl3) δ 8.54 (1H, d, J = 7.1 Hz, NH), 7.94 (2H, m, HC=CH + Ha), 7.76 (1H, s, Hc), 7.40 (1H, 

d, J = 8.6 Hz Hb), 7.31 (1H, d, J = 15.2 Hz, HC=CH), 5.44 – 5.40 (1H, m, NCH), 4.20 (2H, m, 

CH2OH), 3.84 (3H, s, COOCH3), 3.33 (3H, s, NCH3), 1.47 (9H, s, t-Bu); 13C NMR (176 MHz, 

CDCl3) δ 193.4 (C(S)NH), 170.3 (C(O)Ot-Bu), 163.6 (C(O)OCH3), 154.8 (ArC), 151.4 (ArC), 

142.6 (ArC), 135.6 (ArC), 133.7 (HC=CH), 133.5 (HC=CH), 125.4 (ArCH) 123.5 (ArCH), 118.2 

(ArCH), 81.1 (t-Bu-C-O), 62.1 (CH2OH), 60.1 (C-CH2OH), 53.2 (COOCH3), 37.7 (N-CH3), 28.5 

(t-Bu). IR – 3273 (O-H), 2976 (C-H), 2958 (C-H), 2928 (C-H), 1739 (C=O), 1690 (C=O), 1598 

(C=N), 1527 (C=C); HRMS (ES+) calcd. 452.1308, found 452.1305. 

 

Methyl-(E)-2-(2-(6-(tert-butoxycarbonyl(methyl)amino)benzo[d]thiazol-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylate (268b) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. A 

solution of 267b (128 mg) in CH2Cl2 (15 mL) was cooled to 0 °C and treated with DAST 

(0.08 mL). The reaction was stirred at 0 °C for 1 h 40 min, warmed to RT, quenched with 

sat. NaHCO3 (aq) (10 mL). The layers were separated, the aqueous layer was extracted 

with CH2Cl2 (2 × 10 mL). The combined organic layers were washed with brine, dried 

(MgSO4) and filtered. The solvent was removed under reduced pressure to give crude 

268b as yellow-orange solid (140 mg). Product was used with no further purification; Rf = 

0.38 (1:1 EtOAc/ Hexane); 1H NMR (700 MHz, CDCl3) δ 7.95 (d, J = 8.8 Hz, 1H, Ha), 7.75 (d, 

J = 2.1 Hz, 1H, Hc), 7.56 – 7.44 (m, 2H, HC=CH), 7.39 (dd, J = 8.8, 2.1 Hz, 1H, Hb), 5.32 – 5.27 

(m, 1H, HC-COOMe), 3.84 (s, 3H, COOCH3), 3.78 – 3.65 (m, 2H, SCH2), 3.31 (s, 3H, NCH3), 

1.45 (s, 9H, t-Bu); 13C NMR (176 MHz, CDCl3) δ 170.6 (C(O)Ot-Bu), 164.1 (C(O)OCH3), 161.7 

(ArC), 154.9 (ArC), 154.7 (ArC), 151.4 (ArC), 142.7 (ArC), 135.5 (C=C), 129.2 (C=C), 123.7 

(ArCH), 123.3 (ArCH), 118.2 (ArCH), 81.1 (C-(CH3)3), 77.4 (N-CH), 53.2 (COOCH3), 37.7 (S-

CH2), 35.1 (N-CH3), 28.5 (C-(CH3)3); HRMS (ES+) calcd. 434.1203, found 434.1201; IR – 2975 

(C-H), 1740 (C=O), 1691 (C=O), 1600 (C=N), 1555 (C=C); m.p. 140.8 – 141.3 °C. 
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(E)-2-(2-(6-(Methyl)aminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylic 

acid (272b) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. Starting 

material 268b (140 mg) was stirred in anhydrous TFA (2 mL) at room temperature for 1h. 

The reaction was cooled to 0 °C and treated with solid NaHCO3 until gas evolution has 

ceased. Sat. NaHCO3 (aq) (20 mL) was added. The product was extracted with EtOAc (3 × 

30 ml). Layers were separated, the combined organic layers were dried (MgSO4) and 

filtered. The solvent was removed under reduced pressure to give crude 272b as yellow-

brown solid (109 mg). Product was used with no further purification; Rf = 0.25 (1:1 EtOAc/ 

Hexane); 1H NMR (700 MHz, CDCl3) δ 7.76 (d, J = 8.8 Hz, 1H, Ha), 7.38 (d, J = 16.1 Hz, 1H, 

HC=C), 7.22 (d, J = 16.1 Hz, 1H, HC=C), 6.92 (d, J = 2.3 Hz, 1H, Hc), 6.77 (dd, J = 8.8, 2.3 Hz, 

1H, Hb), 5.22 (t, J = 9.2 Hz, 1H, S-CH), 3.82 (s, 3H, COOCH3), 3.68 – 3.56 (m, 2H, N-CH2), 

2.89 (s, 3H, NCH3); 13C NMR (176 MHz, CDCl3) δ 171.0 (C=O), 169.8 (ArC), 159.3 (ArC), 

148.4 (ArC), 146.5 (ArC), 137.8 (ArC), 135.6 (C=C), 127.6 (C=C), 124.3 (ArCH), 115.4 (ArCH), 

101.3 (ArCH), 78.1 (N-CH), 53.1 (OCH3), 35.0 (S-CH2), 31.0 (NCH3); HRMS (ES+) calcd. 

334.0678, found 334.0672; IR – 2952 (C-H), 2924 (C-H), 2853 (C-H), 1735 (C=O), 1598 

(C=N), 1560 (C=C) cm-1; m.p. 136.6 – 137.3 °C. 

 

(E)-2-(2-(6-(Methyl)aminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylic 

acid (253b) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. A 

suspension of crude 272b (24 mg, 0.072 mmol) in THF/H2O (2:1, 2.1 mL) was treated with 

LiOH.H2O (8 mg, 0.37 mmol). The reaction was stirred at room temperature for 5 min, 

then diluted with H2O (20 mL) and extracted with EtOAc (2 × 20 mL) and Et2O (20 mL). The 

aqueous layer was acidified with 2M HCl to pH 3 and extracted with EtOAc (2 × 20 mL) and 

Et2O (20 mL). The combined final organic layers were dried (MgSO4) and filtered. The 

solvent was removed under reduced pressure to give 253b as orange-red solid (15 mg, 

65% combined with dehydro sideproduct over 3 steps). 1H NMR (700 MHz, MeOD) δ 7.68 

(d, J = 8.9 Hz, 1H, Ha), 7.35 (d, J = 16.1 Hz, 1H, HC=CH), 7.19 (d, J = 16.1 Hz, 1H, HC=CH), 
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6.98 (d, J = 2.2 Hz, 1H, Hc), 6.85 (dd, J = 8.9, 2.3 Hz, 1H, Hb), 5.26 (t, J = 8.9 Hz, 1H, N-CH), 

3.72 – 3.65 (m, 2H, S-CH2), 2.84 (s, 3H, NCH3); 13C NMR contains impurities and too weak 

for characterisation;  IR – 3399 (O-H), 2922 (C-H), 2852 (C-H), 1710 (C=O), 1597 (C=N), 

1560. (C=C) cm-1; HRMS (ES+) calcd. 320.0522, found 320.0515; m.p. decomp. at 153.4 °C. 

 

N,N-Dimethylbenzo[d]thiazol-6-amine (277)115 

 

A solution of 257 (100 mg, 0.666 mmol) in THF (15 mL) was added to a stirred mixture of 

37% aqueous formaldehyde (0.50 mL, 6.7 mmol) and 4 M H2SO4 (0.50 mL, 2.0 mmol), 

followed by Iron powder (300 mg, 5.36 mmol). The reaction was stirred vigorously at room 

temperature for 3 h. Solid precipitate was removed by filtration and washed with EtOAc 

(2 × 10 mL). The combined organic layers were made strongly basic with 20 % NaOH (aq) 

(25 mL) and extracted with EtOAc (2 X 50 mL). The combined organic layers were dried 

(MgSO4) and filtered. The solvent removed under reduced pressure. The crude product 

was purified by column chromatography (silica, 10% EtOAc: hexane) to give 277 as yellow 

oil (49 mg, 41%); Rf 0.18 (10% EtOAc: hexane); 1H NMR (700 MHz, CDCl3) δ 8.67 (1H, s, Ha), 

7.95 (1H, d, J = 9.0 Hz, Hb), 7.15 (1H, d, J = 1.1Hz, Hd), 7.00 (1H, dd, J = 9.0, 1.1 Hz, Hc), 3.03 

(6H, s, CH3); 13C NMR (176 MHz, CDCl3) δ 149.3 (ArCH), 149.2 (ArC), 145.4 (ArC), 136.0 

(ArC), 123.6 (ArCH), 113.6 (ArCH), 103.1 (ArCH), 41.2 (CH3). Data was in agreement with 

the literature.115 

 

6-(Dimethylamino)-1,3-benzothiazole-2-carbaldehyde (281)115 

 

A solution of n-BuLi (2.25 ml, 1.4 M, 3.15 mmol) in THF (10 mL) was cooled to −78 °C and 

a solution of 277 (500 mg, 2.81 mmol) in THF (15 mL) was added dropwise, mixture was 

warmed to −50 °C and stirred for 1 h. The reaction mixture was cooled to −78 °C and DMF 

(0.87 mL, 11.13 mmol) was added dropwise and the reaction was stirred at −78 °C for 2 h. 

The reaction was quenched with H2O (35 mL) at -78 oC, warmed to room temperature and 

extracted with DCM (3 x 50 mL). The combined organic layers were dried (MgSO4) and 

filtered. Solvent was removed under reduced pressure to give 281 as orange crystals 

which were >95% pure by 1H NMR (452 mg, 78%); 1H NMR (400 MHz, CDCl3) δ 10.05 (1H, 
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s, C(O)H), 8.03 – 7.97 (1H, m, Ha), 7.06 – 7.02 (2H, m, Hb + Hc), 3.10 (6H, s, (CH3)2N), 13C 

NMR (75 MHz, CDCl3): δ 185.2 (CHO), 160.1 (ArC), 150.9 (ArC), 145.7 (ArC), 140.1 (ArC), 

126.3 (ArCH), 114.9 (ArCH), 101.8 (ArCH), 40.8 [N(CH3)2]. Data was in agreement with the 

literature.115 

 

(E)-2-(2-(6-Dimethylaminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylic 

acid (282)126 

 

A solution of phosphonate 218 (420 mg, 1,33 mmol) in MeCN (5 mL) was treated with DBU 

(0.2 mL, 1.36 mmol) and LiCl (77 mg, 1.81 mmol). After stirring for 5 min at rt, a solution 

of 281 (280 mg, 1.36 mmol) in MeCN (5 mL) was added dropwise and the reaction mixture 

was stirred at rt for 3.5 h. The solution was filtered. Solvent was removed under reduced 

pressure. The crude product was purified by flash column chromatography (50% EtOAc: 

hexane) to give 282 as an orange oil (127 mg, 26%); Rf = 0.20 (50% EtOAc: hexane); 1H 

NMR (400 MHz, CDCl3) δ 8.26 (1H, s, NH), 7.94 (1H, d, J = 15.1 Hz, HC=CH), 7.86 (1H, d, J = 

9.1 Hz, Ha), 7.16 (1H, d, J = 15.1 Hz, HC=CH), 7.03 (1H, d, J = 2.5 Hz, Hc), 6.96 (1H, dd, J = 

9.1, 2.5 Hz, Hb), 5.44 (1H, m, NCH), 4.20 (2H, m, CH2OH), 3.85 (3H, s, COOCH3), 3.06 (6H, 

s, N(CH3)2); 13C NMR (101 MHz, CDCl3) δ 193.4 (C(S)NH, 170.0 (COOMe), 163.7 (ArC), 146.6 

(ArC), 137.2 (ArCH), 135.9 (ArC), 133.5 (C=C), 133.4 (C=C), 127.8 (ArC), 124.4 (ArCH), 115.6 

(ArCH), 62.2 (CH2OH), 60.5 (C-CH2OH), 53.5 (COOCH3), 43.2 (N(CH3)2). Data was in 

agreement with previously reported.126 

 

Methyl-(E)-2-(2-(6-dimethylaminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-

carboxylate (283)126 

 

All solvents were degassed by bubbling N2 through them for 10 min. A solution of 282 (61 

mg, 0.167 mmol) in DCM (15 mL) was cooled to 0 °C and treated with DAST (0.09 mL, 

0.681 mmol). After stirring at 0 oC for 1 h 40 min, the reaction was warmed to rt and stirred 

for 15 min. The reaction was quenched with saturated NH4Cl (aq., 3.5 mL) solution. The 

layers were separated, and aqueous layer was re-extracted with DCM (2 × 10 mL). The 

combined organic layers were washed with brine (30 mL), dried (MgSO4). Solvent was 
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removed under reduced pressure. Purification was achieved by flash column 

chromatography (50% EtOAc: hexane) to give 283 as an orange waxy solid (37 mg, 66%); 
1H NMR (400 MHz, CDCl3) δ 7.84 (1H, d, J = 9.1 Hz, Ha), 7.40 (1H, d, J = 16.2 Hz, HC=CH), 

7.23 (1H, d, J = 16.2 Hz, HC=CH), 7.03 (1H, d, J = 2.5 Hz, Hc), 6.94 (1H, dd, J = 9.1, 2.6 Hz, 

Hb), 5.23 (1H, t, J = 9.2 Hz,  NCH), 3.85 (3H, s, COOCH3), 3.64 (2H, m, SCH2), 3.05 (6H, s, 

N(CH3)2); 13C NMR (151 MHz, CDCl3) δ 171.1 (N=C-S), 169.5 (COOMe), 159.3 (ArC), 149.7 

(ArC), 145.8 (ArC), 137.8 (ArC), 135.6 (HC=CH), 127.7 (HC=CH), 124.1 (ArCH), 113.7 (ArCH), 

102.3 (ArCH), 78.2 (NCH), 53.1 (COOCH3), 41.0 (NCH3), 35.0 (SCH2). Data was in agreement 

with previously reported.126 

 

(E)-2-(2-(6-Dimethylaminobenzo[d]thiazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylic 

acid (253c) 

 

All solvents and solutions were degassed by bubbling N2 through them for 10 min. A 

suspension of crude 283 (60 mg, 0.173 mmol) in THF/H2O (2:1, 3.6 mL) was treated with 

LiOH.H2O (16 mg, 0.74 mmol). The reaction was stirred at room temperature for 5 min, 

then diluted with H2O (20 mL) and extracted with EtOAc (2 × 20 mL) and Et2O (20 mL). The 

aqueous layer was acidified with 2M HCl to pH 3 and extracted with EtOAc (2 × 20 mL) and 

Et2O (20 mL). The combined final organic layers were dried (MgSO4) and filtered. The 

solvent was removed under reduced pressure to give 253c as orange-red waxy solid (53 

mg, 91% combined with dehydro byproduct). 1H NMR (700 MHz, MeOD) δ 7.78 (d, J = 9.1 

Hz, 1H, Ha), 7.36 (d, J = 16.1 Hz, 1H, HC=CH), 7.21 (d, J = 16.2 Hz, 1H, HC=CH), 7.17 (d, J = 

2.5 Hz, 1H, Hc), 7.04 (dd, J = 9.1, 2.6 Hz, 1H, Hb), 5.27 (t, J = 9.0 Hz, 1H, N-CH)), 3.75 – 3.65 

(m, 2H, S-CH2, 3.05 (s, 6H, N(CH3)2); 13C NMR contains impurities and too weak for 

characterisation. Data was in agreement with previously reported.126 

 

N-(4-Methoxy-2-nitrophenyl)acetamide (291)133 

 

A solution of p-anisidine (2.507 g, 20.4 mmol) in glacial acetic acid (6 mL, 5.25 mmol), and 

water (4.5 mL) was placed into a three-necked round-bottomed flask equipped with a 
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magnetic stirrer and a thermometer. Stirring was started and when p-1a had dissolved, 7 

g of ice was added. When the temperature reached 0 °C, acetic anhydride (2.1 mL, 22 

mmol) was added, and the temperature rose to 20-25 o. The flask was heated to 95 °C 

until the crystalline material was dissolved and, then it was cooled to 45 °C with stirring. 

Concentrated nitric acid (2 mL, 50 mmol) was added all at once. The solution was stirred 

for 30 min, then chilled at 5 ºC overnight. The precipitated yellow crystals were filtered 

and washed with cold water, collected, and dried in vaccuo giving the product 291 (4.073 

g, 95%); 1H NMR (400 MHz, CDCl3) δ 10.03 (s, 1H, N-H), 8.61 (d, J = 9.3 Hz, 1H, Hc), 7.63 

(d, J = 3.0 Hz, 1H, Ha), 7.21 (dd, J = 9.3, 3.0 Hz, 1H, Hb), 3.83 (s, 3H, OCH3), 2.24 (s, 3H, 

C(O)CH3); 13C NMR (101 MHz, CDCl3) δ 168.89 (C(O)C), 155.03 (ArC), 137.12 (ArC), 128.56 

(ArC), 123.94 (ArC), 123.49 (ArC), 108.57 (ArCH), 55.97 (OC), 25.50 (C(O)C). Data was in 

agreement with the literature.172 

 

4-Methoxy-2-nitroaniline (290)133 

 

Starting material 291 (3.222 g, 15.32 mmol) was dissolved in cold Claisen’s alkali (solution 

of 3.52 g KOH in 10 mL of 3:1 MeOH/H2O). The mixture was then heated to 95 °C and 

stirred for 15 min. After that time, 6.5 mL of H2O were added to the reaction and the 

solution was stirred for an additional 15 min. The reaction was then cooled in an ice-water 

bath. Resulting oragne precipitate was filtered, washed with cold water, collected, and 

air-dried to obtain product 290 (2.446 g, 95%); 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 3.0 

Hz, 1H, Ha), 7.04 (dd, J = 9.1, 3.0 Hz, 1H, Hb), 6.74 (d, J = 9.1 Hz, 1H, Hc), 5.90 (s, 2H, NH2), 

3.76 (s, 3H, OCH3); 13C NMR (101 MHz, CDCl3) δ 150.8 (ArC), 140.1 (ArC), 131.5 (ArC), 126.9 

(ArCH), 120.2 (ArCH), 106.3 (ArCH), 55.9 (OC). Data was in agreement with the 

literature.133 

 

4,5-Dichloro-1,2,3-dithiazolium chloride (Appel’s salt, 41)69 

 

A solution of chloroacetonitrile (11.6 mL, 0.18 mol) in anhydrous CH2Cl2 (4.2 mL) was 

treated with sulphur monochloride (60 mL, 0.75 mol) under N2 at RT. After 40 min, the 

solution turned black with rigorous production of gas. The solution was left without 
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agitation for 48 h. After that time, dark-green precipitate was formed. This precipitate was 

washed with anhydrous CH2Cl2 (3 x 100 mL) to obtain pure Appel’s salt 41 (34.53g, 92%). 

Product was stored in a desiccator for up to 3 months. 

 

4-Chloro-5-((2-nitro-4-methoxyphenyl)imino)-5H-1,2,3-dithiazole (292) 

 

Appel’s salt 41 (1.532 g, 7.35 mmol) and 4-methoxy-2-nitroaniline 290 (995 mg, 5.95 

mmol) were dissolved in anhydrous DCM (30 mL). The reaction was stirred under N2 at 

RT. After 2 h, pyridine (2.0 mL) was added to the resulting suspension dropwise. The 

reaction was stirred for 1 h. Solvent was removed under reduced pressure. Product was 

purified by flash column chromatography (3:7 EtOAc/Hexane) to afford product 292 as 

orange solid (1.797 g, 99%); 1H NMR (700 MHz, CDCl3) δ 7.55 (d, J = 2.9 Hz, 1H, Ha), 7.20 

(dd, J = 8.8, 2.9 Hz, 1H, Hb), 7.10 (d, J = 8.8 Hz, 1H, Hc), 3.87 (s, 3H, OCH3); 13C NMR (176 

MHz, CDCl3) δ 161.8 (N=C-S), 157.5 (ArC), 147.5 (N=C-Cl), 141.1 (ArC), 139.3 (ArC), 122.0 

(ArCH), 120.6 (ArCH), 109.7 (ArCH), 56.2 (OC); Rf = 0.58 (3:7 EtOAc/ Hexane); IR νmax 3096 

(C-H), 2942 (C-H), 2842 (C-H), 1602 (N=C), 1563 (N=C), 1521 (N-O) cm-1 ; HRMS (ES+) calcd. 

303.9615, found 303.9612; m.p. 81.6-86.4 °C 

 

N-(4-Methoxy-2-nitrophenyl)trifluoroacetamide (298)  

 

A solution of starting material 290 (94 mg, 0.55 mmol) in CH2Cl2 (10 mL) was treated with 

triethylamine (0.20 mL, 1.40 mmol). Trifluoroacetic anhydride (0.20 mL, 1.40 mmol) was 

added dropwise. The reaction was stirred for 30 min. After that time, solvent was removed 

under reduced pressure. Purification by flash column chromatography (1:1 

EtOAc/Hexane) afforded pure product 298 as yellow solid (160 mg, quant.); Rf = 0.66 (1:1 

EtOAc/ Hexane) 1H NMR (400 MHz, CDCl3) δ 11.10 (s, 1H, NH), 8.61 (d, J = 9.3 Hz, 1H, Hc), 

7.75 (d, J = 2.9 Hz, 1H, Ha), 7.29 (dd, J = 9.3, 2.9 Hz, 1H, Hb), 3.88 (s, 3H, OCH3); 13C NMR 

(101 MHz, CDCl3) δ 156.7 (ArC), 155.2 (q, J = 38.1 Hz, C(O)CF3), 137.9 (ArC), 125.4 (ArC), 

123.7 (ArCH), 123.2 (ArCH), 115.6 (q, J = 289 Hz, CF3), 109.7 (ArCH), 56.1 (CH3). Data was 

in agreement with the literature.173 
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N-(4-Methoxy-2-aminophenyl)trifluoroacetamide (299)  

 

A solution of starting material 298 (160 mg, 0.61 mmol) in EtOH (20 mL) was added to a 

flask containing 10 wt% Pd/C (85 mg, 0.08 mmol) under N2. The flask was purged with H2 

twice and the reaction was stirred under the positive flow of H2 for 2 h. Reaction mixture 

was then filtered, and the solid was washed with 1:1 THF/EtOH (30 mL). Solvent was 

removed under reduced pressure to afford pure product 299 as colourless solid (148 mg, 

quant.); 1H NMR (400 MHz, CDCl3) δ 11.08 (s, 1H, N-H), 8.60 (d, J = 9.3 Hz, 1H, Hc), 7.74 (d, 

J = 3.0 Hz, 1H, Ha), 7.28 (dd, J = 9.3, 3.0 Hz, 1H, Hb), 3.88 (s, 3H, OCH3); 13C NMR (101 MHz, 

CDCl3) δ 156.7 (ArC), 155.2 (C(O)CF3), 137.9 (ArC), 125.4 (ArC), 123.7 (ArCH), 123.2 (ArCH), 

115.6 (CF3), 109.7 (ArCH), 56.1 (OCH3). Data was in agreement with the literature.174 

 

N-(4-Methoxy-2-acetamidephenyl)trifluoroacetamide (300) 

 

A solution of starting material 299 (603 mg, 2.58 mmol) in acetic anhydride (2 mL) was 

treated with phosphomolybdic acid (89 mg, 0.11 mmol). Reaction mixture was stirred at 

RT for 10 min. After that time, the reaction was quenched with sat. NaHCO3 aq. s-n (15 

mL). Aqueous layer was extracted with EtOAc (3 x 20 mL). Solvent was removed under 

reduced pressure. Purification by flash column chromatography (1:1 EtOAc/Hexane) 

afforded pure product 300 as white solid (570 mg, 80%). Rf = 0.31 (1:1 EtOAc/ Hexane); 1H 

NMR (700 MHz, CDCl3) δ 9.51 (s, 1H, NH), 7.92 (s, 1H, NH), 7.42 (d, J = 8.9 Hz, 1H, Hc), 6.77 

(dd, J = 8.9, 2.6 Hz, 1H, Hb), 6.58 (d, J = 2.6 Hz, 1H, Ha), 3.74 (s, 3H, OCH3), 2.13 (s, 3H, 

C(O)CH3); 13C NMR (176 MHz, CDCl3) δ 170.6 (C(O)CH3), 158.7 (ArC), 156.2 (C(O)CF3), 131.5 

(ArC), 127.1 (ArCH), 121.4 (ArC), 115.7 (CF3), 112.5 (ArCH), 110.2 (ArCH), 55.7 (OCH3), 23.6 

(C(O)CH3); IR – 3295 (N-H), 3027 (N-H), 2842 (C-H), 1716 (C=O), 1651 (C=O) cm-1; HRMS 

(ES+) calcd. 277.07945, found 277.0795; m.p. 127.8 – 129.0 °C. 
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N-(5-Methoxy-2-aminophenyl)acetamide (301)141 

 

A solution of starting material 300 (570 mg, 2.06 mmol) in 2:1 MeOH/H2O (60 mL) was 

treated with K2CO3 (1.480 g, 10.71 mmol). Reaction was stirred at RT for 3 days. Solvent 

was removed under reduced pressure. Purification by flash column chromatography (99:1 

EtOAc/ Et3N) gave pure product 301 as beige solid (303 mg, 81%); Rf = 0.30 (99:1 EtOAc/ 

Et3N); 1H NMR (400 MHz, CDCl3) δ 7.36 (s, 1H, N-H), 7.07 (d, J = 2.8 Hz, 1H, Ha), 6.75 (d, J = 

8.6 Hz, 1H, Hc), 6.61 (dd, J = 8.6, 2.8 Hz, 1H, Hb), 3.72 (s, 3H, OCH3), 3.40 (s, 2H, NH2), 2.18 

(s, 3H, C(O)CH3); 13C NMR (101 MHz, CDCl3) δ 168.8 (C(O)CH3), 153.9 (ArC), 132.3 (ArC), 

127.0 (ArC), 120.2 (ArCH), 112.5 (ArCH), 109.7 (ArCH), 55.8 (OCH3), 24.0 (C(O)CH3). Data 

was in agreement with literature.175 

 

4-Chloro-5-((2-acetamide-4-methoxyphenyl)imino)-5H-1,2,3-dithiazole (302) 

 

 

Solution of staring material 301 (300 mg, 1.66 mmol) in CH2Cl2 (10 mL) was added to a 

round-bottom flask, containing Appel’s salt 41 (585 mg, 2.81 mmol). Reaction was stirred 

under N2 at RT for 2.5 h. Pyridine (0.30 mL) was added and the reaction was stirred for 1 

h. Solvent was removed under reduced pressure. Purification by flash column 

chromatography (3:7 EtOAc/Hexane) gave product 302 as yellow solid(300 mg, 57%); Rf = 

0.44 (3:7 EtOAc/ Hexane); 1H NMR (700 MHz, CDCl3) δ 8.91 (br. s, 1H, NH), 8.25 (br. s, 1H, 

Ha), 7.43 (d, J = 8.8 Hz, 1H, Hc), 6.70 (dd, J = 8.8, 2.9 Hz, 1H, Hb), 3.85 (s, 3H, OCH3), 2.22 (s, 

3H, C(O)CH3); 13C NMR (176 MHz, CDCl3) δ 168.5 (C(O)CH3), 160.3 (ArC), 155.1 (N=C-S), 

149.3 (N=C-Cl), 136.4 (ArC), 126.3 (ArC), 117.3 (ArCH), 109.1 (ArCH), 105.0 (ArCH), 55.8 

(OCH3), 25.3 (C(O)CH3); IR – 3345 (N-H), 2920 (C-H), 1685 (C=O), 1604 (C=N), 1581 (C=N) 

cm-1; HRMS (ES+) calcd. 315.99757, found 315.9973; m.p. 145.9 – 146.3 °C. 
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4-Methoxy-2,5-dinitroaniline (304)142 

 

Starting material 290 (1.322 g, 7.86 mmol) was stirred in concentrated HNO3 (5.7 mL) at 

RT overnight. The reaction was then cooled in an ice-water bath. Resulting orange 

precipitate was filtered, washed with cold water, collected, and air-dried to obtain 

product 304 as orange solid (0.719 g, 43%); 1H NMR (400 MHz, CDCl3) δ 8.13 (s, 2H, ArH), 

3.85 (s, 3H, CH3); 13C NMR (101 MHz, CDCl3) δ 165.4 (ArC), 120.3 (ArCH), 112.0 (ArC), 107.4 

(ArC), 56.7 (OCH3). Data was in agreement with the literature.142 

 

2-Amino-4-nitro-6-methoxybenzothiazole (307) 

 

Starting material 290 (500 mg, 2.97 mmol) and KSCN (1.161 g, 11.95 mmol) were dissolved 

in AcOH (7 mL). Solution was stirred at RT for 20 min, Then Br2 (0.15 mL, 2.97 mmol was 

added to the reaction dropwise over 20 min. Solution was stirred at RT for overnight. 

Reaction mixture was poured onto crushed ice and pH was adjusted to 8 with NH4OH. 

Resulting precipitate was vacuum filtered and air dried. Purification by flash column 

chromatography (graduate elution 1:1 EtOAc/Hexane to pure EtOAc) gave product 307 as 

orange solid (312 mg, 49%). Rf = 0.49 (1:1 EtOAc/ Hexane); 1H NMR (400 MHz, DMSO) δ 

8.10 (s, 2H, NH2), 7.77 (d, J = 2.6 Hz, 1H, Hb), 7.47 (d, J = 2.6 Hz, 1H, Ha), 3.82 (s, 3H, OCH3); 
13C NMR (176 MHz, DMSO) δ 168.6 (ArC), 152.8 (ArC), 140.5 (ArC), 137.3 (ArC), 135.6 

(ArC), 113.4 (ArCH), 107.0 (ArCH), 56.2 (OCH3); IR – 3445 (N-H), 3067 (C-H), 2822 (C-H), 

1636 (C=N), 1509 (N-O) cm-1; HRMS (ES+) calcd. 226.0281, found 226.0277; m.p. decomp. 

at 231.2 °C 
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2-Bromo-4-nitro-6-methoxybenzothiazole (308) 

 

Method 1: 

Starting material 307 (88 mg, 0.41 mmol) and NaNO2 (53 mg, 0.77 mmol) were dissolved 

in DMF (3 mL). NBS (73 mg, 0.41 mmol) was added to the solution. The reaction was stirred 

at RT overnight. The reaction was quenched with 10% aq. Na2S2O3 solution (5 mL). 

Aqueous layer was extracted with EtOAc (3 x 20 mL). Combined organic layers were dried 

(MgSO4). Solvent was removed under reduced pressure. Purification by flash column 

chromatography (3:7 EtOAc/Hexane) gave product 308 as brown solid (32 mg, 29%) 

Method 2: 

Copper(II) bromide (207 mg, 0.93 mmol) was dissolved in MeCN (5 mL) and treated with 

isoAmONO (0.15 mL, 1.15 mmol) under N2. Solution was stirred at RT for 20 min. A 

solution of starting material 307 (159 mg, 0.71 mmol) in MeCN (5 mL) was added 

dropwise. Reaction was heated to 65 °C and stirred under N2 for 3 h. The reaction mixture 

was then cooled to RT and quenched with 2M HCl aq. solution (30 mL). Aqueous layer was 

extracted with CH2Cl2 (2 x 30 mL). Combined organic layers were dried (MgSO4). Solvent 

was removed under reduced pressure to yield product 308 as brown solid (200 mg, 98%); 

Rf = 0.41 (3:7 EtOAc/ Hexane); 1H NMR (700 MHz, CDCl3) δ 7.76 (d, J = 2.5 Hz, 1H, Hb), 7.53 

(d, J = 2.5 Hz, 1H, Ha), 3.93 (s, 3H, OCH3); 13C NMR (176 MHz, CDCl3) δ 157.3 (ArC), 142.0 

(ArC), 141.8 (ArC), 140.2 (ArC), 139.1 (ArC), 111.5 (ArCH), 110.0 (ArCH), 56.7 (OCH3); IR – 

3084 (C-H), 2924 (C-H), 1613 (C=N) ,1518 (N-O) cm-1 ; HRMS (ES+) calcd. 288.9277, found 

288.9277; m.p. 159.2 – 159.9 °C 

  

 

(2-Nitro-4-methoxyphenyl)carbamothioyl cyanide (316) 

 

Appel’s salt 41 (227 mg, 1.09 mmol) and starting material 290 (171 mg, 1.02 mmol) were 

dissolved in a 1:1 mixture of dry THF and dry MeCN (8 mL). Reaction was stirred under N2 

at RT for 10 min. Pyridine (0.16 mL) was added to the reaction dropwise. Reaction was 
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stirred for 2 h. After that time, solution of Na2S2O3 (508 mg, 3.22 mmol) in H2O (2 mL) was 

added to the reaction mixture. Reaction was stirred at RT for 1 h. Solution was then diluted 

with 1 M NaHSO4 aq. solution (30 mL). Aqueous layer was extracted with EtOAc (3 x 30 

mL). Combined organic layers were washed with 1M NaHSO4 aq. solution (3 x 25 mL) and 

brine (2 x 25 mL) and then dried (MgSO4). Solvent was removed under reduced pressure. 

Purification by flash column chromatography (gradual elution 1:9 to 3:7 EtOAc/ Hexane) 

gave product 316 as orange solid (143 mg, 61%); 1H NMR (400 MHz, CDCl3) δ 11.51 (s, 1H, 

N-H), 8.84 (d, J = 9.0 Hz, 1H, Hc), 7.75 (s, 1H, Ha), 7.25 (d, J = 9.0 Hz, 1H, Hb), 3.91 (s, 3H, 

OCH3); 13C NMR (101 MHz, CDCl3) δ 216.7 (S=C), 1629 (ArC), 160.2 (ArC), 125.7 (ArC), 121.5 

(ArCH), 110.9 (CN), 110.4 (ArCH), 102.8 (ArCH), 56.4 (OCH3); Rf = 0.32 (3:7 EtOAc/ Hexane); 

IR νmax – 3236 (N-H), 3101 (C-H), 2842 (C-H) 2240 (CN), 1697 (C=S), 1574 (N-O) cm-1; HRMS 

(E+) calc. 238.0281, found 238.0275; m.p. 139.7 – 140.5 °C. 

 

4-Methoxy-2-nitro-5-bromoaniline (319)155 

 

Solution of starting material 290 (2.376 g, 14.13 mmol) in CH2Cl2 (20 mL) was cooled to -

40 °C. Bromine (0.90 mL, 17.54 mmol) was added to the solution dropwise. Reaction was 

stirred at -40 °C for 30 min. After that time, the mixture was poured onto crushed ice and 

pH was adjusted to 8 with sat. NaHCO3 aq. solution. Aqueous layer was extracted with 

CH2Cl2 (3 x 20 mL). Combine organic layers were washed with brine (50 mL) and dried 

(MgSO4). Solvent was removed under reduced pressure. Purification by column 

chromatography (1:2 CH2Cl2/ Hexane) gave product 319 as orange solid (1.709 g, 49%); 1H 

NMR (400 MHz, CDCl3) δ 7.59 (d, J = 3.0 Hz, 1H, Hb), 7.40 (d, J = 3.0 Hz, 1H, Ha), 6.34 (s, 2H, 

NH2), 3.76 (s, 3H, OCH3); 13C NMR (101 MHz, CDCl3) δ 149.8 (ArC), 137.7 (ArC), 132.2 (ArC), 

129.2 (ArCH), 112.9 (ArC), 107.5 (ArCH), 56.2 (OCH3). Data was in agreement with the 

literature.155  

 

4-Chloro-5-((2-nitro-4-methoxy-5-bromophenyl)imino)-5H-1,2,3-dithiazole (320) 

 

Starting material 319 (289 mg, 1.17 mmol) and Appel’s salt (1.011 g, 4.85 mmol) were 

dissolved in anhydrous MeCN (10 mL). Solution was heated to 50 °C and stirred under N2 
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for 3.5 h. Pyridine (0.20 mL) was added and the reaction was stirred for an additional 1 h. 

Solvent was removed under reduced pressure. The crude product 320 was used in the 

next step with no further purification. 

 

2-Cyano-4-nitro-6-methoxybenzothiazole (297) 

 

Method 1: 

Starting material 308 (80 mg, 0.28 mmol) was dissolved in 9:1 DMSO/ H2O (2 mL) and 

treated with KCN (23 mg, 0.36 mmol) and DABCO (5 mg, 0.05 mmol).  Reaction was stirred 

at RT overnight. Reaction was diluted with H2O (150 mL) and product was extracted with 

EtOAc (3 x 50 mL). Combined organic layers were dried (MgSO4). Solvent was removed 

under reduced pressure. Purification by flash column chromatography (1:1 EtOAc/ 

Hexane) gave product 297 as tan solid (29 mg, 46%). 

Method 2: 

Crude starting material 320 was dissolved in pyridine (8 mL) and treated with CuI (397 mg, 

2.09 mmol). The solution was heated to 110 °C and stirred for 40 min. Reaction was then 

cooled to RT and solvent was removed under reduced pressure. Resulting solids were 

taken up in EtOAc (100 mL) and filtered. Filtrate was washed with 1M HCl aq. solution (24 

mL) and layers were separated. Aqueous layer was extracted with EtOAc (2 x 20 mL). 

Combined organic layers were dried (MgSO4). Solvent was removed under reduced 

pressure. Purification by flash column chromatography (3:17 EtOAc/ Hexane) gave 

product 297 as tan solid (133 mg, 49%); 1H NMR (700 MHz, CDCl3) δ 7.96 (d, J = 2.4 Hz, 1H, 

Hb), 7.65 (d, J = 2.4 Hz, 1H, Ha), 4.01 (s, 3H); 13C NMR (176 MHz, CDCl3) δ 159.7 (ArC), 143.9 

(ArC), 140.0 (ArC), 138.9 (ArC), 137.1 (ArC), 114.6 (ArCH), 112.4 (CN), 109.0 (ArCH), 56.9 

(OCH3); Rf = 0.16 (3:7 EtOAc/ Hexane); IR νmax – 3095 (C-H), 3065 (C-H), 2232 (CN), 1612 

(C=N), 1527 (N-O) cm-1; HRMS (E+) calc. 236.0124, found 236.0123; m.p. decomp at 196.9 

°C. 
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2-Cyano-4-nitro-6-hydroxybenzothiazole (322) 

 

Starting material 297 (175 mg, 0.74 mmol) and Py.HCl (3.203 g) were combined in a 

microwave vial. Reaction was heated to 180 °C (Microwave radiation) and stirred for 30 

min. After cooling the reaction to RT, solids were taken up in H2O (50 mL). Aqueous layer 

was extracted with Et2O (3 x 30 mL). Combine organic layers were washed with brine (50 

mL) and dried (MgSO4). Solvent was removed under reduced pressure. Purification by 

flash column chromatography (1:1 EtOAc/ Hexane) gave product 322 as a yellow solid (100 

mg, 61%); 1H NMR (700 MHz, DMSO-d6) δ 11.30 (s, 1H, OH), 8.02 (d, J = 2.3 Hz, 1H, Hb), 

7.85 (d, J = 2.3 Hz, 1H, Ha); 13C NMR (176 MHz, DMSO-d6) δ 157.6 (ArC), 142.9 (ArC), 140.2 

(ArC), 137.0 (ArC), 137.0 (ArC), 114.3 (ArCH), 113.3 (CN), 113.0 (ArCH); Rf = 0.38 (1:1 

EtOAc/ Hexane); IR νmax – 3283 (O-H), 2921 (C-H), 2852 (C-H), 2233 (CN), 1613 (C=N), 

1521.80 (N-O) cm-1; HRMS (E+) calc. 221.9968, found 221.9963; m.p. decomp. at 172.7 °C. 

 

2-Cyano-4-amino-6-hydroxybenzothiazole (323) 

 

A solution of starting material 322 (100 mg, 0.45 mmol) in MeOH (15 mL) was treated with 

NH4Cl (529 mg, 9.90 mmol). The reaction was stirred at RT for 5 min. After that time, Zn 

powder (360 mg, 5.51 mmol) was added to the solution. The reaction was stirred 

vigorously for 30 min. Reaction mixture was filtered through Celite using copious amount 

of MeOH. Purification by flash column chromatography (aluminium oxide, gradual elution 

49:49:1:1 EtOAc/ Hexane/ MeOH/ Et3N to 1:1 EtOAc/ MeOH) gave product 323 as yellow-

brown solid (31 mg, 36%); Rf = 0.38 (1:1 EtOAc/ Hexane, 1% MeOH); 1H NMR (700 MHz, 

DMSO-d6) δ 8.90 (s, 1H, OH), 6.78 (d, J = 2.3 Hz, 1H, Hb), 6.28 (d, J = 2.3 Hz, 1H, Ha), 5.69 

(s, 2H, NH2); 13C NMR (176 MHz, DMSO-d6) δ 159.1 (ArC), 149.0 (ArC), 143.4 (ArC), 136.7 

(ArC), 135.3 (ArC), 97.8 (CN), 97.3 (ArCH), 91.8 (ArCH). HRMS (E+) calc. 192.0226, found 

192.0228; m.p. decomp. at 83.9 °C. 
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4-Aminoluciferin (285) 

 

All solvents were degassed by bubbling N2 through them for 10 min. Staring material 323 

(60 mg, 0.31 mmol) and D-cysteine (40 mg, 0.33 mmol) were dissolved in 2:1 MeOH/ H2O 

(2 mL) and stirred under N2 at RT for 5 min. After that time, K2CO3 (46 mg, 0.33 mmol) was 

added to the mixture. The reaction was stirred for 30 min. After that time, MeOH was 

removed under reduced pressure, until only H2O remained. Aqueous layer was acidified 

to pH 5 with 1M HCl until precipitation formed. Precipitating solids were washed with 

MeOH (50 mL). Solvent was reduced under reduced pressure. Co-evaporated of remaining 

H2O with EtOH gave product 285 as yellow solid (50 mg, 55%); 1H NMR (500 MHz, MeOD) 

δ 6.59 (d, J = 2.2 Hz, 1H, Hb), 6.31 (d, J = 2.2 Hz, 1H, Ha), 5.35 (t, J = 9.0 Hz, 1H, N-CH), 4.66 

– 4.60 (m, 2H, S-CH2), 13C NMR collection attempted, product degraded during 

purification. 
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