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Abstract 

The opening chapter of this thesis gives a brief introduction to the history of 

bioluminescence, how the factors influencing bioluminescent emission were 

initially discovered and later scientifically quantified. Following that, there is greater 

focus on firefly bioluminescence and its two vital components – the luciferase 

enzyme and the substrate D-luciferin. The importance of bioluminescence in 

biotechnology is discussed in the form of bioluminescence imaging, and the 

characteristics of an ideal bioluminescent reporter probe are examined. A 

comprehensive review of the literature is presented which includes the synthesis 

of D-luciferin and its analogues, their bioluminescent properties and their 

applications. The introductory chapter closes with a discussion of the limitations in 

the currently available suite of bioluminescent reporters, and following this, the aim 

of this project to explore if conformationally restricted infra-luciferin analogues give 

brighter bioluminescent emission than infra-luciferin. 

 

The results and discussion start with the design of and synthesis of a 

conformationally restricted infra-luciferin analogue based on the 

pyridobenzimidazole motif, and its flexible counterpart analogue based on the 

benzimidazole motif. The highlight of this work was that the synthesis of 

pyridobenzimidazole infra-luciferin was achieved in only 2 steps, in a protecting 

group free manner. The bioluminescence results of the two analogues showed that 

the conformationally restricted one was brighter than its flexible counter-part, but 

both were dimmer than infra-luciferin.  

 

Following these results, a conformationally restricted infra-luciferin analogue was 

designed based on the conformation of infra-luciferin in the active site of the 

luciferase enzyme inferred from the x-ray co-crystal structure of a stable analogue 
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of infra-luciferin with the luciferase enzyme. A rotationally restricted infra-luciferin 

molecule based on a dibenzothiophene motif and its flexible counterpart based on 

a benzothiophene motif were designed to mimic the conformation of infra-luciferin 

in the luciferase active site. The synthesis and bioluminescence properties of these 

molecules are discussed. The highlight of this work was that both the new 

analogues had brighter bioluminescent emission than infra-luciferin. Suggestions 

for future work are given based on the results obtained from these two sets of 

analogues. 

 

The final results and discussion chapter focuses on work done towards other infra-

luciferin analogues including an acetylene linked infra-luciferin structure and 

luciferin molecules with more than one electron-donating group. 

 

The experimental section presents detailed preparative methods and analytical 

data for all compounds.  
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Impact statement 

This thesis explores the effect of conformational restraint on the bioluminescence 

emission from infra-luciferin molecules with the firefly luciferase enzyme and its 

mutants. The global market for near-infrared imaging is expected to reach $471.2 

million by 2020, at a compound annual growth rate of 8.8% from 2015 to 2020. 

Hence, the results detailed in this thesis would be of key importance to an 

increasing population of academic and industrial scientists. This research has 

characterised new nrIR luciferins to give biological and medical researchers 

access to an expanded set of bioluminescent tools. These probes will broaden the 

scope of non-invasive imaging, providing insights into macroscopic, multi-cellular 

behaviours ranging from immune function to tumour heterogeneity. These 

molecules will help further our understanding of biological systems and reveal new 

opportunities for therapeutic development. Whilst studies on some of the 

analogues made are still on-going, it can be said that nrIR bioluminescent 

molecules from this work will impact projects from research groups developing nrIR 

bioluminescence around the world. 
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1. Introduction 

1.1 Bioluminescence 

Bioluminescence is the production and emission of light from living creatures. 

Whilst today it is known that insects and animals emit light for various purposes, 

such as to attract a mate, entice prey or startle predators, this fascinating natural 

phenomenon has intrigued people from the beginning of time. Bioluminescence 

has found mention in ancient folklore from the Sub-continent, China, Japan, Africa, 

Central and South America and Scandinavia. For example, the oldest known 

record of bioluminescence is from ancient Chinese literature dating back to 

somewhere between 1500 to 1000 BC, which mentions fireflies and glow-worms. 

However, no efforts towards the understanding and significance of these 

phenomena were made in these works.1 One of the most common drawings in 

ancient Mayan art, particularly on ceramic pots was that of the firefly, and these 

insects found significance in the Mayan religion and mythology as well. 

Bioluminescent insects such as fireflies and glow-worms are mentioned in ancient 

religious texts from the Indian sub-continent as well, dating as early as 200 BC. 

 

One of the notable records of the observations of bioluminescence were made by 

Greek philosopher Aristotle (384 – 322 BC), who referred to bioluminescence as 

‘cold light’ i.e. it did not require heat to be produced, such as the light from a flame, 

or a filament lamp. Aristotle also observed this phenomenon in dead fish, which 

we now know could be infected with bioluminescent bacteria. He also observed 

luminescence in sea water, when it was disturbed with a rod, which would have 

been caused by dinoflagellate.2 A few centuries later, a more comprehensive 

account of bioluminescent animals was written by the notable Roman commander 

and natural philosopher Pliny the elder (23 – 79 AD). He made an account of 

several bioluminescent animals from fireflies and glow-worms, to an edible, 
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luminous mollusc, and purple luminescent jellyfish. Of the famous myths 

originating from Japan, is the one which lends two of the most common species 

Japanese firefly their names – the genji-botaru and the heike-botaru. Legend has 

it that the souls of all the soldiers that passed away in the 12th Century Genpei war 

turned into fire-flies. The larger fireflies, Luciola cruciata, were named after the 

winning clan, Genji, while the smaller fireflies, Luciola lateralis, were named after 

the defeated clan Heike. 

 

Robert Boyle (1627 – 1691) was a prominent scientist and academic in the 17th 

century and is now known as one of the founders of modern chemistry. Whilst he 

is most famous for his work on gases, which led to the development of Boyle’s law; 

he also published many papers on luminescent animals and materials. In his work 

published in 1667, he noted that a live mouse died in a chamber in the absence of 

air, and could not be revived once air was returned to the chamber, but the light of 

a glowing piece of wood or a glow-worm was only dimmed in the absence of air, 

and returned brilliantly with a bright flash when air was permitted in the chamber.3 

At the time, it was inferred that air is a requirement for bioluminescence; we now 

know that they key desired component is oxygen. A couple of centuries later, 

Charles Darwin (1809-1882) observed both bioluminescence and bioelectricity in 

marine creatures, and famously wrote:4 

“The luminous organs which occur in few insects, belonging to widely different 

families, and which are situated in different parts of the body, offer under our 

present state of ignorance, a difficulty almost exactly parallel with that of the electric 

organs” 

Darwin was puzzled by the role of natural selection in the evolution of 

bioluminescent creatures and pondered over why certain creatures were luminous, 

but other, even closely related ones were not. It was only after the discovery of the 
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chemical mechanisms of bioluminescence, centuries later, that it became clear that 

even small changes in the bioluminescence machinery could make a huge 

difference. 

 

Soon after Darvin in 1885, a French pharmacologist Raphaël Dubois (1849 -1929) 

reported a key experiment which strongly supported the hypothesis that 

bioluminescence occurred due to a chemical reaction between two components. 

Dubois made an aqueous extract of the luminous organ of fireflies and divided into 

two portions. Both portions showed bioluminescence. However, when one of the 

portions was kept in the cold and the other boiled, the bioluminescence in the 

boiled portion was quenched. Once the cold portion stopped emitting light, the hot 

portion was cooled and remixed with the cold portion. Upon remixing light emission 

was observed again. Dubois concluded that bioluminescence was a two-

component reaction between a heat-stable ‘luciferine’ and a heat-labile ‘luciferase’. 

Since then, these terms have remained with bioluminescence and are used as 

general terms to describe the luciferase enzyme and its substrate luciferin across 

all bioluminescent systems.2 Dubois was also able to produce light in the absence 

of luciferase by oxidising the luciferin using small quantites of permanganate, or by 

the addition of hydrogen peroxide, barium oxide, lead oxide or other oxidising 

agents. This emission of light, facilitated by other chemical agents in the absence 

of the luciferase enzyme is now known as chemiluminescence. 

 

Today the structure and properties of luciferins from several organisms are known 

(Figure 1). Although numerous species of fireflies, beetles and glow-worms are 

bioluminescent, and most emit yellow-green light, they all appear to have the same 

luciferin called D-luciferin (1). The luciferin found in the sea pansy (Renilla 

reniformis) and crystal jellyfish (Aequorea victoria), which give it blue light, is known 
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as coelenterazine (2).5 The fresh-water snail (Latia neritoides) gets its green glow 

from its Latia luciferin (3).6 Several species of fungi including green light emitting 

Neonothopanus nambi have 3-hydroxy hispidin (4) as their luciferin.7 Certain 

ostracods and deep-sea fish contain cypridina luciferin (5).8 Like coelenterazine 

(2), this molecule has an imidazopyrazinone core and emits blue light. 

Bioluminescent bacteria exist in sea-water and decomposing fish as well as some 

fresh water environments.9 The bacterial bioluminescence mechanism consists of 

a flavin mononucleotide (6) and a long chain fatty, aldehyde. The famous and 

fascinating blue glow of dinoflagellate originates from Dinoflagellate luciferin (7) 

which has a tetrapyrrole structure and is a chlorophyll derivative.10 
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1.2 Firefly bioluminescence 

Insects are one of the most extensively studied bioluminescent creatures. 

Bioluminescence in insects is almost exclusively found in the order Coleoptera, 

including fireflies, glow worms, railroad worm beetle larvae and click beetles.11 

Fireflies use their flashing lanterns for signalling purposes in courtship.12 

 

The mechanism of firefly bioluminescence is one of the most widely studied 

mechanisms in the field of bioluminescence. Understanding of the mechanism of 

light emission increased exponentially from the mid to late 20th century. In 1947, 

William McElroy from John Hopkins University in the United States published a 

seminal paper which demonstrated the requirement of ATP for the 

bioluminescence of both cypridna luciferin and firefly luciferin with their respective 

enzymes. This work also demonstrated that ATP was the limiting agent, and that 

light-output was proportional to the amount of ATP present. Firefly luciferase and 

luciferin were extracted by crushing the lanterns from 50 live fireflies and extracting 

the mix with cold water, followed by centrifugation and storing the supernatant. 

This mixture was luminous for a short while before light output ceased. A weighed 

mass of ATP was then added, and the duration of light output measured in minutes. 

A graph of the data suggested that increase in ATP concentration, significantly 

increased the duration of light output.13 

 

In the next ten years, McElroy crystallised the firefly luciferase enzyme by 

purification and crystallisation of the crushed extract from 6000 firefly lanterns,14 

but it was only four decades later that its X-ray crystal structure was determined.15 

Brick and co-workers established that firefly luciferase from the American firefly 

species Photinus pyralis is a 62 kDa protein that is folded into two compact 

domains. The large N-terminal domain is composed of 436 amino acids and 
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consists of a β-barrel and two β-sheets. The β-sheets are lined by α-helices to form 

an αβαβα layered structure. The C-terminal portion is a distinct domain to the N-

terminal and is linked to it via a flexible linker peptide. It is composed of 110 amino 

acids and is separated from the N-terminal domain by a wide cleft. Firefly luciferase 

(Fluc) is in the same superfamily as acyl-coenzyme A ligases and peptide 

synthetases and shares similarities in its primary amino-acid sequence, and 

secondary and tertiary structures. The residues conserved in the superfamily are 

located on the surfaces of the two domains where they face each other, but are 

not in close enough proximity to interact with the substrate simultaneously.15 Hence 

it was postulated that the enzyme has an open conformation in the absence of the 

substrate, but forms a closed conformation when bound to the substrate. 

 

Figure 2 – The firefly luciferase enzyme from Photinus pyralis. Colour-coding: blue (N-

terminal domain, β-sheet A), purple (N-terminal domain, β-sheet B), green (N-terminal 

domain, β-barrel), yellow (C-terminal domain), violet (disordered loops). Photograph 

abstracted from E.Conti, N. P. Franks and P. Brick, Structure, 1996, 4, 287-289. 
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Although the luciferase found in the North American firefly, Photinus pyralis (Luc) 

is the most extensively studied, it is homologous in structure to those found in other 

species of fireflies such as the Italian firefly Luciola italica (Lit), Japanese fireflies 

Luciola lateralis (Lat) and Luciola cruciata (Lcr) and the Iranian firefly Lampyris 

turkestanis (TLuc). Generally, firefly luciferase is often abbreviated as Fluc. 

 

Although all the firefly species have homologous luciferases, they all share the 

same luciferin. This molecule was first isolated in 1957 by McElroy’s group. They 

isolated 9 mg of pure compound from the extract of 15,000 fireflies. As 1H NMR 

spectroscopy was not readily available as a tool at the time, and as the luciferin 

was found to be unstable, the exact structure of the luciferin molecule could not be 

determined. However, they were able to determine that the molecule consisted of 

a carboxylic acid and a phenol group through infra-red spectroscopy.16 Soon after, 

Emil White and McElroy at John Hopkins University, published a seminal  piece of 

work that correctly inferred the structure of firefly luciferin through a series of 

elegant degradation and spectroscopic experiments of the pure, isolated 

compound and comparison of the products of degradation with known synthetic 

compounds.17 The molecule was named D-luciferin (1, LH2), based on the 

stereochemistry of the stereogenic centre – C4 of the thiazoline. This structure was 

further confirmed in the same publication, through the first total synthesis of D-

luciferin (for details of White’s synthesis of D-luciferin please refer to section 1.4.2, 

page 31). They also reported that L-luciferin gives no light emission with the 

luciferase enzyme, although it does get adenylated with equal felicity.18 

 

Figure 3 
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 Mechanism of the luciferin-luciferase reaction 

Since the discovery of D-luciferin and the luciferase enzyme, and the 

establishment of their respective structures, several studies have been done to 

determine the mechanism of light output. The reaction occurs in two distinctive 

steps – namely the adenylation of the carboxylic acid followed by oxidation. First 

the enzyme facilitates the adenylation of LH2 in the presence of Mg-ATP to form 

luciferyl-adenylate (LH2-AMP) (Scheme 1).  

 

Scheme 1 

Once LH2-AMP has been made, a base from within the luciferase enzyme 

deprotonates the proton at C4 to form an enolate. Deuterated LH2-AMP analogues 

were reacted with Luc to determine that this deprotonation was the rate 

determining step.19,20 This anion reacts with molecular oxygen in a single electron 

transfer mechanism (SET) to form a peroxy anion intermediate 11 that rapidly 

converts into a high energy dioxetanone as AMP is displaced. The dioxetanone 

collapses to give oxyluciferin as an excited-state molecule. Finally, the excited-

state oxyluciferin returns to its ground-state by emission of a photon of light 

(Scheme 2). Based on the fluorescence studies and computational work done on 

oxyluciferin, it is now widely accepted that the phenol is deprotonated in the 

oxyluciferin excited state.21 
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Scheme 2 

The mechanism of collapse of the dioxetanone intermediate 12 has garnered wide-

spread interest in the physical chemistry community, with two main mechanisms 

having been proposed to-date, namely the step-wise chemically-initiated electron 

exchange luminescence (CIEEL) mechanism22 or concerted charge transfer 

induced luminescence (CTIL).23 In both mechanisms the substituents on the 

dioxetanone ring behave as an electron-rich reservoir and donates electron density 

into the (O-O) σ* orbital. In the CIEEL mechanism, electron transfer (ET) from the 

electron-reservoir	 to the dioxetanone, forms a radical ion pair which is then 

quenched by a back-electron transfer (back ET) yielding an excited carbonyl 

compound (Scheme 3). 
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Scheme 3 – CIEL mechanism. Figure extracted from J. A. Koo, S. P. Schmidt and G. B. 

Schuster, Proc. Natl. Acad. Sci., 1978, 75, 30–33. 

On the other hand, no intermediate radical ion pair is formed in the concerted CTIL 

mechanism (Scheme 4). Whilst different calculations tend to support either of the 

mechanisms, the advantage of the concerted CTIL over the step-wise CIEL is that 

the CTIL does not involve highly reactive, solvent-caged, radical-ion pairs that 

could react through other pathways such as proton-transfer in an aqueous 

biochemical environment. 

 

Scheme 4 – CTIL Mechanism 

The electronic structure and electron-donating abilities of the rest of the molecule, 

hydrophobicity of the enzyme active-site and key hydrogen bond interactions 

between the substrate, key amino-acid residues and water molecules are vital to 

the colour output that is observed. 

 

LH2-AMP 8 can also be oxidised to produce dehydro-luciferyl-adenylate 16 and 

hydrogen peroxide in a side-reaction with no light output (Scheme 5).24 Molecule 

16 is an effective inhibitor of the luciferase enzyme. Due to this side-reaction and 
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other energy losses, firefly luciferase catalyses light emission from D-luciferin with 

a maximum quantum yield of 41% at pH = 8.5.25 

 

Scheme 5 

 

 Colour Modulation 

Although the substrate for all beetle luciferases is D-luciferin, the colour of light 

emitted can vary from yellow-green to red light (530 – 635 nm). These variations 

arise from the differences in micro-environments in the binding pockets of the 

different luciferases.26 The wavelength of light-emission was found to be 

dependent on pH, temperature and the presence of heavy metal ions such as Hg2+, 

Cd2+ and Zn2+, with red-shifts observed at higher temperatures and lower pH 

values. 

 

Wood and co-workers confirmed that light emission was dependent on the 

structure of the enzyme as they expressed 4 different luciferases whose sequence 

was determined using messenger RNA from the click beetle Pyrophorus 

plagiophthalamus. The amino acid sequences of these luciferases were 95 – 99% 

similar to each other. Nonetheless, on interaction with D-luciferin, they emitted light 

of varying colours (green – 546 nm, yellow-green – 560 nm, yellow – 578 nm, 

orange – 593 nm) (Figure 4).27 
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Figure 4 – Colonies of E.coli expressing the 4 different mutant luciferases and emitting 

light with D-luciferin. Photograph abstracted from K.V. Wood, Y. A. Lam, H. H. Seliger 

and W. D. McElroy, Science, 1989, 244, 700-702. 

 

It was also proposed that variations in the binding conformation of D-luciferyl 

adenylate was the origin of these colour changes and that a planar conformation 

with an angle of 0 ° between the benzothiazole ring and thiazoline ring would 

benefit from p-p conjuguation and stabilisation and hence lead to higher-energy 

green emission, whereas an angle of around 90 ° would lead to red emission. 

However, in subsequent X-ray crystal structure studies involving the co-crystal 

structures of a LH2-AMP mimic and wild-type and mutant luciferases demonstrated 

that the luciferin species is virtually flat (an angle of 7 ° between the two rings) in 

those systems.28 The change in emission wavelength is due to the different 

microenvironments of the luciferase active site, as a single mutation can result in 

changes in pH and hydrophobicity of the binding pocket. 

 

Moreover, the structure and protonation state of the excited-state oxyluciferin was 

thought to determine the colour of emission. Oxyluciferin can exist in six possible 

protonated and deprotonated states at different pH values in aqueous media. The 

hydroxyl group on the benzothiazole ring can exist as a protonated phenol or 

deprotonated phenolate (14a-f). The ketone on the thiazoline ring can tautomerise 
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to form an enol, which can also be deprotonated to obtain the corresponding 

enolate (14a-f) (Figure 5). 

 

Figure 5 

In the enzyme’s active site, the LH2-AMP and oxyluciferin exist as the phenolate. 

White et al reasoned that the keto form 14b emits red light (635 nm) whereas the 

the enol 14d and enolate 14f forms emit 560 nm and 590 nm respectively.29,30 

These conclusions were drawn from a series of experiments where fluorescence 

and chemiluminescence measurements were taken with varying pH for oxyluciferin 

and its analogues. However, in 2001, Branchini and co-workers reported the 

emission of yellow-green light from the bioluminescence of 5,5-dimethyl 

oxyluciferin, which is a molecule that is forced into the keto form.30  

 

Figure 6 - 5,5-dimethyl oxyluciferin 
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In the light of this evidence, and that of theoretical and computational studies, the 

general consensus is that the microenvironment afforded by the enzyme active site 

to the keto form of the excited-state oxyluciferin determines which conformation it 

emits from.31,32 

 

 Burst kinetics 

When luciferase is rapidly injected into a solution of D-LH2 1 and Mg2+.ATP, if the 

concentrations of D-LH2 1 and Mg2+.ATP are in the µM range, a strong, initial burst 

of light is observed. This is followed by a rapid decay in light output and then finally 

slow, sustained light emission. This phenomenon is known as ‘burst kinetics’. This 

decay of light output is though to be due to product inhibition. 

 

Both oxyluciferin 14a and dehydro.luciferyl.AMP 16 are known to inhibit the 

luciferase enzyme and while dehydro.luciferyl.AMP 16 only accounts for 

approximately 16% of oxidised product, it is a significantly more potent inhibitor 

than oxyluciferin (16 Ki = 3.8 ± 0.7 nM, oxyluciferin Ki = 500 ± 30 nM).33,34 The 

inhibition by 16 forces the luciferase enzyme in a closed conformation.28 The 

addition of Coenzyme A (CoA) can free the enzyme’s active site, as it reacts with 

dehydro.luciferyl.AMP to form dehydro.luciferyl.CoA, which is a less potent 

inhibitor.35 

 

 

Figure 7 
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Figure 8 – Burst kinetic profile of the firefly luciferin-luciferase reaction. Addition of 
CoenzymeA after 60 s relieves some product inhibition. Photograph abstracted from H. 

Fraga, Photochem. Photobiol. Sci., 2008, 7, - 146 – 158. 

 

1.3 Firefly bioluminescence in biotechnology  

The gene responsible for expressing the firefly luciferase enzyme was first cloned 

in 1985 and then expressed in the bacteria E.coli.36 Since then rapid developments 

were made in in-vitro studies and in 1995, seminal work by Contag et al showed 

that bioluminescent bacteria could be imaged in live mice using an ultrasensitive 

charge-coupled device (CCD) camera. This work was then extended to other 

luciferases including Fluc.37 Genetic manipulation has allowed many luciferase 

expressing cell-lines, transgenic small mammals and rodents to be developed and 

used for in-vivo bioluminescence imaging.38 This can involve the tracking of 

disease, growth of tumours, and visualising other invisible phenomena such as 

protein-protein interactions,39,40 and the in-vivo monitoring of reactive oxygen-

species.41 Mouse cells are tagged with the genes for both disease and luciferase 

expression. These can then be used for either in-vitro cell assays or injected back 

in to the rodent for in-vivo imaging and tracking of the disease when luciferin is 

injected (Figure 9). The light output is proportional to the number of luciferase 

tagged disease cells. 
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Figure 9 

Bioluminescence imaging offers a complimentary approach to imaging alongside 

other well-established, optical imaging techniques such as fluorescence imaging. 

Similar to bioluminescence, fluorescent proteins can be genetically expressed in 

cells, and fluorescent probes can be tagged on to proteins or other structures of 

interest.42 However, unlike bioluminescent assays, fluorescence based assays 

require an external incident light source to excite the fluorophore. As there are 

several naturally found chromophores in living systems, such as haemoglobin, this 

also leads to background light emission, and issues in selectively exciting the 

fluorophore of interest in a harmless manner and capturing the light output from 

the excited fluorophore amongst the background light emission from other 

chromophores. The lack of requirement of an external light source and 

consequently minimal background emission and photo-toxicity are three key 

advantages of bioluminescence imaging over fluorescence imaging. 

 

In comparison with the bioluminescent systems from other creatures, firefly 

bioluminescence has found greater interest in molecular imaging, particularly in-

vivo imaging as it emits the most red-shifted light (Figure 1, page 13). Near infra-
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red light (>600 nm) is more easily transmitted through blood and tissue. The other 

commonly used bioluminescent system is that of coelenterazine 2 with its marine 

luciferase. However, other than being blue-shifted, the coelenterazine molecule is 

larger, has poor water solubility, greater toxicity than D-luciferin and is also 

susceptible to auto-oxidation leading to chemiluminescence in solution without the 

need for activation in the form of adenylation (Figure 10).43 

 

Figure 10 

 

1.3.1 Limitations of firefly bioluminescence 

Although the light from D-luciferin bioluminescence is red-shifted compared to that 

from other naturally occurring luciferins from bioluminescent creatures, it is still 

strongly absorbed by blood and tissue. Near infra-red light (650 – 900 nm) has 

better penetration through blood and tissue.44 Although there is a portion of light in 

the broad emission spectrum of D-luciferin within this desirable range of 

wavelengths, more red-shifted light would allow more sensitive imaging (Figure 

11). 
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Figure 11 - Mouse images which show experimentally measured photon counts through 

the body of a mouse at 532 nm (left) and 670 nm (right). Absorption of light above 650 

nm is significantly less than below it. Image abstracted from R. Weissleder and V. 

Ntziachristos, Nat. Med., 2003, 9, 123–128.45 

Moreover, there are other factors as well that make D-luciferin a less than ideal 

candidate for bioluminescence imaging. For example, D-luciferin has modest cell 

permeability46 and hence has to be dosed in large amounts for in-vivo 

experiments.47 Studies in which the 14C-labelled radioactive D-luciferin substrate 

has been used have also demonstrated the inhomogeneous bio-distribution of the 

substrate in rodents.48 Moreover, there is poor uptake of the probe in some organs 

of interest such as the brain.49 Whilst D-luciferin is capable of emitting light of 

different wavelengths on interaction with various mutants of Fluc;1 the range of 

wavelengths emitted does not render it suitable for in-vivo multi-parametric 

imaging.50 
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1.3.2 Red-shifting firefly bioluminescence using luciferase mutants 

In the early days there was great focus on the use of naturally occurring red-shifted 

luciferases, such as those found in the click beetle (lmax = 619 nm) or rail-road 

worms (lmax = 623 nm).27,51 A host of unnatural, mutant luciferases have also been 

designed through random and rational mutagenesis techniques. Each of these 

gives out light at a different wavelength on interacting with D-luciferin – and these 

efforts have successfully been able to shift the λmax of D-luciferin emission up to 

645 nm.52–54 These engineered luciferases have various beneficial properties 

compared to the wild-type enzymes (Table 1).  

 

Mutations Properties 

Q283R, S284G λmax at ~605 nm in Escherichia coli. 

S293P λmax at ~600 nm (560 nm shoulder) in E. coli; 

blue shift at pH 8.0 (~560 nm), redshift at pH 

5.5 (~610 nm) in E. coli. 

F14R/ L35Q/ V182K/ I232K/ 

F465R 

6 x more thermostable than Luc at 43 °C 

T214A/ I232A/ F295L/ E354K 2 x more thermostable than Luc at 35 °C 

T214A/ A215L/ I232A/ V241I/ 

G246A/ F250S/ F295L/ E354K 

(λmax = 546 nm); 40 x more thermostable 

than Luc at 37 °C 

T214A/ A215L/ I232A/ S284T/ 

F295L/ E354K 

(λmax = 610 nm); 34 x more thermostable 

than Luc at 37 °C 

I423L/ D436G/ L530R 10 x greater luminescence activity with Luc 

when assayed with low ATP levels 
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R337Q, R337M Enhanced thermostability and resistance to 

trypsin degradation 

S239T/ D357Y/ A532T Stability in chloroform, surfactants, ethanol 

 

Table 1 – Synthetic mutants of the North American firefly Photinus pyralis (Luc); 

mutations are given with respect to wild-type primary sequences. Adapted from G. 

Zomer, J. W. Hastings, F. Berthold, A. Lundin, A. M. Garcia Campana, R. Niessner, T. K. 

Christopolous, C. Lowik, B. Branchini, S. Daunert, L. Blum, L. J. Kricka and A. Roda, 

Chemiluminescence and Bioluminescence, The Royal Society of Chemistry, 2011. 

 

Similarly engineered mutant luciferases have also been derived from other species 

of fireflies. However, there is a limit to which red-shifting can be achieved using 

mutant enzymes with D-luciferin, as oxyluciferin has a maximum wavelength of 

emission based upon its inherent electronic structure. 

 

1.4 Synthesis of D-luciferin and related compounds  

Whilst several studies have been done towards the elucidation of the biosynthetic 

mechanism of D-luciferin formation in the lantern of the firefly, the chemical 

synthesis of D-luciferin was of vital importance for it to be readily used as a reporter 

tool in molecular imaging. Consequently, significant progress has also been made 

towards the facile, rapid and scalable synthesis of D-luciferin. As the luciferase 

enzyme can be mutated to afford improved and desired characteristics, analogues 

of D-luciferin have also been synthesised which have improved properties over the 

naturally occurring substrate. 

 

1.4.1. Biosynthesis of D-luciferin 

The first study on the biosynthesis of firefly luciferin was reported in 1974.55 In this 

work, the authors injected 14C-labelled 2-cyano-6-hydroxybenzothiazole 18 in the 
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lantern of the Japanese firefly Luciola cruciata. When 14C-labelled D-luciferin was 

isolated, it was inferred that 2-cyano-6-hydroxybenzothiazole 18 is a biosynthetic 

precursor of D-luciferin in the firefly. However, there is no report to-date of 2-cyano-

6-hydroxybenzothiazole being detected in the firefly. Moreover, 2-cyano-6-

hydroxybenzothiazole can also condense with cysteine in non-enzymatic, buffer 

conditions.56 Hence, it is still unclear if 2-cyano-6-hydroxybenzothiazole is an 

intermediate in the biosynthetic pathway of D-luciferin. 

 

 

Scheme 6 

Work since then has elucidated that 1,4-hydroquinone (19) is a probable, non-toxic 

precursor towards D-luciferin biosynthesis as 1,4-hydroquinone can be 

enzymatically oxidised to p-benzoquinone (20), which will then readily condense 

with cysteine to form 2-cysteinyl hydroquinone (22) which has been identified in 

13C-labelling studies from the firefly.57 Compound 22 then undergoes a 

decarboxylation and couples with another cysteine residue to form both 

enantiomers of luciferin.58 It is still unclear at which point in the synthesis the 

stereochemistry of D-luciferin is established. 
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Scheme 7 

1.4.2. Total synthesis of D-luciferin 

In 1961, the first total synthesis of D-luciferin was reported by White and co-

workers.17 This route consisted of 9 steps, and gave an overall yield of 9% 

(Scheme 8). To begin with, p-anisidine was condensed with ethyl oxalate to form 

amino oxoacetate 24 which was reacted with phosphorus(V) sulfide to obtain 

thiooxoacetate 25. Ethyl ester 25 was saponified to form the corresponding 

carboxylic acid which underwent oxidative cyclisation with alkaline K3[Fe(CN)6] to 

form benzothiazole ring 26. The carboxylic acid in 26 was reacted with 

diazomethane to form the methyl ester 27, which underwent an addition-

elimination reaction with NH3 to afford amide 28. Nitrile 29 was formed by the 

dehydration of amide 28 using POCl3. Key intermediate 18 was formed by reacting 

methyl ether 29 with pyridinium hydrochloride at 220 °C. Finally condensation with 

D-cysteine gave the desired product 1. The condensation of D-cysteine with an 

appropriate nitrile coupling partner to furnish the thiazoline moiety has found wide-

spread utility in the synthesis of luciferin analogues. 
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Scheme 8 – Reagents and conditions: i) ethyl oxalate, 180 °C, 58%; ii) P2S5, reflux; iii) 
NaOH, 0 °C, then HCl (aq); iv) K3Fe(CN)6/OH-, >10 °C; v) CH2N2, 0 °C, 40% over 4 steps; 

vi) anhydrous NH3/MeOH, heat, 100%; vii) POCl3, reflux, 56%; viii) PyHCl, 200 °C, 62%; 

ix) D-cysteine, NaNH2, H2O, MeOH, 94%. 

 

Whilst there were a couple of other routes reported soon after this to synthesise 

the key intermediate 6-hydroxy-2-cyanobenzothiazole, they were all laboriously 

long and poor-yielding.59  

 

More recently, Prescher et al. reported a scalable and higher yielding synthesis 

of cyanobenzothiazole 18 that used Appel’s salt.60 This was an improvement 

on the original methodology developed by Rolf Appel and refined by Charles 

Rees and co-workers to prepare 2-cyanobenzothiazoles (Scheme 9). The Rees 

group demonstrated that the Appel salt can be condensed with bromoanilines 

to form iminodithiazole adducts such as 30, which can be converted to the 

corresponding 2-cyanobenzothiazole using copper catalysed fragmentation 

and cyclisation.61 
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Scheme 9  

In Prescher’s work, p-anisidine 23 was condensed with Appel’s salt and the 

resulting iminodithiazole 32 was successfully fragmented with thiosulphate to 

give thioformamide 33. This was cyclised using palladium-catalysed C-H 

activation chemistry to form the desired protected cyanobenzothiazole 29 

(Scheme 10). The use of brominated adducts in Rees’s work, allowed them to 

by-pass the formation and isolation of the thioformamide adducts. 

 

Scheme 10 - Reagents and conditions: i) Appel’s salt, MeCN:THF (2:1); ii) Na2S2O3, 

H2O, RT, 86%; iii) PdCl2 (10 mol%), CuI (50 mol%), (n-Bu)4NBr, DMF:DMSO (1:1), 120 
°C, 87%; iv) PyHCl, 180 °C, 93%; v) D-cys.HCl, K2CO3, H2O, MeOH, 86%. 

 

Prescher and co-workers have recently further improved this route and now 

only three steps are required to prepare cyanobenzothiazole 18 on a 20 g 



Aisha	J.	Syed	–	University	College	London	 34	

scale. In this route, p-anisidine 23 was condensed with Appel’s salt to give the 

iminodithiazole adduct 32 which underwent thermolysis and cyclisation in the 

same pot and was then demethylated to give 18 (Scheme 11).62 

 

Scheme 11 - Reagents and conditions: i) Appel’s salt, sulfolane, 40 °C, 3 h; ii) 180 °C, 40 

mins; iii) PyHCl, 180 °C, 51% over 3 steps 

 

The nitrile 18 was condensed with D-cysteine at room temperature in MeOH/H2O 

(2:1) followed by acidification and extraction with copious amounts of EtOAc to 

obtain D-luciferin as the free carboxylic acid. Alternatively, cyanobenzothiazole 18 

could be condensed with D-cysteine at room temperature in MeCN/H2O (4:1) 

solvent system for 20 mins to precipitate out D-luciferin as its potassium salt 

(Scheme 12). The condensation of D-cysteine with an appropriate nitrile coupling 

partner to furnish the thiazoline moiety has found wide-spread utility in the 

synthesis of luciferin analogues. 

 

Scheme 12 - Reagents and conditions: i) D-cys.HCl, K2CO3, MeOH/H2O (2:1), 86%; ii) D-

cys.HCl, K2CO3, MeOH/H2O (4:1), 86% 

Luciferin methyl esters are often used as substrates for chemiluminescence. They 

react in oxygen-rich, alkaline DMSO to give out light in the absence of enzyme 

catalysis. The synthesis of D-luciferin methyl ester 35 was achieved from the free 

acid by reacting it with TMS-diazomethane in a methanol/toluene (9:1) solvent 

system at room temperature (Scheme 13).63 
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Scheme 13 

Luciferyl-adenylate 36 has also been prepared in-situ, to further investigate the 

mechanism of bioluminescence, and the rates of reaction of both steps in the 

bioluminescence reaction.64 This was done by coupling the carboxylic acid 1 with 

sodium adenylate in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and 

pyridine at room temperature (Scheme 14). Purification of this molecule is 

challenging to achieve as it is highly susceptible to auto-oxidation, and hence is 

prepared and used in-situ. 

 

Scheme 14 

 

1.4.3. Initial studies by White et al towards Structure-Activity Relationship 

(SAR) 

After the total synthesis of D-luciferin, White and co-workers soon synthesised 

other luciferin analogues to investigate the structure-activity relationship of D-

luciferin. They had already inferred that L-luciferin does not emit light with the 

luciferase enzyme.18 In their seminal work published in 1965, they investigated the 

role of the phenol in D-luciferin bioluminescence. To this end they synthesised 6-

methoxyluciferin 37, using a similar route to that of the total synthesis of D-luciferin 

(Scheme 8).65 This molecule gave no light output with the luciferase enzyme. They 

also synthesised analogues with the phenol positioned on different carbons of the 
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benzothiazole ring (38-40) using similar synthesis to that of D-luciferin. None of 

these molecules were bioluminescent either.66 Finally they synthesised 4-

hydroxyluciferin 41 and this molecule was bioluminescent, and was reported to 

emit ‘red light’, but the actual wavelength of the emission was not reported (Figure 

12). 

 

Figure 12 

This work highlighted the importance of conjugation from the phenolate in the 6-

position in the oxyluciferin excited-state species for light emission (Scheme 15). 

 

Scheme 15 

White et al also carried out modifications to the thiazoline ring and synthesised 5,5-

dimethylluciferin 42 and decarboxyluciferin 43 (Figure 13). Both of these molecules 

did not emit light. We now know, that 5,5-dimethylluciferin 42 is not adenylated in 

the luciferase enzyme, and it is able to bioluminesce with the luciferase enzyme 

when it is synthetically adenylated in-situ prior to reacting with luciferase.30 All of 

these analogues were prepared by reacting the corresponding 2-

cyanobenzothiazole with the appropriate cysteine-type precursor. 
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Figure 13 

This early work demonstrated that luciferin analogues need to be carefully 

designed for bioluminescence to occur. 

 

1.4.4. Synthesis and properties of Amino-luciferins 

One of the earliest luciferin analogues to be synthesised was amino-luciferin 46 by 

White in 1966.67 The corresponding nitrile precursor 45 for this was furnished 

through an SNAr reaction by reacting 2-chloro-6-aminobenzothiazole 44 with 

potassium cyanide under strong heat. This was then readily condensed with D-

cysteine to give the target amino-luciferin 46 (Scheme 16).  

 

 

Scheme 16 - Reagents and conditions: i) KCN, DMSO, 120 °C, 61%; ii) D-cys.HCl, 

K2CO3, MeOH/H2O (4:1), 93% 

Since then, this analogue has also been synthesised from commercially available 

6-nitrobenzothiazole 47 by Prescher and co-workers. This was achieved by ring-

opening 47 with hydrazine, followed by condensation with Appel’s salt to furnish 2-

cyano-6-nitrobenzothiazole 48. The nitro group was reduced using Zn/ NH4Cl to 

furnish the required nitrile 45 (Scheme 17).62 
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Scheme 17 - Reagents and conditions: i) NH2NH2.H2O, EtOH, RT; ii) Appel’s salt, 

CH2Cl2, reflux, 62% over 2 steps; iii) Zn, NH4Cl, EtOH, RT, 95%. 

Analogue 46, 6-aminoluciferin has red-shifted bioluminescence emission (lmax 594 

nm) compared to D-luciferin (lmax 558 nm), and unlike that of D-luciferin, the 

wavelength of emission is independent to changes of pH.67 

 

A common way to prepare amino-luciferin analogues is the reductive amination of 

2-cyano-6-aminobenzothiazole 45 with suitable aldehydes and ketones (Scheme 

18).68,69 This route was used to synthesise the analogue CybLuc (49a), which is 

red-shifted (lmax 603 nm) compared to D-luciferin and has a longer in vivo signal 

duration in mice than D-luciferin. 

 

Scheme 18 - Reagents and conditions: i) cyclanone, NaBH3CN, AcOH; ii) D-cys.HCl, 

K2CO3, MeOH/H2O (4:1). 

Another method to rapidly prepare a library of amino-luciferin analogues is through 

the Buchwald-Hartwig coupling of suitable amines with 6-bromo-2- 

cyanobenzothiazole 50 (Scheme 19).70 This method was adopted by Miller et al to 

provide an alternative, higher-yielding approach to SNAr reactions using amines 

with 6-fluoro-2-cyanobenzothiazole to get similar products. In their protocol, Miller 

and co-worker used palladium catalysis to functionalise the core nitrile precursors, 

with primary amines, secondary amines and thiols at the 6 position and completed 
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the synthesis of a mini-library of 15 novel, bioluminescent, luciferin analogues 

(Figure 14). Most of these analogues have similar emission profiles to D-luciferin 

although some are red-shifted (up to λmax = 612 nm). 

 

Scheme 19 – Example of Pd catalysed functionalisation of bromobenzothiazoles by 

Miller et al 

 

Figure 14 – Mini library of luciferin analogues furnished by Miller et al (ND = not 

determined) 

In 2010, Miller and co-workers also published rigid, cyclic amino luciferins CycLuc1 

53 and CycLuc2 54 (Figure 15).69 In this work their hypothesis was that the 

restriction of the conformational flexibility of the alkylaminoluciferin would improve 

the quantum yield of bioluminescence as this would force the nitrogen lone-pair to 

stay planar, in conjugation with the rest of the aromatic system. Radiation-less 

decay would be reduced by restricting the rotation of the carbon-nitrogen bond.  
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Figure 15 

In this synthesis, the desired indoline ring was present in the starting material, to 

avoid issues with selectivity that were observed in attempts to install it at a later 

stage. The benzothiazole ring was constructed using known procedures (Scheme 

20). Indoline 55 was protected as the trifluoroacetamide, followed by reduction of 

the nitro group and oxidative ring closure to obtain the 2-aminobenzothiazole 

compound 56. The diazotisation of amine 56 was carried out and then displaced 

with chloride, followed by reductive cleavage of the TFA protecting group, and 

displacement of chloride with cyanide to afford nitrile 58. Condensation with 

cysteine afforded CycLuc1 (53). A similar synthetic route was adopted to furnish 

CycLuc2 (54). Both cyclic molecules were brighter than their acyclic counterparts 

with a mutant luciferase enzyme UltraGlo.69 

 

Scheme 20 - Reagents and conditions: i) TFAA, TEA, RT, 94%; ii) SnCl2.H2O, EtOH, 

reflux, 61%; iii) KSCN, Br2, AcOH, RT, 92%; iv) t-BuONO2, CuCl, CH3CN, 68%; v) NaBH4, 

EtOH, 48%; vi) KCN, DMSO, 130 °C, 36%; D-cys.HCl, K2CO3, MeOH/H2O (4:1), 49% 
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1.4.5. Modifications with hydrocarbons to the benzothiazole 

The benzothiazole moiety of D-luciferin has also been decorated with hydrocarbon 

chains. A noteworthy modification was the instalment of an alkyne on the 

benzothiazole core to increase the conjugation of the molecule, resulting in red-

shifted emission (lmax 610 nm).71 This molecule was synthesised from 

commercially available 2-bromo-4-nitrophenol 59, by protecting the phenol with a 

mesyl group, as the authors found that silyl and methyl groups were incompatible 

with future synthetic steps. This was followed by a Sonogashira coupling with TMS-

acetylene, and reduction of the nitro group to an amine using iron and acetic acid. 

The condensation of aniline 60 with Appel’s salt was carried out and the resulting 

intermediate 61 fragmented with resin-linked PPh3 to obtain the desired thioamide 

which was cyclised using palladium and copper catalysed C-H activation chemistry 

to yield the core nitrile 62. Deprotection followed by condensation with cysteine 

gave the target luciferin 63 (Scheme 21).71 

 

Scheme 21 - Reagents and conditions: i) MsCl, TEA, CH2Cl2, 83%; ii) TMS-acetylene, 

[PdCl2(PPh3)2] (10 mol%), CuI (10 mol%), TEA, 60 °C, 35%; iii) Fe, AcOH, reflux, 77%; 

iv) Appel’s salt, pyridine, 60%; v) Resin-linked PPh3, CH2Cl2, RT, 71%; vi) PdCl2 (10 

mol%), CuI (50 mol%), (n-Bu)4NBr, DMF:DMSO (1:1), 120 °C, 61%; vii) LiHMDS then 

TMSCl; viii) D-cys.HCl, K2CO3, MeOH/H2O (4:1), 10% over 2 steps. 
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An allylated luciferin analogue 7’-AllylLuc 66 has also been reported.63 This 

molecule had a red-shifted bioluminescence spectrum (lmax 605 nm) with the wild-

type luciferase enzyme, but like analogue 63 and most other analogues was 

significantly dimmer than the natural substrate. Focusing on the synthetic route, 

the allyl group was installed on the preformed benzothiazole core via an aromatic 

Claisen Rearrangement (Scheme 22).63 

 

Scheme 22 - Reagents and conditions: i) Δ, 180 °C, 64%; ii) D-cys.HCl, K2CO3, 

MeOH/H2O (4:1), 97% 

1.4.6. Halogenated luciferin analogues 

The benzothiazole moiety of D-luciferin has been decorated with various 

substituents to investigate structure-activity relationship and the promiscuity of the 

luciferase enzyme. As D-luciferin emits more red light at lower pH values, 

fluorinated luciferin analogues were prepared, in an attempt to make the phenol 

more acidic and observe the corresponding effect on emission wavelength (Figure 

16).72,73  

 

Figure 16 

For the synthesis of 67, 6-hydroxy-2-cyanobenzothiazole 18 was successfully 

fluorinated at C-7 using the electrophilic fluorinating agent MEC-31 (N,N’-difluoro-

2,2’-bipyridinium bis(tetrafluoroborate)) in a 71% yield. Nitrile 69 was then 
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successfully condensed with D-cysteine to afford the desired product 67 (Scheme 

23).73 

 

Scheme 23 - Reagents and conditions: i) MEC-31, MeCN, 71%; ii) D-cys.HCl, K2CO3, 

MeOH/H2O (4:1), 85% 

Difluoroluciferin 68 was synthesised using a route analogous to White’s synthesis 

of D-luciferin. Starting from commercially available difluorinated aniline 70, an 

oxidative cyclisation was done to afford the corresponding 2-aminobenzothiazole, 

which was diazotised and displaced with bromide to obtain 71. Deprotection using 

BBr3, followed by a SNAr reaction using cyanide afforded the key nitrile 72, which 

was condensed with cysteine to afford difluoroluciferin 68 (Scheme 24). 

 

Scheme 24 - Reagents and conditions: i) KSCN, AcOH, Br2, 56%; ii) isoamyl-ONO, 
CuBr, MeCN, 68%; iii) BBr3, CH2Cl2, -60 °C, 90%; iv) NaCN, DMSO, 78%; v) D-cys.HCl, 

K2CO3, MeOH/H2O (4:1), 86%. 

Both analogues 67 and 68 had very similar wavelength emission profiles to D-

luciferin, but both were significantly dimmer. 

 

Prescher and co-workers synthesised brominated luciferin analogues to 

investigate the effect of having a sterically bulky halogen on the benzothiazole 

ring.74 These molecules were synthesised using the Appel’s salt route previously 
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adopted by Prescher and co-workers. Compared to D-luciferin, all three analogues 

had slightly red-shifted emission profiles (Figure 17). However, they were all less 

bright than D-luciferin with brightness following the order: D-LH2 (1) > 7’Br-Luc (73) 

> 5’BrLuc (74) > 4’BrLuc (75). 

 

Figure 17 

1.4.7. Replacement of the benzothiazole core 

The benzothiazole core of D-luciferin has also been completely replaced by other 

suitably decorated aromatic heterocyles such as a suitably substituted 

benzimidazole, a benzothiophene, a benzoxazole, a benzofuran, an indole, a 

naphthalene and a quinoline.60,75,76 All these analogues were prepared from the 

condensation of D-cysteine with the appropriate nitrile precursors 81 (Scheme 25). 

 

Scheme 25 - Reagents and conditions: i) SOCl2, DMF (cat); NH4OH, H2O; ii) POCl3; iii) 

Py.HCl; iv) BrCH2CN, K2CO3, THF; v) K2CO3, DMF, 100 °C; vi) ClC(S)NMe2, DBU, DMF, 
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0 °C; vii) PhMe, 180 °C; viii) NaOH, H2O; ix) Appel’s salt, CH2Cl2; (81a, Y=CH, X=NH; 

81b, Y=CH, X=O; 81c, Y=CH, X=S; 81d, Y=NH, X=O)  

Apart from the indole luciferin 86, all these analogues are bioluminescent but have 

lower light output from 70% - 1% of the native substrate D-luciferin (Figure 18). 

 

Figure 18 

1.4.8. Replacement of the thiazoline moiety 

The effect of replacing the thiazoline ring in D-luciferin on light emission has also 

been studied, with the thiazoline ring being replaced by imidazoline, oxazoline, 

selenazoline, pyrroline and acyclic amino-acid counter parts.60,77,78 

 

Prescher and co-workers reported the imidazoline based luciferin analogue 89 in 

2012.60 This was synthesised by converting nitrile 18 into an imidate using ethanol 

and HCl gas, followed by condensation with D-2,3-diaminopropionic acid to yield 

the target luciferin 89 (Scheme 26). Luciferin analogue 89 was not bioluminescent. 
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Scheme 26 - Reagents and conditions: i) HCl (g), EtOH, -20 °C, 3 days; ii) D-2,3-

diaminopropionic acid, Et3N, MeOH, 60 °C. 

Maki and co-workers reported oxazoline based luciferin analogue 93 in 2016. 

Starting from key nitrile 18 this was synthesised by converting the nitrile into the 

corresponding methyl ester by treatment with K2CO3/MeOH, followed by protection 

of the phenol with the MOM group under standard conditions. Compound 90 was 

coupled with D-serine methyl ester, followed by cleavage of the MOM group using 

TFA to yield phenol 91. Compound 91 was also hydrolysed to its corresponding 

free acid and this was tested with the luciferase enzyme. Ester 91 was also used 

to form oxazoline 93. The phenol in compound 91 was acetylated using standard 

conditions and the resulting amide cyclised with DAST to form the desired 

oxazoline methyl ester 92. Protecting group removal and ester hydrolysis were 

done in a single step using a lipase enzyme (Scheme 27). Both the carboxylic acid 

of ester 91 and oxazoline 93 were found to be non-bioluminescent. 

 

Scheme 27 - Reagents and conditions: i) K2CO3, MeOH, 94%; ii) NaH, MOMCl, DMF, 

70%; iii) D-Ser.OMe.HCl, Et3N, MeOH; iv) TFA, 64% over 2 steps; v) Ac2O, NaHCO3, 

THF, 79%; vi) DAST, CH2Cl2, 90%; vii) Lipase PS IM Amano, NH4CO3 (aq), EtOH, 92%. 

 

In the same body of work, Maki and co-workers also reported pyrroline analogue 

97.78 The key transformation in the synthesis of this analogue was the reaction 

between the organolithium derivative of benzothiazole 94 with pyrollidinone 95 to 

form the glutamate linked benzothiazole 96. This key intermediate was then 
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deprotected using a TBAF/AcOH mix and then cyclised with TFA to yield the 

desired luciferin 97 (Scheme 28). This analogue gave a weak, blue-shifted 

bioluminescence signal at (lmax 547 nm). 

 

Scheme 28 - Reagents and conditions: i) n-BuLi, 95, -78 °C, 52%; ii) TBAF/AcOH, 95%; 

iii) TFA, 82%. 

 

Seleno-amino-luciferin 98 was reported in 2012 and interestingly had red-shifted 

emission compared to both D-luciferin 1 (lmax 558 nm) and amino-luciferin 46 (lmax 

593 nm). Seleno-amino-luciferin 98 was readily prepared by the condensation of 

D-selenocysteine with nitrile 45 (Scheme 29).77 

 

Scheme 29 

 

1.4.9. Synthesis of alkene stretched luciferin analogues 

In 2013, Maki and co-workers published a report investigating the effect of 

increasing p-p conjugation on the bioluminescence emission of luciferin analogues. 

To this end, they designed and synthesised a host of luciferin analogues in which 

the benzothiazole core was replaced by an electron-rich phenyl ring which was 

connected to the thiazoline moiety via increasing numbers of trans-alkene bonds. 
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Based on this structure, they synthesised the dimethylamino-luciferin analogues 

as well (Figure 19).79 The hypothesis was that increasing p-p conjugation would 

red-shift the bioluminescence emission of the analogues due to a lowering of the 

HOMO-LUMO energy gap due to conjugation. It was observed that an addition of 

a trans double bond, to the conjugated system, red-shifted the wavelength of 

bioluminescence by 100 nm (Figure 19). 

 

Figure 19 

Based on previous literature precedent of the condensation of various nitriles with 

D-cysteine to afford the corresponding thiazoline carboxylic acids, analogues 99 - 

102 were synthesised by the condensation of their corresponding nitriles with D-

cysteine.  

 

Scheme 30 

However, these condensation reactions between acryl nitriles (105 & 106) and 

cysteine were poor yielding (< 15%) and the products had to be purified by HPLC. 

Hence an alternative route was adopted for doubly stretched analogues 103 and 
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104. For the synthesis of N-dimethylated analogue 102, the corresponding acryl 

aldehyde 107 was subjected to Wittig olefination to obtain ester 108, which was 

saponified and coupled with S-trityl-D-cysteine methyl ester, to provide amide 109. 

Cyclisation using Hendrickson’s reagent and hydrolysis of the methyl ester with 

PLE gave the desired analogue 104. Analogue 103 was synthesised in an 

analogous manner. 

 

Scheme 31 – Reagents and conditions: i) Ph3P=CHCO2Et, PhMe, reflux, 99%; ii) NaOH, 
i-PrOH, 96%; iii) D-Cys(S-Trt)-OMe, EDC, DMAP, DMF, RT, 69%; iv) Ph3PO, Tf2O, 

CH2Cl2, 74%, v) Esterase, EtOH, 10 mM NH4HCO3, 99%. 

More recently, the hydrochloride salt of analogue 104, now known as Akalumine 

has been shown to be particularly effective for sensitive bioluminescence deep 

tissue imaging80 and noninvasive imaging in moving animals.49 Akalumine has 

better cell permeability, and weaker product inhibition with the luciferase enzyme 

than D-luciferin and hence is able to afford more sensitive in-vivo, deep-tissue 

imaging. Maki and co-workers also reported a novel luciferase, that had been 

optimally produced for the substrate Akalumine following twenty-one rounds of 

random mutagenesis of the wild-type luciferase enzyme. This luciferase, which 

they named Akaluc had 28 amino acid substitutions compared to the wild-type 

enzyme, had greater thermostability, and significantly improved light emission from 

Akalumine.49,81Nonetheless, other labs have reported Akalumine to be toxic to 

mice during in-vivo studies.50,82 
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 Anderson and co-workers reported the synthesis and properties of infra-luciferin 

115 in 2014.50 The structural difference between D-luciferin and infra-luciferin is 

that the latter consists of an additional alkene linker between the benzothiazole 

and thiazoline moieties. infra-luciferin was found to be significantly red-shifted with 

a mutant enzyme x5 S284T (λmax = 706 nm), and was the most red-shifted luciferin 

analogue at the time. 

 

This initial report of infra-luciferin followed a similar synthetic route to that of Maki’s 

stretched analogues, wherein benzothiazole aldehyde 111 underwent a Wittig 

olefination to form unsaturated ester 112. The rest of the synthesis was analogous 

to that of Maki’s Akalumine 104. A 10-step route that lead to enantiopure infra-

luciferin was initially reported (Scheme 32). 

 

 

Scheme 32 - Reagents and conditions: i) BnBr, K2CO3, acetone, RT, 85%; ii) n-BuLi, -78 

°C; DMF, 96%; iii) Ph3P=CHCO2Et, PhMe, reflux, 92%; iv) NaOH, i-PrOH, RT, quant; v) 
D-Cys(S-Trt)-OMe, BOP, Et3N, DMF, RT, 80%; vi) Ph3PO, Tf2O, CH2Cl2, 65%; vii) 

Ph(Me)5, BCl3, 79%; viii) PLE, pH = 7.8, phosphate buffer. 
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However, this route suffered from some difficulties. The cyclisation and benzyl 

deprotection steps were temperamental on scale-up and often only small quantities 

of infra-luciferin could be isolated. As it was a linear route there were no common 

intermediates which could be used to synthesise other infra-luciferin-type 

analogues. These issues led to the development of a higher yielding and 

convergent synthetic route towards racemic infra-luciferin (Scheme 33).83  

 

Scheme 33 – Reagents and conditions: i) NaH, MEMCl, THF, 0 °C – RT, 73%; ii) n-BuLi, 
-78 °C; DMF, 87%; iii) DBU, LiCl, 118, MeCN, 63%; iv) DAST, CH2Cl2, -78 °C, 94%; v) 

TFA, 97%; vi) LiOH, THF/H2O, 92%. 

The MEM protecting group was selected for this synthesis as it was known to be 

easily cleaved using TFA for similar molecules.84 Aldehyde 117 was reacted with 

a key phosphonate reagent 118 in a Horner-Wadsworth-Emmons olefination to 

form thioamide 119 which was then readily cyclised using DAST to afford the 

thiazoline methyl ester 120. Cleavage of the MEM group using TFA and 

saponification of the methyl ester using lithium hydroxide yielded the target infra-

luciferin 115 as a racemate. The use of phosphonate 118 made the route 

convergent and this key-intermediate could also be used to make other analogues 
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such as diene substituted analogue 123 (Scheme 34). Although the λmax of 

analogue 123 was slightly blue-shifted compared to D-luciferin, its 

bioluminescence emission spectrum exhibited a minor shoulder peak at ca. 800 

nm.83 

Scheme 34 - Reagents and conditions: i) Ph3P=CHCHO, CH2Cl2, 84%; ii) DBU, LiCl, 

118, MeCN, 24%; iii) DAST, CH2Cl2, -78 °C, 71%; iv) TFA, 71%; v) LiOH, THF/H2O, 35%. 

The firefly luciferase enzyme has also been mutated to afford mutant enzymes that 

give improved light emission with infra-luciferin.85 

 

More recently extending conjugation of the benzothiazole by substituting for a 

suitable napthothiazole resulted in very red shifted analogues 124a (λmax = 730 nm) 

and 124b (λmax = 743 nm) with mutant CBR2opt luciferases that proved particularly 

useful for highly resolved deep tissue imaging and tomography.86 These molecules 

were synthesized by the condensation of their nitrile precursors with D-cysteine. 
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Figure 20 

 

1.5 Interesting Applications of Bioluminescence Imaging 

1.5.1 Bioluminescence Resonance Energy Transfer (BRET) 

Bioluminescence Resonance Energy Transfer uses the concept that photons 

emitted from the luciferin-luciferase bioluminescence reaction can be used to 

excite a fluorescent protein such as the Green Fluorescent Protein (GFP), if the 

two are in close proximity. Both D-luciferin (1) and coelenterazine (2) have been 

used for this purpose.87 

Large fluorescent dyes can also be attached to an amino-luciferin framework (125) 

to give red-shifted emission by Bioluminescence Resonance Energy Transfer 

(BRET). However these compounds have poor in-vivo bioavailability due to their 

size and non-polar nature (Figure 21).88 

 

Figure 21 

1.5.2 Caged luciferin systems as biomarkers 

Luciferin analogues need to meet specific structural requirements for successful 

reaction and light emission with the luciferase enzyme. For example, only certain 

functional groups are tolerated at the C-6 position. Moreover, the methyl ester or 
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amide of the carboxylic acid, are inactive substrates for the luciferase enzyme. 

These facts have been exploited in the design of biomedical assays. Carefully 

designed probes can behave as masked or ‘caged’ luciferin structures that can 

react with species of interest to liberate free D-luciferin or an analogue that can 

bioluminesce with the luciferase enzyme (Figure 22). 

 

Figure 22 

For example, Peroxy-Caged Luciferin-1 (126 - PCL-1) is a patented bioluminescent 

probe that is used for the in-vivo detection of hydrogen peroxide in living animals. 

Boronic acids are known to react chemoselectively with H2O2.89 In PCL-1, a 

phenylboronic acid was appending to the phenol of luciferin, rendering the luciferin 

inactive. In the presence of hydrogen peroxide this boronic acid can be cleaved to 

liberate free D-luciferin, which can then undergo bioluminescence (Scheme 35). 

As tumour cells have a greater concentration of H2O2 in a transgenic mouse, light 

emission from tumour cells will be much greater than that from normal cells when 

PCL-1 is administered.90  
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Scheme 35 

Another caged luciferin homoallylic ether 128 was used to selectively detect ozone 

rather than other reactive oxygen species in environmental and biological samples. 

In the presence of ozone, the alkene undergoes ozonolysis, followed by the 

elimination of acrolein 130 by rapid b-hydride elimination to form D-luciferin 

(Scheme 36).91 

 

Scheme 36 

Although D-luciferin esters are not active with the luciferase enzyme, they can be 

hydrolysed by natural esterases in-vivo to form the free acid. Light output can also 

be used as a measure for esterase activity.92 The C-6 phenol can also be 

phosphorylated to form the phosphate ester 132 which is bioluminescence 

inactive. The free luciferin was formed upon reaction with alkaline phosphatase 

(ALP) mediated dephosphorylation. Hence light output can also be used to quantify 

the efiicacy of ALP in various conditions.93 The carbonate derivatives of D-luciferin 

have also been reported. Carbonate 133 was prepared by covalently linking D-

luciferin to a transporter molecule that would then transport the conjugate across 

the cell membrane. Once in the cell, the linker would be reduced by glutathione to 

afford the free luciferin. Light output would quantify the uptake of the transporter 

molecule into the cells of interest.94 
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Figure 23 

The activity from a host of other enzymes has also be quantified by the design and 

synthesis of appropriate D-luciferin or aminoluciferin cages such as peptidases, 

glutathione S-transferases, β-lactamases, monoamine oxidases, sulfatases, 

caxobxypeptidases, glycosidases and cytochrome-P450 enzymes.95 

Analogue 134 has also shown to be an effective in-vitro bacterial nitroreductase 

(NTR) probe. When luciferin 134 was adminisitered to a cell expressing NTR that 

was in close contact with cells expressing luciferase enzyme, light emission was 

observed. Mechanistic studies demonstrated that the active luciferin molecule was 

6-hydroxylamine luciferin 135 (Scheme 37).96 

 

Scheme 37 
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1.6 Other important luciferin-luciferase systems 

Besides the firefly luciferin-luciferase system, the coelenterazine 2 and Renilla 

luciferase (RLuc) from the sea pansy and Gaussia luciferase (GLuc) from the 

marine copepod systems have also been developed to render them as useful tools 

for applications in biotechnology. Another luciferase isolated from marine life is 

from the deep-sea shrimp Oplophorus gracilirostris (OLuc). All three luciferases 

RLuc, GLuc and OLuc use coelenterazine 2 as their substrate. 

 

The catalytically active portion of OLuc was identified and mutated for enhanced 

thermal stability and light output. This small 19 kDa mutant enzyme was called 

NanoLuc and it was optimised to perform best with the synthetic substrate 

furmazine 136.97 Both NanoLuc and furmazine are now commercially available. 

However, the NanoLuc-furmazine combination emits blue light (λmax = 450 nm) 

which makes it unsuitable for in-vivo applications. 

 

Figure 24 

Consequently, Nanoluc was mutated further in attempts towards red-shifted 

emission. These attempts had limited success, with light emission being red-

shifted up to 509 nm which is still blueish-green light.82 Hence Nanoluc was fused 

with fluorescent proteins to create BRET based red-shifted reporter enzymes.98,99 

From these enzymes, the most red-shifted (λmax = 583 nm) and bright combination 

is that of Antares2 and DTZ 137. Although this analogue is reported to be brighter 

than D-luciferin and Akalumine in-vitro, it suffers from poor solubility in aqueous 
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media and poor stability as like all coelenterazine analogues it is prone to auto-

oxidation. This makes in-vivo studies particularly challenging. The search for a red-

shifted, non-toxic and bright bioluminescent reporter that is suitable for multi-

parametric imaging continues. 

 

1.7 Proposed research 

As has been previously discussed in the Introduction chapter, the search for a 

luciferin analogue that is red-shifted, bright, non-toxic and suitable for multi-

parametric imaging continues. We believe that infra-luciferin (iLH2) is a good 

candidate for bioluminescence imaging as it is significantly red-shifted, non-toxic 

and an appropriate candidate for multi-parametric imaging.50 However iLH2 is 

around 200 times less bright in-vivo than D-luciferin. The relatively lower light 

output of iLH2 compared to LH2 could be due to several factors, such as catalytic 

turnover, product inhibition and radiation-less decay caused by rotatable single 

bonds. While we know that the Km values for iLH2 and LH2 with certain Fluc 

enzymes are comparable, the specific activity is 100 times less and the L-

enantiomer of iLH2 causes some enzyme inhibition,50 the question of radiation-less 

decay has not been investigated. 

 

Radiation-less decay is the decay of an atom or molecule from an excited state to 

a lower energy state without the emission of light i.e. through alternate pathways 

such as rotation through bonds & vibration through bonds. It is known that the 

brightness of luminophores can be increased by decreasing the flexibility of the 

molecules. For example, although different labs report differing values for exact 

quantum yield, the structures 139, 141, and 143 (Figure 25) are all brighter than 

their flexible counterparts 138, 140 and 142. Rigid luminophores often have a 
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higher luminescence quantum yield. This is accounted for due to lower internal 

conversion rates and vibrational motion in these structures.100 

 

Figure 25 

We proposed that one of the reasons why infra-luciferin has a lower quantum yield 

than D-luciferin is because it has greater degrees of freedom due to rotation about 

single bonds (Figure 26 and Figure 27). This could allow some flexibility of the 

excited state species in the enzyme’s active-site and cause greater radiation-less 

decay and thus a lower quantum yield. The aim of this project was to test this 

hypothesis through the design and synthesis of conformationally restricted infra-

luciferin analogues with the same number of rotational single bonds as D-luciferin 

and to establish their bioluminescence emission and brightness in comparison to 

infra-luciferin. 
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Figure 26 – Two conformers of D-luciferin due to rotation about the central single bond 

 

Figure 27 – Four conformers of infra-luciferin due to rotation about two single bonds 
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2. Benzimidazole based infra-luciferin analogues 

2.1 Design of conformationally restrained benzimidazole 

based infra-luciferin analogues 

To build a conformationally restrained analogue of infra-luciferin 115, it was 

thought that a bridge would have to be constructed that connected either of the 

heterocycle rings to the alkene linker (Figure 28). This is not feasible with the 

heterocyclic ring systems of infra-luciferin. The atom ‘X’ needs to be of a higher 

valency than the corresponding ‘S’ or ‘N’ atom of infra-luciferin. Therefore, a new 

heterocycle needed to be made that could accommodate the bridging chain. The 

simplest option for our design would be for X=N in Option 1 and X=C in Option 2. 

It was known that modifications to the heteroatoms in the thiazoline ring usually 

lead to inert compounds that give little or no light.60 Hence, Option 2 was not a 

viable option.  

 

Figure 28 – Possible designs of a rigid infra-luciferin analogue 

Prescher and co-workers had previously reported the synthesis and emission 

spectra of analogue 83 and it is more red-shifted than D-luciferin (Figure 29).60 This 

demonstrated that the luciferase enzyme could tolerate substitutions of the S atom 

in the benzothiazole core to other atoms, without complete loss of light output.  
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Figure 29 

This led to option 1 being a possibility if the benzothiazole ring (where X = S) was 

replaced by a pyridobenzimidazole ring (where X = N). In this design, a two carbon 

bridge would allow for the insertion of a double bond which would maintain 

aromaticity and conjugation in the oxidized chromophore. This led to the design of 

pyridobenzimidazole infra-luciferin 144 (PBIiLH2). Analogue benzimidazole infra-

luciferin 145 (BIiLH2) would also be synthesized and tested for comparison 

purposes to observe the effect of substituting a nitrogen atom in-place of sulfur 

atom in the benzothiazole core of infra-luciferin and as a direct comparison to the 

rigid analogue 144 to investigate the effect of reducing degrees of freedom on 

bioluminescence (Figure 30). 

 

Figure 30 

Whilst not completely rigid, PBIiLH2 (144) has the same degrees of freedom and 

rotating single bonds as D-luciferin (1) (Figure 31). 
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Figure 31 – Luciferin analogues with rotational single bonds shown in red arrows 

The initial aims of this project comprised of developing a synthetic route towards 

analogues PBIiLH2 (144) and BIiLH2 (145) followed by the testing of these 

compounds in in-vitro and if appropriate, in-vivo bioluminescence imaging studies. 

 

2.2 Molecular docking studies 

As PBIiLH2 144 is structurally significantly different to infra-luciferin 115, we used 

computational docking studies to predict the interaction between the adenylated 

luciferin structures and the luciferase enzyme. As was previously discussed, D-

luciferin 1 reacts with ATP in the presence of Mg2+ ions to form a luciferyl.AMP 

ester species after the loss of a pyrophosphate anion (PPi). The luciferyl.AMP ester 

is then oxidised by molecular oxygen to form an excited-state species oxyluciferin 

which relaxes to its ground-state to release a photon of light (Scheme 38). 



Aisha	J.	Syed	–	University	College	London	 64	

 

Scheme 38 

As LH2.AMP 8 is unstable and would be difficult to get an X-ray co-crystal structure 

of, an N-acyl sulfamate analogue 146 of luciferyl.AMP 8 was first synthesised and 

reported by Branchini et. al. in 2005 as a stable and potent inhibitor of firefly 

luciferase.84 This molecule 5’-O-[N-(dehydroluciferyl)-sulfamoyl]adenosine 146, 

also known as DLSA is a potent, reversible and non-competitive inhibitor of 

luciferase with respect to LH2 (Ki = 34 ± 5 nM) and Mg.ATP (Ki = 41 ± 3 nM), but a 

competitive inhibitor with respect to LH2.AMP (Ki = 340 ± 50 nM). 

 

Figure 32 

Soon after in 2006, Kato and co-workers reported the X-ray diffraction data of the 

co-crystal of DLSA 146 with the luciferase from the Japanese firefly species Genji-
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botaru (Luciola cruciate – LcrLuc(WT)).28 They proposed that 146 is a stable 

version of luciferyl.AMP and mimics both luciferyl.AMP and oxyluciferin in its 

structure and hence would be a good predictor of the environment of the enzyme’s 

active-site when it is bound. In their work, they solved and reported the crystal 

structure of the wild-type enzyme complexed with DLSA 146 at a resolution of 1.3 

Å (Protein Data Bank accession number 2D1S). In 2012, Branchini and co-workers 

published the co-crystal structure of DLSA 146 with the luciferase enzyme from the 

North American firefly Photinus pyralis (PpyLuc) at a resolution of 2.6 Å (Protein 

Data Bank accession number 4G36).101 As PpyLuc is the most extensively used 

and studied wild-type luciferase and also the wild-type enzyme that our 

collaborators primarily use in their bioluminescence experiments, we decided to 

use the Branchini X-ray co-crystal structure for the molecular docking studies and 

modelled our analogues as their DLSA counterparts rather than their AMP 

complexes. 

 

GOLD software version 5.4.1 was used to perform the docking calculations.102 To 

test our protocol, the docking of the energy minimised structure of LH2-DLSA at 

the ATP-binding site was initially performed. Energy minimisation was carried out 

using the MM2 calculation, Chem3D Pro software version 13.0.2.3021. 

Calculations were run on a PC with a 2.3 GHz-i5 processor and 8 GB RAM. The 

docking solutions were viewed using Discovery Studio Visualiser with the protein 

surface coloured by hydrophobicity.103 The docking result for the crystallised ligand 

DLSA 146 (Figure 33 and Figure 34) was overlaid with the co-crystal structure and 

the calculated exhaustive root mean squared deviation (RMSD) was 0.7453, 

indicating a good prediction ability of our docking protocol. We decided to carry out 

a rigid molecular docking due to close similarity in the binding site between different 

crystallographic structures. 
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Figure 33 - Docking result of DLSA in WTPpy Luc 

 

Figure 34 - Docking result of DLSA in WTPpy Luc (Key interactions displayed in dashed 

lines: green – hydrogen bonds; pink – p-p stacking interactions) 

Starting with the energy minimised structures of DPBIiLSA 147 and DBIiLSA 148 

(Figure 35), the GOLD wizard was used to carry out the molecular modelling. The 

binding site was defined to within 6 Å of the DLSA analogue and the docking was 
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carried out to identify six different solutions. By comparing the docking solutions to 

the binding mode of DLSA, the pose of DPBIiLSA and DBIiLSA which gave the 

best overlay was selected for the basis of our docking model. 

 

Figure 35 

Both DPBIiLSA 147 and DBIiLSA 148 fitted well into the narrow and deep substrate 

binding site (Figure 36 and Figure 38). Several possible favourable hydrophobic 

interactions and hydrogen bonds could also be observed (Figure 37 and Figure 

39), although in the case of each analogue fewer favourable interactions were 

identified than those identified in the docking results of DLSA 146 with the 

luciferase enzyme. This preliminary study showed that it was structurally possible 

to locate the analogues in the luciferin binding site. The best pose of DPBIiLSA 

147 was also overlaid with the original co-crystal structure of the luciferase enzyme 

with DLSA 146 using PyMOL.104 (Figure 40). It was clear that PBIiLSA 148 was 

docked in the same binding as pocket as DLSA and in a similar conformation. 
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Encouraged by these results, the synthesis of the target compounds was 

commenced. 

 

 

Figure 36 - Binding pose of BIiLSA with WTPpyLuc. 

 

 

Figure 37 - Docking result of BIiLSA in WTPpy Luc (Key interactions displayed in dashed 

lines: green – hydrogen bonds; pink – p-p stacking interactions) 
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Figure 38 - Binding pose of PBIiLSA with WTPpy Luc. 

 

 

Figure 39 - Docking result of PBIiLSA in WTPpy Luc (Key interactions displayed in 

dashed lines: green – hydrogen bonds; pink – p-p stacking interactions) 
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Figure 40 – Overlay of DLSA.WTPpy complex (PDB: 4G36) with docking pose for 

PBIiDLSA. (Key - Yellow: DLSA; Magenta: PBIiLSA) 

 

2.3 Synthesis of benzimidazole infra-luciferin 

2.3.1 Retrosynthesis of benzimidazole infra-luciferin 

As BIiLH2 was structurally similar to iLH2, the synthesis of BIiLH2 was commenced 

first. Following the precedent set through the synthesis of racemic iLH2, the 

thiazoline in BIiLH2 was disconnected to give a suitably protected thioamide 

precursor 149, which could be formed from a Horner Wadsworth Emmons reaction 

between a suitably protected aldehyde 150, and the previously reported 

phosphonate 118 from our group.83 It was envisaged that carbaldehyde 150 could 

be formed from metalation at the C-2 position followed by reaction with a suitable 

electrophile such as DMF. As is often the case, benzimidazole 151 could be 

synthesised from the respective o-phenyldiamine 152, which could be readily 

obtained from the reduction of a suitable ortho-nitroaniline; commercially available 

4-amino-2-nitrophenol 153 was envisaged as the starting material in this case 

(Scheme 39). 
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Scheme 39 

2.3.2 Initial route towards BIiLH2 

The conventional and most commonly used route to access the benzimidazole 

motif is by the condensation of the corresponding o-phenlydiamine compound with 

a suitable carboxylic acid or its derivative acid chloride or acid-anhydride to afford 

the corresponding amide. Esters and amides can also be used for condensation, 

but these often require more forcing conditions.105 Intramolecular cyclisation and 

dehydration of the resulting compound is often achieved by refluxing the crude 

mixture in concentrated sulphuric acid (Scheme 40).106  

 

Scheme 40 
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Consequently nitro-aniline 153 was reduced by H2 and Pd/C following a literature 

procedure to yield o-phenyldiamine 152 as a black solid in quantitative yield after 

optimisation of reaction and work-up conditions (Scheme 41).107 The reaction was 

left for 24 h under H2 atmosphere instead of 2 h quoted in the literature as 2 h were 

found to be insufficient to form product (although all starting material had been 

consumed). 

 

Scheme 41 

It was observed that o-phenyldiamine 152 degraded at room temperature, both in 

solvent and as a dry solid. On further review of the literature, it was discovered that 

the oxidative polymerisation of o-phenyldiamines is a well-documented 

phenomenon (Figure 41a) and that these compounds polymerise readily when 

exposed to light, moisture, atmospheric oxygen and temperatures greater than 8 

°C.108 Further evidence of this was obtained when results from mass spectrometry 

indicated the dimer 159 as the major component of a sample left at room 

temperature (Figure 41b). Consequently, after this observation intermediate 152 

was freshly prepared and used immediately in the next step. 



Aisha	J.	Syed	–	University	College	London	 73	

 

Figure 41 – a) Oxidative polymerisation of o-phenyldiamines b) Dimer observed on 

leaving 152 exposed to air 

Freshly prepared compound 152 was treated with a large excess of formic acid 

and heated to reflux, following a literature procedure (Scheme 42).109 This sole 

literature procedure found for this specific compound had been performed on a 

large scale (>1 g) and quoted a moderate yield (45%). Various reaction conditions 

were tried, and most of them resulted in degradation of the unstable starting 

material – which as previously discussed is unstable to heat. On the single 

occasion where product was obtained and identified by 1H-NMR spectroscopy, 

purification and removal of the excess formic acid proved to be difficult. The 

desired compound resided primarily in the aqueous layer and was sparsely soluble 

in organic solvents and was isolated with HCOONa as a major impurity. Base 

washes and freeze-drying were tried, to no success. Consequently, it was decided 

to modify the route to make the benzimidazole more soluble in organic solvents by 

protecting the –OH group first. 
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Scheme 42 

It was proposed that if the phenol group was protected before the diamine was 

condensed with formic acid to construct the benzimidazole, the resulting 

benzimidazole would be more soluble in organic solvents. It was hoped that a 

protected phenol would deter polymerization of the phenyldiamine and lead to a 

more stable intermediate as well (Scheme 43). The –MEM group was selected for 

protecting the phenol as there is precedent within our group that it survives the 

reaction conditions in the synthesis of infra-luciferin and can be successfully 

cleaved on late stage intermediates using TFA.83 

 

Scheme 43 

Whilst there is literature precedent for the selective protection of the phenol in 153 

using the benzyl and MOM protecting groups; protection with the 2-

methoxyethoxymethyl ether (MEM) group had not been reported before. Two 

modified literature procedures were attempted for MEM protection of compound 

153. The use of a stronger base (t-BuOK vs. K2CO3) resulted in both a higher yield 

(74% vs. 25%) and an improved reaction time (3 h vs. 24 h) (Scheme 44).110,111 
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Scheme 44 

The reduction of MEM protected nitro-aniline 161 to o-phenyldiamine 162 

proceeded in a straightforward manner and in excellent yield using H2 on Pd/C 

using a general literature procedure.107  

 

Scheme 45 

Treatment of compound 162 with excess formic acid and heating at reflux 

overnight, did not give the desired compound by 1H-NMR spectroscopy. However, 

compound 160 was isolated in 1% yield, which lead to the conclusion that the –

MEM group was unstable if refluxed in formic acid (Scheme 46). 

 

Scheme 46 

Following literature precedent for 6-methoxybenzimidazole synthesis, a procedure 

using triethyl orthoformate with a Lewis acid was applied to compound 162. The 

desired product was observed by 1H-NMR with a whole host of other impurities 

and by-products, and could not be successfully isolated by flash column 

chromatography (Scheme 47).112  
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Scheme 47 

As o-phenyldiamines were found to be unstable, it was decided that they should 

be cyclised in-situ in a one-pot procedure from the corresponding o-nitroaniline. A 

successful, mild, efficient, and high yielding one-pot conversion of 153 to 160 was 

discovered in the literature.113 Hanan and co-workers monitored this reaction by 

LC-MS and stated that the final product was made through the key-intermediate o-

phenyldiamine 152. As o-phenyldiamines undergo oxidative polymerisation in light, 

moisture, oxygen and temperatures greater than 8 °C,108 it was proposed that 

milder reaction conditions i.e. lower reaction temperatures and longer reaction 

times (60 °C for 3 h cf. literature conditions 80 °C for 1 h) would give improved 

yields. Pleasingly, this was proved to be the case and a maximum yield of 97% (lit 

= 83%)113 was successfully obtained and maintained for >1 g scale reactions 

(Scheme 48). 

 

Scheme 48 

With compound 160 in hand, the phenol and benzimidazole –NH had to be 

protected before metalation could be attempted at the C-2 position. In the literature, 

there appear to be no routes towards selective O-protection before N-protection 

for compound 160. However, it was hoped that the difference in pKa between the 

phenol (pKa ~ 10) and the –NH (pKa ~ 16), would allow selective deprotonation of 

the phenol if a weak base was used. A variety of bases of varying strengths 
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(K2CO3, Cs2CO3, NaH) were attempted, and they all resulted in a mixture of 

compounds 163, 164 and 165 with unreacted starting material being observed in 

all experiments (Figure 42). A plausible explanation for this could be that the imino 

nitrogen atom on the benzimidazole is significantly nucleophilic and can react with 

incoming electrophiles (MEM-Cl in this case) even in the absence of a base. 

 

Figure 42 

 

As selective O-protection of the benzimidazole was not achieved, efforts were then 

focused on achieving selective N-protection. Compounds 166 and 167 are 

literature compounds and literature procedure to synthesise these was attempted 

on a 200 mg scale (Scheme 49). Pleasingly 166 and 167 were isolated as a 1:1 

mixture of isomers in excellent yield (80%).114  

 

Scheme 49 

It was discovered that compounds 166 and 167 were unstable both in solution and 

as solids on the bench. Hence, the Boc group was abandoned in the synthetic 

design as it was unfeasible to carry forward. 

 

As selective –OH and –NH protection of compound 160 was found to be 

challenging once both the –OH and benzimidazole –NH are present in the same 

molecule, it was proposed that protection of the –OH group before the construction 
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of the benzimidazole ring would solve this issue. There is literature precedent that 

the TIPS group survives the acidic conditions in the synthesis of benzimidazole 

169 in modest yields (lit. 52%).113 Consequently aminophenol 153 was TIPS 

protected using a modified literature procedure, in excellent, quantitative yield after 

purification by passing through a silica plug (Scheme 50). This reaction has since 

been scaled up to >1 g scale with no effect on yields. 

 

Scheme 50 

A literature procedure was used to synthesise benzimidazole 169 in modest yields 

57% (lit. 52%)113 by a one pot in-situ reduction of nitro-aniline 168, followed by 

condensation with formic acid (Scheme 51). 

 

Scheme 51 

A number of different protecting groups were carefully considered for the 

benzimidazole –NH protection, bearing in mind that the next step involved ortho-

metallation at the C-2 position, to form the carbaldehyde. Both the tosyl and the 2-

(trimethylsilyl)ethoxy]methyl (SEM) protecting groups appeared to be attractive 

choices, as there was literature precedent that they direct ortho-metallation at the 

C-2 position on benzimidazole structures.115,116 There is however, very poor 

literature precedent for successful deprotection of the tosyl group in good yields 

and mild conditions. Moreover, as both the SEM and TIPS groups can be cleaved 

with fluoride anions, it was hoped that a single-step global deprotection could be 
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achieved later in the synthesis. Consequently, the SEM group was selected for this 

synthesis. Following a modified literature procedure, benzimidazole 169 was SEM 

protected in modest yield (56%) using KH and 2-(trimethylsilyl)ethoxy]methyl 

chloride to obtain regio-isomers 170 and 171 in a 1:1 mixture (Scheme 52).115 The 

regio-isomers were separated by column chromatography in 28% yield of each 

(total yield = 56%). The structure of each isomer was confirmed based on the 

coupling interaction observed in the nOEsy spectrum between the singlet for 

OCH2O and the aromatic protons close to it in space. 

 

Scheme 52 

 

There is literature precedent for metalation of protected benzimidazoles at the C-

2 position using n-BuLi followed by trapping of the anion with DMF.115 Initially only 

starting material was recovered when 170 was treated with n-BuLi at -78 °C 

followed by addition of DMF. Hence, some trial experiments were performed on 

model benzimidazole 173, to determine the best temperature and conditions for 

the deprotonation of the desired C-2 proton. The SEM protected benzimidazole 

173 was readily synthesised from benzimidazole 172 following a literature 

procedure, by reacting it with SEM-Cl in the presence of DIPEA in DMF at 80 °C 

for 2 h to give the desired product in 80% yield (Scheme 53).117 

 

Scheme 53 
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Literature precedent suggested that benzimidazole compounds are best 

deprotonated by n-BuLi at -40 °C.115 The general procedure we adopted to 

investigate the reaction conditions was to treat a cooled solution of benzimidazole 

172 with n-BuLi, stir the mixture for a specific time before the addition of deuterated 

acetic acid (AcOD-d4) and a work-up. The 1H-NMR spectrum of the product then 

gave a measure of how much deuteration had taken place as integrals of the C-2 

proton and other protons were compared (Scheme 54). These studies indicated 

that the addition of n-BuLi at -40 °C, followed by stirring for 1 h at -40 °C before the 

addition of AcOD resulted in 100% deprotonation and consequent deuteration of 

the benzimidazole carbon highlighted below (Table 2, Scheme 54). 

 

 

 

Scheme 54 

Entry Addition of n-BuLi AcOD/ 
DMF 

% Product by 1H-NMR 
Equiv. Temperature 

(° C) 
Time 
(h) 

1 1.05 with 
1.05 eq of 
TMEDA 

- 40 0.5 AcOD 26 

2 1.1 - 40 1 AcOD 100 
3 1.1 - 40 1 DMF 81% product to 19% 173 

(39% isolated yield) 
 

Table 2 

Compound 173 was then treated with n-BuLi under these conditions and 

anhydrous DMF added. The optimised conditions were found to be deprotonation 

by 1.1 equiv. of n-BuLi at - 40 °C for 1 hour, followed by the addition of anhydrous 

DMF at - 40 °C and stirring for 3.5 hours at - 40 °C. This reaction yielded 39% of 

the desired aldehyde (Scheme 55). 
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Scheme 55 

Whilst this reaction left a lot to be desired in terms of yield, the identical reaction 

conditions were attempted on compounds 170 and 171. Both reactions were very 

poor yielding (9% and 3%) and both showed the presence of a different major 

product. In the case of compound 170, the major product was identified by 1H-NMR 

spectroscopy and mass spectrometry to be the n-BuLi addition product 175, which 

is a possibility as the heterocycle is quite electron deficient (Scheme 56). In the 

case of compound 171, the major product could not be identified but the 1H-NMR 

spectrum suggested that the benzimidazole ring had undergone cleavage 

(Scheme 57). 

 

Scheme 56 

  

 

Scheme 57  

Following these unpromising results, in the best interests of time, it was thought 

prudent to try a different route towards the synthesis of the desired aldehyde and 

a new route was devised. 
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2.3.3 Modified route for the synthesis of BiILH2 

To avoid the C-2 deprotonation, it was decided to synthesise the heterocycle with 

a carbon at C-2 already attached. The desired aldehyde 178 could be 

disconnected to the corresponding 2-methyl benzimidazole 179, which can be 

obtained from the same nitro-aniline 168 when condensed and cyclised with a 

suitable carbonyl compound (Scheme 58). 

 

Scheme 58 

The desired 2-methyl benzimidazole 180 was readily prepared from previously 

synthesised 168, following literature precedent for an analogous compound in a 

single-pot procedure,  by reduction of the nitro group using hydrogen gas and Pd/C 

catalyst, and simultaneous condensation of the product with triethyl orthoacetate 

in the presence of an acid catalyst (AcOH).118 The product 180 was obtained in 

excellent yields (96%) and on a >2 g scale (Scheme 59). Compound 180 has been 

drawn as a representative structure as although it was recorded as a single 

compound by 1H NMR spectroscopy; the exact tautomeric form of the 

benzimidazole was not determined. 

 

 

Scheme 59 

As SEM protected benzimidazole 173 was obtained in a very good yield of 80% by 

treating its precursor 172 with SEM-Cl in the presence of DIPEA and warming it up 
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in DMF at 80 °C for 2 h (Scheme 53), the same conditions were attempted on 

benzimidazole 179. However, a poor yield of desired compounds 178 and 180 was 

obtained, with an overall yield of 26% in a 1:1 ratio (Scheme 60).  

 

Scheme 60 

Moreover, it was discouraging to note that most SEM protections of benzimidazole 

analogues in the literature had yields in the region of 50-60%. In these sorts of 

structures, there appears to be a balance between mono-SEM protection 

(structures 179 and 181) and bis-SEM protection to form a salt. The formation of 

the salt is more favoured when neutral conditions or weak bases such as DIPEA 

are used.119 Hence, sodium hydride or potassium hydride are often the base of 

choice. Moreover, the ratio of mono-product to bis-product salt and the ratio of 

regio-isomers formed can vary significantly depending on the starting material and 

conditions used. Hence various different bases and conditions from the literature 

where analogous molecules were made were attempted to improve the yield of 

SEM protection of benzimidazole 180. 

 

 

Entry Conditions Total 
yield (%) 

Ratio of isomers 
(179:181) 

1 DIPEA, SEM-Cl, 80 °C, 2 h, DMF120 26 5:7 
2 DIPEA, pyridine, SEM-Cl, 80 °C, 2 h, 

DMF 
13 7:5 

3 NaH, SEM-Cl, rt, overnight, THF115 20 5:7 
4 DIPEA, SEM-Cl, TBAI, 40 °C, 2 h, 

DCM121,122 
0 (N/A) 

5 KH, SEM-Cl, 0 °C – rt, overnight, THF115 81 1:1 
 

Table 3 
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The best yielding procedure (Entry 5, Table 3) was found to use potassium hydride 

at 0 °C, and careful addition of the benzimidazole solution to the KH to ensure the 

exotherm was well-controlled. After 1 h was allowed for deprotonation, addition of 

SEM chloride at 0 °C and stirring overnight at rt gave an 81% yield of a 1:1 mixture 

of the two regio-isomers that were separable by column chromatography. 

Compound 179 was obtained in a yield of 41% and compound 181 in 40%. For 

ease of identification and purification of later-stage complex intermediates, the two 

benzimidazoles at this stage were separated by column chromatography and used 

through the rest of the synthesis individually. 

 

Finally, the active methyl group was oxidised to an aldehyde by heating the 

compound with selenium dioxide in anhydrous 1,4-dioxane. Various oxidation 

conditions were attempted (Table 4) and the best conditions for this oxidation were 

found to be with the addition of the additive tert-butylhydroperoxide solution (in 

decane) which gave the desired product for both isomers in very good yields 

(Entries 4 and 5, Table 4). 

 

Scheme 61 
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Entry Conditions Yield (%) Product 
1 SeO2 (10 equiv), 102 °C, 4 h, 1,4-dioxane 55 182 
2 SeO2 (10 equiv), 105 °C, 4 h, 1,4-dioxane 45 178 
3 SeO2 (2.3 equiv), TBHP (1.0 equiv, in aq. soln), 

90 °C, 4 h, 1,4-dioxane123 
32 182 

4 SeO2 (2.3 equiv), TBHP (1.0 equiv, in decane), 
110 °C, 5 h, 1,4-dioxane123 

96 182 

5 SeO2 (2.3 equiv), TBHP (1.0 equiv , in decane), 
110 °C, 5 h, 1,4-dioxane123 

67 178 

Table 4 

The oxidation of the unprotected benzimidazole 179 was also attempted, but this 

was not successful, validating the need for protection of the benzimidazole nitrogen 

(Scheme 62). 

 

Scheme 62 

The route towards racemic infra-luciferin used a phosphonate 118 in a Horner-

Wadsworth-Emmons olefination which coupled with the corresponding aldehyde 

under mild conditions using LiCl/DBU (Scheme 63).83,124 

 

Scheme 63 

Phosphonate 118 was readily synthesised on a 10 g scale following the literature 

procedure used within the group.83 Commercially available diethyl 

cyanomethylphosphonate 184 was reacted with ethanethiol under a constant 

stream of HCl gas to afford iminium salt 185. This compound was treated with H2S 

gas to afford dithioate 186. This was then condensed with serine methylester to 
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form the desired phosphonate 118 in an excellent yield of 95% over 3 steps. 

(Scheme 64). 

 

Scheme 64 – Reagents and conditions: i) EtSH, HCl(g), Et2O, 0 °C, 6 h; ii) H2S(g), 

pyridine, 0 °C, 4 h; iii) DL-serine methyl ester, Et3N, CH2Cl2, 3 days, 95% over 3 steps. 

 

The Masamune and Rouche reaction conditions used in the synthesis of racemic 

infra-luciferin were attempted with carbaldehyde 182 on a small scale (>20 mg of 

aldehyde) but this did not give any product. All the aldehyde was consumed, and 

a highly polar spot formed on the base line of the TLC plate. However 1H-NMR 

spectroscopy on the crude material did not show the desired alkene product peaks 

(Scheme 65). 

 

Scheme 65 

Following this, the reaction was scaled up and several different bases were trialed 

for this HWE olefination with both aldehyde regio-isomers (Table 5). The use of  

t-BuOK as a base to deprotonate the phosphonate gave the most promising and 

consistent results, irrespective of the scale of the reaction. When 1 equiv. of 

phosphonate and aldehyde were used, it was observed that although all the 

phosphonate was consumed, there was still residual aldehyde left. Hence the 

phosphonate was used in excess during optimisation. The phosphonate was 

treated with t-BuOK at 0 °C, followed by addition of a solution of the aldehyde in 
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THF. This yielded the desired compound 184 in a modest yield of (53%) and 

compound 185 in 35% yield (Scheme 66). 

 

Scheme 66 

 

Entry Conditions Yield (%) Product 
1 182 (1.2 equiv), 118 (0.23 mmol, 1 equiv), LiCl 

(1.4 equiv), DBU (1.4 equiv) 4 h, rt, MeCN 
 

11 184 

2 182 (1.1 equiv), 118 (0.22 mmol, 1 equiv), K2CO3 
(13.5 equiv), 16 h, rt, EtOH/H2O (3:5) 

 

0 N/A 

3 182 (1.2 equiv), 118 (0.15 mmol, 1 equiv), NaH 
(1.4 equiv), 1.75 h, 0 °C - rt, THF 

 

0 N/A 

4 182 (0.12 mmol, 1.0 equiv), 118 (1.0 equiv),  
t-BuOK (1 equiv), 4 h, 0 °C - rt, THF. 

 

17 184 

5 178 (1.00 mmol, 1.0 equiv), 118 (1.0 equiv),  
t-BuOK (1.0 equiv), 4 h, 0 °C - rt, THF. 

 

27 185 

6 182 (0.67 mmol, 1.0 equiv), 118 (1.5 equiv),  
t-BuOK (2.0 equiv), 4 h, 0 °C - rt, THF. 

 

53 184 

7 178 (0.67 mmol, 1.0 equiv), 118 (1.5 equiv), 
 t-BuOK (2.0 equiv), 4 h, 0 °C - rt, THF. 

35 185 

 

Table 5 
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With compounds 184 and 185 in-hand, following the precedent for the synthesis of 

infra-luciferin, cyclisation was successfully attempted using diethylaminosulfur 

trifluoride (DAST) at -78 °C to successfully furnish the thiazoline ring. The 

thiazoline ring is known to be unstable to basic conditions and oxygen and hence 

all solvents used in any reaction where the thiazoline was being formed or a 

thiazoline containing molecule was being manipulated were purged with nitrogen 

gas for 10 minutes to remove traces of oxygen.83 Cyclised products from both 

isomers were obtained in quantitiative yields (Scheme 67). 

 

Scheme 67 

The cyclised thiazoline phosphonate was also synthesised by reacting the 

uncyclised thioamide phosphonate 118 with DAST in similar conditions as shown 

above, to afford the cyclised thiazoline phosphonate 188 in a 73% yield (Scheme 

68). On treating this with t-BuOK and our aldehydes, no desired product was 

obtained and it was observed in the 1H-NMR spectrum that the proton alpha to the 

ester had disappeared. This was consistent with what was observed in the reported 

synthesis of infra-luciferin.83 It is known that 4-thiazoline carboxylic acids are 

unstable to base and oxygen, so this observation was unsurprising.125,126 

 

Scheme 68 
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Although DAST is often used as a fluorinating agent for alcohols, aldehydes and 

ketones,127,128 in the above shown reactions it facilitates an intra-molecular 

elimination to form the desired leaving group. The primary alcohol in our assembly 

reacts with DAST to form an excellent leaving group in the form of a fluorinated 

sulfanamine 189. This is readily eliminated to form the thiazoline (Scheme 69). 

 

Scheme 69 – The mechanism of DAST mediated cyclisation 

2.3.4 Removal of protecting groups and completion of synthesis 

Given the sensitivity of our thiazoline substrates, the use of TBAF to cleave silyl 

protecting groups did not appear to be promising, nonetheless it was attempted. It 

was observed by 1H-NMR spectroscopy that although the TIPS group was rapidly 

cleaved on treatment with TBAF at 0 °C, the SEM group was not. Moreover, the 

thiazoline moiety degraded when treated with TBAF. 

 

Although it was initially hoped that the SEM and TIPS groups could be cleaved 

simultaneously in a global deprotection using TBAF; it was later realised that 

although the TIPS group is cleaved at low temperatures using TBAF; the precedent 

for cleavage of the SEM group suggested heating a solution of the compound in 

THF with TBAF at reflux for a few hours.115,129 This was due to the fact that removal 

of the SEM group using TBAF is a two-step process; the attack of the fluoride ion 

on the trimethylsilyl group to eliminate ethane gives the aminal. Collapse of the 

aminal by the elimination of formaldehyde, resulted in the deprotected compound 

following an aqueous workup. It is known that the elimination of formaldehyde from 
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the aminal is sluggish and requires heat (Scheme 70). Although this issue is often 

circumvented by carrying out the reaction under vacuum to facilitate the 

formaldehyde to escape or by the addition of a scavenger amine such as ethylene 

diamine to sequester the out-going formaldehyde,130 given the sensitivity of our 

substrate we wished to employ a milder method to affect this transformation. 

 

Scheme 70 

Moreover, the thiazoline moiety did not survive, presumably due to the basicity of 

TBAF. Hence the reaction was repeated using TBAF buffered with AcOH (1:1).78 

Although TIPS removal was observed again, a significant amount of thiazoline was 

destroyed in the process. There is precedent for the cleavage of the SEM group 

and the TIPS group in separate molecules using neat TFA, so the molecules were 

also subjected to neat TFA at room temperature.131,132 However, this gave no 

success with the removal of either protecting group; although some degradation of 

the starting material was observed (Scheme 71, Table 6).  

 

Scheme 71 
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Entry Conditions Outcome 
1 TBAF, THF, 0 °C. TIPS removal, but thiazoline 

degradation 
2 TBAF, AcOH, THF, 0 °C TIPS removal, but thiazoline 

degradation 
3 TFA neat, rt No reaction 

 

Table 6 – Conditions attempted for the one-pot removal of SEM and TIPS groups 

The SEM group can also be cleaved using Lewis acids. There is literature 

precedent to cleave the SEM group from sensitive substrates such as nucleotide 

bases using tin(IV) chloride.133 From the results above, it was apparent that the 

thiazoline moiety was very sensitive. Hence, the protocol using tin(IV) chloride was 

attempted. Pleasingly, when the starting material was treated with tin(IV) chloride 

at 0 °C the desired transformation took place without adversely affecting the 

thiazoline ring and the deprotected product was obtained in an excellent yield of 

91% as a single compound by 1H-NMR spectroscopy. Compound 191 has been 

drawn as a representative structure as although it was obtained as a single 

compound by 1H NMR spectroscopy as the product from the deprotection reactions 

of both 185 and 186; the exact tautomeric form of the benzimidazole was not 

determined. 

 

Scheme 72 

Removal of the TIPS group was then attempted on compound 191 through various 

protocols involving fluoride ion sources (Table 7). All such efforts including basic 

(TBAF), neutral (TBAF/AcOH) and acidic conditions (Et3N.3HF)134 were 

unsuccessful. Although the TIPS group was cleaved in each of these attempts, the 



Aisha	J.	Syed	–	University	College	London	 92	

sensitive thiazoline ring did not survive the reaction conditions again. To make 

matters more challenging, the deprotected products were found to be air-sensitive, 

very polar and therefore difficult to purify using flash column chromatography. The 

small-scale of these late-stage reactions also rendered recrystallisation difficult. 

Hence, it was important to find a way of furnishing the desired deprotected 

compound in high-yield and with no, or very few, impurities as purification would 

be limited. 

 

Scheme 73 

 

Entry Conditions Outcome 
1 TBAF, THF, 0 °C. TIPS removal, but thiazoline 

degradation 
2 TBAF, AcOH, THF, 0 °C TIPS removal, but thiazoline 

degradation 
3 Et3N.3HF, rt TIPS removal, but compound 

degradation. Complex mixture of 
products observed. 

 

Table 7 - Conditions attempted for the removal of the TIPS group 

As the thiazoline ring proved to be very sensitive it was thought prudent to slightly 

modify the route and introduce it in the later stages of the synthesis, after the 

cleavage of the TIPS group. Hence thioamide intermediates 184 and 185 were 

treated separately with TBAF at 0 °C. Pleasingly, the TIPS group was cleaved in 

10 mins to obtain deprotected thioamides 193 and 194 in 65% and 93% isolated 

yields respectively (Scheme 74). 
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Scheme 74 

Deprotected thioamides 193 and 194 were then treated with DAST to construct the 

thiazoline ring. These reactions proceeded smoothly at -78 °C, albeit in slightly 

lower yields than the analogous TIPS protected system (Scheme 67), to afford the 

SEM protected products 195 and 196 in 65% and 67% yields respectively (Scheme 

75). 

 

Scheme 75 

The cleavage of the SEM group was achieved using tin(IV) chloride solution at 0 

°C in methylene chloride. Each isomer 195 and 196 was individually treated with 

tin(IV) chloride and the desired deprotected product 197 was obtained in 95% yield 

(Scheme 76). Methyl ester 197 has been drawn as a representative structure as 

although it was observed as a single compound by 1H NMR spectroscopy as the 

product from the deprotection reactions of both 195 and 196; the exact tautomeric 

form of the benzimidazole was not determined. 
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Scheme 76 

With methyl ester 197 in-hand, saponification was attempted following the 

precedent from the synthesis of racemic infra-luciferin using lithium hydroxide. 

However, compound 197 was found to be unstable in base and on base addition 

was destroyed in 5 minutes at room temperature (Scheme 77), despite the 

degassing of solvents with N2 to avoid oxidation of the molecule. 

 

Scheme 77 

Following this hydrolysis of methyl ester 197 was achieved using porcine liver 

esterase (PLE) to furnish the target compound BIiLH2 145 in 60% yield (Scheme 

78). PLE had also been previously used to hydrolyse infra-luciferin methyl ester to 

infra-luciferin free acid 115.50 

 

Scheme 78 
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2.4 Synthesis of pyridobenzimidazole infra-luciferin 

2.4.1 Introduction 

We realised that two isomers of pyridobenzimidazole infra-luciferin could be 

potentially synthesised (Figure 43). We did not know which isomer would be a 

better bioluminescent substrate for the luciferase enzyme, hence work was carried 

out towards the synthesis of both analogues PBIiLH2 144 and PBI2iLH2 198. 

 

Figure 43 

 

1.4.10. Progress towards PBI2iLH2 

Analogue 198 could be disconnected back to its corresponding nitrile precursor 

199 and DL-cysteine. The pyridobenzimidazole core in nitrile 198 could be obtained 

from fragments 200 and 201 via a modified Chan-Lam type and Ullmann type 

copper catalysed coupling based on literature precedent of similar structures 

(Scheme 79).135  

 

Scheme 79 
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Das and co-workers reported the elegant one-pot synthesis of 

pyridobenzimidazole cores from their respective aminopyridine and iodo-aryl 

boronic acid counterparts, wherein a Chan-Lam coupling and Ullmann coupling 

take place in the same pot and conditions to yield the final product.135  

 

Figure 44 – Reactions from the literature to form pyridobenzimidazoles135 

 

This is the only evidence of these two couplings co-existing in the literature. The 

mechanism starts with ligand exchange to add the aminopyridine to the Cu(II) 

followed by transmetallation for addition of the aryl boronic acid. Oxidation of Cu(II) 

to an unstable Cu(III) by O2 gas facilitates smooth reductive elimination of the key-

intermediate 207. In the Ullmann part of the coupling, the Cu(I) coordinates to the 

pyridine nitrogen atom in a ligand exchange reaction. This is followed by oxidative 

addition of the aryl iodide moiety. The unstable Cu(III) complex then undergoes 

smooth reductive elimination to afford the desired compound 204. The Cu(I) is then 

oxidised to Cu(II) by atmospheric oxygen and the cycle re-starts ( Scheme 80). 
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Scheme 80 

Boronic acid 208 could be disconnected back to 3-bromophenol 210. The forward 

synthesis would involve protection of the phenol with an appropriate protecting 

group, followed by synthesis of the boronic acid and regioselective ortho-iodination 

(Scheme 81). There is precedent for the regioselective ortho-iodination of boronic 

acids.136 The MEM group was selected as an appropriate protecting group as there 

is precedent for cleaving it successfully in mild conditions using TFA within the 

group on late stage infra-luciferin type intermediates. 

 

Scheme 81 
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The synthesis commenced with the MEM protection of 3-bromophenol 210. In the 

first instance a modified literature procedure was attempted that used NaH for 

deprotonation of the phenol followed by reaction with MEM chloride.137 This gave 

an isolated yield of 73% and 10% of unreacted bromophenol 210 that co-eluted 

with the starting material. No improvement in conversion was seen on using more 

equivalents of NaH (1.5 equiv) or a different modified literature procedure that used 

DIPEA as the base ( Scheme 82).138  

 
Scheme 82 

There was concern that the MEM protecting group might not survive the acidic 

conditions involved in the synthesis of the boronic acid. Compound 209 (with 10% 

co-eluted starting material 210) was used in a literature based boronic acid 

synthesis which used dilute 0.1 M hydrochloric acid in the workup procedure.139 

The desired product was not obtained. The product from protonation of the 

organometallic reagent was isolated in 40% yield. It was thought that the residual 

phenol in the crude starting material might be responsible for some of the 

protonation of the Grignard, hence pure starting material 209 was made by re-

reacting the mixture from  Scheme 82 with MEM-Cl and DIPEA for 48 h at room 

temperature. This gave 100% conversion of 210 to 209. The trimethylborate used 

to react with the Grignard was also freshly distilled to eliminate protic impurities. 

On repeating the reaction, no desired product was detected and protonated 

compound 211 was obtained in 49% yield (Scheme 83). Presumably the Grignard 

reagent is not suitably reactive enough to react with trimethylborate and maybe 

quenched upon workup. The use of n-BuLi for lithiation of the C-Br bond was 
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avoided as the MEM group is known to be a good directing group and we were 

concerned about possible ortho-metallation. 

 

Scheme 83 

At this point, it was thought prudent to synthesise 3-methoxyphenyl boronic acid 

215, and then iodinate it to get the corresponding iododinated aryl boronic acid 202 

following literature procedures. It was hoped that this would make a good 

comparison between what was present in the literature (Figure 44)135 and the 

difference introduced by our combination of aminopyridine nitrile 200 and aryl-

iodoboronic acid 207 (Scheme 84). 

 

Scheme 84 – Desired transformation for this synthesis 

Boronic acid 215 was readily synthesised following a literature procedure by 

treating 1-bromo-3-methoxybenzene with n-BuLi at -78 °C to form the aryl-lithium 

species via lithium-halogen exchange, which was then reacted with 

trimethylborate, and finally hydrolysed and acidified with dilute acid to yield the 

desired compound in a very good yield of 77% (Scheme 85).140  

 

Scheme 85 
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Iodination of boronic acid 215 was then successfully carried out following a 

literature procedure under mild conditions to get the desired iodinated boronic acid 

202 in an excellent yield which was comparable to that obtained in the literature 

(lit. yield = 81%) (Scheme 86).136  

 

Scheme 86 

With the two coupling partners in hand, the coupling reaction was attempted on 

these substrates using the procedure provided in the literature.135 The reactants 

were heated at 120 °C for 24 h. All the starting material was consumed, and a 

mixture of products were seen on TLC analysis. However, no single compound 

was isolable by column chromatography (Scheme 87). 

 

Scheme 87 

When the same unsuccessful result was obtained on repeating the experiment 

(Scheme 87), the methodology proposed in the paper was tested by attempting a 

known example between the aminopyridine 203 and our iodinated boronic acid 

202 ( Scheme 88).135 This reaction also gave a host of inseparable compounds. 

1H-NMR analysis of the crude reaction mixture showed that all aminopyridine 208 

had been consumed. However, no peaks corresponding to the desired 

pyridobenzimidazole 204 were observed. 
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Scheme 88 

 

As is known from the mechanism and generally in the literature, Chan-Lam 

couplings take place much faster and under milder conditions than Ullmann 

couplings. Hence, this reaction was further investigated in the hope that the 

intermediate from the Chan-Lam coupling might be isolable. The reaction was 

monitored by TLC and worked up after all boronic acid 202 had been consumed. 

The 1H-NMR spectrum showed a major product in the aromatic region, however 

due to the presence of significant by-products in the aromatic region, it could not 

be confirmed whether this was the desired intermediate 216. Intermediate 216 was 

only detected by mass spectrometry and its accurate mass was recorded (Scheme 

89). 

 

Scheme 89 

It was proposed that the presence of iodine was causing interference in the 

coupling, and perhaps leading to many side-products. Hence, work from another 

paper by the same authors was repeated, which focused only on the Chan-Lam 

coupling of aryl-boronic acids with aminopyridines.141  
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Scheme 90 

Fortunately, this reaction shed some light on what was happening in the reaction 

vessel because although the expected product 219 was not observed – 

compounds 217 and 218 were isolated instead. The presence of compound 217 

showed that even at room temperature, the coupling reaction is not selective for 

the free amine and that the pyridine nitrogen, which may be expected to be inert, 

may also take part in the coupling. It is reasonable to predict that the selectivity 

would significantly worsen once an iodine is introduced ortho- to the boronic acid 

as was done in previous experiments as presumably both aniline and pyridine 

nitrogen atoms could react with the iodinated position. The isolation of compound 

218 was initially quite a surprise as it did not seem plausible in the mechanism 

envisioned above. However, it is indicative of water being present in the reaction 

mixture. As anhydrous solvent was used, this water was probably from the 

Cu(OAc)2. The following mechanism was proposed for the formation of compound 

218 (Scheme 91). There is literature precedent for the synthesis of such aryl ethers 

from aryl halides using Pd coupling and a hydrated salt (K3PO4·H2O).142  
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Scheme 91 

 

 

 

2.4.2 Re-evaluation of the structure of PBI2iLH2 

At this point, the structures of PBIiLH2 (144) and PBI2iLH2 (198) were re-evaluated. 

It was realised that if the corresponding oxyluciferin molecule from each analogue 

was considered, whilst the phenol in Oxy-PBIiLH2 (220) is in conjugation with the 

oxyluciferin ketone, the phenol in Oxy-PBI2iLH2 (221) is not (Figure 45).  
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Figure 45 

All literature precedent suggests that the conjugation of the phenol with the ketone 

in the oxyluciferin is essential for bioluminescent light emission.66 The only 

exception of this that we have observed in the literature is analogue 222 (Figure 

46) by Prescher and co-workers, and it too gives out dim, blue-shifted light (λmax 

460 nm).60 Consequently, in the light of this analysis, no further work was done 

towards the synthesis of PBI2iLH2 and efforts were focused towards the synthesis 

of PBIiLH2. Two different routes were attempted simultaneously to furnish PBIiLH2. 

 

Figure 46 

 

 

2.4.3 The synthesis of PBIiLH2 (144) 

A retrosynthesis of PBIiLH2 (144) also disconnected back to its corresponding 

nitrile precursor 223. It was envisaged that this nitrile could be obtained from its 

corresponding carboxylic acid 224 by an analogous manner to White’s total 
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synthesis of D-luciferin.17 Conversion of the carboxylic acid 224 to its 

corresponding methyl ester, which could then be converted to the corresponding 

amide and dehydrated to form nitrile 223. The carboxylic acid could be 

incorporated through the oxidation of the active methyl group in molecule 225. 

There is literature precedent that pyridobenzimidazole structures could be 

obtained from the oxidative intra-molecular ring closure of molecules such as 226 

and aminopyridines are known to react with aryl iodides to afford coupling products 

like 226 (Scheme 92).143 

 

 

Scheme 92 

Whilst pyridobenzimidazole 225 has not been reported in the literature, compound 

229 has been reported.143 Hence, it was thought prudent to quickly repeat the 

literature work towards the synthesis of this molecule to ensure that the route was 

functional in our hands before exposing a new substrate to it. 
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Figure 47 

A literature synthesis of 231 was repeated by heating excess aminopyridine 230 

(1.5 equiv.) with 4-iodoanisole 227, with catalytic copper(I) iodide (10 mol%) and 

potassium tert-butoxide in 1,4-dioxane at 110 °C for 24 h. The desired product was 

isolated in a 21% yield (lit. yield 85%).144 As this was merely a test reaction, 

optimisation of the conditions was not attempted. 

 
Scheme 93 

Oxidative ring closure on compound 231 was carried out using a literature 

procedure to afford the desired pyridobenzimidazole 229 in an excellent yield 95% 

(lit. yield 85%).143 

 

Scheme 94 

A plausible mechanism was proposed in the literature wherein the aniline nitrogen 

attacks the iodine in the hypervalent iodine(III) reagent phenyliodine diacetate 

(PIDA) in a nucleophilic substitution reaction to liberate AcOH and form 

intermediate 232 which contains an electrophilic N-iodoaryl moiety. Subsequent 

nucleophilic attack of the pyridine nitrogen on the aniline ring gives the intermediate 
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233 with concomitant release of PhI and acetate followed by rearomatisation to 

give the desired product (Scheme 95).143 

 

Scheme 95 

These results looked promising and the next step was to repeat the synthesis with 

the desired 4-methyl-2-aminopyridine 228, however, that was not attempted as 

another route being carried out simultaneously towards the same target was 

successful. 

 

Whilst the above discussed route (Scheme 92) was being developed another 

synthetic route towards PBIiLH2 was also being attempted simultaneously. In the 

retrosynthetic analysis of this new route, PBIiLH2 (144) was again disconnected to 

the corresponding nitrile 223 and cysteine. It is known that 2-aminopyridines can 

condense with 1,4-benzoquinones in acidic conditions to afford 

pyridobenzimidazole structures.145 Hence it was envisaged that the key nitrile 223 

needed could be assembled in an analogous fashion through the condensation of 

4-cyano-2-aminopyridine 201 with benzoquinone. This was a much more direct 

route. 
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Scheme 96 

To start with, the literature synthesis was successfully reattempted and 

pyridobenzimidaole 234 was obtained in an excellent 83% yield.145 Whilst the 

compound was purified using sublimation in the literature procedure, in our work, 

purification was achieved by silica-gel column chromatography (Scheme 96). 

 

Scheme 97 

Following this successful reaction, the condensation of 4-cyano-2-aminopyridine 

201 with 1,4-benzoquinone 20 was attempted in similar conditions. Pleasingly, this 

afforded the key nitrile 223 in a single step in a 72% yield (Scheme 98). 

 

Scheme 98 

With nitrile 223 in-hand, condensation with DL-cysteine was attempted. When the 

conditions used in the synthesis of D-luciferin (Scheme 99) were used, no product 

was observed at room temperature.62 The nitrile seemed to couple with cysteine 
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to form an unidentified product and mostly starting material (> 80%) was recovered 

(Scheme 100). 

 

Scheme 99 

 

Scheme 100 

The superior reactivity of nitrile 18 could be attributed to the electron-withdrawing 

heterocycle functionality located alpha to the nitrile group. In pyridobenzimidazole 

nitrile 223 the electron withdrawing heterocycle is further away and presumably 

does not have such an activating effect. As pyridobenzimidazole nitrile 223 was 

found to relatively inert towards the standard condensation conditions at room 

temperature, more forcing conditions were attempted. The nitrile was heated at 

reflux with DL-cysteine and bicarbonate in EtOH for 2 days at which point all nitrile 

223 was consumed.146 Pleasingly, this furnished the desired product in a 38% yield 

(Scheme 101). 

 

Scheme 101 

Hence, PBIiLH2 was synthesised from 1,4-benzoquinone in a protecting group-free 

synthesis in just 2 steps (Scheme 102). 
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Scheme 102 

 

2.5 Bioluminescence results of BIiLH2 and PBIiLH2 

Following the synthesis of DL-BIiLH2 (145) and DL-PBIiLH2 (144), these molecules 

were sent to the University of Cardiff and were tested and compared against D-LH2 

(1) and DL-iLH2 (115) by our collaborator, Dr Amit P. Jathoul, for their 

bioluminescence properties (Figure 48). The luciferins were tested against Wild-

Type (WT) Photinus pyralis firefly luciferase (Fluc), thermostable mutants of WT-

Fluc i.e. x2 Fluc, x5 Fluc and x11 Fluc (Table 8) and the click-beetle red luciferase 

(CBR). 

 

Figure 48 
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 Mutations with respect to the WildType enzyme 
x2 E354R/ D357Y 
x5 F14R/ L35Q/ V182K/ I232K/ F465R 
x11 F14R/ L35Q/ A105V/ V182K/ T214C/ I232K/ D234G/ E354R/ D357Y/ 

S420T/ F465R 
 

Table 8 – Mutations in thermostable mutants of WT-Fluc 

The wavelength of bioluminescence emission was measured for each luciferin 

analogue with each of the luciferases (Table 9). Both DL-BIiLH2 (145) and DL-

PBIiLH2 (144) were red-shifted compared to D-LH2 (1) but not as red-shifted as DL-

iLH2 (115).  

 

 D-LH2 (1) DL-iLH2 (115) DL-BIiLH2 (145) DL-PBIiLH2 (144) 
WT 555 697 561 614 
x2 561 691 572 596 
x5 555 679 555 596 
x11 555 685 561 608, 714 
CBR 614 720 620 620 

 

Table 9 – Primary and secondary bioluminescence peak wavelengths of enzymes with 

different luciferins (λ/nm). Values obtained from smoothing (spline fitting) of spectra 

acquired in bandpasses in the PhotonIMAGER Optima (PIO). 

The new analogues showed different colour outputs with the different luciferase 

enzymes making them suitable targets for engineered luciferases. The luciferase 

enzyme could possibly be fine-tuned to enhance desirable properties such as 

wavelength of emission and brightness. Interestingly, emission of PBIiLH2 (144) 

was more red-shifted compared to that of BIiLH2 (145). In the emission profile of 

PBIiLH2 (144) with x11 Fluc, a 100 nm red-shifted secondary peak (λmax = 714 nm) 

was observed. When pH titration studies of the bioluminescence emission profile 

of x11 Fluc with DL-PBIiLH2 (144) were carried out, an increase in pH 



Aisha	J.	Syed	–	University	College	London	 112	

demonstrated an increase in bimodal emission, and the intensity of red-shifted light 

increased (Figure 49). 

 

Figure 49 – pH titration curves of PBIiLH2 (144) with x11 Fluc exhibiting bimodal 
bioluminescence (Norm. Intens. – Normalised intensity( 

Although this peak was relatively unstable to time and temperature, it indicated the 

possibility that with increasing pH, the planar oxyluciferin form from PBIiLH2 (235) 

was perhaps better stabilised around the single bond between the heterocycles. 

The increased conjugation of this form would lead to greater emission of red-light 

(Figure 50). 

 

Figure 50 

Recently it has been suggested in the literature that an acidic hydrogen bonding 

network exists in the enzyme and this network involves the phenolate of the 

oxyluciferin when it is bound. It is proposed that this hydrogen-bonding network 

may stabilise the yellow-green emitting phenolate form of the oxyluciferin.147 

Mutations that disrupt this hydrogen-bonding network, red-shift the colour of 

emission. In the x11 Fluc/DL-PBIiLH2 (144) system, increasing the pH may remove 

pH 
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this effect in favour of stabilisation and greater conjugation of the red emitting 

enolate form. 

 

In terms of brightness, the conformationally restricted DL-PBIiLH2 (144) was 

brighter than its flexible counter-part DL-BIiLH2 (145) to some degree with all the 

enzymes tested; 3-fold with WT Fluc (Figure 51) and x11 Flucs, 5-fold with x2 Fluc, 

9-fold with x5 Fluc and 20-fold with CBR. However, it was dimmer than DL-iLH2 

with most enzymes tested (60% as bright as DL-iLH2 with WT Fluc); although it 

was nearly as bright as DL-iLH2 with x5 Fluc. 

 

Figure 51 – Bioluminescence light yields with WT Ppy Fluc – photon flux per mg of 

enzyme 

Although this data demonstrated that a conformationally restrained infra-luciferin 

molecule had brighter emission than its flexible counter-part; the aim to make a 

significantly brighter infra-luciferin analogue than the current iLH2 had not been 

realised. That aim would be further explored in Chapter 3 of this thesis. 
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2.6 Future work 

Following the synthesis and bioluminescence results of PBIiLH2 (144), it would be 

interesting and useful to investigate the bimodal emission from PBIiLH2 (144). As 

the red-shifted secondary emission is temperature and pH dependent, it is worth 

investigating if it is observed with luciferases other than x11 Fluc at different 

temperatures and pH values. 

We propose that the structure of D-luciferin (1) and oxyluciferin (14a) could 

possibly be stabilised into a planar conformation, both in the enzyme28 and in their 

solid state crystal structures by additional stabilisation through the donation of the 

lone pair of the nitrogen atom in to the carbon-sulphur anti-bonding orbitals (Figure 

52).21 

 

Figure 52 – The stabilizing interaction between the N lone pair of electrons and C-Sσ* 

Such stabilising interactions are known to exist in thiazole and thiophene linked 

monomers and polymers and encourage planarity and crystallinity of the polymer 

chains. For example, DFT calculations predict that 237 has lower torsional strain 

than 236 when both heterocycles in them planar (Figure 53).148  

 

Figure 53 

 

It would therefore be interesting to investigate that if given the opportunity to make 

favourable interactions between the two heterocycle rings, would the heterocycles 
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in PBIiLH2 be better stabilised in a planar conformation and thus enhance 

brightness? To this end, we can strategically introduce a nitrogen atom in the 

PBIiLH2 (144) structure to provide an opportunity for the sulphur in the thiazoline 

ring to have suitable interactions with. This would result in the two following 

structures 238 and 239 (Figure 54). 

 

Figure 54 

These could be synthesised by readily condensing 1,4-benzoquinone with 

appropriate pyrimidine nitriles. The condensation of 1,4-benzoquinone with 

pyrimidine structures is known but the specific reactions leading to our desired core 

structures would have to be investigated (Figure 55).149 

 

Figure 55 
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3. Benzothiophene based infra-luciferin analogues 

3.1 Design of conformationally restrained benzothiophene 

based infra-luciferin analogues 

Although we observed that the conformationally restrained PBIiLH2 (144) was 

brighter than BIiLH2 (145), neither molecule was brighter than infra-luciferin (115). 

Whilst these results were being pondered, the X-ray crystal structure of infra-DLSA 

(244) with WT Ppy Fluc was solved as part of a parallel project running in the group 

(Figure 56).150 From this X-ray crystal structure, the conformation in which iLH2 was 

bound to the enzyme was evident (Figure 57). 

 

Figure 56 - X-ray crystal structure of WTPpy Luc with infra-DLSA – zoomed 

in on the active site. Image obtained using PyMOL. 
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Figure 57 – structure of infra-DLSA (DiLSA) 

We speculated that in order to build a true conformationally restricted analogue of 

infra-luciferin 115, the proposed bridge that would be constructed should 

conformationally lock the molecule in the conformation in which it sits in the 

enzyme’s active site. We noted that PBIiLH2 (144) was not conformationally locked 

in a comparable conformation to the bound conformation of iLH2 (115). 

 

Figure 58 

Consequently, an analysis was done to design a new conformationally locked 

analogue of infra-luciferin. A compound whose structure was based on 

hypothetical compound 245 would have to be synthesised. The two-carbon bridge 

would again accommodate a double bond to aid conjugation and planarity of the 

molecule.  From our analysis in Chapter 2, it was known that this molecule cannot 

be based on a pyridobenzimidazole core as the phenol in PBI2iLH2 (198) was not 

in conjugation with the rest of the molecule (Figure 59).  
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Figure 59 

In our desired structure 245 X has to be tetravalent, so is best suited to being a C 

atom. The atom Y could be either an S or NH group, which would lead to structures 

246 and 247 (Figure 60 and Figure 61). On further examination, analogue 246 

seemed to be a promising target, as the nitrogen in the benzothiazole core of iLH2 

would be substituted with a carbon atom. As nitrogen and carbon are a single 

atomic number apart in the periodic table and similar in size, it was hoped that this 

substitution would not have an adverse effect on bioluminescence emission and 

interactions with the luciferase enzyme. Moreover, benzothiophene luciferin 

(BTLH2 82) has been reported in the literature, and although it emits slightly blue-

shifted light with Fluc (λmax 523 nm), it is about 70% as bright as D-LH2 (Figure 

60).75 

 

Figure 60 

Analogue 247 seemed a less promising target, as it would involve two changes to 

the benzothiazole core, a nitrogen atom being substituted with a carbon atom, and 

a large and diffuse sulphur atom being substituted with a small and electronegative 
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nitrogen atom. Moreover, indole luciferin (InLH2 86) is known in the literature and 

gives out no light output with Fluc.75 This information left the decision very much in 

favour of the synthesis of the dibenzothiophene based infra-luciferin 246 (DBTiLH2) 

(Figure 61). 

 

Figure 61 

Consequently, it was decided that rigid analogue dibenzothiophene infra-luciferin 

246 and its non-rigid counterpart benzothiophene infra-luciferin 248 would be 

synthesised for comparison purposes (Figure 62). 

 

Figure 62 

 

3.2 Synthesis of dibenzothiophene infra-luciferin 

3.2.1 Retrosynthesis of dibenzothiophene infra-luciferin 

Retrosynthetic analysis was carried out on dibenzothiophene infra-luciferin 246, 

and the analogue was disconnected back to its corresponding nitrile precursor 249. 

Molecule 249 has been reported in the literature as a donor-acceptor 

chromophore.151 It was prepared from an intramolecular cyclisation via an SNAr 
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reaction of an appropriate thiol surrogate 250 (Scheme 103). This biaryl compound 

250 could be made from the Pd catalysed coupling of two appropriate coupling 

partners 251 and 252.  

 

Scheme 103 

 

3.2.2 Synthesis of Dibenzothiophene infra-luciferin 

The synthesis of nitrile 249 was reported previously by Nielsen and co-workers, 

and the molecule was reported to be a donor-acceptor chromophore. The following 

synthetic route was followed by them in two different publications.151,152 

 

Scheme 104 

This literature route was therefore repeated. Coupling partners 251 and 252 were 

synthesized from inexpensive, commercially available starting materials. The 
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synthesis of 251 was carried out using a literature procedure starting from 4-

bromo-3-fluorophenol 255.153 The phenol was methylated by reacting it with KOH 

and methyl iodide at 30 °C for 4 h. The desired methyl ether 256 was obtained in 

an excellent yield of 98% (Lit. yield 97%). The crude product was sufficiently pure 

(>95%) by 1H-NMR spectroscopy after aqueous work-up to be carried forward to 

the next step (Scheme 105). Care was taken not to dry the product under a high 

vacuum (< 10 mbar) for more than 15 min. as it was found to be fairly volatile. 

 

Scheme 105 

The synthesis of the boronic acid was then attempted on molecule 256. Various 

literature procedures were attempted towards this (Scheme 106, Table 10). 

 

Scheme 106 

Initially a procedure from a patent was followed which involved making a Grignard 

reagent of the aryl bromide using freshly beaten magnesium turnings in THF at 40 

°C, followed by reaction with trimethyl borate at room temperature and then acidic 

hydrolysis. A complex mixture of products was obtained, with no desired product 

visible by 1H-NMR spectroscopy.154 The second method attempted was the 

conventional lithium-halogen halogen exchange of the aryl bromide at -78 °C using 

n-butyllithium, followed by trapping the aryl-lithium species with trimethyl borate in 

the cold and acidic hydrolysis of the resulting borate ester at room temperature. 

This was low yielding (30%), presumably due to the formation of a highly reactive 

aryne by elimination of the fluoride ortho- to the lithiating position, which would 
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result in side reactions.155 When the same procedure was repeated, but the n-

butyllithium added to a cooled solution of 256 at -100 °C, followed by stirring for 30 

mins at -100 °C and addition of triisopropyl borate, after acidic hydrolysis and 

purification by flash column chromatography the desired product was obtained in 

a 70% yield (lit. yield 43%).156 The substitution of trimethyl borate to triisopropyl 

borate was done as triisopropyl borate is less hygroscopic and non-toxic than 

trimethyl borate. Compound 251 was found to be unstable to heat, so was stored 

below 0 °C. 

 

Entry Conditions Yield (%) 
1 i) Mg(s), 40 °C, THF, 1 h; ii) B(OMe)3, rt, 1 h; iii) 1.2 M HCl(aq)  0 
2 i) n-BuLi, -78 °C, THF, 2 h; ii) B(OMe)3, -78 °C - rt, 2 h; iii) 1.0 

M HCl(aq) 
30 

3 i) n-BuLi, -100 °C, THF, 30 min; ii) B(OMe)3, -100 °C - rt, 2 h; 
iii) 1.0 M HCl(aq) 

70 

 

Table 10 

With boronic acid 251 in hand, the desired aryl-iodide 252 was prepared from 4-

aminobenzonitrile following a literature procedure.157 The starting material was first 

brominated using N-bromosuccinamide. The crude aniline was converted to an 

iodide via a Sandmeyer reaction, by the formation of a diazonium salt which was 

then trapped using CuI/KI to obtain the desired product in a 26% yield over 3 steps 

(Scheme 107). 

 

Scheme 107 

The Suzuki coupling of 251 and 252 was attempted by heating at 80 °C in 

DME/water (5:3), with Pd(PPh3)2Cl2 (5 mol%) and K2CO3 for 5 h. The desired 
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product was isolated after column chromatography in a 73% yield as a stable white 

solid (lit. yield 81%)3 (Scheme 108). 

 

Scheme 108 

The next step was the introduction of the sulfur atom by coupling of ethyl 

mercaptopropionate to the aryl bromide 253 under palladium catalysis to form the 

thiophenol surrogate. This Pd-catalysed C-S coupling was successful, furnishing 

the desired compound in a good yield of 65% when carried out in a microwave 

reactor at 180 °C for 1 h. Although, this yield was lower than the 92% reported in 

the literature, it was still deemed acceptable. The literature also reported obtaining 

comparable yields by heating the mixture at 110 °C for 15 h in a Schlenk tube. 

However, when this was attempted, a significantly lower yield of 14% was 

obtained.  

 

Scheme 109 

It was reported that when 250 was treated with a strong base such as t-BuOK at 

high temperatures, the ethyl mercaptopropionate undergoes a retro-Michael 
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reaction to afford the thiophenolate product 260, which can then undergo an 

intramolecular SNAr reaction to furnish the desired dibenzothiophene molecule 

254. 

 

Scheme 110 

The literature conditions for this reaction were followed and a solution of 

mercaptopropionate 250 in THF was treated with t-BuOK in a microwave reactor 

at 150 °C for 30 mins. However, the microwave reactor available to us at the time 

failed to reach the desired temperature, when THF was used as a solvent, and the 

machine automatically aborted the experiment stating high pressures that were 

unsafe. As we did not wish to use a temperature twice more than double of the 

boiling point of the solvent, a compromise between time and temperature was 

attempted by heating the mixture at 110 °C for 1 h and 5 mins. Following this the 

reaction mixture was worked up and no starting material was recovered. The 

desired dibenzothiophene 254 was isolated in a 62% yield (lit. yield 95%) (Scheme 

111). The same protocol also reported that this transformation could be done in a 

closed vial if heated at 50 °C for 8 h with comparable yields.152 However, when this 

was attempted although all starting material was rapidly consumed on addition of 
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t-BuOK, no desired product was formed. This demonstrated that a high 

temperature is indeed required for this intra-molecular cyclisation. 

 

Scheme 111 

The methyl group in molecule 254 was converted to a phenol by reacting 

compound 254 with molten pyridinium hydrochloride.151 This transformation, which 

is also known as the Prey ether cleavage, after the scientist who developed the 

protocol to make it applicable to main-stream chemistry, is thought to work by the 

protonation of the methyl ether by the pyridinium to form an oxonium ion.158 The 

chloride counter-ion is then thought to carry out an SN2 reaction on the methyl 

group, liberating the phenol and forming chloromethane as a side-product. 

 

Scheme 112 

Compound 254 was heated with excess pyridine hydrochloride in a microwave 

reactor at 220 °C for 30 mins. After reaction work-up and purification by flash 

column chromatography, the desired phenol 249 was obtained in a 74% yield (lit. 

yield 90%)151 (Scheme 113). 
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Scheme 113 

With the key nitrile 249 in hand, coupling with DL-cysteine was attempted to furnish 

our desired target compound. It was observed in the literature from work done by 

Miller et. al. on the synthesis of a mini-library of luciferins (15 analogues) that most 

nitriles condense with cysteine in phosphate buffer pH 8.0 in a few hours.70 

Consequently a solution of DL-cysteine in pre-made sodium phosphate buffer pH 

8.0 was added to a solution of nitrile 249 in MeOH/MeCN (1:1) and stirred at room 

temperature for 3 hours. Although, starting material could still be observed by TLC, 

the mixture was worked-up to determine if any desired product was formed. The 

product was isolated in a 20% yield with 77% recovered starting material isolated 

(Scheme 114). 

 

Scheme 114 

As this reaction appeared to be quite slow, it was thought that more forcing 

conditions might be required for this condensation. Hence the conditions used in 

the syntheses if PBIiLH2 (144) were attempted on nitrile 249. These involved 

heating a solution of the molecule in EtOH at reflux with cysteine and NaHCO3 and 

monitoring the progress of the reaction by TLC.146 After 48 h the reaction was 

complete, and the desired product was isolated in an 80% yield (Scheme 115).  
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Scheme 115 

To summarise, DBTiLH2 (246) was successfully synthesised in 7 linear steps using 

the following route (Scheme 116). 

 

Scheme 116 
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3.3 Synthesis of Benzothiophene infra-luciferin 

3.3.1 Retrosynthesis of Benzothiophene infra-luciferin 

As BTiLH2 (248) was structurally similar to iLH2 (115), we envisaged that the 

synthesis of BTiLH2 could be similar to that of iLH2 (115). Following the precedent 

for the synthesis of racemic iLH2 (115), the thiazoline in BTiLH2 (248) was 

disconnected to give a suitably protected thioamide precursor 262, which could be 

formed from a Horner Wadsworth Emmons reaction between a suitably protected 

aldehyde 263, and with the previously reported phosphonate 118 from our group.83 

It was envisaged that carbaldehyde 263 could be formed from metalation at the C-

2 position followed by reaction with a suitable electrophile such as DMF. As is often 

the case, benzothiophene 264 could be synthesised via a Lewis acid mediated 

intramolecular Friedel Crafts reaction of 265 that could be simply derived from 266 

(Scheme 117). 

 

Scheme 117 
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3.3.2 Synthesis of BTiLH2 (248) 

To start the synthesis of BTiLH2, a rapid, high-yielding and scalable synthesis of 

the literature compound 6-hydroxybenzothiophene 267 was needed (Figure 63). 

 

Figure 63 

Previously, Charmaine Wang had synthesised 267 in our group as part of her MSc. 

Research Project, following a series of literature procedures to obtain the following 

results (Scheme 118).159  

 

Scheme 118 

From her results it was concluded that using BF3.OEt2 as a Lewis acid in the intra-

molecular Friedel Crafts ring-closing reaction that converts 265 to 268 gave very 

inconsistent results and yields could vary significantly (0 – 80%) in several attempts 

of the same reaction. Moreover, this reaction was found to work best on a 1.0 mmol 

scale, and this was a severe limitation considering the length of the synthetic route 

to the final target compound BTiLH2 248. In addition to this, conversion of methyl 

ether 268 to phenol 267 needed microwave conditions, as the boiling point of 268 

matched the melting point of pyridine hydrochloride. During the course of the 

project there were periods in which access to a microwave reactor was not 
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available, hence it was desirable to have a scalable method of demethylation of 

268 which did not require the use of a microwave reactor. Consequently, to start 

with, these issues in the synthesis of 267 were addressed. 

 

The nucleophilic substitution reaction between thiophenol 266 and 

bromoacetaldehyde diethyl acetal 269 was relatively straight-forward, and a 

scalable and high-yielding literature procedure from a patent was repeated. 

Starting material 266 was treated with K2CO3 and bromoacetaldehyde diethyl 

acetal 269 at 30 °C overnight. The desired product 265 was isolated in an excellent 

yield of 93% (lit. yield 100%)160. The product was sufficiently pure by 1H-NMR 

spectroscopy (>95%) after aqueous work-up to be carried forward to the next step 

without further purification. 

 

Scheme 119 

As using BF3.OEt2 as a Lewis acid gave inconsistent results for the Friedel Crafts 

reaction, we decided to use a procedure involving a Bronsted acid instead. There 

are reports of the cyclisation of 265 mediated by polyphosphoric acid (PPA) and 

methanesulphonic acid.161,162 Hence a literature procedure that used 

polyphosphoric acid was attempted. A solution of 265 in toluene was heated at 

reflux for 3.5 h. The desired product was obtained in a 62% yield after aqueous 

work-up and purification by flash column chromatography (Scheme 120). The 

advantages of polyphosphoric acid over the BF3.OEt2 were that this method was 

scalable (could be performed on >1.5 g of 265) and gave consistently good yields 

(~ 60%) (lit. yield 65%).161 Moreover, this is a straight forward reaction to carry out 
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as the out-come of the reaction is not dependent on rates of addition of various 

reagents, as was the case in the protocol involving the use of BF3.OEt2. 

 

Scheme 120 

As a procedure that did not need the use of a microwave reactor was needed for 

the demethylation of 268, a modified literature procedure was attempted. It is 

known that sodium thiolates can demethylate aryl methyl ethers.163 It was reported 

in the literature that during the synthesis of a potent cannabinoid, sodium 

propanethiolate was used to demethylate substrate 270 in quantitative yields 

(Scheme 121).164 

 

Scheme 121 

Hence, these conditions were used in an attempt to demethylate 6-

methoxybenzothiophene 268. As ethanethiol was readily available, the preparation 

of sodium ethane thiolate was done in-situ by adding ethanethiol drop-wise to a 

suspension of sodium hydride in DMF and allowing the suspension to stir over-

night at room temperature. A solution of 268 in DMF was then added to this 

suspension and the mixture stirred at reflux for 3 h. Aqueous work-up and 

purification by flash column chromatography yielded the desired phenol 267 in an 

excellent yield of 93% (Scheme 122). This reaction was scalable, high yielding and 

did not require the use of a microwave reactor. 
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Scheme 122 

With sufficient quantities of 267 in hand, the question arose of a suitable protecting 

group for the phenol. Following the success of the triisopropylsilyl (TIPS) protecting 

group in the synthesis of BIiLH2 145, it was thought prudent to use a silyl protecting 

group for this synthesis as well. From literature precedent, it was evident that the 

tert-butyldimethylsilyl (TBDMS) protecting group could withstand the conditions 

needed for metalation with n-BuLi at the C-2 position, which we proposed to use 

for the installation of the aldehyde at the C-2 position.165 The TBDMS protecting 

group was also lighter in mass than the TIPS group, and hence would cause a 

lower deduction in mass in later deprotection steps. Hence the TBDMS group was 

selected for the synthesis. 

 

The procedure used for silyl group protection of phenols in the synthesis of BIiLH2 

was adapted for the TBDMS protection of phenol 267. Pleasingly, the desired 

protected benzothiophene 272 was obtained in a quantitative yield (Scheme 123). 

 

Scheme 123 

A solution of benzothiophene 272 was then treated with n-BuLi at -78 °C for 1 h to 

deprotonate the benzothiophene at the C-2 position. This was followed by addition 

of DMF, and the mixture allowed to gently warm up to ambient temperature and 

stirred for 2 h. The reaction was then cooled to below 0 °C and quenched with a 

saturated solution of NH4Cl. A low yield (6%) of carbaldehyde 268 was isolated 
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following purification by column chromatography and 70% of starting material was 

recovered (Scheme 124), which suggested possible incomplete deprotonation 

 

Scheme 124 

Following this, a test reaction was carried out to determine the best temperature 

for deprotonation of the benzothiophene. To this end, 6-methoxybenzothiophene 

268 was used a model compound as more of it was available. A solution of 

benzothiophene 268 in THF was treated with n-BuLi at -78 °C. The mixture was 

then allowed to gently warm up to -45 °C and stirred at -45 °C for 1 h to deprotonate 

the benzothiophene at the C-2 position. This was followed by addition of 

iodomethane, and the mixture allowed to gently warm up to ambient temperature 

and stirred for 2 h and quenched with addition of water. Pleasingly, the desired 2-

methyl benzothiophene analogue 276 was isolated in a 91% yield (Scheme 125). 

 

Scheme 125 

The same deprotonation conditions were then applied to the TBDMS protected 

benzothiophene 272 and the deprotonated molecule reacted with DMF. Pleasingly, 

the desired carbaldehyde was obtained in an excellent yield of 89% (Scheme 126). 

 

Scheme 126 
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The Horner-Wadsworth-Emmons reaction with phosphonate 118 was then 

attempted using the Masamune-Roush conditions that we had used in the 

synthesis of infra-luciferin. Aldehyde 274 and phosphonate 118 were treated with 

DBU and LiCl and allowed to react at room temperature until no further changes 

could be detected by TLC analysis (3 h). The reaction was worked up and purified 

by flash column chromatography.83 The desired alkene product 277 was isolated 

as an unstable, orange oil in a low yield of 13%. The aldehyde starting material 

274 was also isolated in a 14% recovery. Moreover, deprotected aldehyde 278 

was also isolated in a low yield of 26%. 

 

Scheme 127 – Reagents and conditions: i) Phosphonate 118, DBU, LiCl, RT, 3 h, MeCN. 

Despite this poor yielding result, TBDMS cleavage on molecule 277 was attempted 

using analogous conditions to those used in the synthesis of BIiLH2. A solution of 

silyl ether 277 was reacted with TBAF at 0° C. The reaction was monitored by TLC 

and had gone to completion after 10 min. The desired deprotected phenol product 

279 was obtained in an excellent 95% yield (Scheme 128). 

 

Scheme 128 
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At this point it was observed that both thioamides 277 and 279 were unstable to 

heat and were found to degrade. Although these were stored below 0 °C, the fact 

that the HWE coupling was very poor yielding meant that material had to be carried 

forward several times to obtain a decent amount of late stage intermediate and 

even then the final thioamides 277 and 279 degraded in the 1H-NMR sample tubes 

or on the rotary evaporator. This problem was compounded by the fact that the 

next intermediate in the sequence consisted of a thiazoline that could be expected 

to be unstable to oxygen, and hence not easy to purify either. As the early steps in 

the synthetic route were well established and high yielding by this point, it was 

decided to change the phenol protecting group, to the MEM protecting group as 

this was found to be stable in the HWE conditions, and it was hoped would result 

in a higher yield of the HWE thioamide product. 

The MEM protected carbaldehyde was readily synthesised in an analogous fashion 

to the synthesis of infra-luciferin.83 The MEM protecting group was installed on 

phenol 267 in a good yield of 65% using potassium hydride and MEM chloride. The 

aldehyde was then installed in an analogous manner to that used for the TBDMS 

protected benzothiophene 272 previously, to obtain the desired aldehyde in a 78% 

yield (Scheme 129). 

 

Scheme 129 

Having prepared MEM protected carbaldehyde 281, the HWE reaction was 

attempted again. As TLC analysis showed the presence of aldehyde 281 after 3 h 

at room temperature, the mixture was left to stir over-night. The desired product 

was isolated in a 33% yield, with no recovered starting material (Scheme 130).  
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Scheme 130 

A solution of thioamide 282 was then treated with DAST at -78 °C, to afford the 

desired thiazoline in an excellent 95% yield (Scheme 131). 

 

Scheme 131 

As the SEM group was readily cleaved using tin(IV) chloride in the synthesis of 

BIiLH2, it was used here in an attempt to remove the MEM group. On treating a 

solution of the MEM protected compound with tin(IV) chloride at 0 °C for 20 mins., 

the deprotected phenol was obtained in an excellent yield of 96% (Scheme 132). 

 

Scheme 132 

Subsequent saponification using lithium hydroxide was carried out, but the desired 

product 248 was isolated in only 10% yield ( Scheme 133). All reaction and work-

up solvents were degassed in this experiment to avoid the thiazoline in the starting 
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material or product from getting oxidized. Analogue 248 was more than 95% pure 

by 1H-NMR spectroscopy and when passed through LC-MS only the expected 

product 248 was detected. Although this was a low-yielding reaction, it gave us 

enough material for testing. 

 
Scheme 133 

To summarise, BTiLH2 was successfully synthesised in 9 steps using the following 

route (Scheme 134). 
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Scheme 134 

 

3.4 Bioluminescence studies of DBTiLH2 and BTiLH2 

Following the synthesis of DL-BTiLH2 (248) and DL-DBTiLH2 (246), these 

molecules were sent to the University of Cardiff and were tested and compared 

against D-LH2 (1), DL-iLH2 (115) and DL-PBIiLH2 (144) by our collaborator, Dr Amit 

P. Jathoul, for their bioluminescence properties. The luciferins were tested against 

Wild-Type (WT) Photinus pyralis firefly luciferase (Fluc), and other mutant 

enzymes. Although preliminary data from these tests is available, other properties 
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of these molecules such as pH dependent emission with the luciferase enzyme, 

enzyme kinetics and in-vivo emission profile in mice is under further investigation. 

 

The wavelength of bioluminescence emission was measured for each luciferin 

analogue with the WT Ppy Fluc enzyme (Table 11). With WT Fluc, both DL-

DBTiLH2 (246) and DL-BTiLH2 (248) were red-shifted compared to D-LH2 (1) and 

PBIiLH2 (144) but not as red-shifted as DL-iLH2 (115). Nonetheless, both 

analogues had emission maxima of ~650 nm; DL-DBTiLH2 246 (λmax 647 nm) and 

DL-BTiLH2 248 (λmax 672 nm). 

 

Figure 64 – Analogues compared with the same batch of purified WT Ppy Fluc. 

 

D-LH2 (1) DL-iLH2 (115) DL-PBIiLH2 
(144) 

DL-DBTiLH2 
(246) 

DL-BTiLH2 
(248) 

555 697 614 647 672 

 

Table 11 - Primary bioluminescence peak wavelengths of WT Ppy Fluc with different 

luciferins (λ/nm).  

 

In terms of brightness, with the WT Fluc enzyme both analogues DL-DBTiLH2 (246) 

and DL-BTiLH2 (248) were brighter than DL-iLH2 (115); DL-DBTiLH2 (246) was 5-

fold brighter and DL-BTiLH2 (248) was 8-fold brighter (Figure 65). 
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Figure 65 – Bioluminescence light yields with WT Ppy Fluc over 2 min, 200 μM substrates, 

2 mM ATP and 0.167 μM enzyme. 

 

We were pleased to note that both benzothiophene based analogues were brighter 

than infra-luciferin with the WT enzyme. Efforts are underway to synthesise new 

mutant luciferases, to enhance this brightness, as well as to cause these 

analogues to have blue or red colour-shifts and render then suitable for multi-

parametric imaging. Also, it was interesting to note that although DBTiLH2 (246) 

was brighter than iLH2 (115), it was dimmer and more blue-shifted compared to its 

flexible counter-part BTiLH2 (248). This could possibly be due to the two 

heterocycles not being in a planar conformation when confined in the enzyme’s 

active site. This would disrupt conjugation and lead to blue-shifted emission. 

 

3.5 Future Work 

As both DBTiLH2 (246) and BTiLH2 (248) are brighter than iLH2 with WT Ppy Fluc, 

it would be prudent to exploit these scaffolds further to investigate if brighter 

emission could result from analogues derived from these scaffolds. A series of 
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analogues could be designed with 6-amino substituents based on the more 

promising analogues of D-luciferin (1) reported in the literature (Figure 66).68,70,80 

 

Figure 66 – Possible analogues based on the dibenzothiophene and benzothiophene 

scaffolds 

All analogues in this thesis have been prepared in their racemic form. Although 

work is being done within the group to establish a route towards the enantiopure 

synthesis of infra-luciferin, it is still in its infancy. Nonetheless, the synthesis of DL-

DBTiLH2 involved the coupling of the corresponding nitrile 246 with DL-cysteine. 

As chirality was introduced in the last step of this synthesis, it would presumably 

be more straight-forward to prepare enantiopure D-DBTiLH2 (D-246) than D-iLH2 

(D-115)  (Scheme 135). As racemic DL-DBTiLH2 (246) is already brighter than DL-

iLH2 (115), enantiopure D-DBTiLH2 (D-246) would most likely give better results in 

terms of brightness. 

 

Scheme 135 – Preparation of enantiopure DBTiLH2 

It was observed that DBTiLH2 (246) was blue-shifted compared to BTiLH2 (248) by 

around 25 nm with the WT enzyme. This could possibly be due to the twisting of 

the heterocycles in 246 making them non-coplanar and out of conjugation with 

each other. Amongst other non-covalent interactions, lp[O(alkoxyl)] → s*(C-S) are 
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well-known and often used to induce planarity in organic semiconducting materials. 

For example, DFT-derived frontier molecular orbital calculations show that 288 is 

co-planar, whereas 287 would have a torsion angle of about 22° between the two 

thiophenes (Figure 67).166 This is due to the favourable interaction between the 

oxygen lone-pair and the s*(C-S) orbital. 

 

Figure 67 

Consequently, we can design analogues 289 and 290 to investigate if incorporating 

favourable lp[O(alkoxyl)] → s*(C-S) interactions could effect the planarity of the 

system with respect to the thiazoline and improve the wavelength or brightness of 

the molecules. 

 

Figure 68 
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4. Progress towards other unusual infra-luciferin 

analogues 

4.1 Acetylene linked infra-luciferin 

A long outstanding target within the group has been acetylene linked infra-luciferin 

291. Following the success of infra-luciferin (115) as a bioluminescent reporter, the 

design of analogue 291 was a logical extension of that work. Analogue 291 would 

be linear like D-luciferin (1), and increased conjugation provided by the acetylene 

linker would presumably make it a red-shifted analogue. Several synthetic routes 

were attempted towards the synthesis of 291 by a previous PhD student in our 

group, but the final molecule remained elusive.167  

 

Figure 69 

4.1.1 Retrosynthesis of acetylene linked infra-luciferin 

Previously in the group, several routes had been attempted to synthesise 291. 

These involved Sonogashira couplings between what were deemed appropriate 

coupling partners and attempts towards the synthesis of other modified coupling 

partners. 

 

Scheme 136 – Sonogashira couplings were attempted between 292 and 293. Attempts 

at the synthesis of thiazoline where X=Br were also attempted. 
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Following the failure of this route, it was thought prudent to attempt a more linear 

route towards the synthesis of 291. Following the success of the DAST cyclisation 

of thioamide precursors to form the desired thiazolines in the synthesis of infra-

luciferin analogues, it was thought wise to disconnect 291 to intermediate 294 that 

would readily undergo such a cyclisation (Figure 70). It was envisaged that the 

desired thioamide could be readily prepared from the nucleophilic addition of a 

metallated derivative of alkyne 295 and isothiocyanate 296. We hoped that the 

correct organometallic could be found which allowed selective addition to the 

isothiocyanate in preference to addition to the ester or deprotonation alpha to the 

carbonyl function. It was envisaged that if silyl protecting groups were appended 

on both the benzothiazole phenol and the isothiocyanate alcohol, then a global 

deprotection using a fluoride ion source could be carried out. Molecules such as 

294 with a MEM protecting group rather than a TIPS one, have been made 

previously within the group using Ohira-Bestmann conditions from the 

corresponding benzothiazole carbaldehyde 297.167 Hence it was proposed that the 

efforts in this work would be focused on the coupling of acetylene 295 with an 

isothiocyanate 296 to furnish thioamide 294. 
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Figure 70 

Further support for this retrosynthetic analysis was sought in the literature and it 

was encouraging to find that oxazoline 300 had been constructed from its amide 

precursor 299 through a DAST mediated cyclisation (Scheme 137).168 

 

Scheme 137 

The addition of sodium or lithium phenylacetylide to various isothiocyanates to 

afford the corresponding thioamides was also known (Scheme 138).169 

 

Scheme 138 
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4.1.2 Progress towards acetylene linked infra-luciferin 

As isothiocyanate 296 had not been made previously, its synthesis was attempted 

first. The alcohol group in DL-serine methyl ester was first protected with the 

TBDMS protecting group, following a literature procedure to obtain the desired 

product in an excellent yield of 92% (lit. yield 95%) following purification by flash 

column chromatography (Scheme 139).170 

 

Scheme 139 

The synthesis of isothiocyanates often involves the use of thiophosgene. Due to 

its toxic nature, we wished to avoid the use of thiophosgene and hence the 

literature was searched for a method to furnish isothiocyanates from primary 

aliphatic amines that did not involve the use of thiophosgene. A very similar 

transformation was found compared to the desired transformation (Scheme 140). 

This involved converting the amine to the corresponding isothiocyanate via the 

dithiocarbamate in high yields using di-tert-butyl dicarbonate and 1-3 mol% of 

DMAP as a catalyst.171 

 

Scheme 140 

The desired isothiocyanate was furnished by following this literature procedure on 

substrate 302 to form product 296 in an excellent yield of 73%. The precursor 

amine was reacted with CS2 in the presence of Et3N and the reaction followed by 

TLC until all starting material amine was consumed. This was followed by the 
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addition of a solution di-tert-butyl dicarbonate as the desulfurylating agent and a 

catalytic amount of DMAP (3 mol%). The reaction was stirred at room temperature 

for 30 mins. and purified by flash column chromatography to afford the desired 

isothiocyanate product as a colourless oil. 

 

Scheme 141 

The identity of the product was confirmed by IR spectroscopy as well as and high-

resolution mass spectrometry. Noticeably, the strong and broad characteristic 

peak for the isothiocyanate moiety was visible in the IR spectrum at 2051 cm-1.172 

 

Figure 71 - IR spectrum of isothiocyante 296 

Following, the successful synthesis of the desired isothiocyanate, its coupling with 

the alkyne was considered. To this end, phenylacetylene was used as a model 

compound to test the reactions, to avoid time spent in preparing the appropriate 

target benzothiazole acetylene 295. It is known in the literature that 

phenylacetylene can be deprotonated with n-BuLi, and the resultant lithium 
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acetylide would react with phenyl isothiocyanate at -78 °C. When the reaction 

mixture was quenched by pouring it onto ice, the desired product thioamide 306 

precipitated out.169 When this exact literature reaction was repeated, the desired 

product was isolated in an excellent yield of 88% (Scheme 142) (lit. yield 75%).169 

 

Scheme 142 

When the same procedure was repeated with isothiocyanate 296, a complex 

mixture of products was isolated. Whilst nothing sensible could be discerned by 

1H-NMR spectroscopy, low resolution mass spec showed peaks for both the 

desired product 307 and a side product of m/z 447.2. This mass corresponds to 

structure 308 (Scheme 143). 

 

Scheme 143 

At this point it was thought prudent to investigate if the use of different metal 

acetylides would make this reaction more selective. The isothiothiocyate substrate 

296 is a complex one, with multiple electrophilic and acidic sites for possible attack 

by the phenylacetylide (Figure 72). Changing the metal counter-ion could possibly 

temper the nucleophilicity and basicity of the acetylide in a favourable manner. 
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Figure 72 

To the best of our knowledge, only lithium and sodium acetylides have been shown 

to add to isothiocyanates in the literature.169,173 There are reports of transition metal 

mediated or catalysed reactions where acetylides have been added to imines, 

ketones, oxocarbenium ions and oximes.174,175 Hence a series of different 

conditions using transition metals such as Cu, Zn and Ag were attempted with 

phenylacetylide and phenyl isothiocyanate to see if any addition product could be 

observed. In all these cases, it was known from the literature that the metal 

acetylide did form in-situ as products were isolated. Unfortunately in our case, we 

did not observe any addition product with phenyl isothiocyante from any of the 

conditions attempted (Table 12). 

 

Scheme 144 

Entry Conditions Result 
1 AgOTf (20 mol%), rt, hexane.176 

 
No reaction. Starting materials 
recovered. 
 

2 AgOTf (30 mol%), BINAP (10 mol%), 
rt, hexane.176 

No reaction. 296 recovered (10%). 
Black solid settled at bottom. 
 

3 Lithium acetylide made using n-BuLi, 
followed by addition of CuCN to make 
the copper acetylide, followed by 
addition of PhNCS.177 

No addition product isolated. Only 
isothiocyanate recovered (61%). 
Yellow solid settled at bottom – 
probably the alkynl copper species 
 

4 Lithium acetylide made using n-BuLi, 
followed by addition of CuCN to make 
the copper acetylide, followed by 
addition TMSOTf as an activator and 
then PhNCS.177 
 

No reaction observed by TLC. 

5 Zinc alkynilide in DCM using catalytic 
Zn(OTf)2 and DIPEA.178 

Stirred overnight for 2 nights at rt. No 
reaction observed by TLC. 

Multiple electrophilic 
sites 

Acidic proton 
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6 Lithium acetylide made using n-BuLi, 
followed by addition of BF3•OEt2, stir 
from -78° C to rt in THF.179 
 

Complex mixture of products. 

7 Lithium acetylide made using n-BuLi, 
followed by addition of CuI to make 
the copper acetylide, which was then 
activated with TMSI and PhNCS 
added.180 
 

Complex mixture of products. 

 

Table 12 

No discernable success was achieved in the different metal alkynylides attempted. 

This was not very surprising as copper acetylides are known in the literature to 

have a poor ability to carry out nucleophilic additions,181 although they do add to 

aldehydes, acid chlorides and do conjugate alkynylations to unsaturated 

ketones.182 Most conditions using zinc acetylides often involve heating the reaction 

mixture. However, the product alkynyl thioamides are known to be unstable to heat, 

so this would not be a viable method to accelerate reactivity in this case.178 Silver 

acetylides are known to be nucleophilic enough to add to activated carbonyl groups 

and imines but not nucleophilic enough to add to either of these electrophiles 

without activation (Scheme 145).175 No further work was done on this due to time 

constraints. 

 

Scheme 145 

4.1.3 Future work towards acetylene linked infra-luciferin 

Acetylene linked infra-luciferin has proven to be a challenging target. One of the 

main reasons for this is the instability of the alkenyl thioamide intermediates that 

are often prepared enroute to the final molecule. This significantly limits the 
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transformations that can be successfully attempted to prepare and manipulate 

these intermediates. A more linear approach might be successful. There is 

literature precedent for the synthesis of carboxylic acids from terminal alkynes and 

the coupling of serine methyl ester with such a carboxylic acid (Scheme 146).168 

 

Scheme 146 

To synthesise a thiazoline, thionation of the amide carbonyl group would be 

necessary. It would also be ideal if this could be done under mild conditions at RT 

or below to avoid degradation of the thioamide product. There is literature 

precedent of mild conditions used to selectively convert amides to thioamides, in 

the presence of esters 302 and protected alcohols 300 (Figure 73).183 These could 

be attempted on our substrates of interest. Cyclisation of the thioamides could be 

investigated with DAST, as used in the synthesis of infra-luciferin.83 

 

Figure 73 

Once the route was formalised, then the following alkyne bridged analogues could 

be synthesised (Figure 74). 
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Figure 74 

 

4.2 Resorcinol linked infra-luciferin 

Within other projects in the group, an investigation is also being made into the 

effect of increasing the number of electron-donating groups on the properties of 

bioluminescence emission. This idea was inspired from the work carried out by 

White, wherein the first analogue of D-luciferin (1) that he reported was 4-

hydroxyluciferin 41 in its racemic form.17 White reported that 41 has ‘red’ 

bioluminescence emission compared to the ‘yellow-green’ light from D-luciferin (1), 

but the exact wavelength and brightness of 41 compared to D-luciferin (1) was not 

stated. Consequently, the synthesis of 4-hydroxyluciferin 41 and its infra-luciferin 

counterpart 318 are currently on-going projects in the group (Figure 75). 

 

Figure 75 

To further support this project, it was proposed that other analogues could be made 

that would also test if this trend of red-shifted emission with increasing number of 

electron-donating groups is operative. Consequently, analogues 319, 320 and 321 

were proposed (Figure 76). Analogue 319 is a known compound and its 

bioluminescent emission (λmax 440 nm) has been reported by Maki and co-
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workers.79 Analogue 320 is also a known compound, and has been reported as a 

suitable iron chelator,184 but its bioluminescent properties have not been reported. 

Analogue 321 has not been previously synthesised. 

 

Figure 76 

The literature synthesis of 319 was carried out by Maki and co-workers by reacting 

commercially available nitrile 322 with D-cysteine in ethanol at 80 °C for 6 h to 

obtain the desired product 319 in a 50% yield (Scheme 147).79 

 

Scheme 147 

It was thought that analogues 319, 320 and 321 would also be compared with their 

stretched counter parts 323, 324 and 325. Again analogue 323 has been reported 

by Maki et. al. whilst 324 and 325 are novel. 

 

Figure 77 

Maki and co-workers prepared analogue 323 in an analogous fashion through the 

condensation of the corresponding nitrile 327 with cysteine. A palladium catalyzed 

Heck reaction was carried out to furnish nitrile 327. Condensation with D-cysteine 
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gave the desired product in only 8% yield and purification via HPLC was necessary 

(Scheme 148). 

 

Scheme 148 

It was hoped that both analogues 320 and 324 could be readily prepared from 

aldehyde 328 (Scheme 149). 

 

Scheme 149 

4.2.1 Synthesis of resorcinol luciferin (320) 

The synthesis of analogue 320 was started from resorcinol 329, using a modified 

literature procedure to isolate the desired aldehyde 328 in a 67% yield through a 

Vilsmeier-Haack formylation.185 The aldehyde was then reacted with aq. 

hydroxylamine and KOH to obtain the corresponding oxime 330 in an 84% yield 

(lit. yield 96%).186 

 

Scheme 150 

At this point it was realised that all the literature procedures to convert this 

particular oxime to its corresponding nitrile involved protecting group chemistry and 

consequently more than one step, or the use of heterogeneous catalysts.187 As 
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time was of the essence, a modified literature procedure was adopted to convert 

the oxime to the desired nitrile (Scheme 151).188 

 

Scheme 151 

When this procedure was applied to our target molecule 330, after 1 h of stirring at 

room temperature, a 33% yield of the target nitrile 333 was isolated along with 66% 

of recovered starting material (Scheme 152). This reaction has room for 

optimisation but was not attempted again due to time constraints.  

 

Scheme 152 

The desired product was formed by coupling DL-cysteine with nitrile 333 to obtain 

thiazoline 308 in a 52% yield (Scheme 153). The bioluminescence results of 320 

are yet to be determined. 
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Scheme 153 

4.2.2 Progress towards analogue 324 

With aldehyde 328 in-hand, the Masamune and Rouche HWE coupling reaction 

with phosphonate 118 was attempted using DBU and LiCl.83 However, this was 

unsuccessful and all starting material was recovered (Scheme 154). This was 

unsurprising as aldehyde 328 is a very electron-rich molecule. 

 

Scheme 154 

Consequently, it was thought that a more sensible approach would be to protect 

the –OH groups in molecule 328, and carry out analogous transformations as were 

performed for the first reported synthesis of infra-luciferin (Scheme 155).50,79 Due 

to time constraints, no further investigation was carried out. 
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Scheme 155 – Reagents and conditions: i) Ph3P=CHCO2Et, PhMe, reflux; ii) NaOH, i-

PrOH; iii) D-Cys(S-Trt)-OMe, EDC, DMAP, DMF, RT, 69; iv) TBAF, RT; v) Ph3PO, Tf2O, 

CH2Cl2; vi) Esterase, EtOH, 10 mM NH4HCO3. 
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5. Conclusion and future work 

5.1 Synthesis of infra-luciferin analogues 

Two different sets of conformationally restricted, infra-luciferin analogues and their 

flexible counter-parts have been synthesised. The first set was composed of DL-

PBIiLH2 144 and DL-BIiLH2 145. The synthesis of conformationally restricted DL-

PBIiLH2 144 was completed in two steps using 1,4-benzoquinone as a starting 

material. This route was inspired by the biosynthesis of D-LH2 (1) wherein 1,4-

benzoquinone is also the proposed starting material.56 The pyridobenzimidazole 

core was furnished in a protecting group free manner through the condensation of 

1,4-benzoquinone with 4-cyano-2-aminopyridine 201. The condensation of nitrile 

223 with D,L-cysteine (21) provided the desired product (Scheme 156). This route 

should be useful for the enantioselective synthesis of 144 using D-cysteine. 

 

Scheme 156 

The synthesis of DL-BIiLH2 145 followed an analogous synthetic route to that of 

DL-iLH2 115. The key developments here were the first successful use of a silyl 

protecting group (TIPS) in infra-luciferin chemistry in our group, and the use of the 

SEM group to protect the benzimidazole nitrogen. The removal of the SEM group 

using tin(IV) chloride allowed us to discover that late-stage infra-luciferin type 

intermediates were stable to tin(IV) chloride. These observations have since then 
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been incorporated into the successful synthesis of other luciferin structures in the 

group. BIiLH2 was synthesised in 9 steps (Scheme 157). 

 

Scheme 157 – Reagents and conditions: i) Imidazole, TIPSCl, CH2Cl2, quant.; ii) 

MeC(OEt)3, H2, Pd/C, MeOH, RT, 96%; iii) KH, SEMCl, THF, 81%; iv) SeO2, TBHP, 1,4-

dioxane, 90 °C, 5 h, 182 = 86%, 179 = 67%; v) 118, t-BuOK, THF, 184 = 53%, 185 = 

35%; vi) TBAF, THF, 193 = 93%, 194 = 65%; vii) DAST, -78 °C, CH2Cl2, 195 = 65%, 196 
= 67%; viii) SnCl4, CH2Cl2, 95%; ix) PLE, 60% 

Following the synthesis of these two analogues, the concept of restricted rotation 

in infra-luciferin structures was explored through benzothiophene based luciferin 

analogues. The design of these molecules was inspired from the X-ray co-crystal 

structure of DiLSA 244 with the WT PPy Fluc enzyme and we wished to present 

the unsaturated linker in the same conformation as the alkene in infra-luciferin 115. 

Two molecules were synthesised; the conformationally restricted DL-DBTiLH2 246 
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and its non-bridged counterpart DL-BTiLH2 248. The synthesis of DBTiLH2 was 

carried out via a condensation of its nitrile precursor 249 with DL-cysteine (21). 

Precursor 249 was prepared in 9 steps by following literature protocols (Scheme 

158).151,152 Again, this route should be useful for the enantioselective synthesis of 

246 using D-cysteine.  

 

Scheme 158 

The synthesis of DL-BIiLH2 248 followed an analogous synthetic route to that of 

DL-iLH2 115. The MEM protecting group was used for phenol protection, after it 

was realised that some TBDMS protected intermediates were unstable. The key 
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development here was to show that tin(IV) chloride could also be used to cleave 

the MEM protecting group, whilst keeping the thiazoline intact. Previously, only 

TFA had been used to carry out this transformation within the group. BTiLH2 248 

was synthesised in 9 steps (Scheme 159). 

 

Scheme 159 

 

5.2 Bioluminescence results of iLH2 analogues 

Analogues DL-PBIiLH2 (144), DL-BIiLH2 (145), DL-DBTiLH2 (246) and DL-BTiLH2 

(248) were tested for their bioluminescence properties and compared against D-
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LH2 (1) and DL-iLH2 (115). All the synthesised analogues were red-shifted 

compared to D-LH2 (1). With the WT enzyme, in terms of wavelength, iLH2 (115) 

was still the most red-shifted at 697 nm and was followed closely behind by BTiLH2 

(248) at 672 nm and DBTiLH2 (246) at 647 nm. The λmax of PBIiLH2 (144) was at 

614 nm, although the emission of PBIiLH2 (144) had a temperature and pH-

dependent red-shifted secondary peak at 714 nm. The least red-shifted emission 

was by BIiLH2 (145) at 561 nm compared to the emission of LH2 (1) at 555 nm 

(Figure 78). 

 

Figure 78 

In terms of brightness, like most other analogues, all our synthesised analogues 

were dimmer than D-LH2 (1). One of the reasons behind this could be that all these 

analogues, including iLH2 (115) are racemic, compared to the enantiopure D-LH2 

(1). With the WT enzyme, the brightest analogue was DL-BTiLH2 (242) which was 

around 8 times brighter DL-iLH2 (115). Conformationally restricted DL-DBTiLH2 

(240) was 5-fold brighter than DL-iLH2 (115), while DL-PBIiLH2 (144) and DL-BIiLH2 

(145) were around 60% and 20% as bright as DL-iLH2 (115) respectively (Figure 

79). 
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Figure 79 

5.3 Progress towards other luciferin analogues 

5.3.1 Acetylene linked infra-luciferin 

Work was carried out on a different route towards acetylene linked infra-luciferin 

291. The molecule 291 was disconnected to a thioamide intermediate resembling 

339 (Figure 80). The synthesis of 324 involved reacting a selective reaction 

between a metal acetylide with an isothiocyanate 296. Preliminary results did not 

show a selective reaction between the various metal acetylides investigated and 

our isothiocyanate coupling partner. Although lithium phenylacetylide did add into 

the isothiocyanate, there was evidence of competing reactions such as addition in 

to the ester group.  

 

Figure 80 
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5.3.2 Future work for acetylene linked luciferin analogues 

This reaction has room for further investigation with a bulky ester such as an O-

tert-butyl ester on the cyanate to prevent additions into the ester functionality 

(Figure 81). As the thioamide products have been found to be unstable, careful 

work-up and purification conditions (i.e. using low boiling point solvents in the work-

up and column chromatography and low temperatures on the rotary evaporator) 

would potentially help in the isolation of 340. 

 

Figure 81 

Once the route is formalised, then the following alkyne bridged analogues could 

be synthesised (Figure 82). 

 

Figure 82 

5.3.3 Resorcinol linked luciferins 

We also investigated the effect of additional electron-donating groups on the 

emission from luciferin analogues. The aim was to synthesise and compare 

analogues 319, 320 and 321 to investigate if increasing the number of electron-

donating groups increases the wavelength of emission from luciferin analogues 

(Figure 83) 
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Figure 83 

To this end resorcinol luciferin 320 was synthesised in 4 steps (Scheme 160). Its 

bioluminescent properties have not been tested yet. 

 

 
Scheme 160 

 

5.3.4 Future work for Resorcinol linked luciferins 

Due to time constraints, analogues 319 and 321 could not be synthesised. These 

would be made as future work, in an analogous manner to 320. Other π-extended 

analogues such as 323, 324 and 325 would also be prepared by analogous 

syntheses and that of iLH2 115 to further confirm any trends observed (Figure 84). 
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Figure 84 

 

5.4 Future work for infra-luciferin analogues 

It has been observed both in our results, and others published in the literature that 

substitution of lighter elements with heavier atoms in luciferin structures results in 

more beneficial outcomes, than a substitution with lighter elements. For example, 

substitution of the sulphur atom in the thiazoline ring with nitrogen or oxygen atoms 

led to no light output.60,78 However, substitution with a selenium atom led to red-

shifted emission.77 

 

Figure 85 

Theoretical DFT calculations also suggest that substitution with heavier elements 

would lead to red-shifted bioluminescent emission.189 Hence, based on these 

observations, the following structures could be proposed (Figure 86).  
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Figure 86 

The sulphur in the benzothiazole moiety has been selected for substitution as the 

thiazoline moiety is usually sensitive to oxygen and base, and as such tricky to 

manipulate post-synthesis. Although the values of electronegativity of sulphur 

(2.58) and selenium (2.55) are similar, the atomic volume of a selenium atom is 

1.18 times larger than a sulphur atom. Hence the larger, lipophilic selenium atom 

might change the solubility and cell permeability of these analogues and also the 

hydrophobicity within the enzymes active site to an appreciable degree. Moreover, 

along with benzothiazoles and benzothiophenes, benzoselenazoles are also 

motifs that are routinely used in the synthesis of near infra-red dyes for electro-

optical applications.190 The synthesis of 6-nitrobenzoselenazole 338 is known.191 

This could be a potential precursor towards both 334 and 335 (Figure 87). 

 

Figure 87 
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The synthesis of 2-amino-6-methoxy benzselenazole 339 has also been reported 

in the literature.192 This molecule could be a potential starting point towards both 

analogues 336 and 337 (Figure 88). 

 

Figure 88 
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6. Experimental techniques 

6.1 General Experimental Details  

All non-aqueous chemistry was carried out in flame-dried glassware under an inert 

(N2 or Ar) atmosphere. Room temperature suggests a temperature range of 20-25 

°C. Temperatures of 0 °C were achieved using an ice-water bath. Cryogenic 

temperatures were obtained using a solid CO2 – acetonitrile bath (-45 °C), a solid 

CO2 – acetone bath (-78 °C), and a liquid N2 and methanol bath (-98 °C). Thin layer 

chromatography (TLC) was carried out on MerckÓ aluminium backed DC 60 F254 

0.2 mm pre-coated plates. Visualisation of the plates was done under ultraviolet 

light and then plates were stained with KMnO4 solution. Flash column 

chromatography was performed on Gedran® silica gel 60, 40-63 μm. Solvents were 

removed under reduced pressure using the house vacuum and Büchi rotary 

evaporators. 

 

6.2 Purification of Solvents and Reagents  

Commercial solvents and reagents were used as supplied, without further 

purification. Anhydrous solvents THF, CH2Cl2, toluene and hexanes were obtained 

from a solvents tower, where the degassed solvent is passed through two columns 

of activated alumina and a 7 micron filter under 4 bar pressure. Butyl lithiums were 

titrated using N-benzylbenzamide as an indicator, following a literature 

procedure.193 The PLE used in the synthesis of molecule 145 was purchased from 

Sigma-Aldrich® as a lyophilized powder, ³15 units/ mg of solid. The polyphosphoric 

acid used in the synthesis of benzothiophene 268 was 83-87% P2O5 basis.  

 

6.3 Characterisation  

All 1H and 13C NMR spectra reported were recorded on a Bruker Avance Neo 700 

MHz, Bruker Avance III 600 MHz, Bruker Avance 500, Bruker Avance III 400, or a 
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Bruker Avance 300 spectrometer. Data was manipulated using MestReNova 

(version 11.0) or TopSpin 3.5PI7 softwares. The chemical shift (δ) for the 

resonances in spectra have been reported in parts per million (ppm) relative to the 

NMR solvent peaks, using the residual protic solvent peak CHCl3 (δ = 7.26 ppm, 

s), DMSO (δ = 2.50 ppm, qn), THF (δ = 3.58 ppm, m) and acetone (δ = 2.05 ppm, 

qn). Coupling constants (J) are quoted in Hertz (Hz). 13C NMR spectra were 

recorded as proton decoupled spectra at the frequency stated and are reported to 

the nearest 0.1 ppm. DEPT, COSY, NOESY and HSQC spectra were obtained to 

aid in complete assignment. 19F NMR spectra were recorded as proton decoupled 

spectra at the frequency stated. A Perkin Elmer Spectrum 100 FT/IR with Spectrum 

100 μATR machine was used to record IR spectra in neat conditions or as solutions 

in CDCl3. 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. 

 

6.4 Synthesis of BIiLH2 (145) 

3,4-diaminophenol (152) 

 

To a solution of 4-amino-3-nitrophenol (2.00 g, 13.0 mmol) in EtOH (80 mL) was 

added Palladium on Carbon 10% (0.440 g) as a slurry in EtOH (20 mL), at room 

temperature. The dark brown solution was degassed with Ar and then purged with 

H2 thrice. It was then stirred under an atmosphere of H2 for 24 h at room 

temperature, in the dark. The progress of the reaction was monitored by thin layer 

chromatography (40% MeOH, EtOAc). On completion the reaction mixture was a 

dark green solution that blackened on exposure to air. The reaction mixture was 

filtered through a bed of Celite® and washed with MeOH (4 x 100 mL). The filtrate 



Aisha	J.	Syed	–	University	College	London	 171	

was concentrated under reduced pressure to give known compound 152 as an 

unstable black solid;  Rf 0.70 (40% MeOH/ EtOAc); 1H NMR (300 MHz, DMSO-d6) 

δ 8.16 (1 H, br s, OH), 6.34 (1H, d, J = 8.1, ArCH), 6.06 (1 H, d, J = 2.4, ArCH), 

5.83 (1 H, dd, J = 8.1, 2.4, ArCH), 4.36 (4 H, br s, 2 x NH2); 13C NMR (126 MHz, 

DMSO- d6) δ 149.5 (C-OH), 136.4 (ArC), 126.3 (ArC), 115.7 (ArCH), 103.1 (ArCH), 

102.1 (ArCH).  

The data is in agreement with the literature.194 

 

1H-benzo[d]imidazole-6-ol (160) 

 

To a mixture of 4-amino-3-nitrophenol (1.54 g, 10 mmol), reduced Fe powder (5.58 

g, 100 mmol) and NH4Cl (5.35 g, 100 mmol) were sequentially added propan-2-ol 

(50 mL) and formic acid (50 mL). The reaction flask was fitted with a condenser 

and heated to 70 °C over 1 h and then at 70 °C for 3 h. At this point the brown 

solution had turned into a greenish-off-white suspension. The mixture was cooled 

to room temperature, diluted with i-PrOH (100 mL), filtered through Celite®, and 

washed with i-PrOH (50 mL). The filtrate was concentrated under reduced pressure 

to yield a brown residue which was partitioned between saturated NaHCO3 solution 

(50 mL) and EtOAc (200 mL). The aqueous layer was further extracted with EtOAc 

(4 x 200 mL). The organic layers were combined, dried (MgSO4), filtered and 

concentrated under reduced pressure to yield the title compound as a brick-red 

solid (1.29 g, 9.59 mmol, 96% (83%))113; mp 216-217 °C (219-220 °C)114; Rf 0.23 

(10% MeOH/EtOAc); IR nmax (solid state) 3183 (O-H), 3115 (N-H), 2912 – 2834 (C-

H); 1H NMR (500 MHz, MeOD-d4) δ 8.00 (1 H, br s, NH), 7.41 (1 H, d, J = 8.8, 

ArCH), 6.96 (1 H, d, J = 2.2, ArCH), 6.80 (1 H, dd, J = 8.8, 2.2, ArCH); 13C NMR 

(126 MHz, MeOD-d4) 162.1 (ArC-O), 141.7 (ArC=N), 138.6 (ArC), 133.8 (ArC), 
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117.2 (ArCH), 113.5 (ArCH), 100.1 (ArCH) m/z (ESI+) 135 (100%, [M+H]+); HRMS 

C7H7N2O2 [M+H]+ calcd. 135.0558, found 135.0559.  

The data is in agreement with the literature.113 

 

4-((2-methoxyethoxy)methoxy)-2-nitroaniline (161)  

 

To a solution of 4-amino-3-nitrophenol (1.00 g, 6.49 mmol) in anhydrous DMF (15 

mL) was added 2-methoxyethoxymethyl chloride (1.48 mL, 13.0 mmol) and K2CO3 

(1.79 g, 13.0 mmol). The mixture was stirred and heated at 100 °C for 24 h. At this 

point K2CO3 (0.90 g, 6.50 mmol) and 2-methoxyethoxymethyl chloride (0.74 mL, 

6.49 mmol) were added and the reaction mixture stirred and heated at 100 °C for 

4 h. The reaction mixture was filtered to remove insoluble materials and then 

poured into water (150 mL) and extracted with EtOAc (3 x 50 mL). The organic 

layers were combined, dried (MgSO4) and concentrated under reduced pressure 

to yield the crude product as a dark red oil. Purification by flash column 

chromatography (50% EtOAc/ hexane) followed by (5% acetone/ toluene) gave the 

compound (0.39 g, 25%); as a bright red crystalline solid mp 49-51 °C; Rf 0.26 

(50% EtOAc/ hexane); IR nmax (solid state) 3484 (N-H), 3369 (N-H), 2984 – 2887 

(C-H), 1567 (N-O), 1329 (N-O), 1074 (C-O) cm-1; 1H NMR (500 MHz, CDCl3) 7.82 

(1 H, d, J = 2.8, ArCH), 7.17 (1 H, dd, J = 9.0, 2.8, ArCH), 6.75 (1 H, d, J = 9.0, 

ArCH), 5.85 (2 H, br s, NH2), 5.20 (2 H, s, OCH2O), 3.85 - 3.81 (2 H, m, OCH2), 

3.60 – 3.56 (2 H, m, OCH2), 3.39 (3H, s, CH3O); 13C NMR (126 MHz, DMSO-d6) δ 

147.6 (ArCO), 140.1 (ArC), 131.3 (ArC), 127.0 (ArCH), 119.3 (ArCH), 111.5 

(ArCH), 94.0 (OCH2O), 71.2 (OCH2), 67.4 (OCH2), 58.7 (CH3O); m/z (CI+) 260 

(100%, [M+NH4]+); HRMS C10H14N2O5+H calcd. 243.0975, found 243.0976. 
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4-((2-methoxyethoxy)methoxy)benzene-1,2-diamine (162) 

 

A slurry of 10% Pd/C (20 mg) in EtOH (2 mL) was added to compound 161 (192 

mg, 0.790 mmol) dissolved in EtOH (7 mL). The mixture was degassed with Ar and 

then purged with H2 3 times, and then exposed to an atmosphere of H2 gas. The 

reaction mixture was left to stir overnight, then filtered on Celite®, washed with 

EtOH (20 mL) and the solvent concentrated under reduced pressure to give the 

title compound as a brown solid (150 mg, 0.71 mmol, 90%); mp (degrades on 

heating); Rf 0.68 (40% MeOH/EtOAc); IR nmax (solid state) 3420 (N-H), 3344 (N-

H), 3217 (N-H), 3072 – 2838 (C-H) cm-1; 1H NMR (500 MHz, CDCl3) δ 6.59 (1 H, 

d, J = 8.1, ArCH), 6.46 (1 H, s, ArCH), 6.39 (1 H, d, J = 8.1, ArCH ), 5.15 (2 H, s, 

OCH2O), 3.86 – 3.74 (2 H, m, OCH2), 3.59 – 3.53 (2 H, m, OCH2), 3.50 (2 H, br s, 

NH2), 3.36 (3 H, s, CH3), 3.17 (2 H, br s, NH2); 13C NMR  (126 MHz, CDCl3) δ 152.0 

(ArCO), 136.7 (ArCN), 128.7 (ArCN), 118.0 (ArCH) , 107.4 (ArCH), 105.3 (ArCH), 

94.3 (OCH2O) , 71.7 (OCH2), 67.5 (OCH2), 59.1 (OCH3); m/z (CI+) not detected in 

CI. 
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tert-butyl 6-hydroxy-1H-benzo[d]imidazole-1-carboxylate (166) and tert-

butyl 5-hydroxy-1H-benzo[d]imidazole-1-carboxylate (167) 

 

A suspension of compound 160 (0.200 g, 1.49 mmol) in anhydrous 1,4-dioxane (6 

mL) was treated with DIPEA (0.179 mL, 1.02 mmol) and Boc2O (0.273 g, 1.25 

mmol) at room temperature under N2. The mixture was heated at 80 °C for 3 h. 

Solvent was removed under reduced pressure to give a crude red-brown solid that 

was purified by flash column chromatography (3% MeOH/DCM) to yield a mixture 

of the title compounds 166 and 167 in a 1:1 ratio as a white, unstable solid (0.234 

g, 1.00 mmol, 80%, (72%))195; mp 158-160 °C; Rf 0.17 (3% CH2Cl2 /MeOH); 1H 

NMR  (300 MHz, CDCl3) δ 8.40 (1 H, s, N=CH), 8.32 (1 H, s, N=CH), 7.83 (1 H, d, 

J = 11.1, ArCH), 7.62 (1 H, d, J = 8.7, ArCH), 7.50 (1 H, s, ArCH), 7.25 (1 H, s, 

ArCH), 6.95 (1 H, d, J = 11.1, ArCH), 6.90 (1 H, J = 8.7, ArCH), 5.82 (2 H, br s, 

OH), 1.69 (18 H, s, C(CH3)3 ; 13C NMR (126 MHz, DMSO-d6) δ 156.0 (C=O) , 154.9 

(C=O), 148.1 (ArC), 145.2 (ArC), 143.3 (ArCH), 141.1 (ArC), 137.2 (ArC), 132.3 

(ArCH) , 124.6 (ArCH), 120.9 (ArC), 114.7 (ArCH), 114.4 (ArCH), 105.5 (ArCH), 

100.5 (ArCH), 85.5 ((CH3)3CO), 85.4 ((CH3)3CO), 28.0 (CH3) (2 carbons missing 

probably due to overlapping), 27.9 (CH3); m/z (ESI+) 235 (100%, [M+H]+); HRMS 

C12H14N2O3+H [M+H]+ calcd. 235.1083, found 135.1085. 1H-NMR data is in 

agreement with the literature.195 Other data is not reported in the literature. 

2-nitro-4-((triisopropylsilyl)oxy)aniline (168) 
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To a solution of 4-amino-3-nitrophenol (1.00 g, 6.48 mmol) in CH2Cl2 (30 mL) was 

added imidazole (0.70 g, 10.30 mmol). The mixture was cooled to 0 °C and 

triisopropylsilyl chloride (1.78 mL, 8.32 mmol) was added and the mixture allowed 

to warm to room temperature and stirred for 16 h. The resultant mixture was diluted 

with CH2Cl2 (30 mL) and then washed with a saturated aq. solution of NaHCO3 (20 

mL), water (20 mL) and brine (20 mL) and then the organic layer dried (MgSO4), 

filtered and concentrated under reduced pressure to give the crude compound as 

a bright red gelatinous solid which was purified by passing through a silica plug 

(50% EtOAc/hexane) to give the title compound as a bright red crystalline solid 

(2.00 g, 6.48 mmol, quant); mp 92-94 °C; Rf 0.80 (30% EtOAc/hexane); IR nmax 

(solid state) 3500 (N-H), 3346 (N-H), 2939 – 2861 (C-H) cm-1; 1H NMR (600 MHz, 

CDCl3) δ 7.60 (1 H, d, J = 2.9, ArCH), 7.03 (1 H, dd, J = 8.9, 2.9, ArCH), 6.71 (1 H, 

d, J = 8.9, ArCH), 5.81 (2 H, br s, NH2), 1.27 – 1.23 (3 H, m, CH(CH3)), 1.10 (18 H, 

d, CH(CH3) J = 7.4); 13C NMR (151 MHz, CDCl3) δ 146.8 (ArCO), 139.7 (ArCN), 

131.9 (ArCN), 130.1 (ArCH), 119.7 (ArCH), 114.5 (ArCH), 18.0 (SiCH), 12.6 

(SiCH(CH3)2); m/z (ES+) 311 (100%, [M+H]+); HRMS C15H27N2O3Si [M+H]+ calcd. 

311.1791, found 311.1792. 
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6-((triisopropylsilyl)oxy)-1H-benzo[d]imidazole (169)  

 

To a stirred mixture of 4-amino-3-nitrophenol (0.310 g, 1.00 mmol), reduced Fe 

powder (0.558 g, 10.0 mmol) and NH4Cl (0.535 g, 10.0 mmol) was sequentially 

added to propan-2-ol (5 mL) and formic acid (5 mL). The reaction flask was fitted 

with a condenser and heated to 60 °C over 1 h and then at 60 °C for 4 h. At this 

point the red solution had turned into an olive-green suspension. The mixture was 

cooled to room temperature, diluted with i-PrOH (20 mL), filtered through Celite®, 

and washed with i-PrOH (50 mL). The filtrate was concentrated under reduced 

pressure to yield a brown residue which was partitioned between saturated 

NaHCO3 solution (5 mL) and EtOAc (20 mL). The aqueous layer was further 

extracted with EtOAc (4 x 20 mL). The organic layers were combined, dried 

(MgSO4) and concentrated under reduced pressure to yield the crude compound 

as a brown oil, which was purified by flash column chromatography (50% 

EtOAc/Hexane to 100% EtOAc) to give the known compound as a pale brown solid 

(0.166 g, 0.57 mmol, 57% (52%))113; mp 167-169 °C; Rf 0.50 (10% MeOH/EtOAc); 

IR νmax (solid state) 3383 (N-H); 1H NMR (600 MHz, MeOD) δ 8.08 (1 H, s, N=CH), 

7.46 (1 H, d, J = 8.7, ArCH), 7.07 (1 H, d, J = 2.0, ArCH), 6.87 (1 H, dd, J = 8.7, 

2.0, ArCH), 1.26 – 1.30 (3 H, m, SiCH), 1.12 (18 H, d, J = 6.3, Me2); 13C NMR (156 

MHz, CDCl3) δ 152.1 (ArC-OH), 151.2 (ArC), 138.9 (ArC), 134.0 (ArCH), 115.9 

(ArCH), 114.9 (ArCH), 104.4 (ArCH), 18.1 (CHMe2), 15.0 (N=CMe), 12.8 (SiCH); 

m/z (ESI+) 291 (100%, [M+H]+); HRMS C16H26N2OSi+H [M+H]+ calcd. 291.1887, 

found 291.1884 

The 1H – NMR and mass spec data are in agreement with the literature.113 Other 

data has not been reported in the literature. 
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5-((triisopropylsilyl)oxy)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

benzo[d]imidazole (170) and 6-((triisopropylsilyl)oxy)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazole (171)  

 

A solution of compound 169 (0.350 g, 1.20 mmol) in anhydrous THF (5 mL) was 

added drop-wise to cooled neat 30% KH in mineral oil (0.199 g, 1.49 mmol) at 0 

°C. The mixture was stirred at room temperature for 15 h and a thick sandstone 

coloured suspension formed. This was diluted with anhydrous THF (7 mL), cooled 

to 0 °C and 2-(trimethylsilyl)ethoxymethyl chloride was added drop-wise. The 

mixture was warmed back to room temperature and left to stir for 48 h during which 

time the suspension turned to a pale yellow solution. The mixture was quenched 

with water (5 mL) and extracted with EtOAc (15 mL x 3). The organic layers were 

combined, dried (MgSO4) and concentrated under reduced pressure to give the 

crude compound as a pale brown oil that was purified by flash column 

chromatography (50% EtOAc/hexane) to give in order of elution novel compound 

170 as a pale yellow oil (0.140 g, 3.35 mmol, 38%) followed by novel compound 

171 as a pale yellow oil (0.140 g, 3.35 mmol, 38%). 

 

Data for Compound 170: Rf 0.33 (50% EtOAc/hexane); IR νmax (neat oil) 2867 (C-

H), 1241 (C-O) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.89 (1 H, s, N=CH), 7.34 (1 H, 

d, J = 8.7, ArCH), 7.28 (1 H, d, J = 2.2, ArCH), 6.94 (1 H, dd, J = 8.7, 2.2, ArCH), 

5.47 (2 H, s, OCH2O), 3.51 – 3.46 (2 H, m, CH2O), 1.28 (3 H, m, SiCH), 1.12 – 
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1.10 (18 H, m, CH-(CH3)2), 0.91 – 0.86 (2 H, m, CH2Si), -0.07 (9 H, s, SiMe3); 13C 

NMR (151 MHz, CDCl3) 152.4 (ArCO), 145.0 (ArC), 143.4 (N=CH), 128.7 (ArC), 

117.6 (ArCH), 110.3 (ArCH), 110.0 (ArCH), 74.4 (OCH2O), 66.5 (CH2O), 18.1 (CH-

(CH3)2), 17.8 (CH2Si), 12.7 (SiCH), -1.4 (SiMe3); m/z (ESI+) 421 (100%, [M+H]+); 

HRMS C22H40N2O2Si2+H [M+H]+ calcd. 421.2701, found 421.2712. 

 

Data for Compound 171: Rf 0.21 (50% EtOAc/hexane); IR νmax (neat oil) 2867 (C-

H), 1241 (C-O) cm-1; 1H NMR (600 MHz, CDCl3) 7.85 (1 H, s, N=CH), 7.60 (1 H, d, 

J = 7.9, ArCH), 6.99 (1 H, d, J = 2.2, ArCH), 6.88 (1 H, dd, J 7.9, 2.2, ArCH), 5.45 

(2 H, s, OCH2O), 3.50 – 3.45 (2 H, m, CH2O), 1.29 (3 H, m, CH-(CH3)2), 1.14 – 

1.10 (18 H, m, CH-(CH3)2,), 0.88 (2 H, m, CH2O),  -0.07 (9 H, s, SiMe3); 13C NMR 

(151 MHz, CDCl3) 153.2 (ArCO), 143.4 (ArC), 142.5 (N=CH), 138.8 (ArC), 120.6 

(ArCH), 116.6 (ArCH), 100.7 (ArCH), 74.3 (OCH2O), 66.4 (CH2O), 18.1 (CH-

(CH3)2), 17.9 (CH2Si) 12.8 (SiCH), -1.4 (Si(CH3)3); m/z (ESI+) 421 (100%, [M+H]+); 

HRMS C22H40N2O2Si2+H [M+H]+ calcd. 421.2701, found 421.2712. 

 

1-((2-(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazole (173)  

 

To a solution of benzimidazole (0.300 g, 2.54 mmol) in anhydrous DMF (5 mL) 

were sequentially added DIPEA (0.66 mL, 3.80 mmol) and 2-

(trimethylsilyl)ethoxymethyl chloride (0.59 mL, 3.02 mmol) drop-wise. Fuming was 

observed on addition of SEM-chloride and the colourless solution turned pale 

yellow. The mixture was heated to 80 °C for 2 h during which time the solution 



Aisha	J.	Syed	–	University	College	London	 179	

turned crimson. The reaction mixture was poured into brine (20 mL) and diluted 

with EtOAc (30 mL). The phases were separated and the aqueous phase extracted 

with EtOAc (3 x 15 mL). The combined organic extracts were washed with brine (3 

x 10 mL), dried (MgSO4) and concentrated under reduced pressure to give the 

crude compound as an orange oil which was purified by flash column 

chromatography (20% EtOAc/Petroleum ether) to give known compound 173 as a 

colourless oil (0.504 g, 2.03 mmol, 80%); Rf 0.21 (20% EtOAc/hexane); IR νmax 

(neat oil) 2952 (C-H), 1247 (C-O) cm-1; 1H NMR  (600 MHz, CDCl3) δ 7.97 (1 H, s, 

N=CH), 7.84 – 7.81 (1 H, m, ArCH), 7.52 – 7.56 (1 H, m, ArCH), 7.35 – 7.30 (2 H, 

m), 5.54 (2 H, s, NCH2O), 3.53 – 3.49 (2 H, m, OCH2), 0.92 – 0.88 (2 H, m, CH2Si), 

-0.05 (9 H, s, Si(CH3)3); 13C NMR (151 MHz, CDCl3) δ 144.1 (ArC), 143.1 (N=CH), 

133.8 (ArC), 123.6 (ArCH), 122.8 (ArCH), 120.5 (ArCH), 110.4 (ArCH), 74.3 

(OCH2O), 66.6 (OCH2), 17.8 (CH2Si), -1.4 (SiCH3); m/z (ESI+) 249 (100%, [M+H]+; 

HRMS C13H20N2OSi+H calcd. 249.1418, found 249.1420 

 

1-((2-(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazole-2-carbaldehyde 

(174)  

 

 

A solution of compound 173 (0.117 g, 0.47 mmol) in anhydrous THF (2 mL) was 

cooled to -40 °C and 1.36 M n-butyllithium solution in hexanes (0.38 mL, 0.52 

mmol) added drop-wise, forming a red solution which was stirred at -40 °C for 1 h. 

Excess anhydrous N,N-dimethylformamide (0.30 mL, 3.76 mmol) was added drop-

wise and the mixture stirred for 3.5 h at -40 °C. The reaction was quenched at -40 
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°C by adding in aq. saturated NH4Cl (5 mL). The mixture was allowed to warm up 

to room temperature and the aqueous layer extracted with EtOAc (10 mL x 3). The 

organic layers were combined, dried (MgSO4), filtered and concentrated under 

reduced pressure to yield the crude compound as a yellow oil which was purified 

by flash column chromatography (10% EtOAc/Hexane) to give known compound 

174 as a colourless oil (0.051 g, 0.19 mmol, 39%); Rf 0.70 (10% EtOAc/hexane); 

1H NMR  (600 MHz, CDCl3) δ 10.12 (1 H, s, CHO), 7.94 (1 H, d, J = 8.2, ArCH), 

7.65 (1 H, d, J = 8.2, ArCH); 7.50 (1 H, td, J = 8.2, 1.1, ArCH), 7.42 (1 H, td, J = 

8.2, 1.1, ArCH), 6.04 (2 H, s, NCH2O), 3.58 – 3.53 (2 H, m, OCH2), 0.94 – 0.86 (2 

H, m, CH2Si), -0.07 (9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) 185.1 (C=O), 143.0 

(ArC), 136.5 (ArC), 127.5 (ArCH), 124.7 (ArCH), 122.4 (ArCH), 112.1 (ArCH), 73.3 

(OCH2O), 66.6 (OCH2), 17.9 (CH2Si), -1.4 (SiCH3); m/z (ESI+) 277 (100%, [M+H]+; 

HRMS C14H20N2O2Si+H [M+H]+ calcd. 277.1367, found 277.1368  

The 1H-NMR spectrum is in agreement the literature.115 

 

2-methyl-6-((triisopropylsilyl)oxy)-1H-benzo[d]imidazole (180) 

 

To a stirred solution of 168 (2.00 g, 6.45 mmol) in MeOH (25 mL) were added 

AcOH (7 drops), triethyl orthoacetate (2.36 mL, 12.9 mmol), and palladium on 

carbon 10% (0.200 g) as a slurry in MeOH (8 mL). The flask was evacuated and 

then purged with H2 gas thrice. It was then stirred under an atmosphere of H2 

overnight at room temperature. On completion, the reaction mixture was a pale 

brown solution. The reaction mixture was filtered on a bed of Celite® and the 

Celite® washed with EtOAc (70 mL). The filtrate was concentrated under reduced 

pressure to yield a crude pale- brown oil which was purified by flash column 
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chromatography (90% EtOAc/hexane) to obtain benzimidazole 180 as an orange 

oil (1.88 g, 6.16 mmol, 96%); Rf 0.26 (90% EtOAc/hexane); IR νmax (neat) 3112 

(N-H), 2940 – 2863 (C-H), 1630 (C=N) cm-1; 1H NMR (600 MHz, CDCl3) δ 9.90 (1 

H, br s, NH), 7.36 (1 H, d, J = 8.6, ArCH), 7.03 (1 H, d, J =2.3, ArCH), 6.81 (1 H, 

dd, J =8.6, 2.3, ArCH), 2.58 (3 H, s, N=CMe), 1.29 – 1.21 (3 H, m, CHMe2), 1.09 

(18 H, d, J =7.4, CHMe2); 13C NMR (151 MHz, CDCl3) δ152.1 (ArC-OH), 151.2 

(ArC), 138.9 (ArC), 134.0 (ArC), 115.9 (ArCH), 114.9 (ArCH), 104.4 (ArCH), 18.1 

(CHMe2), 15.0 (N=CMe), 12.8 (CHMe2); m/z (ES+) 305 (100%, [M+H]+); HRMS 

C17H29N2OSi [M+H]+  calcd. 305.2049, found 305.2043. 

 

2-methyl-5-((triisopropylsilyl)oxy)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H- 

benzo[d]imidazole (181) and 2-methyl-6-((triisopropylsilyl)oxy)-1-((2- 

(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazole (179) 

 

Solid KH (30% dispersion in mineral oil, 0.738 g, 5.52 mmol) was cooled to 0 °C. 

Compound 180 (1.354 g, 4.45 mmol) was dissolved in THF (20 mL) and added 

drop-wise to the cooled KH over a period of 25 mins. Care was taken to ensure 

the internal temperature of the reaction mixture did not exceed over 5 °C. The 

mixture was stirred for 1 h at 0-5 °C and a thick, sandstone coloured suspension 

formed. 2-(trimethylsilyl)ethoxymethyl chloride (0.982 mL, 5.52 mmol) was added 

drop-wise at 0 °C and then left to stir at room temperature for 19 h. The reaction 

mixture was cooled to 0 °C and water (15 mL) cautiously added drop-wise to 
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quench the reaction. The aqueous layer was extracted with EtOAc (25 mL x 3). 

The organic layers were combined, dried (MgSO4), filtered and concentrated 

under reduced pressure to yield the crude product as a brown oil. Purification by 

flash column chromatography (30% EtOAc/petroleum ether) gave in order of 

elution compound 181 as an off-white solid (0.766 g, 1.76 mmol, 40%), followed 

by compound 179 as an off-white solid (0.795 g, 1.83 mmol, 41%).  

 

Data for Compound 181: mp 58 – 59 °C; Rf 0.28 (40% EtOAc /petroleum ether); 

IR νmax (neat solid) 2947 – 2867 (C-H), 1622 (C=N) cm-1;  1H NMR (600 MHz, 

CDCl3) δ 7.20 (1 H, d, J = 8.6, ArCH), 7.18 (1 H, d, J = 2.2, ArCH), 6.85 (1 H, dd, 

J = 8.6, 2.2, ArCH), 5.41 (2 H, s, NCH2O), 3.50 (2 H, t, J =8.4, OCH2CH2Si), 2.62 

(3 H, s, N=CMe), 1.30 – 1.26 (3 H, m, CHMe2), 1.10 (18 H, d, J = 7.5, CHMe2), 

0.88 (2 H, t, J =8.4, CH2Si), -0.07 (9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 

152.7 (ArC-OH), 152.4 (ArC), 143.3 (ArC), 130.6 (ArC), 116.6 (ArCH), 109.5 

(ArCH), 109.3 (ArCH), 73.0 (NCH2O), 66.7 (OCH2), 18.3 (CHMe2), 18.1 (CH2Si), 

14.2 (CHMe2), 13.0 (N=CMe), -1.1 (SiMe3); m/z (ES+) 435 (100%, [M+H]+), 421 

(28%, [M+ -CH3]); HRMS C23H43N2O2Si2 [M+H]+ calcd. 435.2863, found 435.2858. 

 

Data for Compound 179: mp 59 – 60 °C; Rf 0.15 (40% EtOAc /petroleum ether); 

IR νmax (neat solid) 2945 – 2867 (C-H), 1621 (C=N) cm-1;  1H NMR (600 MHz, 

CDCl3) δ 7.49 (1 H, d, J =8.6, ArCH), 6.87 (1 H, d, J =2.2, ArCH), 6.81 (1 H, dd, J 

=8.6, 2.2, ArCH), 5.38 (2 H, s, CH2), 3.50 (2 H, t, J =8.2, OCH2CH2Si), 2.61 (3 H, 

s, N=CMe), 1.29 – 1.25 (3 H, m, CHMe2), 1.10 (18 H, d, J =7.5, CHMe2), 0.88 (2 

H, t, J =8.2, CH2Si), -0.06 (9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 152.5 

(ArC-OH), 151.3 (ArC), 137.1 (ArC), 136.1 (ArC), 119.3 (ArCH), 115.8 (ArCH), 

100.2 (ArCH), 72.8 (NCH2O), 66.5 (OCH2), 18.1 (CHMe2), 18.0 (CH2Si), 14.0 
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(CHMe2), 12.8 (N=CMe), -1.4 (SiMe3); m/z (ES+) 435 (25%, [M+H]+); HRMS 

C23H43N2O2Si2 [M+H]+ calcd. 435.2863, found 435.2837. 

 

5-((triisopropylsilyl)oxy)-1-((2-(trimethylsilyl) ethoxy) methyl)-1H-

benzo[d]imidazole-2-carbaldehyde (182) 

 

To a suspension of selenium dioxide (0.247 g, 0.97 mmol) in 1,4-dioxane (3 mL) 

was added 5.0 M tert-butyl hydroperoxide solution in decane (0.232 mL, 2.23 

mmol) and the suspension stirred at 90 °C for 30 mins. A solution of compound 

181 (0.422 g, 0.50 mmol) in 1,4-dioxane was added and the mixture was stirred at 

110 °C for 5 h. The mixture was allowed to cool to room temperature and 

concentrated in vacuo to get a brown oil, to which sat. NaHCO3 solution (10 mL) 

was added. The aqueous layer was extracted with CH2Cl2 (3 x 10 mL). The organic 

layers were combined, dried (MgSO4), filtered and concentrated in vacuo to afford 

the crude compound as a brown oil which was purified by flash column 

chromatography (10% Et2O/ petroleum ether) to give the title compound as a pale 

yellow oil (0.420 g, 0.94 mmol, 96%); Rf 0.38 (10% EtOAc/petroleum ether); IR νmax 

(solution in CHCl3) 2947 – 2867 (C-H), 1693 (C=O), 1618 (C=N) cm-1; 1H NMR 

(600 MHz, CDCl3) δ 10.07 (1 H, s, CHO), 7.48 (1 H, dd, J =8.9, 0.4, ArCH), 7.36 

(1 H, dd, J =2.3, 0.4, ArCH), 7.13 (1 H, dd, J =8.9, 2.3, ArCH), 6.00 (2 H, s, NCH2O), 

3.55 (2 H, t, J =8.2, OCH2CH2Si), 1.33 – 1.29 (3 H, m, CHMe2), 1.12 (18 H, d, J 

=7.5, CHMe2), 0.88 (3 H, t, J =8.2, CH2Si), -0.08 (9 H, s, SiMe3); 13C NMR (151 
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MHz, CDCl3) δ 184.8 (CHO), 153.9 (ArC-OH), 146.4 (ArC), 143.8 (ArC), 131.6 

(ArC), 122.8 (ArCH), 112.3 (ArCH), 110.3 (ArCH), 73.4 (NCH2O), 66.6 (OCH2), 

18.0 (CHMe2), 17.9 (CH2Si), 12.7 (CHMe2), -1.4 (SiMe3); m/z (ES+) 481 (100%, 

[M+CH3OH+H]+), 449 (4%, [M+H]+); HRMS C23H41N2O3Si2 [M+H]+ calcd. 449.2656, 

found 449.2652. 

 

6-((triisopropylsilyl)oxy)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

benzo[d]imidazole-2-carbaldehyde (178) 

 

Procedure as that for aldehyde 182 on a 1.83 mmol scale of 179. The title 

compound was isolated as a pale yellow oil (0.451 g, 1.23 mmol, 67%); Rf 0.64 

(10% EtOAc/petroleum ether); IR νmax (solution in CHCl3) 2946 – 2866 (C-H), 1693 

(C=O), 1617 (C=N) cm-1; 1H NMR (600 MHz, CDCl3) δ 10.01 (1 H, s, CHO), 7.76 

(1 H, d, J = 8.9, ArCH), 7.04 (1 H, d, J = 2.3, ArCH), 7.01 (1 H, dd, J = 8.9, 2.3, 

ArCH), 5.97 (2 H, s, NCH2O), 3.54 (2 H, t, J = 8.2, OCH2CH2Si), 1.34 – 1.28 (3 H, 

m, CHMe2), 1.12 (18 H, d, J = 7.5, CHMe2), 0.88 (2 H, t, J = 8.2, CH2Si), -0.07 (9 

H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 184.1 (CHO), 156.3 (ArC-OH), 146.0 

(ArC), 138.0 (ArC), 137.7 (ArC), 122.8 (ArCH), 119.6 (ArCH), 100.9 (ArCH), 73.3 

(NCH2O), 66.3 (OCH2), 17.9 (CHMe2), 17.7 (CH2Si), 12.6 (CHMe2), -1.6 (SiMe3); 

m/z (ES+) 449 (65%, [M+H]+) HRMS C23H41N2O3Si2 [M+H]+ calcd. 449.2656, found 

449.2643. 
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methyl (2-(diethoxyphosphoryl)ethanethioyl)serinate (118) 

 

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 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 in vacuo to obtain a colourless oil; 31P NMR 

(161 MHz, CDCl3) δ 15.4; 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 CH2Cl2 (20 mL). A 

suspension of DL-serine methyl ester was made in CH2Cl2 (50 mL) and Et3N (3.14 

g, 31.1 mmol) added. The mixture was vigorously stirred at room temperature until 

all solid had dissolved, and then diluted with additional CH2Cl2 (50 mL) and added 

to the phosphonate solution. The reaction mixture was left to stir at room 

temperature for 3 days and reaction progress was monitored by 31P NMR. After 

complete consumption of starting material, the mixture was concentrated in vacuo 

to obtain the crude compound as an olive green slurry that was purified by flash 
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column chromatography (gradient elution: EtOAc – 10% MeOH /EtOAc) to afford 

the title compound as a yellow oil (8.36 g, 26.7 mmol, 95% over 3 steps); Rf 0.21 

(EtOAc); 1H NMR (CDCl3, 600) δ 8.92 (1 H, s, NH), 5.22 – 5.18 (1 H, m, HN-CH-

CO2Me), 4.21 – 4.14 (5 H, m), 4.00 (1 H, m), 3.81 (3 H, s, OCH3), 3.53 – 3.48 (2 

H, m), 1.37 – 1.34 (6 H, m, CH3); 31P NMR (161 MHz, CDCl3) δ 21.1.  

The data is in agreement with the literature.83 

 

methyl(E)-(3-(5-((triisopropylsilyl)oxy)-1-((2-(trimethylsilyl)ethoxy)methyl)-

1H-benzo[d]imidazol-2-yl)prop-2-enethioyl)serinate (184) 

 

A solution of phosphonate 118 (0.300 g, 0.96 mmol) in THF (5 mL) was cooled to 

0 °C and solid t-BuOK (0.144 g, 1.28 mmol) added. The mixture was allowed to 

warm up to room temperature and stirred for 1 h. The mixture was cooled to 0 °C 

again and a solution of aldehyde 182 (0.289 g, 0.64 mmol) in THF (3 mL) was 

added drop-wise and stirred at room temperature for 3 h. The mixture was poured 

into brine (5 mL) and the organic layer diluted with EtOAc (10 mL). The aqueous 

layer was further extracted with EtOAc (2 x 10 mL). The organic extracts were 

combined and further washed with brine (10 mL) and then dried (MgSO4), filtered 

and concentrated under reduced pressure to give the crude compound as a deep 

yellow oil which was purified by flash column chromatography (gradient elution: 

20% EtOAc/ hexane – 50% EtOAc/hexane) to give the title compound as a deep 

yellow oil (0.206 g, 0.34 mmol, 53%); Rf 0.25 (40% EtOAc/petroleum ether); IR νmax 
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(solution in CHCl3) 3183 (br, O-H, N-H), 2941 – 2626 (C-H), 1706 (C=O), 1600 

(C=O) cm-1; 1H NMR (600 MHz, CDCl3) δ 8.82 (1 H, d, J =7.5, NH), 7.96 (1 H, d, J 

=14.7, HC=C), 7.66 (1 H, d, J =14.7, C=CH), 7.32 (1 H, d, J =8.8, ArCH), 7.18 (1 

H, d, J =2.3, ArCH), 6.97 (1 H, dd, J =8.8, 2.3, ArCH), 5.60 (2 H, s, NCH2O), 5.45 

(1 H, apt. dt, J =7.5, 3.1, HN-CH-CO2Me), 4.27 (1 H, dd, J =11.5, 3.0, CHaHbOH), 

4.22 (1 H, dd, J =11.5, 3.2, CHaHbOH), 3.75 (3 H, s, OMe), 3.54 (2 H, t, J =8.2, 

OCH2CH2Si), 1.33 – 1.28 (3 H, m, CHMe2), 1.13 (18 H, d, J =7.5, CHMe2), 0.91 (3 

H, t, J =8.2, CH2Si), -0.07 (9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 193.2 

(C=S), 169.9 (C=O), 153.2 (ArC-OSiR3), 148.7 (ArC), 142.8 (ArC), 133.7 

(RHC=CHR’), 130.1 (ArC), 126.5 (RHC=CHR’), 118.7 (ArCH), 110.2 (ArCH), 108.2 

(ArCH), 72.1 (NCH2O), 66.5 (OCH2), 61.5 (CH2OH), 60.3 (HN-CH-CO2Me), 52.5 

(OMe), 17.7 (CHMe2), 17.4 (CH2Si), 12.4 (CHMe2), -1.8 (SiMe3); m/z (ES+) 608 

(100%, [M+H]+); HRMS C29H50N3O5SSi2 [M+H]+ calcd. 608.3010, found 608.3014. 

 

methyl (E)-(3-(6-((triisopropylsilyl)oxy)-1-((2-(trimethylsilyl)ethoxy)methyl)-

1H-benzo[d]imidazol-2-yl)prop-2-enethioyl)serinate (185) 

 

Procedure as that for thioamide 184 on a 1.00 mmol scale of 178. The title 

compound was isolated as a deep yellow oil (0.212 g, 0.35 mmol, 35%); Rf 0.17 

(50% EtOAc/petroleum ether); IR νmax (solution in CHCl3) 3245, 2944, 2863, 1739, 

1615 cm-1; 1H NMR (600 MHz, CDCl3) δ 9.09 (1 H, d, J =7.5, NH), 7.95 (1 H, d, J 

=14.7, HC=C), 7.61 (1 H, d, J =14.7, C=CH), 7.55 (1 H, d, J =8.6, ArCH), 6.93 – 
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6.89 (2 H, m, ArCH), 5.54 (2 H, s, NCH2O), 5.48 – 5.44 (1 H, m, HN-CH-CO2Me), 

4.34 (1 H, dd, J =11.5, 2.7, CHaHbOH), 4.22 (1 H, dd, J =11.5, 2.9, CHaHbOH), 3.82 

(1 H, br s, OH), 3.68 (3 H, s, OMe), 3.53 (2 H, t, J =8.1, OCH2CH2Si), 1.30 – 1.26 

(3 H, m, CHMe2), 1.12 (18 H, d, J = 7.4, CHMe2), 0.90 (2 H, t, J =8.1, CH2Si), -0.07 

(9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 193.9 (C=S), 170.3 (C=O), 154.2 

(ArC-OH), 148.4 (ArC), 137.2 (ArC), 136.4 (RHC=CHR’), 133.3 (ArCH), 127.2 

(RHC=CHR’), 120.0 (ArC), 118.4 (ArCH), 100.5 (ArCH), 72.5 (NCH2O), 66.8 

(OCH2), 61.8 (CH2OH), 60.5 (HN-CH-CO2Me), 52.8 (OMe), 18.1 (CHMe2), 17.9 

(CH2Si), 12.8 (CHMe2), -1.3 (SiMe3); m/z (ES+) 608 (100%, [M+H]+); HRMS 

C29H50N3O5SSi2 [M+H]+ calcd. 608.3010, found 608.3010. 

 

methyl (E)-2-(2-(5-((triisopropylsilyl)oxy)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazol-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylate (186) 

 

A solution of compound 184 (0.013 g, 0.021 mmol) in anhydrous CH2Cl2 (0.20 mL) 

was cooled to -78 °C and diethylaminosulfur trifluoride (8.3 μL, 0.063 mmol) added. 

The mixture was stirred at -78 °C for 40 mins. The mixture was quenched with aq. 

saturated NH4Cl (5 mL) at -78 °C, allowed to warm-up slowly to room temperature 

and extracted with CH2Cl2 (3 x 10 mL). The organic extracts were combined, dried 

(MgSO4), filtered and concentrated under reduced pressure to give the crude 

compound as yellow oil which was clean enough by 1H-NMR to carry forward to 

the next step (0.012 g, 0.21 mmol, 100%); Rf 0.19 (30% EtOAc/petroleum ether); 
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IR νmax (solution in CHCl3) 2948 – 2867 (C-H), 1733 (C=O), (1621) (C=N) cm-1; 1H 

NMR (300 MHz, CDCl3) δ 7.71 (1 H, d, J =15.7, HC=C), 7.31 – 7.26 (3 H, m, ArCH 

and C=CH), 6.95 (1 H, dd, J = 8.7, 2.2, ArCH), 5.56 (2 H, s, NCH2O), 5.27 (1 H, t, 

J =9.1, N-CH-CO2Me), 3.84 (3 H, s, OMe), 3.67 (1 H, d, J =9.1, CH2OH), 3.62 (1 

H, d, J = 9.1, CH2OH), 3.53 (2 H, t, J = 8.3, OCH2CH2Si), 1.34 – 1.30 (3 H, m, 

SiCH), 1.11 (18 H, d, J =7.2, CHMe2), 0.91 (2 H, t, J =8.3, CH2Si), -0.08 (9 H, s, 

SiMe3); 13C NMR (151 MHz, CDCl3) δ 171.1 (C=O), 169.2 (C=N), 153.1 (ArC-OH), 

149.1 (ArC), 144.0 (ArC), 130.9 (ArC), 128.9 (RHC=CHR’), 126.4 (RHC=CHR’), 

118.9 (ArCH), 109.9 (ArCH), 109.5 (ArCH), 78.5 (N-CH-CO2Me), 72.4 (NCH2O), 

66.8 (OCH2CH2Si), 53.0 (OMe), 35.1 (CH2S), 18.1 (CHMe2), 12.7 (CHMe2), -1.3 

(SiMe3); m/z (ES+) 588 (100%, [M-2H+H]+); HRMS C29H45N3O4SSi2+H [M-2H+H]+ 

calcd. 588.2748, found 588.2746.  

 

methyl (E)-2-(2-(6-((triisopropylsilyl)oxy)-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-benzo[d]imidazol-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylate (187) 

 

Procedure as that for thiazoline 186 on a 0.069 mmol scale of 185. Work-up gave 

the crude compound as red oil which was purified by flash column chromatography 

(gradient elution: 30 - 50% EtOAc/ Hexane) to give the title compound as a yellow 

oil (49 mg, 0.069 mmol, 100%); Rf 0.33 (50% EtOAc/ petroleum ether); IR νmax 

(solution in CHCl3) 2946 – 2866 (C-H), 1738 (C=O), 1619 (C=N) cm-1; 1H NMR 

(600 MHz, CDCl3) δ 7.66 (1 H, d, J = 15.8, HC=C), 7.60 (1 H, d, J = 9.3, ArCH), 
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7.27 (1 H, d, J = 15.8, C=CH), 6.91 – 6.88 (2 H, m, ArCH), 5.52 (2 H, s, NCH2O), 

5.25 (1 H, t, J = 9.1, N-CH-CO2Me), 3.83 (3 H, s, OMe), 3.67 (1 H, d, J = 9.1, 

CH2S), 3.60 (1 H, d, J =9.1, CH2S), 3.52 (2 H, t, J = 8.1, OCH2CH2Si), 1.32 – 1.28 

(3 H, m, SiCH), 1.11 (18 H, d, J = 7.5, CHMe2), 0.90 (2 H, t, J =8.1, CH2Si), -0.07 

(9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 171.2 (C=O), 169.3 (C=N), 154.0 

(ArC-OH), 148.3 (ArC), 138.1 (ArC), 136.8 (ArC), 128.3 (RHC=CHR’), 126.8 

(RHC=CHR’), 120.8 (ArCH), 117.8 (ArCH), 100.0 (ArCH), 78.6 (N-CH-CO2Me), 

72.5 (NCH2O), 66.8 (OCH2CH2Si), 53.0 (OMe), 35.0 (CH2S), 18.1 (CHMe2), 12.8 

(CH2Si), -1.3 (SiMe3); m/z (ES+) 588 (100%, [M-2H+H]+); HRMS 

C29H45N3O4SSi2+H [M-2H+H]+ calcd. 588.2748, found 588.2747. 

 

methyl 2-((diethoxyphosphoryl)methyl)-4,5-dihydrothiazole-4-carboxylate 

(188) 

 

A solution of phosphonate 118 (102 mg g, 0.33 mmol) in anhydrous CH2Cl2 (3 mL 

mL) was cooled to -78 °C and diethylaminosulfur trifluoride (0.132 mL, 1.00 mmol) 

added. The mixture was stirred at -78 °C for 1.5 h. The mixture was quenched with 

aq. saturated NH4Cl (1.5 mL mL) at -78 °C, allowed to warm-up slowly to room 

temperature and extracted with CH2Cl2 (3 x 10 mL). The organic extracts were 

combined, dried (MgSO4), filtered and concentrated under reduced pressure to 

give the crude compound as yellow oil. Purification by flash column 

chromatography afforded the title compound (72 mg, 0.24 mmol, 73%); Rf 0.31 

(10% MeOH/ EtOAc); 1H NMR (300 MHz, CDCl3) δ 5.09 (1 H, dd, J = 15.1, 9.1, 

CHCO2Me), 4.15 (4 H, dd, J = 14.8, 7.3, OCH2), 3.81 (3 H, s, OMe), 3.69 – 3.54 (2 
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H, m, CH2), 3.31 – 3.10 (2 H, m, CH2), 1.34 (6 H, t, J = 7.3, CH3); 31P NMR (161 

MHz, CDCl3) δ 20.7. 

The data is in agreement with the literature.83 

 

methyl (E)-2-(2-(6-((triisopropylsilyl)oxy)-1H-benzo[d]imidazol-2-yl)vinyl)-

4,5-dihydrothiazole-4-carboxylate (192) 

 

A solution of compound 186 or 187 (102 mg, 0.17 mmol) in CH2Cl2 (4 mL) was 

cooled to 0 °C and 1.0 M tin (IV) chloride solution in CH2Cl2 (0.35 mL, 0.35 mmol) 

diluted in CH2Cl2 (1 mL) was added. The mixture was stirred at 0 °C for 20 mins, 

after which it was warmed up to rt and left to stir at 5 h. The mixture was quenched 

at 0 °C with 0.1 M aq. solution of HCl (10 mL). The CH2Cl2 layer was separated. 

Any residual solid in the reaction flask was dissolved in EtOAc (10 mL) and washed 

with 0.1 M aq. solution of HCl (10 mL). The organic layers were individually washed 

with brine (10 mL) and then combined, dried (MgSO4), filtered and concentrated 

under reduced pressure to give the crude compound as a waxy solid which was 

purified by flash column chromatography (gradient elution: 0 - 10% MeOH/ EtOAc) 

to give the title compound as a sticky red oil (0.072 g, 0.16 mmol, 91%); Rf 0.68 

(1% MeOH/ EtOAc); IR νmax (neat) 3218 (N-H), 2953 – 2863 (C-H), 1719 (C=O), 

1654 (C=N) cm-1; 1H NMR (600 MHz, MeOD-d4) δ 7.59 (1 H, d, J = 8.9, ArCH), 

7.49 (1 H, d, J = 16.4, HC=C), 7.22 (1 H, d, J = 16.4, C=CH), 7.12 (1 H, d, J = 2.2, 

ArCH), 7.08 (1 H, dd, J = 8.9, 2.2, ArCH), 5.36 (1 H, t, J = 9.1, N-CH-CO2Me), 3.82 

(3 H, s, OMe), 3.73 (2 H, m, CH2S), 1.35 – 1.33 (3 H, m, SiCH), 1.14 (18 H, d, J = 

7.5, CHMe2); 13C NMR (151 MHz, MeOD-d4) δ 172.1 (C=O), 170.9 (C=N), 156.2 
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(ArC-OH), 148.0 (ArC), 137.0 (ArC), 131.1 (RHC=CHR’), 126.6 (RHC=CHR’), 121.1 

(ArCH), 116.9 (ArCH), 104.4 (ArCH), 79.2 (N-CH-CO2Me), 53.2 (OMe), 35.9 (CH2S), 

18.4 (CHMe2), 13.9 (CHMe2); m/z (ES+) 460 (100%, [M+H]+); HRMS 

C23H33N3O3SSi+H [M+H]+ calcd. 460.2090, found 460.2071. 

 

methyl (E)-(3-(5-hydroxy-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

benzo[d]imidazol-2-yl)prop-2-enethioyl)serinate (193) 

 

A solution of compound 184 (0.042 g, 0.069 mmol) in THF (1.5 mL) was cooled to 

0 °C and 1.0 M tetrabutylammonium fluoride in THF (0.083 mL, 0.083 mmol) was 

added. The mixture was left to stir at 0 °C for 10 mins and then quenched with a 

sat. solution of NH4Cl (6 mL) at 0 °C, allowed to warm-up to room temperature, 

extracted with EtOAc (3 x 10 mL). The organic extracts were combined and 

washed with a sat. solution of NH4Cl (3 x 15 mL), dried (MgSO4), filtered and 

concentrated under reduced pressure to give the crude compound as red oil which 

was purified by flash-column chromatography (gradient elution: 90% 

EtOAc/petroleum ether – neat EtOAc) to afford the title compound as a yellow oil 

(0.029 g, 0.064 mmol, 93%); Rf 0.17 (90% EtOAc/hexane); IR νmax (solution in 

CHCl3) 3252 – 3037 (O-H), 2949 – 2850 (C-H), 1737 (C=O), 1620 (C=N) cm-1; 1H 

NMR (600 MHz, CDCl3) δ 9.32 (1 H, s, NH), 7.81 (1 H, d, J =14.6, HC=C), 7.50 (1 

H, d, J = 14.6, C=CH), 7.22 (1 H, d, J = 8.7, ArCH), 7.17 (1 H, s, ArCH), 6.89 (1 H, 

d, J = 8.7, ArCH), 5.45 (2 H, s, NCH2O), 5.39 – 5.36 (1 H, m, HN-CH-CO2Me), 4.20 
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– 4.11 (2 H, m, CH2OH), 3.71 (3 H, s, OMe), 3.53 (2 H, t, J = 8.2, OCH2CH2Si), 

2.76 (1H, br s, OH), 0.92 (2 H, t, J = 8.2, CH2Si), -0.06 (9 H, s, SiMe3); 13C NMR 

(151 MHz, CDCl3) δ 193.9 (C=S), 170.3 (C=O), 154.1 (ArC-OH), 148.8 (ArC), 

142.8 (ArC), 141.7 (ArC), 129.8 (RHC=CHR’), 126.6 (RHC=CHR’), 115.3 (ArCH), 

111.0 (ArCH), 104.2 (ArCH), 72.4 (NCH2O), 67.0 (OCH2), 60.7 (CH2OH), 60.6 (HN-

CH-CO2Me), 53.0 (OMe), 17.8 (CH2Si), -1.3 (SiMe3); m/z (ES+) 452 (65%, [M+H]+); 

HRMS C20H30N3O5SSi [M+H]+ calcd. 452.1675, found 452.1678. 

 

methyl (E)-(3-(6-hydroxy-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

benzo[d]imidazol-2-yl)prop-2-enethioyl)serinate (194) 

 

Procedure as that for thioamide 193 on a 0.090 mmol scale of 185. The title 

compound was obtained as a yellow oil (0.029 g, 0.064 mmol, 65%) as a mixture 

of E and Z isomers that inter-convert in solvent; Rf 0.31 (90% EtOAc/hexane); IR 

νmax (solution in CHCl3) 3242 – 2953 (O-H, N-H), 2895 (C-H), 1739 (C=O), 1621 

(C=N) cm-1; 1H NMR (600 MHz, CDCl3) δ 13.69 (0.6 H, br s, -NH for Z-isomer), 

8.85 (1 H, br s, -NH for E-isomer), 7.82 (1 H, d, J =14.7, HC=C for E-isomer), 7.52 

– 7.35 (2.4 H, m), 6.90 – 6.73 (4 H, m), 6.51 (0.6 H, d, J =13.5, HC=C for Z-isomer), 

5.42 (2 H, s, NCH2O; 1.6 H, HN-CH-CO2Me), 5.34 (1.2 H, s, NCH2O), 4.38 (1 H, 

dd, J =11.7, 3.3, CH2OH), 4.22 (2.2 H, m, CH2OH), 3.83 (1.8 H, s, OMe for Z-

isomer), 3.75 (3 H, s, OMe for E-isomer), 3.50 (3.2 H, m, OCH2CH2Si), 2.55 (1 H, 

br s, -OH), 0.88 (5.4 H, m, CH2Si, ArOH, CH2OH, OH), -0.07 (14.4 H, overlapping 
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singlets, SiMe3); 13C NMR (151 MHz, CDCl3) δ 193.8 (C=S), 192.0 (C=S), 170.6 

(C=O), 170.3 (C=O), 154.0 (C-O), 153.7 (C-O), 148.7 (ArC), 147.9 (ArC), 142.7 

(ArC), 141.7 (ArC), 137.7 (ArCH), 133.9 (ArCH), 129.7 (ArCH), 129.1 (ArCH), 

115.7 (ArCH), 113.7 (ArCH), 110.9 (ArCH), 110.4 (ArCH), 104.4 (ArCH), 104.0 

(ArCH), 72.6 (NCH2O), 72.3 (NCH2O), 67.0 (OCH2), 66.9 (OCH2), 62.2 (CH2OH), 

62.0 (HN-CH-CO2Me), 53.0 (OMe), 53.0 (OMe), 18.1 (CH2Si), 17.8 (CH2Si) -1.3 

(SiMe3); m/z (ES+) 452 (55%, [M+H]+); HRMS C20H30N3O5SSi [M+H]+ calcd. 

452.1675, found 452.1686. 

 

methyl (E)-2-(2-(5-hydroxy-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

benzo[d]imidazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylate (195) 

 

A solution of compound 193 (0.016 g, 0.033 mmol) in CH2Cl2 (1.0 mL) was cooled 

to -78 °C and diethylaminosulfur trifluoride (23 μL, 0.18 mmol) added. The mixture 

was stirred at -78 °C for 90 mins. The mixture was quenched with a sat. solution 

of NaHCO3 (2 mL) at -78 °C, allowed to warm-up slowly to room temperature and 

extracted with CH2Cl2 (3 x 5 mL). The organic extracts were combined, dried 

(MgSO4), filtered and concentrated under reduced pressure to give the crude 

compound as red oil which was purified by flash column chromatography (70% 

EtOAc/ hexane) to give the title compound as a yellow oil (0.010 g, 0.22 mmol, 

67%); Rf 0.23 (90% EtOAc/petroleum ether); IR νmax (solution in CHCl3) 3279 (br, 

OH),  2953 – 2854 (C-H), 1741 (C=O), 1621 (C=N) cm-1; 1H NMR (600 MHz, 
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CDCl3) δ 7.68 (1 H, d, J = 15.8, HC=C), 7.30 – 7.26 (2 H, m, ArCH, C=CH), 7.23 

(1 H, d, J =2.2, ArCH), 6.94 (1 H, dd, J = 8.7, 2.2, ArCH), 5.54 (2 H, s, NCH2O), 

5.26 (1 H, t, J = 9.1, CHCO2Me), 3.83 (3 H, s, OMe), 3.68 (1 H, dd, J =11.1, 9.0, 

CH2S), 3.60 (1 H, dd, J = 11.0, 9.1, CH2S), 3.54 (2 H, t, J = 8.1, OCH2), 0.92 – 0.88 

(3 H, m, CH2Si, OH), -0.06 (9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) δ 171.1 

(C), 169.3 (C), 153.5 (C), 149.0 (C), 143.8 (C), 130.5 (C), 129.2 (C), 126.3 (CH), 

114.8 (CH), 110.4 (CH), 104.9 (CH), 78.5 (CH), 72.5 (CH2), 66.9 (CH2), 53.0 (CH3), 

35.1 (CH2), 17.8 (CH2), -1.3 (CH3); m/z (ES+) 434 (100%, [M+H]+); HRMS 

C20H28N3O4SSi [M+H]+ calcd. 434.1570, found 434.1571. 

 

methyl (E)-2-(2-(6-hydroxy-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

benzo[d]imidazol-2-yl)vinyl)-4,5-dihydrothiazole-4-carboxylate (196) 

 

Procedure as that for thiazoline 195 on a 0.047 mmol scale of 194. The title 

compound was isolated as a deep yellow oil (0.013 g, 0.030 mmol, 65%); Rf 0.19 

(70% EtOAc/ hexane); IR νmax (solution in CHCl3) 3163 (O-H, N-H), 2949 – 2923 

(C-H), 1731 (C=O), 1619 (C=N) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.64 (1 H, d, J 

=15.8, HC=C), 7.55 (1 H, d, J =8.7, ArCH), 7.24 (1 H, d, J =15.8, HC=C), 6.91 (1 

H, d, J =2.0, ArCH), 6.87 (1 H, dd, J =8.7, 2.0, ArCH), 5.46 (2 H, s, NCH2O), 5.26 

(1 H, t, J =9.1, CHCO2Me), 3.83 (3 H, s, OMe), 3.70 – 3.66 (1 H, m, CH2S), 3.63 – 

3.59 (1 H, m, CH2S), 3.53 (2 H, t, J =8.1, OCH2), 0.90 (2 H, t, J =8.1, CH2Si), -0.06 

(9 H, s, SiMe3); 13C NMR (151 MHz, CDCl3) 171.1 (C), 169.3 (C), 153.7 (C), 148.9 
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(C), 130.3 (C), 129.7 (C), 129.2 (CH), 126.2 (CH), 114.9 (CH), 110.4 (CH), 104.7 

(CH), 78.4 (CH), 72.6 (CH2), 66.9 (CH2), 53.1 (CH3), 35.1 (CH2), 17.8 (CH2), -1.3 

(CH3); m/z (ES+) 434 (55%, [M+H]+); HRMS C20H28N3O4SSi [M+H]+ calcd. 

434.1570, found 434.1573. 

methyl (E)-2-(2-(6-hydroxy-1H-benzo[d]imidazol-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylate (197) 

 

A solution of compound 195 or 196 (13 mg, 0.030 mmol) in CH2Cl2 (2 mL) was 

cooled to 0 °C and 1.0 M tin (IV) chloride solution in CH2Cl2 (0.15 mL, 0.15 mmol) 

added. The mixture was stirred at 0 °C for 3 h, after which an additional volume of 

1.0 M tin (IV) chloride solution in CH2Cl2 (0.15 mL, 0.15 mmol) added and left to 

stir at 0 °C for 1 h. The mixture was quenched at 0 °C with a 0.1 M aq. solution of 

HCl (5 mL). The CH2Cl2 layer was separated and the aqueous layer was 

neutralised to pH=7 with a sat. solution of NaHCO3 and extracted with EtOAc (3 x 

10 mL). The organic extracts were combined, dried (MgSO4), filtered and 

concentrated under reduced pressure to give the crude compound as a waxy solid 

which was purified by trituration with CHCl3 (3 x 0.5 mL) and the residue dried to 

give the desired compound as a brown solid (8.6 mg, 0.028 mmol, 95%); mp 175-

176 °C; Rf 0.07 (2% MeOH/ EtOAc); IR νmax (solid state) 3297 (O-H, N-H), 2923 – 

2853 (C-H), 1719 (C=O), 1639 (C=N) cm-1; 1H NMR (600 MHz, MeOD-d4) δ 7.63 

(1 H, d, J = 9.0, ArCH), 7.59 (1 H, d, J = 16.5, HC=C), 7.26 (1 H, d, J = 16.5, 

HC=C), 7.16 (1 H, dd, J = 9.0, 2.2, ArCH), 7.08 (1 H, d, J = 2.2, ArCH), 5.42 (1 H, 

t, J = 9.1, CHCO2Me), 3.83 (3 H, s, OMe), 3.78 (2 H, dd, J =12.6, 9.1, CH2S); 13C 

NMR (151 MHz, MeOD-d4) δ 170.5 (C=O), 168.7 (ArC), 161.0 (ArC), 157.8 (ArC), 

133.9 (HC=C), 133.1 (ArC), 125.2 (ArC), 122.7 (C=CH), 119.1 (ArCH), 115.9 
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(ArCH), 98.8 (ArCH), 79.4 (ArCH), 53.3 (OCH3), 36.1 (CH2S); m/z (ES+) 304 (2%, 

[M+H]+); HRMS C14H14N3O3S [M+H]+ calcd. 304.0756, found 304.0777. 

 

(E)-2-(2-(6-hydroxy-1H-benzo[d]imidazol-2-yl)vinyl)-4,5-dihydrothiazole-4-

carboxylic acid (145) 

 

A solution of ester 197 (10.0 mg, 0.033 mmol) was dissolved in phosphate buffer 

(10 mL, pH=7.8), and treated with PLE (9.2 mg) and incubated at 37 °C for 24 h. 

Solvent was removed in vacuo and the residue obtained suspended in a mixture 

of 1:1 MeOH/CHCl3. Precipitate formed was filtered off, and further washed with a 

mixture of 1:1 MeOH/CHCl3 (10 mL). The washings combined and concentrated in 

vacuo to get the desired product as a yellow solid (6.0 mg, 0.021 mmol, 63%); mp 

170-171 °C; IR νmax (solid state) 3400 (O-H, N-H), 3123 (O-H, N-H), 2953 (C-H), 

1737 (C=O), 1619 (C=N) cm-1; 1H NMR (600 MHz, THF-d8) δ 7.83 (1 H, d, J =8.8, 

ArCH), 7.36 (1 H, d, J = 16.1, HC=C), 7.33-7.28 (2 H, m, HC=C and ArCH), 6.99 

(1 H, dd, J =8.8, 2.4, ArCH, 5.22 (1 H, t, J =8.9, CHCO2H), 3.69 (1 H, d, CH2S), 

3.63 (1 H, d, CH2S); 13C NMR (151 MHz, THF-d8) δ 171.6 (C=O), 166.7 (ArC), 

160.1 (ArC), 148.0 (ArC), 136.9 (ArC), 133.7 (HC=C), 128.2 (C=CH), 124.2 

(ArCH), 116.3 (ArCH), 106.1 (ArCH), 78.8 (N-CH-CO2H), 34.6 (SCH2); m/z (ES+) 

242 (100%), 597 (10%, [2M+Na]+); HRMS [C26H18N6O6S2+Na]+  calcd. 597.0627, 

found 597.0650. 
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6.5 Synthesis of PBIiLH2 (144) 

1-bromo-3-((2-methoxyethoxy)methoxy)benzene (203) 

 

To a cooled solution of NaH (0.083 g, 3.47 mmol) in anhydrous DMF (3.10 mL) 

was added drop-wise a solution of 3-bromophenol (0.500 g, 2.89 mmol) in DMF 

(1.40 mL). The mixture was allowed to warm to room temperature and stirred for 

40 mins to give a clear green solution. The mixture was cooled again to 0 °C and 

2-Methoxyethoxymethyl chloride (0.43 mL, 3.47 mmol) was added drop-wise. A 

white suspension formed within 5 mins which was left to stir at room temperature 

for 2 h. The reaction was quenched by pouring it in ice-water (45 mL) and extracted 

with Et2O (3 x 15 mL). The organic layers were combined, dried (MgSO4), filtered 

and concentrated under reduced pressure to yield the crude compound as a yellow 

oil which was purified by passing through a silica plug (Eluent = 50% 

EtOAc/Hexane) to give compound the title compound as a yellow oil (0.626 g, 2.40 

mmol, 83% (10% starting material co-eluted, so actual yield = 73%); Rf 0.36 (20% 

EtOAc/ hexane); IR νmax (neat oil) 2879 (C-H), 1216 (C-O), 681 (C-Br) cm-1; 1H 

NMR (600 MHz, CDCl3) δ 7.22 – 7.20 (1 H, m, ArCH), 7.11 – 7.09 (2 H, m, ArCH), 

6.98 – 6.94 (1 H, m, ArCH), 5.21 (2 H, s, OCH2O), 3.81 – 3.76 (2 H, m, OCH2), 

3.55 – 3.50 (2 H, m, OCH2), 3.34 (3 H, s, OMe); 13C NMR (151 MHz, CDCl3) δ 

158.1 (ArCO), 130.7 (ArCH), 125.1 (ArCH), 122.8 (ArCBr), 119.8 (ArCH), 115.2 

(ArCH), 93.6 (OCH2O), 71.7 (OCH2), 67.9 (OCH2), 59.1 (OCH3); m/z (ES+) 260 

(100%, [M]+) HRMS C10H13O3Br calcd. 260.0043, found 260.0043. 
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3-methoxyphenyl)boronic acid (214) 

 

A solution of 1-bromo-3-methoxybenzene (0.34 mL, 2.67 mmol) in anhydrous THF 

was cooled to -78 °C and 1.36 M n-butyllithium solution in hexanes (2.95 mL, 4.01 

mmol) added drop-wise over 5 min. The mixture was stirred for 1 h at -78 °C and 

then trimethylborate (1.79 mL, 16.02 mmol) added. The resulting solution was 

warmed up to room temperature and stirred for 20 h. Aqueous 1.0 M Hydrochloric 

acid solution (11 mL) was added until the pH of 1-2 was reached, at which point a 

white precipitate was formed, which settled at the bottom of the flask. The aqueous 

layer was extracted with EtOAc (3 x 10 mL). The organic extracts were combined, 

dried (MgSO4), filtered and concentrated under reduced pressure to give the crude 

compound as a pale yellow solid which was purified by recrystallization (10% 

EtOAc/ petroleum ether) to afford the desired compound as white crystals (0.313 

g, 2.06 mmol, 77% (85%)140); mp 161.2 – 164.9 °C (154 – 158 °C)196; 1H NMR (600 

MHz, DMSO-d6) δ 8.03 (2 H, s, B(OH)2), 7.36 (2 H, td, J = 2.2, 1.0, ArCH), 7.28 – 

7.23 (1 H, m, ArCH), 6.96 (1 H, ddd, J = 8.1, 2.2, 1.0, ArCH), 3.75 (3 H, s, OMe). 

The data is in agreement with the literature.140 

 

(2-iodo-5-methoxyphenyl)boronic acid (207) 
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A suspension of compound 214 (0.717 g, 4.72 mmol) was made in EtOH (15 mL) 

and Ag2SO4 (736 mg, 2.36 mmol) added. A 0.3 M solution of I2 was prepared by 

dissolving I2 crystals (1.20 g, 4.72 mmol) in EtOH (15.8 mL) and this was added to 

the boronic acid solution drop-wise at room temperature. After complete addition, 

the reaction was monitored by TLC and when no starting material was seen after 

2 h, the reaction was quenched by addition of an aqueous saturated solution of 

sodium sulphite (1 mL). The reaction mixture was filtered through a pad of Celite® 

and the residue washed with EtOAc (30 mL). Brine (30 mL) was added to the filtrate 

and the mixture further extracted with EtOAc (2 x 30 mL). The combined organic 

extracts were washed with aqueous sodium sulphite solution (30 mL), brine (30 

mL) and then dried (MgSO4). The dessicant was filtered and the filtrate 

concentrated under reduces pressure to give the crude compound as a pale yellow 

solid, which was purified by flash column chromatography (15 % EtOAc/ petroleum 

ether) to give the desired compound as a white solid (1.07 g, 3.83 mmol, 81% 

(81%)136); mp 143.1 – 147.5 °C (150 °C)136; 1H NMR (400 MHz, DMSO-d6) δ 8.24 

(2 H, s, B(OH)2), 7.60 (2 H, d, J = 8.6, ArCH), 6.80 (1 H, d, J = 3.2, ArCH), 6.68 (1 

H, dd, J = 8.6, 3.2, ArCH), 3.72 (3 H, s, OMe). 

The data is in agreement with the literature.136 

 

N-(4-methoxyphenyl)pyridin-2-amine (230) 

 

To a solution of 1-iodo-4-methoxybenzene (702 mg, 3.00 mmol) in 1,4-dioxane 

(4.5 mL) were added 2-aminopyridine (423 mg, 4.50 mmol), copper(I) iodide (60 

mg, 0.30 mmol), and potassium tert-butoxide (672 mg, 2.00 mmol) and the mixture 

stirred and heated at 100 °C for 24 h. The mixture was then cooled to room 
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temperature, and poured into water (30 mL), and extracted with EtOAc (3 x 30 mL). 

The organic layers were combined and dried (MgSO4), filtered and concentrated 

under reduced pressure to yield a brown oil. Purification by flash column 

chromatography (10% EtOAc/ hexane) gave the desired compound as a colourless 

oil (122 mg, 60.9 nmol, 21%); Rf 0.11 (10% EtOAc/ hexane); 1H NMR (600 MHz, 

CDCl3) δ 8.15 (1 H, dd, J = 5.0, 1.0, ArCH), 7.43 (1 H, ddd, J = 9.0, 5.4, 1.8, ArCH), 

7.24 (2 H, d, J = 8.9, ArCH), 6.90 (2 H, d, J = 8.9, ArCH), 6.77 (1 H, s, NH), 6.71 – 

6.64 (2 H, m, ArCH), 3.81 (3 H, s, OMe); 13C NMR (151 MHz, CDCl3) δ 157.5 (ArC), 

156.3 (ArC), 148.5 (ArCH), 137.8 (ArCH), 133.4 (ArC), 124.3 (ArCH), 114.7 

(ArCH), 114.4 (ArCH), 107.3 (ArCH), 55.7 (OMe). 

The data is in agreement with the literature.144 

 

8-methoxybenzo[4,5]imidazo[1,2-a]pyridine (228) 

 

To a solution of 238 (51 mg, 0.25 mmol) in HFIP (2 mL) was added 

(Diacetoxyiodo)benzene (123 mg, 0.38 mmol) and the solution warmed to 40 °C 

for 1.5 h. The solution was quenched with an aq. saturated solution of Na2S2O3 (5 

mL) and poured into brine (5 mL). The reaction mixture was extracted with EtOAc 

(3 x 10 mL), dried (MgSO4), filtered and concentrated in vacuo to give a brown oil. 

Purification by flash column chromatography (5% MeOH/ CH2Cl2) gave the desired 

compound as a colourless oil (48 mg, 0.24 mmol, 95%); Rf 0.48 (5% MeOH/ 

CH2Cl2); 1H NMR (600 MHz, CDCl3) δ 8.33 (1 H, d, J = 6.9, ArCH), 7.83 (1 H, d, J 

= 8.9, ArCH), 7.65 (1 H, d, J = 9.3, ArCH), 7.35 – 7.32 (1 H, m, ArCH), 7.29 (1 H, 

d, J = 2.4, ArCH), 7.19 (1 H, dd, J = 8.9, 2.4, ArCH), 6.80 (1 H, td, J = 6.9, 0.9, 

ArCH), 3.94 (3 H, s, OMe); δ 155.5 (ArC), 148.2 (ArC), 139.2 (ArC), 128.9 (ArC), 
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128.2 (ArCH), 124.8 (ArCH), 120.7 (ArCH), 118.3 (ArCH), 116.1 (ArCH), 110.3 

(ArCH), 93.3 (ArCH), 56.1 (OMe). 

The data is in agreement with the literature.143 

 

 

benzo[4,5]imidazo[1,2-a]pyridin-8-ol (234) 

 

To a solution of 1,4-benzoquinone (2.16 g, 20.0 mmol) in AcOH (5 mL) was added 

a solution of 2-aminopyridine (940 mg, 10.0 mmol) in AcOH (3 mL). The mixture 

was diluted with H2O (3 mL) and boiled for 10 mins until the mixture turned red. 

Mixture was cooled quickly to room temperature in an ice bath and then acidified 

with aq. 6.0 M HCl (5 mL) and then diluted with H2O (60 mL). The aqueous layer 

was extracted with EtOAc (3 x 30 mL), cooled to 0 °C and basified to pH = 8 with 

solid Na2CO3. The crude, olive-green precipitate formed was filtered, and air-dried 

over-night to afford the title compound as an olive-green solid (1.52 g, 8.25 mmol, 

83%); mp. 254 - 255 ºC (259 – 260 °C)145; Rf 0.45 (10% MeOH/ CH2Cl2); 1H NMR 

(600 MHz, MeOD-d4) δ 8.66 (1 H, d, J = 6.9, ArCH), 7.63 (1 H, d, J = 8.8, ArCH), 

7.56 (1 H, dt, J = 9.3, 1.0, ArCH), 7.50 – 7.44 (2 H, m, ArCH), 7.09 (1 H, dd, J = 

8.8, 2.3, ArCH), 6.93 (1 H, td, J = 6.9, 1.0, ArCH); 13C NMR (151 MHz, MeOD-d4) 

δ 154.5 (ArC), 149.0 (ArC), 138.4 (ArC), 130.5 (ArCH), 130.5 (ArC), 127.0 (ArCH), 

120.1 (ArCH), 117.6 (ArCH), 117.5 (ArCH), 111.7 (ArCH), 97.0 (ArCH); m/z (ES+) 

185 (100%, [M]+) HRMS C11H8N2O calcd. 185.0715, found 185.0730. 

Melting point, IR and elemental analysis data was present in the literature.145 All 

other data was not present in the literature. 
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8-hydroxybenzo[4,5]imidazo[1,2-a]pyridine-3-carbonitrile (222) 

 

To a solution of 1,4-benzoquinone (540 mg, 5.00 mmol) in AcOH (1.25 mL) was 

added a solution of 2-amino-4-cyanopyridine (290 mg, 2.50 mmol) in AcOH (0.75 

mL). The mixture was diluted with H2O (0.75 mL) and boiled for 5 mins until the 

mixture turned red. Mixture was cooled quickly to room temperature in an ice bath 

and then acidified with aq. 6.0 M HCl (1.25 mL) and then diluted with H2O (15 mL). 

The aqueous layer was extracted with Et2O (3 x 15 mL), cooled to 0 °C and basified 

to pH = 8 with solid Na2CO3. The crude, brown precipitate formed was filtered, dried 

under vacuum, and purified by flash column chromatography (10% MeOH/EtOAc) 

to afford the title compound as a yellow solid (379 mg, 1.81 mmol, 72%); mp 171-

173 ºC; Rf 0.62 (10% MeOH/EtOAc); IR νmax (solid) 3500 (br, O-H), 3086 (C-H), 

2229 (CºN), 1641 (C=N) cm-1; 1H NMR (600 MHz, Methanol-d4) δ 8.77 (1 H, dd, J 

=7.1, ArCH), 8.05 (1 H, s, ArCH), 7.68 (1 H, d, J =8.9, ArCH), 7.43 (1 H, d, J =2.3, 

ArCH), 7.14 (1 H, dd, J =8.9, 2.3, ArCH), 7.02 (1 H, dd, J =7.1, ArCH); 13C NMR 

(151 MHz, Methanol-d4) δ 156.5 (C), 146.5 (C), 139.8 (C), 131.1 (C), 128.7 (ArCH), 

124.9 (ArCH), 121.5 (C), 119.6 (ArCH), 118.6 (ArCH), 112.9 (ArC), 111.3 (ArCH), 

97.2 (ArCH); m/z (ES-) 208 (60%, [M-H]-); HRMS for C12H6N3O [M-H]- calcd. 

208.0511, found 208.0501. 

 

2-(8-hydroxybenzo[4,5]imidazo[1,2-a]pyridin-3-yl)-4,5-dihydrothiazole-4-

carboxylic acid (144) 
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To a suspension of compound 222 (177 mg, 0.85 mmol) in EtOH (5 mL) were 

added D,L-cysteine (205 mg, 1.69 mmol) and NaHCO3 (286 mg, 3.40 mmol) and 

the mixture heated at reflux for 48 h. Solvent was removed in vacuo and the 

remaining residue washed with ice-cold Et2O (3 x 10 mL). The residue was 

dissolved in ice cold H2O (4.2 mL) and acidified with 2M HCl to pH = 2. A precipitate 

was formed and this was filtered and dried to afford the title compound as a tan 

solid (100 mg, 0.32 mmol, 38%); mp 279 °C; IR υmax (solid state) 3253 (br, O-H), 

3063 (O-H), 2927 (C-H), 1719 (C=O); 1H NMR (600 MHz, DMSO-d6) δ 13.11 (1 H, 

s, CO2H), 9.80 (1 H, br s, OH), 8.97 (1 H, d, J = 7.1, ArCH), 7.84 (1 H, s, ArCH), 

7.71 (1 H, d, J = 8.7, ArCH), 7.59 (1 H, s), 7.32 (1 H, d, J = 7.1, ArCH), 7.10 (1 H, 

dd, J = 8.8, 2.0, ArCH), 5.39 (1 H, t, J = 8.9, CHCO2H), 3.82 – 3.77 (1 H, m, CH2S), 

3.72 – 3.68 (1 H, m, CH2S); 13C NMR (151 MHz, DMSO-d6) 171.6 (C=O), 167.1 

(ArC), 153.7 (ArC), 145.0 (ArC), 138.2 (ArC), 131.8 (ArC), 129.4 (ArC), 126.8 

(ArCH), 120.0 (ArCH), 118.0 (ArCH), 117.1 (ArCH), 107.8 (ArCH), 96.5 (ArCH), 

78.5 (CHCO2H), 35.35 (CH2S); m/z (ES+) 314 (100%, [M+H]+); HRMS for 

C15H12N3O3S [M+H]+ calcd. 314.0599, found 314.0587. 

 

Results from unexpected reactions 

 

3,3'-oxybis(methoxybenzene) (217) and (E)-N,1-bis(3-

methoxyphenyl)pyridin-2(1H)-imine (216) 
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A mixture of 2-aminopyridine (0.050 g, 0.53 mmol), 3-methoxyphenylboronic acid 

(0.089 g, 0.59 mmol) and anhydrous Cu(OAc)2 (0.010 g, 0.05 mmol) in anhydrous 

DCE (2 mL) was stirred at room temperature for 6 h in an open flask. The reaction 

was monitored by TLC. On completion, all solvent was removed under reduced 

pressure and the residue partitioned between water (20 mL) and EtOAc (15 mL). 

The aqueous layer was further extracted with EtOAc (2 x 15 mL). The organic 

layers were combined, dried (Na2SO4) and concentrated under reduced pressure 

to yield the yield the crude product as a pale-brown oil which was purified by flash 

column chromatography (10% EtOAc/hexane) to obtain compound 217 as a pale 

brown oil (0.023 g, 0.10 mmol, 17%) followed by compound 216 as a pale blown 

oil (0.14 mmol, 48%). 

 

Data for Compound 217: Rf 0.42 (10% EtOAc/hexane); 1H NMR (400 MHz, CDCl3) 

δ 7.23 (1 H, td, J =8.3, 1.0, ArCH), 6.66 (1 H, ddd, J =8.3, 2.2, 1.0, ArCH), 6.63 – 

6.57 (2 H, m, ArCH), 3.78 (3 H, s, OCH3); m/z (CI+) 231.0 (100%, M+H+). The data 

is in agreement with the literature.142  

 

Data for Compound 216: Rf 0.11 (10% EtOAc/hexane); 1H NMR (300 MHz, CDCl3) 

δ 8.19 (1 H, d, J =3.6, ArCH), 7.57 – 7.47 (1 H, m, ArCH), 7.22 (1 H, d, J =8.0, 

ArCH), 7.12 (1 H, t, J =8.0, ArCH), 6.97 (1 H, d, J =8.5, ArCH), 6.86 (2 H, dd, J 

=7.3, 5.1, ArCH), 6.79 – 6.74 (1 H, m, ArCH), 6.63 (1 H, dd, J =8.3, 2.3, ArCH), 

6.54 – 6.42 (3 H, m, ArCH), 3.80 (3 H, s, OCH3), 3.76 (3 H, s, OCH3); 13C NMR (75 

MHz, CDCl3) δ 161.5 (ArC), 161.1 (ArC), 158.1 (ArC), 156.3 (ArC), 148.2 (ArCH), 

141.8 (ArC), 138.9 (ArCH), 130.6 (ArCH, ArCH), 115.7 (ArCH), 113.7 (ArCH), 

109.2 (ArCH), 108.6 (ArCH, ArCH), 107.2 (ArCH), 106.4 (ArCH), 102.2 (ArCH), 

55.8 (OCH3), 55.7 (OCH3); m/z (ES+) 307 (100%, M+H+); HRMS [C19H18N2O2+H]+ 

calcd. 307.1447, found 307.1451. 
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6.6 Synthesis of DBTiLH2 

1-bromo-2-fluoro-4-methoxybenzene (256) 

 

To a solution of 4-bromo-3-fluorophenol (1.00 g, 5.24 mmol) in THF (10 mL) was 

added solid KOH (588 mg, 10.48 mmol) and stirred at 30 °C for 5 mins. A deep 

yellow suspension was formed. This was followed by addition of iodomethane 

(0.79 mL, 7.91 mmol) and the mixture stirred at 30 °C for 4 h. The reaction was 

quenched with water (10 mL) and extracted with Et2O (3 x 15 mL). The organics 

were combined and washed with brine (20 mL), dried (MgSO4), filtered and 

concentrated under reduced pressure to get the title compound (1.06 g, 5.24 mmol, 

98%) as a fragrant, pale yellow, oil; Rf 0.66 (20% EtOAc /hexane); 1H NMR (600 

MHz, CDCl3) δ 7.43 – 7.38 (1 H, m, ArCH), 6.69 (1 H, dd, J = 10.4, 2.8, ArCH), 

6.61 (1 H, ddd, J = 8.9, 2.8, 0.9, ArCH), 3.79 (3 H, s, OMe); 13C NMR (151 MHz, 

CDCl3) δ 160.4 (d, JCF = 12.3, ArC), 159.5 (d, JCF = 224.1, ArC), 133.4 (d, JCF = 

2.3, ArCH), 111.5 (d, JCF = 3.5, ArCH), 103.0 (d, JCF = 25.7, ArCH), 99.4 (d, JCF = 

21.3, ArC), 55.9 (OMe); 19F NMR (285 MHz, CDCl3) δ -105.4; m/z (EI+) 203.91 

(100%, [C7H6
79BrFO]+); 205.95 (100%, [C7H6

81BrFO]+). 

The data was in agreement with the literature.156 

 

2-fluoro-4-methoxyphenyl)boronic acid (251) 

 

A solution of compound 256 (435 mg, 2.12 mmol) in THF (19 mL) was cooled to  
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- 98 °C and 1.27 M n-butyllithium solution in hexanes (2.00 mL, 2.55 mmol) added 

drop-wise. The mixture was allowed to stir at -98 °C for 30 mins and then 

triisopropyl borate (0.78 mL, 3.39 mmol) was added drop-wise. The mixture was 

allowed to stir at -98 °C for 1.5 h before slowly warming to room temperature. The 

solution was quenched by addition of 1.0 M aq. HCl solution (5 mL) and the THF 

was removed under reduced pressure. A further portion of 1.0 M aq. HCl solution 

(45 mL) was added and the aqueous layer extracted with EtOAc (3 x 50 mL). The 

organics were combined and washed with brine (30 mL), dried (MgSO4), filtered 

and concentrated under reduced pressure to get the crude product as a yellow 

solid. Purification by flash column chromatography (35% Acetone/hexane) gave 

the title compound (253 mg, 1.49 mmol, 70%) as an unstable white solid, that was 

stored under a blanket of N2, below -10 °C; Rf 0.23 (30% EtOAc /hexane); 1H NMR 

(600 MHz, DMSO-d6) δ 7.91 (2 H, s, (OH)2), 7.48 (1 H, t, J = 8.0, ArCH), 6.70 (1 

H, dd, = J = 8.3, 2.3, ArCH), 6.64 (1 H, dd, J = 11.5, 2.3, ArCH), 3.72 (3 H, s, OMe); 

13C NMR (151 MHz, DMSO-d6) δ δ 167.9 (ArC), 166.3 (ArC), 162.3 (d, JCF = 11.8, 

ArC), 136.6 (d, JCF = 11.6, ArCH), 109.9 (d, JCF = 3.0, ArCH), 100.9 (d, JCF = 28.6, 

ArCH), 55.5 (OMe); 19F NMR (285 MHz, CDCl3) δ -97.1. 

The data was in agreement with the literature.156 

 

3-bromo-4-iodobenzonitrile (252) 

 

A solution of 4-aminobenzonitrile (2.00 g, 16.90 mmol) in CHCl3 (68 mL) was 

cooled to 0 °C and N-Bromosuccinimide (3.04 g, 17.10 mmol) was added in one 

portion. The mixture was stirred at 0 °C for 3 h and then at rt for 30 mins. The 

organic layer was washed with water (3 x 30 mL), and brine (30 mL), dried 
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(MgSO4), filtered and concentrated under reduced pressure to get the mono-

brominated aniline 258 (3.33 g, 16.9 mmol) as a yellow solid; Rf 0.59 (50% EtOAc 

/hexane), which was suspended in a 1:2 mixture of concentrated sulfuric acid (6 

mL) and water (12 mL) and cooled to 0 °C. An aq. 2.0 M solution of NaNO2 (9 mL) 

was added over 45 mins at 0 °C, followed by the sequential addition of CuI (160 

mg, 0.85 mmol) in one portion, and the drop-wise addition of an aq. 2.0 M solution 

of KI (9 mL) over 30 mins. The mixture was warmed up to room temperature and 

stirred over-night for 2 nights. The solids in the suspension were dissolved in 

CH2Cl2 (3 x 50 mL) and decanted. The organic layers were combined, washed with 

brine (100 mL) and 1.0 M Na2S2O3 solution (100 mL), dried (MgSO4) and 

concentrated under reduced pressure to obtain the crude material as a red solid. 

Purification by flash column chromatography (gradient elution: hexane – 8% Et2O/ 

hexane) gave the title compound (1.37 g, 4.46 mmol, 26% over 2 steps) as a white 

solid; mp 137-138 °C; Rf 0.68 (30% EtOAc /hexane); 1H NMR (600 MHz, CDCl3) δ 

8.00 (1 H, d, J = 8.2, ArCH), 7.88 (1 H, d, J = 1.8, ArCH), 7.26 (1 H, dd, J = 8.2, 

1.8, ArCH); 13C NMR (151 MHz, CDCl3) δ 141.2 (ArC), 135.4 (ArC), 131.1 (ArC),  

131.0 (CN), 117.0 (ArCH), 113.6 (ArCH), 108.3 (ArCH). 

The data was in agreement with the literature.157 

 

2-bromo-2'-fluoro-4'-methoxy-[1,1'-biphenyl]-4-carbonitrile (253) 

 

To remove oxygen from the solvent, N2 was bubbled through water and DME under 

vacuum for 10 mins. To a solution of boronic acid 251 (90 mg, 0.53 mmol) in DME 

(1.44 mL) and water (0.20 mL) were added, aryl iodide 252 (148 mg, 0.48 mmol), 

Pd(PPh3)2Cl2 (17 mg, 0.024 mmol) and K2CO3 (184 mg, 1.33 mmol), and the 
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mixture stirred at 80 °C for 5 h. DME was removed under reduced pressure and 

water (10 mL) was added. The aqueous layer was extracted with EtOAc (3 x 10 

mL), and the organic layers combined, washed with brine (15 mL), dried (MgSO4) 

and concentrated under reduced pressure to give the crude product as a brown 

oil. Purification by flash column chromatography (10% Et2O/hexane) gave the title 

compound (108 mg, 0.35 mmol, 73%) as a white solid; mp 45-46 °C; Rf 0.25 (10% 

Et2O /hexane); 1H NMR (600 MHz, CDCl3) δ 7.97 (1 H, d, J =1.4, ArCH), 7.64 (1 

H, dd, J =7.9, 1.5, ArCH), 7.41 (1 H, d, J =7.9, ArCH), 7.18 (1 H, t, J =8.5, ArCH), 

6.79 (1 H, dd, J =8.5, 2.1, ArCH), 6.73 (1 H, dd, J =11.6, 2.3, ArCH), 3.86 (3 H, s, 

OMe); 13C NMR (151 MHz, CDCl3) δ 161.7 (d, JCF = 11.0, ArC), 159.9 (d, JCF = 

248.0, ArC), 142.2 (ArC), 136.2 (ArCH), 132.6 (ArCH), 131.4 (d, JCF = 4.9, ArCH), 

130.8 (ArCH), 124.9 (ArC), 119.4 (d, JCF = 16.0, ArC), 117.4 (ArC), 113.1 (ArC), 

110.1 (d, JCF = 3.4, ArCH), 101.9 (d, JCF = 25.5, ArCH), 55.8 (OMe); 19F NMR (282 

MHz, CDCl3) δ -111.4; m/z (EI+) 304.95 (100%, [C14H9
79BrFNO]+); 306.97 (100%, 

[C14H9
81BrFNO]+). 

The data was in agreement with the literature.152 

 

ethyl 3-((4-cyano-2'-fluoro-4'-methoxy-[1,1'-biphenyl]-2-yl)thio)propanoate 

(250) 

 

To remove oxygen from the solvent, N2 was bubbled through toluene under 

vacuum for 10 mins. Compound 253 (52 mg, 0.17 mmol), Pd2(dba)3, dpephos (9 

mg, 0.017 mmol) and K2CO3 (59 mg, 0.43 mmol) were placed in a microwave vial. 

The vial was flushed with N2 thrice and then toluene (5 mL) added. The vial was 

sealed and heated in a microwave reactor at 180 °C for 1 h. After cooling down to 
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room temperature the reaction mixture was quenched with a 5% aq. Citric acid 

solution (5 mL) and extracted with EtOAc (4 x 5 mL). The organic layers were 

combined, washed with brine (10 mL), died (MgSO4), filtered and concentrated 

under reduced pressure to get the crude product as a pale-yellow oil. Purification 

by flash column chromatography (20% Et2O/hexane) gave the title compound (38 

mg, 0.11 mmol, 65%) as a colourless oil; Rf 0.15 (20% Et2O /hexane); 1H NMR 

(600 MHz, CDCl3) δ 7.64 (1 H, d, J = 1.5, ArCH), 7.51 (1 H, dd, J = 7.8, 1.6, ArCH), 

7.32 (1 H, d, J = 7.8, ArCH), 7.17 (1 H, t, J = 8.5, ArCH), 6.78 (1 H, dd, J = 8.5, 2.5, 

ArCH), 6.72 (1 H, dd, J = 11.5, 2.5, ArCH), 4.14 (2 H, q, J = 7.2, OCH2), 3.85 (3 H, 

s, OCH3), 3.09 (2 H, t, J = 7.4, CH2), 2.56 (2 H, t, J = 7.4, SCH2), 1.25 (3 H, t, J = 

7.1, CH3); 13C NMR (151 MHz, CDCl3) δ 171.3 (ArCO), 161.6 (d, JCF = 11.0, ArC), 

160.0 (d, JCF = 247.4, ArC), 140.9 (ArC), 138.7 (ArC), 131.9 (ArCH), 131.6 (d, JCF 

= 5.6, ArCH), 130.9 (ArCH), 129.1 (ArCH), 118.5 (t, JCF = 8.3, ArC), 112.6 (ArC), 

110.2 (d, JCF = 3.3, ArCH), 102.0 (d, JCF = 25.7, ArCH), 61.1 (CH2), 55.8 (CH3), 

33.8 (CH2), 28.3 (CH2), 14.3 (CH3); m/z (CI+) m/z 377 (100%, [M+NH4]+), 359 

(25%, [M]+) HRMS [C19H18FNO3S]+ calcd. 359.09859, found 359.09864. 

The data was in agreement with the literature.152 

 

7-methoxydibenzo[b,d]thiophene-3-carbonitrile (254) 

 

To remove oxygen from the solvent, N2 was bubbled through THF under vacuum 

for 10 mins. Compound 250 (159 mg, 0.44 mmol), and potassium tert-butoxide 

(141 mg, 1.25 mmol) were placed in a microwave vial and flushed with N2 thrice 

and then THF (2.3 mL) added. The vial was sealed and heated in a microwave 

reactor at 110 °C for 1 h. After cooling down to room temperature the reaction 

mixture was quenched with a 5% aq. citric acid solution (10 mL) and extracted with 
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EtOAc (3 x 5 mL). The organic layers were combined, dried (MgSO4), filtered and 

concentrated under reduced pressure to get the crude product as a pale-orange 

semi-solid. Purification by flash column chromatography (20% EtOAc/hexane) 

gave the title compound (65 mg, 0.27 mmol, 62%) as a white solid; mp 140-142 

°C; Rf 0.33 (30% EtOAc /hexane); 1H NMR (600 MHz, CDCl3) δ  8.11 – 8.06 (3 H, 

m, ArCH), 7.67 (1 H, dd, J = 8.2, 1.3, ArCH), 7.35 (1 H, d, J = 2.3, ArCH), 7.11 (1 

H, dd, J = 8.8, 2.3, ArCH), 3.93 (3 H, s, OCH3); 13C NMR (151 MHz, CDCl3) δ 160.5 

(ArC), 142.8 (ArC), 139.1 (ArC), 138.9 (ArC), 127.8 (ArCH), 127.0 (ArCH), 127.0 

(ArC), 123.5 (ArCH), 121.3 (ArCH), 119.3 (ArC), 114.7 (ArCH), 108.6 (ArC), 105.8 

(ArCH), 55.9 (OCH3). 

The data was in agreement with the literature.152 

 

7-hydroxydibenzo[b,d]thiophene-3-carbonitrile (249) 

 

Compound 254 (65 mg, 0.27 mmol), and pyridine hydrochloride (2.50 g, 21.60 

mmol) were placed in a microwave vial and heated in a microwave reactor at 220 

°C for 30 mins. EtOAc (20 mL) and 1.0 M aq. HCl (20 mL) added in portions, and 

sonicated until all the solid in the vial dissolved. The acid layer was further 

extracted with EtOAc (2 x 20 mL). The organics were combined, dried (MgSO4), 

filtered and concentrated under reduced pressure to get the desired compound as 

a crude orange solid. Purification by flash column chromatography (20% 

EtOAc/hexane) gave the title compound (45 mg, 0.20 mmol, 74%) as a white solid; 

mp 248-250 °C; Rf 0.29 (30% EtOAc /hexane); 1H NMR (600 MHz, CDCl3) δ 8.10 

(2 H, dd, J = 9.6, 4.5, ArCH), 8.06 (1 H, d, J = 8.6, ArCH), 7.68 (1 H, dd, J = 8.2, 

1.3, ArCH), 7.32 (1 H, d, J = 2.3, ArCH), 7.04 (1 H, dd, J = 8.6, 2.3, ArCH), 5.40 (1 

H, br s, OH); 13C NMR (151 MHz, CDCl3) δ 156.4 (ArC), 142.8 (ArC), 139.0 (ArC), 
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139.0 (ArC), 128.1 (ArC), 127.8 (ArCH), 127.0 (ArCH), 123.8 (ArCH), 121.2 

(ArCH), 119.3 (ArC), 114.7 (ArCH), 108.7 (ArC), 108.7 (ArCH); m/z (ESI+) m/z 226 

(100%, [M+H]+) HRMS [C13H7NOS+H]+  calcd. 226.0321, found 226.0322. 

The data was in agreement with the literature.151 

 

2-(7-hydroxydibenzo[b,d]thiophen-3-yl)-4,5-dihydrothiazole-4-carboxylic 

acid (246) 

 

To remove oxygen from the solvent, N2 was bubbled through EtOH (1 mL) under 

vacuum for 10 mins. To a solution of nitrile 249 (30 mg, 0.13 mmol) in EtOH (1 

mL), were added D,L-cysteine (32 mg, 0.26 mmol) and NaHCO3 (44 mg, 0.52 

mmol) and the mixture heated at 80 °C for 2 days. The mixture was concentrated 

under reduced pressure to give a yellow residue, which was dissolved in ice-cold 

1.0 M aq. NaOH solution (0.5 mL), followed by the addition of ice-cold 2.0 M aq. 

HCl solution (1.0 mL). A bright yellow solid precipitated out. The mixture was 

allowed to stand at 0 °C for an additional 10 mins., before isolating the solid through 

filtration and drying it under vacuum to obtain the title compound (35 mg, 0.11 

mmol, 80%) as a bright yellow solid; mp chars at 220 °C with smoke, but no melting 

observed; IR nmax (solid) 3097 (br, OH), 2958 – 2898 (C-H), 1740 (C=O), 1577 

(C=N) cm-1; 1H NMR (600 MHz, DMSO-d6) δ 8.38 (1 H, d, J = 1.5, ArCH), 8.26 (1 

H, d, J = 8.3, ArCH), 8.20 (1 H, d, J = 8.6, ArCH), 7.88 (1 H, dd, J = 8.3, 1.6, ArCH), 

7.38 (1 H, d, J = 2.2, ArCH), 7.01 (1 H, dd, J = 8.6, 2.2, ArCH), 5.36 – 5.33 (1 H, 

m, CHCO2), 3.77 (1 H, dd, J = 11.1, 9.6, CHaHb), 3.67 (12 H, dd, J = 11.1, 7.9, 

CHaHb); 13C NMR (151 MHz, DMSO-d6) δ 171.7 (C=O), 169.3 (ArC), 158.1 (ArC), 
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141.9 (ArC), 138.3 (ArC), 137.8 (ArC), 128.9 (ArC), 126.4 (ArC), 124.6 (ArCH), 

123.8 (ArCH), 123.1 (ArCH), 120.9 (ArCH), 114.7 (ArCH), 108.2 (ArCH), 77.6 

(NCH), 35.1 (CH2S); m/z (ESI+) 330 (100%, [M+H]+) HRMS [C16H11NO3S2+H]+  

calcd. 330.0253, found 330.0256. 

 

6.7 Synthesis of BTiLH2 

(2,2-diethoxyethyl)(3-methoxyphenyl)sulfane (265) 

 

To a solution of 3-methoxybenzenethiol (0.88 mL, 7.12 mmol) in degassed MeCN 

(8 mL) was added solid K2CO3 (2.46 g, 17.8 mmol) and stirred at 30 °C for 5 mins. 

This was followed by addition of 2-bromo-1,1-diethoxyethane (1.15 mL, 7.62 mmol) 

and the mixture stirred at 30 °C over-night. The reaction mixture was filtered, and 

the solid washed with additional MeCN (3 x 15 mL). The filtrate was concentrated 

in vacuo to get an orange oil, which was suspended in Et2O (20 mL) and washed 

with portions of 0.5 N aq. NaOH solution (2 x 10 mL), water (10 mL), brine (10 mL), 

dried (MgSO4), filtered and concentrated under reduced pressure to get the 

desired product as a brown oil (1.70 g, 6.60 mmol, 93%); Rf 0.21 (5% EtOAc 

/hexane); 1H NMR (600 MHz, CDCl3) δ 7.19 (1 H, t, J = 8.0, ArCH), 6.95 (1 H, d, J 

= 7.7, ArCH), 6.94 – 6.92 (1 H, m, ArCH), 6.72 (1 H, dd, J = 8.0, 1.9, ArCH), 4.65 

(1 H, t, J = 5.6, CH(OEt)2), 3.79 (3 H, s, OCH3), 3.70 – 3.65 (2 H, m, OCH2), 3.58 

– 3.53 (2 H, m, OCH2), 3.14 (2 H, d, J = 5.6, CH2S), 1.21 (6 H, t, J = 7.1, CH3); 13C 

NMR (151 MHz, CDCl3) δ 159.9 (ArC-O), 137.9 (ArC-S), 129.8 (ArCH), 121.3 

(ArCH), 114.5 (ArCH), 111.9 (ArCH), 101.8 (CH(OEt)2), 62.3 (CH2O), 55.4 (OMe), 

37.4 (CH2S), 15.4 (CH3); m/z (ESI+) 279 (100%, [M+Na]+); HRMS 

[C13H20O3S+Na]+ calcd. 279.1025, found 279.1022. 
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The data was in agreement with the literature.159 

 

6-methoxybenzo[b]thiophene (268) 

 

To a portion of polyphosphoric acid (1.66 g, 7.25 mmol) was added a solution of 

265 (1.59 g, 6.19 mmol) in degassed PhMe (80 mL) and the mixture heated at 

reflux for 3.5 h. The mixture was allowed to cool to rt and then 2.0 N aq. NaOH 

solution (5 mL) was added, followed by the portion-wise addition of solid KHCO3 

until no further fizzing was observed. The mixture was diluted with brine (25 mL) 

and Et2O (80 mL) and the layers separated. The aqueous layer was further 

extracted with Et2O (2 x 50 mL). The organic layers were combined, dried (MgSO4), 

filtered and concentrated under reduced pressure to get the crude product as an 

orange oil. Purification by flash column chromatography (30% CH2Cl2/ hexane) 

gave the title compound (629 mg, 3.83 mmol, 62%) as a fragrant, colourless oil; Rf 

0.66 (10% Et2O/ hexane); 1H NMR (600 MHz, CD2Cl2) δ 7.70 (1 H, d, J = 8.7, 

ArCH), 7.37 (1 H, d, J = 2.4, ArCH), 7.28 (1 H, d, J = 5.4, ArCH), 7.25 (1 H, dd, J 

= 5.4, 0.5, ArCH), 6.99 (1 H, dd, J  = 8.7, 2.4, ArCH), 3.86 (3 H, s, OCH3); 13C NMR 

(151 MHz, CD2Cl2) δ 157.5 (ArC-O), 141.2 (ArC-S), 133.6 (ArC), 124.0 (ArCH), 

123.7 (ArCH), 123.4 (ArCH), 114.3 (ArCH), 104.7 (ArCH), 55.5 (OCH3); m/z (EI+) 

164 (66%, [M]+); HRMS [C9H8OS]+ calcd. 164.029037, found 164.029011. 

The data was in agreement with the literature.159 

 

benzo[b]thiophen-6-ol (267) 

 

Method 1 
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Compound 268 (450 mg, 2.74 mmol) and pyridine hydrochloride (5.25 g, 45.4 

mmol) were combined in a microwave vial and heated at 210 °C for 1 h. The solid 

was taken up in water (20 mL) and extracted with Et2O (3 x 15 mL). The combined 

organics were washed with brine (25 mL), dried (MgSO4), filtered and concentrated 

under reduced pressure to get the crude product as a tan solid. Purification by flash 

column chromatography (30% EtOAc/ hexane) gave benzothiophene 267 (325 

mg, 2.16 mmol, 79%) as a white solid. 

 

Method 2 

To a suspension of NaH (580 mg, 10.9 mmol) in DMF (3.4 mL) was added 

ethanethiol (1.20 mL, 14.6 mmol) drop-wise and stirred at rt over-night. A solution 

of compound 268 (588 mg, 3.58 mmol) in DMF (3 mL) was then added to at rt and 

the mixture heated at reflux for 3 h with vigorous stirring. The mixture was allowed 

to cool to rt and 10% aq. HCl (50 mL) was added. The aqueous layer was extracted 

with Et2O (3 x 30 mL) and the combined organic layers washed with saturated aq. 

NaHCO3 (50 mL), brine (50 mL), dried (MgSO4), filtered and concentrated under 

reduced pressure to get the crude product as a tan solid. Purification by flash 

column chromatography (30% EtOAc/ hexane) gave the title compound (497 mg, 

3.31 mmol, 93%) as a white solid; mp 102-103 °C; Rf 0.50 (30% EtOAc /hexane); 

1H NMR (400 MHz, CDCl3) δ 7.67 (1 H, d, J = 8.6, ArCH), 7.31 (1 H, d, J = 2.3, 

ArCH), 7.26 – 7.22 (2 H, m, ArCH), 6.91 (1 H, dd, J = 8.6, 2.3, ArCH), 4.75 (1 H, 

s, OH); 13C NMR (101 MHz, CDCl3) δ 153.1 (ArC-O), 141.3 (ArC-S), 134.0 (ArC), 

124.4 (ArCH), 123.9 (ArCH), 123.4 (ArCH), 114.3 (ArCH), 107.8 (ArCH) ; m/z (EI+) 

150 (100%, [M]+); HRMS [C8H6OS]+ calcd. 150.0133871, found 150.0133517. 

The data was in agreement with the literature.197 
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 (benzo[b]thiophen-6-yloxy)(tert-butyl)dimethylsilane (272) 

 

To a solution of benzothiophene 267 (320 mg, 2.13 mmol) in CH2Cl2 (7 mL) was 

added imidazole (174 mg, 2.56 mmol) at rt. The mixture was cooled to 0 °C and 

tert-butyldimethylsilyl chloride (352 mg, 2.34 mmol) was added in one portion. The 

reaction mixture was stirred at rt for 4 h, after which the mixture was diluted with 

brine (20 mL) and CH2Cl2 (15 mL) and the layers separated. The aqueous layer 

was further extracted with CH2Cl2 (2 x 20 mL) and the combined organic layers 

dried (MgSO4), filtered and concentrated under reduced pressure to get 

benzothiophene 272 (562 mg, 2.12 mmol, quant.) as a pale brown oil; Rf 0.76 (30% 

EtOAc /hexane); 1H NMR (600 MHz, CDCl3) δ 7.65 (1 H, d, J = 8.6, ArCH), 7.31 (1 

H, d, J = 2.2, ArCH), 7.26 (2 H, d, J = 5.4, ArCH), 7.23 (1 H, d, J = 5.4, ArCH), 6.91 

(1 H, dd, J = 8.6, 2.2, ArCH), 1.01 (9 H, s, C(CH3)3), 0.22 (6 H, s, SiMe2); 13C NMR 

(151 MHz, CDCl3) δ 153.2 (ArC-O), 141.1 (ArC-S), 134.3 (ArC), 124.2 (ArCH), 

123.9 (ArCH), 123.5 (ArCH), 118.8 (ArCH), 112.8 (ArCH), 25.9 (SiC(Me)3), 18.4 

(SiMe2), -4.3 (SiC(Me)3); m/z (EI+) 265 (100%, [M+H]+); HRMS [C14H20OSSi+H]+ 

calcd. 265.10769 found 265.10764. 

The data was in agreement with the literature.165 
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6-methoxy-2-methylbenzo[b]thiophene (276) 

 

A solution of compound 268 (52 mg, 0.32 mmol) in THF (1.7 mL) was cooled to -

78 °C and 1.36 M n-butyllithium solution in hexanes (0.30 mL, 0.42 mmol) added 

drop-wise. The mixture was allowed to warm up to -50 °C and then maintained 

between -50 °C and -55 °C for 1 h. The solution was cooled again to -78 °C and 

excess iodomethane (0.08 mL, 1.29 mmol) was added drop-wise and the mixture 

stirred at -78 °C for 2 h. The reaction was allowed to warm up to rt and quenched 

by the addition of water (2 mL). The reaction mixture was diluted with brine (5 mL) 

and extracted with Et2O (3 x 10 mL) and the combined organic layers washed with 

brine (20 mL), dried (MgSO4), filtered and concentrated under reduced pressure to 

obtain the title compound (52 mg, 0.29 mmol, 91%) as a pale, blue, oil; Rf 0.46 (5% 

Et2O /hexane); IR nmax (solution in CDCl3) 3059 – 2832 (C-H) cm-1; 1H NMR (400 

MHz, CDCl3) δ 7.53 (1 H, d, J = 8.7, ArCH), 7.25 (1 H, d, J = 2.3, ArCH), 6.94 (1 

H, dd, J = 8.7, 2.3, ArCH), 6.88 (1 H, s, ArCH), 3.86 (3 H, s, OMe), 2.55 (3 H, s, 

Me); 13C NMR (151 MHz, CDCl3) δ 156.9 (ArC-O), 141.1 (ArC-S), 138.2 (ArC), 

134.6 (ArC), 123.2 (ArCH), 121.1 (ArCH), 113.9 (ArCH), 105.1 (ArCH), 55.7 

(OMe), 16.1 (Me); m/z (EI+) 179 (100%, [M+H]+); HRMS [C10H10OS+H]+ calcd. 

179.05251, found 179.05248. 

The data was in agreement with the literature.198 IR data was not found in the 

literature. 
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6-((tert-butyldimethylsilyl)oxy)benzo[b]thiophene-2-carbaldehyde (274) 

 

A solution of compound 272 (562 mg, 2.13 mmol) in THF (12 mL) was cooled to -

78 °C and 1.36 M n-butyllithium solution in hexanes (2.00 mL, 2.77 mmol) added 

drop-wise. The mixture was allowed to warm up to -50 °C and then maintained 

between -50 °C and -55 °C for 1 h. The solution was cooled again to -78 °C and 

excess DMF (0.66 mL, 8.52 mmol) was added drop-wise and the mixture stirred at 

-78 °C for 2 h. The reaction was allowed to warm up to rt and stirred for 30 mins 

before being cooled back to -78 °C and quenched by the addition of a saturated 

aq. NH4Cl solution (10 mL). The reaction mixture was warmed up to room 

temperature and extracted with Et2O (3 x 20 mL) and the combined organic layers 

washed with brine (30 mL), dried (MgSO4), filtered and concentrated under 

reduced pressure. Purification by flash column chromatography (30% Et2O/ 

hexane) gave the title compound (557 mg, 1.89 mmol, 89%) as a pale yellow solid; 

mp 51-52 °C; Rf 0.46 (30% Et2O /hexane); IR nmax (solution in CDCl3) 2954 – 2857 

(C-H), 1667 (C=O) cm-1; 1H NMR (600 MHz, CDCl3) δ 10.03 (1 H, s, CHO), 7.93 

(1 H, s, ArCH), 7.79 (1 H, d, J = 8.7, ArCH), 7.30 (1 H, d, J = 2.2, ArCH), 6.97 (1 

H, dd, J = 8.7, 2.2, ArCH), 1.01 (9 H, s, C(CH3)3), 0.25 (6 H, s, SiMe2); 13C NMR 

(151 MHz, CDCl3) δ 184.3 (CHO), 156.7 (ArCO), 144.8 (ArC), 141.6 (ArC), 134.6 

(ArCH), 133.2 (ArC), 127.2 (ArCH), 120.3 (ArCH), 112.9 (ArCH), 25.7 (SiC(Me)3), 

18.3 (SiC(Me)3), -4.28 (SiMe2); m/z (ESI+) 293 (100%, [M+H]+); HRMS 

[C15H20O2SSi+H]+  calcd. 293.1026, found 293.1021. 
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methyl (E)-(3-(6-((tert-butyldimethylsilyl)oxy)benzo[b]thiophen-2-yl)prop-2-

enethioyl)serinate (277),  and 6-hydroxybenzo[b]thiophene-2-carbaldehyde 

(278) 

                 

To a solution of phosphonate 118 (512 mg, 1.63 mmol) in MeCN (8 mL) was added 

LiCl (79 mg, 1.84 mmol) and vigorously stirred for 5 mins at room temperature 

followed by addition of DBU (0.28 mL, 1.86 mmol). After vigorous stirring for 

another 15 mins at room temperature, a solution of aldehyde 274 (543 mg, 1.86 

mmol) in MeCN (12 mL) was added drop-wise. The reaction mixture soon turned 

crimson and was stirred at room temperature for 3 h. The mixture was filtered, and 

the residue washed with MeCN (3 x 5 mL). The filtrate was concentrated under 

reduced pressure. Purification by flash column chromatography (gradient elution: 

10% EtOAc/ hexane – neat EtOAc) gave in order of elution starting material 274 

(75 mg, 0.26 mmol, 14%), aldehyde 278 (85 mg, 0.48 mmol, 26%) as a yellow 

solid, and alkene 277 (95 mg, 0.21 mmol, 13%) as an unstable orange oil. 

 

Data for starting material 274 listed previously. 

 

Data for aldehyde 278: mp 174-175 °C; Rf 0.24 (30% EtOAc /hexane); IR nmax 

(solid state) 3170 – 3051 (OH), 2834 (C-H), 1638 (C=O) cm-1; 1H NMR (600 MHz, 

MeOD-d4) δ 9.94 (1 H, s, CHO), 8.07 (1 H, s, ArCH), 7.81 (1 H, d, J = 8.7, ArCH), 

7.25 (1 H, d, J = 2.2, ArCH), 6.97 (1 H, dd, J = 8.7, 2.2, ArCH); 13C NMR (151 MHz, 

MeOD-d4) δ 186.3 (ArCHO), 160.2 (ArCO), 146.5 (ArC), 141.5 (ArC), 137.3 
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(ArCH), 133.4 (ArC), 128.7 (ArCH), 117.3 (ArCH), 108.3 (ArCH); m/z (EI+) 178 

(100%, [M]+); HRMS HRMS [C9H6O2S]+ calcd. 178.0088501, found 178.0082899. 

 

Data for alkene 277: Rf 0.61 (70% EtOAc /hexane); IR nmax (solution in CDCl3) 

3334-3239 (O-H, N-H), 3032-2857 (C-H), 1737 (C=O) cm-1; 1H NMR (600 MHz, 

CDCl3) δ 8.14 – 8.06 (2 H, m, NH, HC=C), 7.59 (1 H, d, J = 8.6, ArCH), 7.39 (1 H, 

s, ArCH), 7.20 (1 H, d, J = 2.2, ArCH), 6.87 (1 H, dd, J = 8.6, 2.2, ArCH), 6.69 (1 

H, d, J = 14.8, HC=C), 5.53 – 5.48 (1 H, m, HN-CH-CO2Me), 4.23 (1 H, dd, J = 

11.4, 3.3, CH2OH), 4.16 (1 H, dd, J = 11.4, 3.1, CH2OH), 3.84 (3 H, s, OMe), 1.00 

(9 H, s, tBu), 0.23 (6 H, s, SiMe2); 13C NMR (151 MHz, CDCl3) δ 194.6 (C=S), 170.7 

(C=O), 155.1 (ArC-OSiR3), 141.7 (ArC), 138.0 (ArC), 137.4 (ArCH), 134.4 (ArC), 

129.5 (ArCH), 127.0 (ArCH), 125.3 (ArCH), 119.4 (ArCH), 112.7 (ArCH), 62.6 (HN-

CH-CO2Me), 59.7 (CH2OH) , 53.3 (OMe), 25.8 (CMe3), 18.4 (CMe3), -4.2 (SiMe2); 

m/z (ESI+) 450 [M-2H+H]+; HRMS [C21H27NO4S2Si+H]+  calcd. 450.1224, found 

450.1223. 

 

methyl (E)-(3-(6-hydroxybenzo[b]thiophen-2-yl)prop-2-enethioyl)serinate 

(279) 

 

A solution of compound 277 (45 mg, 0.10 mmol) in THF (2.2 mL) was cooled to 0 

°C and 1.0 M tetrabutylammonium fluoride solution in THF (0.12 mL, 0.12 mmol) 

was added drop-wise over 5 mins. Monitoring by TLC indicated that the reaction 

was complete after 10 mins and the mixture was quenched with saturated aq. 

NH4Cl (10 mL) at 0 °C, allowed to warm-up slowly to room temperature cooled and 

extracted with EtOAc (3 x 15 mL). The organic extracts were combined, washed 
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with saturated aq. NH4Cl (3 x 25 mL), dried (MgSO4), filtered and concentrated 

under reduced pressure to give the crude compound as red oil. Purification by flash 

column chromatography (70% EtOAc /hexane) gave the title compound (32 mg, 

0.095 mmol, 95%) as a red oil; Rf 0.25 (70% EtOAc /hexane); IR nmax (solution in 

CDCl3) 3322-3124 (O-H, N-H), 2953-2884 (C-H), 1735 (C=O) cm-1; 1H NMR (600 

MHz, MeOD-d4) δ 8.08 (1 H, dd, J = 14.9, 0.5, HC=C), 7.61 (1 H, d, J = 8.6, ArCH), 

7.46 (1 H, s, ArCH), 7.17 (1 H, d, J = 2.2, ArCH), 6.91 (1 H, d, J = 14.9, C=CH), 

6.87 (1 H, dd, J = 8.6, 2.2, ArCH), 5.38 (1 H, t, J = 4.3, HN-CH-CO2Me), 4.03 (1 H, 

dd, J = 11.4, 4.7, CH2OH), 3.98 (1 H, dd, J = 11.4, 3.9, CH2OH), 3.77 (3 H, s, OMe); 

13C NMR (151 MHz, MeOD-d4) δ 196.5 (C=S), 171.6 (C=O), 158.2 (ArC-OH), 143.2 

(ArC), 138.4 , 137.7 (HC=C), 134.5 (ArC), 130.1 (ArCH), 127.8 (C=CH), 126.3 

(ArCH), 116.1 (ArCH), 108.2 (ArCH), 62.4 (HN-CH-CO2Me), 62.0 (CH2OH), 52.9 

(OMe);  m/z (ESI+) 336 [M-2H+H]+; HRMS [C15H13NO4S2+H]+  calcd. 336.0359, 

found 336.0360. 

 

6-((2-methoxyethoxy)methoxy)benzo[b]thiophene (280) 

 

Solid KH (30% dispersion in mineral oil, 610 mg, 5.52 mmol) was cooled to 0 °C 

under an atmosphere of N2. A solution of phenol 267 (553 mg, 3.68 mmol) in THF 

(17 mL) was added drop-wise to the cooled KH over a period of 20 mins. Care was 

taken to ensure the internal temperature of the reaction mixture did not exceed 

over 5 °C. The mixture was stirred for 1h at 0-5 °C and a yellow suspension was 

formed.  2-Methoxyethoxymethyl chloride (0.505 mL, 4.42 mmol) was added drop-

wise at 0 °C and then left to stir at room temperature for 19 h. The reaction mixture 

was cooled to 0 °C and water (15 mL) cautiously added drop-wise to quench the 

reaction. The aqueous layer was extracted with Et2O (20 mL x 3). The organic 
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layers were combined, dried (MgSO4), filtered and concentrated under reduced 

pressure to yield the crude product as a yellow oil. Purification by flash column 

chromatography (50% Et2O/ hexane) gave the title compound (595 mg, 2.39 mmol, 

65%) as a colourless oil; Rf 0.59 (50% Et2O /hexane); IR nmax (solution in CDCl3) 

3102 – 2817 (C-H) cm-1; 1H NMR (600 MHz, CDCl3) δ 7.70 (1 H, d, J = 8.7, ArCH), 

7.59 (1 H, d, J = 2.2, ArCH), 7.29 (1 H, d, J = 5.5, ArCH), 7.25 (1 H, d, J = 5.5, 

ArCH), 7.09 (1 H, dd, J = 8.7, 2.2, ArCH), 5.33 (2 H, s, OCH2O), 3.88 – 3.85 (2 H, 

m, OCH2), 3.59 – 3.57 (2 H, m, CH2O), 3.38 (3 H, s, OMe); 13C NMR (151 MHz, 

CDCl3) δ 155.0 (ArCO), 141.1 (ArCS), 134.8 (ArC), 124.3 (ArCH), 124.1 (ArCH), 

123.5 (ArCH), 115.6 (ArCH), 108.7 (ArCH), 94.2 (OCH2O), 71.8 (OCH2), 67.8 

(CH2O), 59.2 (OMe); m/z (EI+) 238 (44%, [M]+); HRMS C12H14O3S+H [M]+ calcd. 

238.0658165, found 238.0658371. 

 

6-((2-methoxyethoxy)methoxy)benzo[b]thiophene-2-carbaldehyde 

(281) 

 

A solution of benzothiophene 280 (567 mg, 2.38 mmol) in THF (13 mL) was cooled 

to -78 °C and 1.33 M n-butyllithium solution in hexanes (2.15 mL, 2.86 mmol) 

added drop-wise. The mixture was allowed to warm up to -50 °C and then 

maintained between -50 °C and -55 °C for 1 h. The solution was cooled again to -

78 °C and excess DMF (0.66 mL, 8.52 mmol) was added drop-wise and the mixture 

stirred at -78 °C for 30 mins. The reaction was allowed to gently warm up for 2 h 

before being cooled back to -78 °C and quenched by the addition of a saturated 

aq. NaHCO3 solution (10 mL). The reaction mixture was warmed up to room 

temperature and extracted with Et2O (3 x 10 mL) and the combined organic layers 

washed with brine (20 mL), dried (MgSO4), filtered and concentrated under 
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reduced pressure. Purification by flash column chromatography (50% Et2O/ 

hexane) gave the title compound (496 mg, 1.89 mmol, 78%) as a yellow oil; Rf 0.28 

(50% Et2O/hexane); IR nmax (solution in CDCl3) 2922 – 2818 (C-H), 1665 (C=O) 

cm-1; 1H NMR (600 MHz, CD2Cl2) δ 10.02 (1 H, s, CHO), 7.97 (1 H, s, ArCH), 7.86 

(1 H, d, J = 8.8, ArCH), 7.57 (1 H, d, J = 2.2, ArCH), 7.15 (1 H, dd, J = 8.8, 2.2, 

ArCH), 5.34 (2 H, s, OCH2O), 3.83 – 3.81 (2 H, m, OCH2), 3.54 – 3.52 (2 H, m, 

CH2O), 3.31 (3 H, s, OMe); 13C NMR (151 MHz, CDCl3) δ 184.3 (C=O), 158.0 

(ArCO), 144.9 (ArC), 141.9 (ArC), 134.6 (ArCH), 133.5 (ArC), 127.3 (ArCH), 117.2 

(ArCH), 108.5 (ArCH), 93.8 (OCH2O), 71.7 (OCH2), 68.1 (CH2O), 59.2 (OMe); m/z 

(EI+) 266 (15%, [M]+); HRMS C13H14O4S [M]+ calcd. 266.060731, found 

266.060769. 

 

methyl (E)-(3-(6-((2-methoxyethoxy)methoxy)benzo[b]thiophen-2-yl)prop-2-

enethioyl)serinate (282) 

 

To a solution of phosphonate 118 (689 mg, 2.20 mmol) in MeCN (10.4 mL) was 

added LiCl (106 mg, 2.50 mmol) and vigorously stirred for 5 mins at room 

temperature followed by addition of DBU (0.37 mL, 2.50 mmol). After vigorous 

stirring for another 15 mins at room temperature, a solution of aldehyde 281 (666 

mg, 2.50 mmol) in MeCN (15.6 mL) was added drop-wise. The reaction mixture 

was stirred at room temperature over-night. The mixture was filtered, and the 

residue washed with MeCN (3 x 10 mL). The filtrate was concentrated under 

reduced pressure. Purification by flash column chromatography (gradient elution: 

50% EtOAc/ hexane – neat EtOAc) gave the title compound (291 mg, 0.72 mmol, 

33%) as a red oil; Rf 0.17 (50% EtOAc /hexane); IR nmax (solution in CDCl3) 3309-
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3034 (O-H, N-H), 2949-2730 (C-H), 1739 (C=O) cm-1; 1H NMR (600 MHz, CDCl3) 

δ 8.15 – 8.05 (2 H, m, NH, HC=C), 7.64 (1 H, d, J = 8.7, ArCH), 7.48 (1 H, d, J = 

2.3, ArCH), 7.41 (1 H, s, ArCH), 7.06 (1 H, dd, J = 8.7, 2.3, ArCH), 6.69 (1 H, d, J 

= 14.8, C=CH), 5.51 – 5.48 (1 H, m, HN-CH-CO2Me), 5.33 (2 H, s, OCH2O), 4.22 

(1 H, dd, J = 11.4, 3.3, CH2OH), 4.16 (1 H, dd, J = 11.4, 3.1, CH2OH), 3.87 – 3.85 

(5 H, m, OCH2, OMe), 3.59 – 3.57 (2 H, m, CH2O), 3.38 (3 H, s, OMe); 13C NMR 

(151 MHz, CDCl3) δ 194.6 (C=S), 170.7 (C=O), 156.5 (ArC-OMEM), 141.7 (ArC), 

138.4 (ArC), 137.2 (HC=C), 134.8 (ArC), 129.2 (ArCH), 127.2 (C=CH), 125.3 

(ArCH), 116.2 (ArCH), 108.4 (ArCH), 93.8 (OCH2O) , 71.7 (OCH2), 67.9 (CH2O), 

62.5 (HN-CH-CO2Me), 59.9 (CH2OH), 59.2 (OMe), 53.2 (OMe); m/z (ESI+) 426 

(100%, [M+H]+); HRMS [C19H23NO6S2+H]+ calcd. 426.1040 found 426.1041. 

 

methyl (E)-2-(2-(6-((2-methoxyethoxy)methoxy)benzo[b]thiophen-2-yl)vinyl)-

4,5-dihydrothiazole-4-carboxylate (283) 

 

N2 was bubbled through all reaction and work-up solvents for 10 mins to avoid 

oxidation of the thiazoline product to the corresponding thiazole. A solution of 

compound 282 (165 mg, 0.36 mmol) in CH2Cl2 (10 mL) was cooled to -78 °C. 

Diethylaminosulfur trifluoride (0.107 mL, 0.81 mmol) was added drop-wise and the 

mixture stirred at -78 °C for 1.5 h. The reaction was quenched with a saturated 

solution of NaHCO3 (20 mL) at -78 °C, allowed to gently warm up to room 

temperature. The layers were separated and the aqueous layer further extracted 

with CH2Cl2 (20 mL x 3). The organic extracts were combined, dried (MgSO4), 

filtered and concentrated under reduced pressure to obtain the title compound (141 

mg, 0.35 mmol, 95%) as a waxy red solid; Rf 0.35 (50% EtOAc /hexane); IR nmax 
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(solution in CDCl3) 2921 – 2817 (C-H), 1729 (C=O), 1643 (C=N) cm-1; 1H NMR 

(600 MHz, CDCl3) δ 7.58 (1 H, d, J = 8.7, ArCH), 7.45 (1 H, d, J = 2.2, ArCH), 7.28 

(1 H, d, J = 15.8, HC=C), 7.26 (1 H, s, ArCH), 7.03 (1 H, dd, J = 8.7, 2.3, ArCH), 

6.85 (1 H, d, J = 15.8, C=CH), 5.29 (2 H, s, OCH2O), 5.18 (1 H, t, J = 9.1, N-CH-

CO2Me), 3.82 – 3.81 (5 H, m, OMe, OCH2CH2OMe), 3.64 – 3.60 (1 H, m, CH2S), 

3.55 – 3.53 (3 H, m, CH2S, CH2OMe), 3.35 (3 H, s, OMe); 13C NMR (151 MHz, 

CDCl3) δ 171.3 (C=O), 169.5 (C=N), 156.3 (ArC-OH), 141.7 (ArC), 138.6 (ArC), 

135.4 (ArCH), 134.7 (ArC), 127.2 (RHC=CHR’), 125.1 (ArCH), 122.8 (RHC=CHR’), 

116.1 (ArCH), 108.5 (ArCH), 93.9 (OCH2O), 78.1 (OCH2), 71.7 (N-CH-CO2Me), 

67.9 (OCH2) , 59.2 (OMe), 53.0 (OMe), 34.9 (CH2S); m/z (ESI+) 408 (100%, 

[M+H]+); HRMS C19H21NO5S2+H [M+H]+ calcd. 408.0934, found 408.0927. 

 

methyl (E)-2-(2-(6-hydroxybenzo[b]thiophen-2-yl)vinyl)-4,5-

dihydrothiazole-4-carboxylate (284) 

 

N2 was bubbled through all reaction and work-up solvents for 10 mins to avoid 

oxidation of the thiazoline to the corresponding thiazole. A solution of thiazoline 

283 (158 mg, 0.39 mmol) in CH2Cl2 (26 mL) was cooled to 0 °C and 1.0 M tin(IV) 

chloride solution in CH2Cl2 (1.95 mL, 1.95 mmol) added. The mixture was stirred 

at 0 °C for 20 mins and then quenched at 0 °C with a 0.1 M solution of HCl (10 

mL). The CH2Cl2 layer was separated and the aqueous layer was neutralised to 

pH=7 with a saturated aq. solution of NaHCO3 and extracted with EtOAc (3 x 20 

mL). The organic extracts were combined and MeOH (5 mL added), dried 

(MgSO4), filtered and concentrated under reduced pressure to give the crude 

compound as a brick-red solid, which was suspended and refluxed in hot CHCl3 
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(20 mL) for 10 mins and filtered again to obtain the title compound (120 mg, 0.38 

mmol, 96%) as the brick-red powder residue; mp 152-153 °C; Rf 0.38 (50% EtOAc/ 

hexane); IR nmax (solid state) 3395 – 3222 (O-H), 3958 – 3853 (C-H), 1745 (C=O), 

1572 (C=N) cm-1; 1H NMR (600 MHz, DMSO-d6) δ 10.02 (1 H, s, OH), 7.65 (1 H, 

d, J = 8.6, ArCH), 7.62 (1 H, s, ArCH), 7.45 (1 H, d, J = 15.9, C=CH), 7.27 (1 H, d, 

J = 2.2, ArCH), 6.89 (1 H, dd, J = 8.6, 2.2, ArCH), 6.68 (1 H, d, J = 15.9, HC=C), 

5.29 (1 H, t, J = 8.7, N-CH-CO2Me), 3.71 (3 H, s, OMe), 3.66 (1 H, dd, J = 11.0, 

9.5, CH2S), 3.54 (2 H, dd, J = 11.1, 8.2, CH2S); 13C NMR (151 MHz, DMSO-d6) δ 

170.8 (C=O), 167.6 (C=N), 156.9 (ArC-OH), 141.2 (ArC), 135.9 (ArC), 135.4 

(RHC=CHR’), 132.2 (ArC), 128.6 (ArCH), 125.4 (ArCH), 121.0 (RHC=CHR’), 115.3 

(ArCH), 107.3 (ArCH), 77.6 (N-CH-CO2Me), 52.3 (OMe), 34.3 (CH2S); m/z (ESI+) 

320 (100%, [M+H]+); HRMS C15H13NO3S2+H [M+H]+ calcd. 320.0415, found 

320.0418. 

 

(E)-2-(2-(6-hydroxybenzo[b]thiophen-2-yl)vinyl)-4,5-dihydrothiazole-

4-carboxylic acid (248) 

 

Argon was bubbled through for 10 mins in the reaction and work-up solvents. A 

suspension of methyl ester 284 (120 mg, 0.38 mmol) in THF/H2O (2 : 1, 9.0 mL) 

was treated with LiOH·H2O (36 mg, 0.86 mmol) and stirred at room temperature 

for 5 min. After this time the reaction mixture was diluted with H2O (40 mL), 

extracted with EtOAc (2 × 40 mL) and Et2O (40 mL), the aqueous acidified using 2 

M HCl to pH 3 and extracted with (2 × 40 mL) and Et2O (40 mL). The combined 

final organics were dried (MgSO4), filtered and concentrated to give luciferin 248 

(11 mg, 10%) as a red solid; mp 168-169 °C; IR nmax (solid state) 3853-3629 (O-
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H), 3052-2852 (C-H), 1717 (C=O) cm-1; 1H NMR (700 MHz, DMSO-d6) δ 9.92 (1 

H, s, OH), 7.71 – 7.58 (1 H, m, ArCH), 7.44 (1 H, d, J = 15.9, C=CH), 7.25 (1 H, d, 

J = 2.2, ArCH), 7.05 (1 H, s, ArCH), 6.87 (1 H, dd, J = 8.6, 2.2, ArCH), 6.68 (1 H, 

d, J = 15.9, HC=C), 5.26 – 5.13 (1 H, m, N-CH-CO2Me), 3.62 (1 H, dd, J = 11.2, 

9.2, CH2S), 3.52 (1 H, dd, J = 10.8, 7.8, CH2S); 13C NMR (176 MHz, DMSO-d6) δ 

171.7 (C=O), 166.9 (C=N), 156.7 (ArC-OH), 141.2 (ArC), 136.0 (ArC), 135.1 

(RHC=CHR’), 132.3 (ArC), 128.4 (ArCH), 125.4 (ArCH), 121.2 (RHC=CHR’), 115.3 

(ArCH), 107.3 (ArCH), 78.0 (N-CH-CO2Me), 34.4 (CH2S); m/z (ESI+) 306 (100%, 

[M+H]+); HRMS [C14H11NO3S2+H]+ calcd. 306.0253 found 306.0253. 

 

 

6.8 Data for molecules from Chapter 4 

 

N,3-diphenylprop-2-ynethioamide (306) 

 

A solution of phenylacetylene (539 mg, 5.28 mmol) in THF (20 mL) was cooled to 

-78 °C and 1.26 M n-butyllithium solution in hexanes (4.20 mL, 5.28 mmol) added 

drop-wise. The mixture was allowed to warm up to RT and stirred for 30 min. The 

solution was cooled again to -78 °C and phenylisothiocyanate (0.63 mL, 5.28 

mmol) was added drop-wise and the mixture allowed to warm up to RT and stirred 

for 1 h before being quenched by pouring into ice water (400 mL). A thick yellow 

precipitate was formed that was isolated by suction filtration and dried under high 

vacuum to afford the desired thioamide  (1.10 g, 4.64 mmol, 88%) as a yellow solid; 

mp 112-114 °C; Rf 0.35 (40% EtOAc /hexane); 1H NMR (400 MHz, CDCl3) δ 9.37 

(1 H, s, NH), 8.96 (0.6 H, s, NH), 7.80 (1 H, d, J  = 7.7, ArCH), 7.60 (1 H, d, J = 

6.9, ArCH), 7.49 – 7.34 (14 H, m, ArCH); 13C NMR (151 MHz, CDCl3) δ 179.2 
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(C=S), 177.1 (C=S), 138.5 (ArC), 138.1 (ArC), 132.7 (ArCH), 132.6 (ArCH), 130.8 

(ArCH), 130.4 (ArCH), 129.3 (ArCH), 129.2 (ArCH), 128.7 (ArCH), 127.4 (ArCH), 

127.2 (ArC), 123.3 (ArCH), 123.1 (ArCH), 120.8 (ArC), 100.1 (ArC), 86.7 (ArC); 

m/z (ESI+) 237 (45%, [M]+); HRMS [C11H11NS]+  calcd. 237.06067, found 

237.06068. 

The data was consistent with that reported in the literature.169  

 

methyl O-(tert-butyldimethylsilyl)serinate (302) 

 

To a suspension of DL-serine methylester (500 mg, 3.21 mmol) in CH2Cl2 (30 mL) 

was added Et3N (1.00 mL, 7.30 mmol) dropw-wise and vigorously stirred until all 

the solid dissolved. The mixture was cooled to 0 °C and tert-butyldimethylsilyl 

chloride (850 mg, 3.85 mmol) added and the mixture stirred at rt for 3 nights. The 

reaction was quenched by the addition of a sat. solution of NaHCO3 (25 mL), and 

the organic layer separated. The aqueous layer was further extracted with CH2Cl2 

(2 x 30 mL). The organics were combined, washed with brine (70 mL), dried 

(MgSO4), filtered and concentrated under reduced pressure to get the crude 

product. Purification by flash column chromatography (0-10% MeOH/ CH2Cl2) 

afforded the desired product as a pale yellow oil (692 mg, 2.96 mmol, 92%); Rf 

0.20 (28% CH2Cl2 /EtOAc); 1H NMR (600 MHz, CDCl3) δ 3.90 (1 H, dd, J = 9.7, 

4.5, CHAHB), 3.80 (1 H, dd, J = 9.7, 3.8, CHAHB), 3.72 (3 H, s, OMe), 3.52 (1 H, t, 

J = 4.1, CH), 1.69 (2 H, s, NH2), 0.87 (9 H, s, t-Bu), 0.04 (3 H, s, SiMe), 0.03 (3 H, 

s, SiMe); 13C NMR (151 MHz, CDCl3) δ 174.7 (C=O), 65.5 (CH2), 56.6 (CH), 52.0 

(OMe), 25.8 (C(Me)3), 18.3 (C(Me)3), -5.4 (SiMe), -5.5 (SiMe); m/z (ESI+) 234 

(100%, [M+H]+); HRMS [C10H23NO3Si+H]+ calcd. 234.1520, found 234.1521. 
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The data was in agreement with the literature.170 

 

methyl 3-((tert-butyldimethylsilyl)oxy)-2-isothiocyanatopropanoate (296) 

 

To a solution of amine 302 (350 mg, 1.50 mmol) in EtOH (1.5 mL) was added CS2 

(0.91 mL, 15 mmol) and Et3N (0.21 mL, 1.50 mmol) dropw-wise and vigorously 

stirred until all TLC analysis showed that all starting material had been consumed 

(30 min). The mixture was cooled to 0 °C and a solution of Boc2O (325 mg, 1.49 

mmol) in EtOH (0.5 mL) added, followed by immediate addition of a solution of 

DMAP (5 mg, 0.045 mmol) in EtOH (0.5 mL). The mixture was stirred at 0 °C for 5 

min. followed stirring at rt for 20 min. The reaction mixture was concentrated in 

vacuo. Purification by flash column chromatography (10% EtOAc/ hexane) 

afforded the desired product as a colourless oil (317 mg, 1.15 mmol, 77%); Rf 0.50 

(50% EtOAc/ hexane); IR nmax (neat) 2953 – 2875 (C-H), 2051 (br, N=C=S), 1750 

(C=O) cm-1; 1H NMR (600 MHz, CDCl3) δ 4.27 (1 H, dd, J = 4.8, 3.7, CH), 4.02 (1 

H, dd, J = 10.2, 4.9, CHAHB), 3.97 (1 H, dd, J = 10.2, 3.6, CHAHB), 3.81 (3 H, s, 

OMe), 0.89 (9 H, s, Me3), 0.10 (3 H, s, SiMe), 0.08 (3 H, SiMe); 13C NMR (151 

MHz, CDCl3) δ 167.6 (C=O), 140.1 (N=C=S), 64.3 (CH2), 61.8 (CH), 53.2 (OMe), 

25.8 (C(Me)3), 18.2 (C(Me)3), -5.4 (SiMe), -5.5 (SiMe); m/z (ESI+) 276 (70%, 

[M+H]+); HRMS [C11H21NO3Si+H]+ calcd. 276.1084, found 276.1085. 

 

2,4-dihydroxybenzaldehyde (328) 
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To a solution of DMF (1.05 mL, 13.6 mmol) in MeCN (20 mL) was added a solution 

of oxalyl chloride (1.15 mL, 13.6 mmol) in MeCN (7 mL). After the evolution of gas 

stopped, the mixture was cooled to -10 °C and a solution of resorcinol (1.00 g, 9.1 

mmol) in MeCN (6 mL) was added drop-wise. The mixture was stirred at -10 °C for 

30 min and then at rt for 2 h. The mixture was concentrated in vacuo and water (30 

mL) added. The mixture was heated at 70 °C for 30 min and then cooled to 30 °C 

and Na2S2O3 (500 mg) added and stirred for 30 min. The mixture was cooled to 0 

°C and the product precipitated out. The product was filtered and air dried to afford 

the title aldehyde (845 mg, 6.1 mmol, 67%) as pale grey needles; mp 134-135 °C; 

Rf 0.40 (20% EtOAc /hexane); 1H NMR (700 MHz, CDCl3) δ 11.42 (1 H, s, OH), 

9.72 (1 H, s, CHO), 7.43 (1 H, d, J = 8.5, ArCH), 6.49 (1 H, dd, J = 8.5, 2.3, ArCH), 

6.39 (1 H, d, J = 2.3, ArCH); 13C NMR (176 MHz, CDCl3) δ 194.6 (C=O), 164.6 (C-

O), 163.4 (C-O), 136.3 (ArCH), 115.7 (ArC), 108.8 (ArCH), 103.3 (ArCH); m/z 

(ESI+) 139 (100%, [M+H]+); HRMS [C7H6O3+H]+  calcd. 139.0390, found 139.0387. 

The data was in agreement with the literature.199 

 

(E)-2,4-dihydroxybenzaldehyde oxime (330) 

 

A solution of hydroxylamine hydrochloride (140 mg, 2.01 mmol) in water (3 mL) 

was cooled to 0 °C and KOH (116 mg, 2.06 mmol) added and stirred vigorously. 

After the solution became clear, aldehyde 328 (250 mg, 1.81 mmol) was added 

and the mixture heated at reflux for 1 h. The mixture was cooled to rt and a 

precipitate formed which was filtered and air-dried overnight to afford the desired 

oxime as an off-white solid (232 mg, 1.52 mmol, 84%); mp 191 °C; Rf 0.50 (50% 

EtOAc /hexane); 1H NMR (700 MHz, DMSO-d6) δ 10.93 (1 H, s, CH(N-OH)), 10.08 
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(1 H, s, OH), 9.72 (1 H, s, OH), 8.19 (1 H, s, ArCH), 7.23 (1 H, d, J = 8.5, ArCH), 

6.32 – 6.26 (2 H, m, ArCH, OH); 13C NMR (176 MHz, DMSO-d6) δ 159.7 (ArC-O), 

157.7 (ArC-O), 148.3 (C=N), 129.5 (ArCH), 109.8 (ArCH), 107.4 (ArCH), 102.4 

(ArC); m/z (ESI+) 154 (100%, [M+H]+); HRMS [C7H7NO3+H]+ calcd. 154.0499, 

found 154.0499.154. 

The data was in agreement with the literature.186 

 

2,4-dihydroxybenzonitrile (333) 

 

To a solution of 330 (153 mg, 1.00 mmol) and BOP (885 mg, 2.00 mmol) in THF 

(5 mL) was added DBU (350 mg, 2.30 mmol) drop-wise over 2 min. The reaction 

was stopped after 1 h, diluted with EtOAc (20 mL) and washed with water (2 x 10 

mL) and brine (10 mL), dried (MgSO4), filtered and concentrated under reduced 

pressure to get the crude product. Purification by flash column chromatography 

(50% EtOAc/ hexane) afforded in order of elution, the starting material 330 (101 

mg, 0.66 mmol, 66%), followed by the oxime product as a white solid (45 mg, 0.33 

mmol, 33%); mp 179 – 180 °C; Rf 0.57 (50% EtOAc/ hexane); 1H NMR (600 MHz, 

acetone-d6) δ 10.22 – 8.65 (1 H, m, OH), 7.40 (1 H, d, J = 8.5, ArCH), 6.53 (1 H, 

d, J = 2.2, ArCH), 6.48 (1 H, dd, J = 8.5, 2.2, ArCH); 13C NMR (176 MHz, acetone-

d6) δ 163.5 (ArC-O), 162.3 (ArC-O), 135.4 (ArCH), 117.7 (ArCN), 109.3 (ArCH), 

103.5 (ArCH), 92.1 (ArC); m/z (ESI-) 134 (100%, [M-H]-); HRMS [C7H5NO2-H]- 

calcd. 134.0242, found 134.0245. 

The data was in agreement with the literature.200 
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2-(2,4-dihydroxyphenyl)-4,5-dihydrothiazole-4-carboxylic acid (320) 

 

To remove oxygen from the solvent, N2 was bubbled through EtOH (3 mL) under 

vacuum for 10 mins. To a solution of nitrile 333 (45 mg, 0.33 mmol) in EtOH (2.5 

mL), were added D,L-cysteine (80 mg, 0.66 mmol) and NaHCO3 (111 mg, 1.32 

mmol) and the mixture heated at 80 °C for 2 days. The mixture was concentrated 

under reduced pressure to give a white residue, which was dissolved in ice-cold 

1.0 M aq. NaOH solution (0.5 mL), followed by the addition of ice-cold 2.0 M aq. 

HCl solution (1.0 mL). A white solid precipitated out. The mixture was allowed to 

stand at 0 °C for an additional 10 mins., before isolating the solid through filtration 

and drying it under vacuum. The desired product 333 (41 mg, 0.17 mmol, 52%) 

was isolated as peach coloured solid; mp 265 – 266 °C; 1H NMR (600 MHz, DMSO-

d6) 7.35 (1 H, d, J = 8.7, ArCH), 6.41 (1 H, dd, J = 8.7, 2.3, ArCH), 6.37 (1 H, d, J 

= 2.3, ArCH), 5.38 – 5.34 (1 H, m, CHCO2), 3.71 (1 H, dd, J = 11.4, 9.7, CHAHB), 

3.61 (1 H, dd, J = 11.4, 6.3, CHAHB); 13C NMR (151 MHz, DMSO-d6) δ 174.1 (C=O), 

171.2 (ArC), 163.4 (ArC), 160.9 (ArC), 132.5 (ArCH), 108.5 (ArCH), 107.2 (ArC), 

102.3 (ArCH), 73.6 (CHN), 33.1 (CH2S); m/z (ESI+) 240 (100%, [M+H]+) HRMS 

[C10H9NO4S+H]+  calcd. 240.0325, found 240.0327. 

The data was in agreement with the literature.184 

 

6.9 Molecular modelling 

The aim of this exercise was to determine whether analogues larger than iLH2 115 

such as PBIiLH2 144 in particular, could be accommodated in the active-site cavity 

of firefly luciferase (WT PpyLuc). The co-crystal structure of PpyLuc and DLSA 146 

was obtained from the protein data bank (PDB 4G36), and the ligand DLSA 

removed from it using Hermes software that comes as a part of the GOLD software 
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suite. Water molecules were kept intact. The ligand-free protein was saved in the 

‘.mol2’ file format. The DLSA 146 ligand structure was drawn in ChemDraw 

software and energy minimisation was carried out using the MM2 calculation, 

Chem3D Pro software version 13.0.2.3021. The energy minimised ligand file was 

also saved as a ‘.mol2’ file. 

 

The GOLD wizard was used to carry out the molecular modelling. the GOLD wizard 

was used to carry out the molecular modelling. The binding site was defined to 

within 6 Å of the DLSA 146 analogue and the docking was carried out using the 

slow method (10,000 genetic algorithm sequences) to identify six different 

solutions. By comparing the docking solutions to the binding mode of DLSA 146, 

the pose of DPBIiLSA 147 and DBIiLSA 148 which gave the best overlay was 

selected for the basis of our docking model. Images of the docking results are 

presented in Chapter 2, Section 2.2. 
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7. Appendices 

7.1 List of Abbreviations 

 d Chemical shift 

Å angstrom 

AD anno domini 

ALP alkaline phosphatase enzyme 

AMP adenosine monophosphate 

atm atmospheres 

ATP adenosine triphosphate 

BC Before Christ 

BIiLH2 Benzimidazole Infra-luciferin 

BINAP 1,1’-bis-2-naphthalene 

Boc t-butyloxycarbonyl 

BOP benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate 

br broad 

BRET bioluminescence resonance energy transfer 

BTiLH2 Benzothiophene Infra-luciferin 

Calcd. calculated 

CBR Click Beetle Red 

CCD charge coupled device 

CI chemical ionisation 

CIEEL chemically-initiated electron exchange luminescence 

CoA coenzyme A 

COSY correlation spectroscopy 

CTIL charge transfer induced luminescence 
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Cys cysteine 

d doublet 

Da dalton 

DAST diethylaminosulfur trifluoride 

dba dibenzylideneacetone 

DBIiLSA 5′-O-[(N-dehydrobenzimidazoleinfraluciferyl)-sulphamoyl]-

adenosine 

DBTiLH2 Dibenzothiophene Infra-luciferin 

DBU 1,8-diazabicycloundec-7-ene 

DCC N,N'-Dicyclohexylcarbodiimide 

DCM dichloromethane 

DEPT distortionless enhancement by polarisation transfer 

DFT Density functional theory 

DIBAL diisobutylaluminium hydride 

DiLSA 5′-O-[(N-dehydroinfraluciferyl)-sulphamoyl]-adenosine 

DIPEA diisopropylethylamine 

DLSA 5′-O-[(N-dehydroluciferyl)-sulphamoyl]-adenosine 

DME dimethoxyethane 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide 

DPBIiLSA 5′-O-[(N-dehydropyridobenzimidazoleinfraluciferyl)-sulphamoyl]-

adenosine 

dpephos (Oxydi-2,1-phenylene)bis(diphenylphosphine) 

EI electron impact 

equiv. equivalents 

ESI electron spray ionisation 

ET etectron transfer 



 

Aisha	J.	Syed	–	University	College	London	 236	

FGI functional group interconversion 

Fluc firefly luciferase 

g gram(s) 

GOLD Genetic Optimisation for Ligand Docking 

GSH Glutathione 

h hours 

HFIP hexafluoroisopropanol 

HMBC heteronuclear multiple bond coherence 

HMDS hexamethyldisilazide 

HRMS high resolution mass spectroscopy 

HSQC heteronuclear single quantum coherence 

HWE Horner–Wadsworth–Emmons reaction 

iLH2 infra-luciferin 

IR Infra-red 

Ki inhibitor constant 

LC-MS liquid chromatography - mass spectrometry 

min. minute(s) 

MEC-31 1,1′-Difluoro-2,2′-bipyridinium bis(Tetrafluoroborate) 

MEM 2-Methoxyethoxymethyl 

MOM methoxymethyl 

mp melting point 

NBS N-bromosuccinimide 

NMR nuclear magnetic resonance 

NOESY nuclear overhauser effect spectroscopy 

nr-IR near infra-red 

NTR nitroreductase enzyme 

Oxy oxyluciferin 
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PBIiLH2 Pyridobenzimidazole Infra-luciferin 

PBI2iLH2 Pyridobenzimidazole 2 Infra-luciferin 

PCL Peroxy-caged-luciferin 

PLE porcine liver esterase 

PPA polyphosphoric acid 

PPi pyrophosphate 

ppm parts per million 

Ppy Photinus pyralis 

Py pyridine 

q quartet 

RAM andom access memory 

Rf retention factor 

RMSD root mean square deviation 

RT room temperature 

sat. saturated 

SEM 2-(Trimethylsilyl)ethoxymethyl 

SET single electron transfer 

TBAF Tetra-n-butylammonium fluoride 

TBDMS tert-Butyldimethylsilyl 

TBHP tert-Butyl hydroperoxide 

TCEP tris(2-carboxyethyl)phosphine 

TEA triethylamine 

TFA trifluoroacetic acid 

TFAA trifluoroacetic anhydride 

THF tetrahydrofuran 

TIPS triisopropylsilyl 

TLC thin layer chromatography 
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TMS trimethylsilyl 

TREAT.HF triethylamine trihydrofluoride 

WT wild type 
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