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Abstract
Firefly bioluminescence occurs by the enzyme catalysed oxidation of D-luciferin to
oxyluciferin in its electronically excited state by a luciferase in the presence of ATP,
Mg2+ and O2 co-factors. Relaxation to its ground state results in the emission of a
photon of light. The wavelength of light emission can be altered by mutating the
luciferase and/or synthesising analogues of luciferin. In the Anderson group, a
synthetic π-extended analogue of luciferin, infraluciferin, was synthesised and
exhibited a significant red shifted emission, but was ~ 100 times dimmer than Dluciferin. An understanding of the excited state dynamics of the light emitter
oxyluciferin in vacuo may help to design better bioluminescent systems for analytical
applications.
Part one describes the results of anion photoelectron spectroscopy measurements
employed to determine the electronic structure of oxyluciferin in vacuo. These were
interpreted with the aid of quantum chemistry calculations performed by another PhD
student. Oxyluciferin can exist in three anionic resonance forms (keto, enol and
enolate). To track the dynamics of these different species, the known protected
derivatives, which trap the resonance forms, were synthesised from the literature and
their photoelectron measurements were recorded between wavelengths 359 – 294
nm. The excited state dynamics of the analogues were unravelled by linking spectral
features with the calculated excited state energies.
Part two describes the synthesis of three protected π-extended resonance forms of
infraoxyluciferin and preliminary photoelectron measurements of the keto and enolate
derivatives recorded at 346 nm. The synthesis features two unique cyclisation
strategies to form the keto and acetyl-protected enolate derivatives. The acetylprotected enolate derivative was successfully deacetylated in situ before running
photoelectron measurements. Preliminary analysis of the 346 nm photoelectron
spectra of keto and enolate derivatives provides a good starting point for future
detailed spectroscopic investigations on understanding how increasing the
conjugation affects the electronic structure and dynamics relative to their oxyluciferyl
derivatives.

Impact Statement
Bioluminescence is a powerful tool that is widely used in sensing and imaging. Light
emission from the bioluminescent reaction is proportional to the amount of luciferase,
luciferin, and ATP present. Under excess Luc and LH2, the light intensity is correlated
to the amount of ATP and therefore the resulting system can monitor ATP
concentration, which extend into applications of bacteria detection since they use ATP
as an energy source. Under excess LH2 and ATP, luciferase can be used as a reporter
enzyme for monitoring gene expression (signalling pathways, gene regulations and
regulatory elements), protein–protein interactions, cell movements (proliferation,
migration, differentiation) and total cell bio-distribution in prokaryotic or eukaryotic
cells, because the amount of luciferase is correlated to light intensity. Luciferase is
widely used for measuring the activity of promoters that drive the transcription of a
gene of interest and to follow gene expression at different stages of development in a
transgenic organism.
It is highly desirable to develop luciferin-luciferase assays that can generate bright,
red-shifted bioluminescence for deep tissue imaging applications such as investigating
disease (I.e., cancer) in whole animals. Hence, bioluminescence is making up a
progressively larger share of the multimillion dollar near-infrared imaging market.
My research characterizes the electronic structure and dynamics of the bioluminescent
product of the firefly, ‘oxyluciferin’, using anion photoelectron spectroscopy. A
fundamental understanding of its electronic spectra aided by high-level quantum
chemistry calculations will aid the rational design of brighter, red-shifted synthetic
analogues for a wide range of novel applications. My research also involves the
synthesis and preliminary anion photoelectron studies of novel near infrared
oxyluciferins, which will give biological and medical researchers access to an
expanded set of bioluminescent tools.
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1 Introduction
1.1 History of bioluminescence
Light has always played a superstitious theme among all people and religion. The
contrast between light and darkness is so striking that many races have adopted some
story of the origin of light to explaining creation. It is therefore unfortunate that there
have not been any written records of the observation of luminescence by primitive
man. Curiously, luminescence exhibited by the firefly or glow worm were not even
mentioned in the Bible, Talmud, or the Qur'an– part of the reason could be that it would
be rare to see these species in the Middle East since they prefer moist conditions.
Fireflies and glow-worms are prevalent in the tropics which explains their first
recordings in sacred books through literature and poetry from China and India before
the scientific method was established. Suggested by Harvey,1 the first written
description of a luminous species is found among the Thirteen Classics of China. In
the Shi-Ching (詩經) or book of Odes, which dates from around 1500-1000 BC, a
translation by James Legge of the line “i-yao hsiao-hsing” translates as “glowworm's
light all about” and “glowing intermittently are the fireflies”.2 In India, the Upanishad
Sanskrit texts of spiritual teaching and ideas of Hinduism, which forms part of the
oldest scriptures in Hinduism, the Vedas, possibly around 600 BC, mentions:3
Fog, smoke, sun, fire, wind,
Fire-flies, lightning, a crystal, a moonThese are the preliminary appearances,
Which produce the manifestation of Brahma in Yoga,

It was not until when Aristotle (384-322 BC) made the distinction of ‘cold light’ from his
discussions on light and color in De Anima, where it is implicit that he describes the
luminescence of fungi and dead fish:4
“Some things, indeed are not seen in daylight, though they produce sensation in the
dark: as for example the things of fiery and glittering appearance from which there is
no distinguishing name, like fungus (mukes) horn (keras) and the head scales and
eyes of fishes. But in no one of these cases is the proper color seen”.

1

The word “fungus” is referring to a mushroom of which many species are luminous.
The interpretation of “horn” is confusing as it was suggested by Placidus Heinrich in
his Die Phospherescenz der Körper that “keras” (meaning horn) should be kreas
(meaning flesh), which implies that Aristotle was referring to luminescent meat.5
Therefore, it is likely that Aristotle was referring to the luminescence of fish arising from
luminous bacteria given that the Greeks live near the sea. The distinction of
luminescence as cold light is further exhibited in Aristotle’s De coloribus of the
Opuscula as he describes that “some things though they are not in their nature fire nor
any species of fire yet seem to produce light”.6
Fundamental properties of bioluminescence were discovered in the mid-seventeenth
century by Robert Boyle, (famously renowned for discovering the inverse relationship
between pressure and volume of an ideal gas in a closed system: Boyle’s Law), who
showed experimentally that oxygen was required for bioluminescence even though
the existence of oxygen was first discovered by Scheele and Priestly over 100 years
later! Boyle removed the air from a chamber housing a piece of shining wood, glowworm, dead fish or meat (due to luminous bacteria) or decaying wood (due to luminous
fungi) which dimmed the light emission. Allowing the air to re-enter the chamber
reinitiated light emission.7
In 1877, Radziszewski discovered the first chemiluminescent reaction by lophine and
oxygen in the presence of strong base, which emitted green light. This led to the
proposal that bioluminescence was a form of chemiluminescence occurring within an
animal.8
This hypothesis was confirmed by Raphael Dubois in 1885 who was able to produce
bioluminescence in situ where he showed that extracts from the click beetle
Pyrophorus could glow in cold water and could not glow when the mixture was heated
to boiling; however, after the mixture in cold water had ceased to glow, addition of the
cooled hot-water sample regenerated the light emission.9 Dubois concluded that
bioluminescence was chemical in nature which consisted of two parts: a heat stable
part termed ‘luciferine’ and a heat labile part called ‘luciferase’ which was thought to
be an enzyme; the prefix lucifer is derived from Latin meaning light-bringer. Today,
‘luciferine’ is replaced with the term luciferin, and generally, luciferin and luciferase
(Luc) are terms which refer to their roles in the bioluminescent reaction - Lucs are
2

enzymes which catalyse the adenylation and oxidation of their specific luciferin
substrates to afford light.
During this time, a great variety of luminous organisms were already known, scattered
seemingly at random over the phylogenetic tree. But despite bioluminescence being
exhibited in seemingly unrelated species, it was thought by Darwin (1809-1822), under
his chapter title ‘Difficulties on theory’ in ‘The Origin of Species’, that “when the same
organ appears in several members of the same class, especially if in members having
very different habits of life, we may attribute its presence to inheritance from a common
ancestor; and its absence in some of the members to its loss through disuse or natural
selection”,10 suggesting that bioluminescence had stemmed from a single origin.
However, light emitting systems are very different functionally and biochemically as
Lucs comprise of a diverse group of unrelated enzymes acting upon chemically
different luciferins and associated co-factors.11 This directly indicates that
bioluminescence has arisen independently; perhaps as many as 30 times over the
course of evolution.12 Today, bioluminescence is exhibited in about 10,000 species
from 800 genera, consisting of a wide variety of insects, bacteria, fungi and marine
animals, with the optical function of visual communication to attract prey, warn off
predators and courtship.13 According to Haddock, at least 40 bioluminescent systems
are thought to exist in nature,14 where the structures of only 9 luciferins are known and
of which 7 of those have been assigned to a confirmed luciferase gene (Table 1).13
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Bioluminescent
System

Luciferase
Luciferin Structure

molecular

Co-factors

Weight (kDa)

BL emission /
nm

Lampyridae Firefly11

60

ATP, Mg2+, O2

538 - 582

Bacterial13

75

RCHO, O2

490

Fungal15

28.5

O2

520

Krill (X = OH)16

600

O2

480

135

O2

474

36*, 20Δ

Ca2+, O2

480*, 473 Δ

62

O2

460

Dinoflagellate (X =
H)17,18

Coelenterazine19
*Renilla luciferase
Δ Gaussia

luciferase

Cypridina20

Table 1 Seven known bioluminescent systems that exhibit in nature of which have been assigned to a
confirmed Luc gene.
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1.2 Firefly Bioluminescence

1.2.1 Accepted mechanism

The most studied bioluminescent system is that of the firefly. Fireflies (Lampyridae)
are part of the Elateriodea superfamily which also includes railroad worms
(Phengodidae) and click beetles (Elateridae). The largest percentage of luminous
species are in the Lampyridae, of which the most familiar examples are the wingless
females of Lampyris in northern and central Europe, the common fireflies Photinus
and Photuris in North America and Luciola in Japan.
The North American firefly Photinus pyralis (Ppy) produces the brightest
bioluminescent reaction in nature, with a bioluminescence quantum yield (ΦBL ) of 0.41
± 7.4 % at pH 8.5,21 superior to those of 0.28 for cypridina,22 0.17 for aequorin,23 and
0.30 for bacteria.24 To date, the mechanism for firefly bioluminescence proceeds with
the rate determining adenylation of D-luciferin (LH2; 1) in the presence of Mg and
adenosine triphosphate (ATP) co-factors within firefly luciferase (Fluc) which releases
pyrophosphate (PPi). The proton connected to carbon-4 in 7 is presumed to be
deprotonated by a nearby amino-acid residue within the Fluc active site and is
stabilised by resonance with the conjugated luciferin system. Oxidation by single
electron transfer (SET) with oxygen leads to the formation of superoxide anion 10.25
Attack by the superoxide anion on the adenylated ketone followed by elimination of
adenylic acid (AMP) affords the key unstable dioxetanone intermediate (11). Collapse
of the intermediate releases carbon dioxide and anion oxyluciferin (OL−) in its
electronically excited S1 state (12).26,27 Relaxation of 12 to its electronic ground state
(13), S0, releases a photon of light (Scheme 1).

5

Scheme 1 Accepted mechanism for firefly bioluminescence.

Herein, the work behind each of these steps and their extensions towards other areas
of research and development will be discussed.

1.2.2 Physiology of the photogenic organs

Among the American species of Photinus, Photuris and Japanese Luciola parvula,
their light-generating organs (lanterns) are characterised with large tracheal trunks
which supply oxygen for light-emission (Figure 1).28 The tracheal penetrates through
the reflector layer (urate) and the photogenic layer. The reflector layer is opaque
compared to the photogenic layer with the role of protecting internal tissues and
scattering the light generated in the photogenic layer to optimize bioluminescence. 29
The tracheal trunks form cylinders in the photogenic layer which are made up of short
tracheolear twigs and have tracheal end cells, where multiple end cells serve a single
photogenic cell (Figure 1).30

6

Figure 1 a) Photinus scintillans, male, ventral view of abdomen. The stippled areas on the sixth and
seventh abdominal segments represent the adult light organ (left) reproduced from Reference 28.
Photinus scintillans, male, dorsal view of the principal trachea of the fifth, sixth, and seventh abdominal
segments (right; image). b) Fully developed adult photogenic organ of Photinus consanguineous cross
section: cuticula (C), capillaries of tracheal end-cells (c), hypodermis (H), luminous layer (P), trachea
(T), urate layer (U), nerve (N), end cells (EC). Reproduced from Reference 30.

Except in the egg and pupa stages, light is under nerve control. The nerves follow the
tracheal trunks and curiously do not extend beyond the confines of the end-cell,
suggesting a chemical transmitter is operating along the projections of the tracheolar
cytoplasm and the photocytes to trigger the luminescent response.31 Despite that the
pathway between neurotransmitter release and light production remains unknown,
Trimmer et al. discovered that nitric oxide (NO) synthase was interposed between
nerve-endings and the photocyte, suggesting that NO is the neurotransmitter which
stimulates luminescence.32
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1.2.3 Adenylation

Previously, the photocytes were described to have densely packed granular or
elongated bodies near the tracheal cylinders and were considered as the source of
the light. However, it was uncertain whether the granules were microorganisms or
organic products. By analogy with leguminous bacteria, Kuhnt proposed that light may
arise from bacterial symbiosis in which the granules are luminous bacteria.33 This was
supported by Pierantoni who regarded the granules as symbiotic photogenic bacteria
which were congenitally transmitted from one generation to the other. Despite this,
Pierantoni claimed to have isolated bacteria from both the egg and light organs of
Lampyris, but his cultures were not luminous.34 Okada studied the development of the
photogenic organs and found that the granules make their first appearance at a certain
development stage of the organ, which makes Pierantoni’s observations incompatible
with the theory of congenitally transmitted bacterial symbiosis.35 In fact, Pierantoni’s
observations of bacteria were very different from the granules and look like the
mitochondria described by Takagi in Luciola cruciata (Lcr; Figure 2).35,36

Figure 2 Light cells from an adult organ of L.cruciata. The photogenic granules are represented as black
spheres and mitochondria as slender filaments. Figure reproduced from Reference 36.

The theory of bacterial symbiosis to explain firefly light was disposed by McElroy who
had isolated photogenic materials of the firefly and discovered the necessity for ATP
and Mg2+ for firefly bioluminescence. The addition of ATP to a mixture of ground down
Ppy lantern extracts in sand and water gave off bioluminescence which was
proportional to ATP concentration;37 the experiment was not simple because ATP was
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not commercially available at the time and so McElroy prepared ATP from rabbit
muscles.38
It was suggested that the high energy phosphate bond is required to build up enough
energy for subsequent photon emission via a preliminary transphosphorylating dark
reaction. Based on this, a two-step mechanism for firefly bioluminescence was
proposed by Hastings, McElroy and Coulombre, consisting of a phopsphorylated
active intermediate formed by Fluc, LH2 and ATP·Mg2+ which then readily undergoes
oxidation to produce light. The authors also observed a fall in luminosity to a low level
during the first two minutes after the reaction and adding an additional quantity of Fluc
to the reaction prompted a second emission of light. These observations were
attributed to the formation of an inactive intermediate (Scheme 2).39

Scheme 2 Mechanism for firefly bioluminescence as proposed by McElroy group in 1953. Despite its
simplicity, this model presciently predicted the dual role of Fluc: the formation of an intermediate via
adenylation followed oxidation with O2.

The active intermediate was later determined to be an adenylyl luciferin (LH2 – AMP;
7) which was confirmed by radio-labelled pyrophosphate (P32P). Exchange of P32P
with LH2 – AMP intermediate afforded AT32P. The same observation was found when
the reaction was performed under anaerobic conditions suggesting that the first part
of the reaction did not require O2. The absence of LH2 in the reaction predominantly
gave P32P, highlighting that luciferin is required for forming the intermediate and thus
exchange to form AT32P; residual AT32P was observed and was attributed to some
luciferin which was bound to luciferase and could not be removed.40 The adenylation
step was validated by Rhodes and McElroy who had synthesised LH2 – AMP; thus
bypassing the adenylation step and found that the rate of light production was much
faster than LH2 and ATP individually. This suggested that the light emitting reaction is
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not the rate determining step (RDS) but the catalysed reaction between ATP and
luciferin to form LH2 – AMP and pyrophosphate was,41
LH2 + ATP + Fluc ⇌ Fluc − LH2 − AMP + PPi ∙ Mg 2+

(1)

McElroy et al. also observed that ATP was still being catalysed after the luminescence
had ceased and it was theorised that the ground-state of the excited intermediate,
adenyl-oxyluciferin (OL – AMP), formed from the reaction between the oxygenated
luciferyl-product, OL and ATP, which acts as an inhibitor by competing with the active
luciferin, adenyl-luciferin (LH2 – AMP).40
Despite that the molecular structures of LH2, LH2-AMP, OL and OL-AMP were not
known before 1961, the isolation and purification of LH2 was successfully achieved by
Bitler and McElroy who isolated 9 mg of pure luciferin from 15,000 fireflies in 1957.
The mechanism for the adenylation of LH2 was further distinguished as the luciferin
substrate was assigned to having a carboxylic acid group. Two pKa dissociation
constants were found between 3-4 and 8-9. The former was assigned as the carboxylic
acid group based on infrared data and the latter was speculatively assigned as a
phenolic group. The infrared peak corresponding to the carboxylic acid disappeared if
the ammonium salt of luciferin was analysed. Further evidence to show that the peak
was attributed to a carboxylic acid group was given by the disappearance of the OH
stretch upon esterification of luciferin with diazomethane.42
The unambiguous structural assignment of LH2 was achieved by total synthesis,
impressively by White et al. in 1961. Through chemical synthesis they found that Dluciferin (1) was the active enantiomer, and that L-luciferin (14) was enzymatically
inactive. Oxidation of LH2 with oxygen or ferricyanide yielded dehydroluciferin (15).
Since 15 was an oxidative product of 1 and ATP, it was hypothesised as the light
emitter (Figure 3).43

Figure 3

However, 15 was later determined to be the product of the pyrophosphorolysis of
inhibitor dehydroluciferyl adenylate (L-AMP; 16), where Fraga et al. found that 7 was
10

oxidised to 16 releasing H2O2. Pyrophosphorolysis of 16 yields 15 revealed a
competing oxidative dark reaction pathway that accounts for at least a 20 % decrease
in the chemical reaction yield and is a likely cause of the rapid decay of light
emission.44 This was supported by kinetic inhibition studies by Ribeiro et al. who found
that the Michaelis constant (Km) for OL and 16 were respectively 14.7  0.7 m and
14.9 ± 0.2 M, which shows that 16 acts as a tight-binding competitive inhibitor
(Scheme 3).45

Scheme 3
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1.2.4 Luciferase

Luciferase is a member of the ANL superfamily of adenylating enzymes where ‘A’
corresponds to acyl-Coenzyme A (CoA) synthetases, ‘N’ refers to the non-ribosomal
peptide synthetase (NRPS) and ‘L’ corresponds to the luciferase family. The ANL
enzymes share ~ 20 % sequence identity, containing a 400 – 500 residue N-terminal
domain and a smaller 110 – 130 residue C-terminal domain where the active site is
located at the interface between these two domains. They catalyse a two-step
reaction, and all share an initial adenylating step, which requires activation of a
carboxylic substrate with ATP to form an acyl-adenylate and pyrophosphate PPi. The
second part of the dual reaction is unique to the family: Acyl-CoA and NRPS domains
undergo thioesterification via attack at the carboxylate carbon by a pantetheine thiol
group followed by displacement of the AMP leaving group. Luciferase, however,
undergoes oxidation by O2 at the C4 position followed by decarboxylation for
generating bioluminescence (Scheme 4).46

Scheme 4 Reactions catalysed by the ANL superfamily of adenylating enzymes. (a) NRPS adenylation domains; (b) AcylCoA-synthetases; (c) Luciferases. All three reactions involve an initial, adenylate-forming reaction to form an amino acyl(a), acyl- (b), or aryl-adenylate (c), with the release of inorganic pyrophosphate (PPi). The adenylate intermediate reacts in
a second partial reaction to release AMP. For NRPS adenylation domains, the pantetheine cofactor bound to an NRPS
peptidyl carrier domain is represented by the linker and SH group.
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In the absence of substrates, the luciferase in Ppy is a 62 kDa protein consisting of a
large N-Domain and a smaller C-domain that is separated by a wide cleft (Figure 4).47

Figure 4 Ribbon representation of Fluc in its open conformation consisting of an N-domain (blue) and
C-domain (yellow). Crystal structures have been adapted from the Protein Data Bank from Reference
47.

The wide cleft was reasoned to be too big to catalyse the substrates and therefore it
was thought that the domains would come together and sandwich the reactants
together, which would provide an ideal microenvironment for light production as this
would prevent polar molecules from quenching of the excited state OL. This was
reinforced by tritium-hydrogen exchange experiments on Luc at pH 7.0 by DeLuca et
al., who showed that around 300 hydrogens of positions that were expected to be
exchanged per enzyme were non-exchangeable in the presence of substrate which
demonstrated that Fluc undergoes a conformational change to form a tightly bound
intermediate.48
Indeed, the ANL enzymes use the Domain Alternation strategy to facilitate adenylation
and oxidation. The initial adenylation reaction is catalysed by one conformation and
then they exhibit a 140° domain rotation of the C-terminal domain to the active site for
the second partial reaction (Figure 5).46
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Figure 5 Illustration showing that the smaller C-terminal domain undergoes rotation via the
domain alternation strategy to the closed conformation, forming a sandwich between the two
domains.

A cross-linked Ppy mutant was synthesised through chemical trapping with 1,2bis(maleimido)ethane (BMOE; 17). This required a cysteine residue on each domain
that could approach each other closely in the rotated conformation so that 17 could
undergo conjugate addition with one cysteine followed by the other cysteine on the
other domain. To avoid selectivity and instability issues, four other cysteine residues
of Ppy were mutated to either serine or alanine (PPy 9-). Next, the N-domain residue
Ile108 and C-domain residues Tyr447 were mutated to cysteine as a previous crystal
structure of a highly thermostable long-chain fatty acid CoA synthetase in the thioester
conformation showed a single interdomain (salt bridge) interaction involving Arg108
and Glu447 (Ppy numbering).49
The distance between the residues in luciferase structures are ∼40 Å apart which
suggests that they will interact after rotation of the C-domain (Scheme 5).

Scheme 5 Mechanism showing the strategy to trap the closed conformation by crosslinking two
mutated sites on the N-terminal domain (Ile108Cys) and on the C-terminal domain (Tyr447Cys) with
BMOE..

The resulting trapped luciferase (PPy 9- C108/C447) cross-linked with 17 was not able
to produce light however bioluminescence could be re-initiated by replacing the natural
substrate with synthetic 7 which bypassed the adenylation partial-reaction. This
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provided strong evidence to show that the luciferase changes conformation for the
oxidation step.50
The crystal structures of Ppy bound to inhibitor 5´–O–[N-(dehydroluciferyl)-sulfamoyl]
adenosine (DLSA; 18) – a good model for OL and AMP – and PPy 9− C108/C447
cross-linked with BMOE and complexed DLSA were resolved by Sundlov et al., who
showed that luciferase exhibits two conformations (Figure 6).51

Figure 6 Top: Structure of DLSA in its s-trans conformation. a) Ppy complexed with DLSA (centre
frame). Amino acid residues Ile108, Tyr447 and Lys439 are highlighted. b) PPy 9 - C108/C447
cross-linked with BMOE and complexed DLSA. Residues Ile108, Tyr447 were mutated to cysteine
(Ile108Cys and Tyr447Cys) for facilitating cross-coupling with BMOE. The Lys439 residue is
rotated, showing the conformational change. Crystal structures have been adapted from the
Protein Data Bank from Reference 51.

The crystal structure in Figure 6a represents the adenylate-forming conformation of
WT Ppy complexed with DLSA and Figure 6b is proposed to be the oxidation
conformation as 17 links the mutated Ile108Cys and Tyr447Cys residues that are
respectively on the N and C-domains. Following the hinge residue at Lys439, the anti15

parallel two stranded β-sheet is directed into the active site of the enzyme where the
backbone dihedral angles (φ,ψ) of Lys439 change from (− 73⁰, −12⁰) in the PPy to (−
69⁰, 158⁰) in the mutated enzyme, which illustrates that a large component of the
conformational change occurs with a rotation of the ψ angle of the hinge residue. 51
Resolved crystal structures of the active site in the Japanese firefly Lcr complexed
with 18 revealed a tight hydrophobic pocket in which 18 resides (Figure 7).52

Figure 7 a) Crystal structure of Lcr complexed with DLSA; residues α8 (248 -260) ~ red helix, β12 (286
– 289), β13 (313 – 136), β14 (339 – 342), β15 (352-353) ~ green sheets, loop (343-350) ~ yellow/ light
blue/dark blue loop connecting β14 and β15, linker loop (438-442) connecting the C-domain and Ndomain ~ yellow/dark blue, Ile 228 ~ VDW representation, active site loop (526-530) ~ red. b) Crystal
structure of Lcr complexed with MgATP overlaid with the crystal structure of Lcr with DLSA (shaded).
Ile 228 is shown in both overlaid complexes where the red arrow shows that it moves closer to DLSA
in the DLSA complex. Crystal structures have been adapted from the Protein Data Bank (2D1R ~ DLSA,
2D1Q ~ MgATP) from Reference 52.

DLSA 18 is crystallised in its s-trans conformation (see top of Figure 6) where the
thiazole ring is almost coplanar to the benzothiazole ring, surrounded by a β-barrel of
amino acid residues (green) and a α-helix (red) where the isoleucine residue (Ile 288)
is shown as a Van der Waals (VDW) representation (Figure 7a). Figure 7b is an
overlay of two Lcr crystal structures where one is complexed with MgATP (nontransparent) and the other is complexed with 18 (transparent). Intriguingly, the
sidechain of Ile 288 residue rotates by 131⁰ closer to 18 and consequently makes Ile
228 closer to the benzothiazole of 18 by 1.5 Å in the DLSA complex (transparent VDW
representation in Figure 7b), which makes the luciferyl moiety of 18 tightly sandwiched
in a hydrophobic pocket. Therefore, the MgATP complex represents the active site in
its open conformation which then changes to make an extremely hydrophobic
16

microenvironment by the transient movement of the side chains of Ile 288.52 This
suggests that the second partial reaction in luciferases is to maximize the efficiency
for generating OL in its excited state by creating a tight hydrophobic pocket which
prevents intruder molecules such as water from quenching the active site thus
minimising energy loss and maximizing ФBL.

1.2.5 Oxidation

Oxidation of LH2-AMP (7) is the second role of luciferase whereby O2 reacts with 7 to
form an unstable dioxetanone ring (11) which is the energy source for
bioluminescence (see Section 1.2.6.2.3). White et al. proposed that the oxidative Luc
reaction is initiated by a presumed base in the active site which deprotonates the C4
proton of 7 producing carbanion 8. This carbanion was then thought to react with O2
to form peroxy anion intermediate 10 that intramolecularly forms dioxetanone 11 with
the release of AMP. However, this proposal was problematic, because the peroxide
must form from singlet O2 in a spin forbidden process (Scheme 6).53

Scheme 6 Original mechanism of Fluc bioluminescence.

Two alternative mechanisms were proposed by Branchini et al.: A radical abstraction
of the C4 proton forming a hydroperoxide (a) and a single electron transfer mechanism
(SET) leading to the formation of a peroxide anion via the formation of a superoxide
anion (•OO−) intermediate (b; Scheme 7).25
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Scheme 7 (a) Radical abstraction mechanism. (b) SET mechanism.

Both mechanisms require the delivery of O2 to the C4 carbon and the formation of a
hydroperoxide intermediate. To justify that oxidation at the C4 carbon and formation
of a peroxide species has occurred, the side chain active site residue, Histidine 245
(His245), was substituted with cysteine (H245C). His245 was thought to play a major
role in both the adenylation and oxidation steps where it initially points into the active
site to possibly prevent the access of water and to stabilize the negatively charged
carboxylate of 1 and ATP during adenylation and then exhibits a side-chain torsional
rotation which withdraws it from the active site to clear a tunnel for O2.51,54,55 Therefore,
since His245 is in proximity with O2, substituting histidine with cysteine (H245C) can
lead to oxidation of the side chain thiol cysteine by the proposed hydroperoxide
intermediate. This mutation showed near to complete adenylation activity but a 99.4
% reduction in the rate of the oxidation step relative to Ppy, which illustrates the
necessity for His245 during the oxidation step. In addition, liquid chromatography–
mass spectrometry (LC/MS) of the spent reaction mixtures of H245C with LH 2 plus
Mg-ATP showed a new peak with mass [M+H] 626 Da, which corresponds to the side-
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product 20. This was attributed to the oxidation of the nearby cysteine residue to the
corresponding sulfenic acid (Scheme 8).25

Scheme 8

Unlike the radical abstraction mechanism, the SET mechanism requires the formation
of an anion at the C4 position. The kinetic-isotope effect (kH / kD) was determined to
be 2.1 ± 0.2 for the reaction between Ppy and 4-deutero-D-LH2-AMP. This strongly
suggests that the RDS is deprotonation at the C4 position which is consistent with the
SET mechanism. Moreover, Hastings et al. in 1953 noted that re-admitting air or O2 to
a de-aerated reaction mixture consisting of 0.1 ml* Ppy, 1 ml† LH2, 1 ml of 0.01 M
MgSO4, and 1 ml of 0.004 M ATP, made up to a volume of 20 ml with 0.05 M glycine
buffer at pH 8, resulted in an extremely bright flash that was 50 – 75 times brighter
than the steady state level. Presciently, the authors attributed this feature to the buildup of an active-intermediate, which would imply the accumulation of anionic
intermediate 7.39 Hydrogen-deuterium exchange studies of 4-deutero-D-LH2-AMP by
Branchini et al., incubated with or without (control) Ppy under anaerobic conditions
followed by quenching with 10 % v/v MeCN- 0.25 M HCl showed ~ 95 % hydrogendeuterium exchange on C4 in the presence of Ppy whereas the control reaction
yielded < 1 % exchange, which is strongly consistent with the catalytic formation of an
anion on C4.25
Another difference between the radical and SET mechanisms is that the SET
mechanism involves the radical anion •OO−, which could be trapped by a superoxide
spin trapping reagent such as 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (21;
BMPO; Scheme 9).

*
†

The concentration was not specified
The concentration was not specified
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Scheme 9

Electron paramagnetic resonance (EPR) of the resulting adduct was not successful
with Ppy as it was thought that the lifetime of •OO− was too short and/or BMPO was
not able to access the active site. Instead, a model reaction was sought, utilizing the
chemiluminescent reaction between luciferin methyl ester 23, sodium phenoxide base
and O2 in DMSO. This gave a mixture of products 4-hydroxyluciferin methyl ester 25
and

dehydroluciferyl

methyl

ester

26.

The

formation

of

OL

and

light

(chemluminescence) were not observed due to the mild alkaline conditions (Scheme
10).

Scheme 10

EPR spectroscopy using the spin trapping reagent 21 confirmed the presence of OO−
which provides a convincing case that the oxidation step in the bioluminescent reaction
operates via the SET mechanism instead of the radical abstraction or the spin
forbidden process mechanisms (Figure 8).25

Figure 8 EPR spectra of BMPO-OO− in DMSO at 19.5 °C. (a) LH2-OMe + sodium phenoxide +
BMPO, (b) simulation (c) LH2-OMe + BMPO, (d) sodium phenoxide + BMPO, (e) BMPO only, (f)
LH2-OMe + sodium phenoxide, and (g) sodium phenoxide only. Figure reproduced from Reference
25.
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1.2.6 Cyclic peroxide intermediate
1.2.6.1 Relationship to the discovery of OL
Prior to 1961, the chemical structure of LH2 and its derivatives were not known, and
therefore mechanistic proposals to explain firefly bioluminescence were speculative.
The formation of a hydroperoxide was hypothesized to meet the energy requirements
for light emission as the free energy liberated by the formation of the water molecule
could be sufficient to excite the resulting light emitting compound to luminesce
(Scheme 11).56

Scheme 11 Preliminary hypothesis for the formation of a high energy hydroperoxide intermediate.
Intramolecular condensation affords OL-AMP complexed with Fluc in its electronically excited state,
followed by relaxation to its ground electronic state which emits a photon of light.

Another mechanistic pathway for the insertion of O 2 was proposed from work on
lophine57 and acridan derivatives.58 Insertion of O2 is enabled due to the low energy
required to break the resulting O–O bond. This leads to the formation of a 4-membered
ring dioxetanone intermediate, which collapses to form an electronically excited state
carbonyl and is capable of conjugating with a fluorescent system (Scheme 12).
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Scheme 12 a) Mechanistic pathway for lophine luminescence. b) Mechanistic pathway for acridan
luminescence.

This idea gained momentum and was thought to be a strong candidate for explaining
firefly bioluminescence since chromatographic analysis of the reaction where

14C-

labelled luciferin was reacted with Fluc and ATP in excess showed that less than 10
% of the initial luciferin could be recovered as dehydroluciferin 15.59 This suggested
that 15 was not the product of the light emitting reaction. Instead, the mechanism of
forming an excited state species via a 4-membered ring intermediate predicts the
formation of thiazolone 12 via the release of adenylic acid and CO2 (Scheme 13).

Scheme 13

22

Determining the true product for firefly bioluminescence was switched towards
chemiluminescence studies of the luciferin analogue dimethylated-luciferin 27 since
isolation of the product in the native system was not successful (Scheme 14).

Scheme 14 Proposed mechanistic pathway for the chemiluminescence of M–phenolate–keto. M =
model 30.

Previously, McElroy and Green had established that ATP disappearance can be
accounted by the appearance of adenylic acid, but it was inconclusive whether AMP
was formed before, during or after light emission.40 The mechanistic pathway in
Scheme 14 reveals that AMP is released prior to the formation of dioxetanone ring 29.
The chemiluminescence emission spectrum of the 5,5-dimethylluciferyl adenylate 27
was identical with the fluorescence spectrum of M–phenolate–keto 31 which was
synthesised by the condensation of ethyl α-mercaptoisobutyrate with nitrile 32
(Scheme 15). This provided unambiguous evidence to show that the product has a
thiazolone core structure.60

Scheme 15

Radiolabelled studies of
of the

14C

14C-LH
2

by Plant, White and McElroy showed that over 80%

labelled at the C4 position of LH2 appeared as CO2 and exchange of the
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hydrogen atom at the C4 position with deuterium by White and Deluca afforded a
slower rate for the oxidative reaction, providing compelling evidence that
deprotonation occurs at position C4.61
Contrarily to the dioxetanone pathway was proposed a mechanism which involves a
multiple linear bond cleavage of luciferin peroxide 35 and was initiated by a hydroxide
species (Scheme 16).62

Scheme 16

Carrying out the bioluminescence reaction in H218O solvent under 16O2 atmosphere or
in H216O solvent under

18O

2

atmosphere showed that one atom of

18O

was

incorporated into the CO2 in the former conditions. Thus, it was concluded that one O
atom of the product CO2 came from the solvent water, which forms the basis of the
linear bond cleavage hypothesis in Scheme 16. However, this was a misjudgement
since the authors did not consider that gaseous CO2 equilibrates with aqueous buffer
solution in a closed vessel, therefore a large portion of the CO 2 is dissolved in the
aqueous phase mostly in the form of bicarbonate Equation (2).
H2 O + CO2 ↔ H2 CO3

(2)

Hence, when the bioluminescent reaction is carried out in H218O media under an
atmosphere of

16O

2,

the C16O2 formed by the dioxetanone mechanism is

spontaneously converted into C16O18O. If the reaction is carried out in H216O media
under an atmosphere of

18O

2,

the C16O18O is spontaneously converted into C16O2.

These factors were accounted by Shimonura who concluded that ~75 % of CO 2
molecules had one atom of

18O

from a system consisting of H216O medium with

18O

2

atmosphere.63 These results directly show that the multiple linear bond cleavage
mechanism arising from the addition of a hydroxide species from the solvent is
incorrect. To date, the dioxetanone mechanism is generally accepted.
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1.2.6.2 Investigation of dioxetane and dioxetanone rings

1.2.6.2.1 Uncatalyzed peroxide decomposition

Cyclic peroxide 11 is synthetically inaccessible.

Therefore, understanding the

photodynamical collapse of the dioxetanone ring to form OL in its singlet exited state
are only available through theoretical investigations of 11 and other theoretical and
experimental investigations of model cyclic peroxide species such as derivatives of
dioxetanes and dioxetanone core structures (Figure 9).

Figure 9 Model cyclic peroxide structures.

To understand the current explanations for the large bioluminescent quantum yield
exhibited in Ppy as well as other bioluminescent species, it is crucial to acquire a
bottom-up understanding of simpler cyclic peroxide species.
Curiously, the observation of the fast bioluminescent flashes exhibited by fireflies is
indicative of relaxation from a singlet excited state. Yet, the collapse of 1,2 dioxetanes,
bearing no oxidizable groups preferentially yield triplet excited states; in some cases
triplet quantum yields of up to 50 % and triplet to singlet ratios of ≥ 100.64 This suggests
that the reaction coordinate proceeds with an inter-system crossing to a triplet excited
state which is efficient and competitive over singlet excitation and other non-radiative
processes. Three mechanisms were proposed to explain the unimolecular
decomposition of 1,2 dioxetanes: concerted, step-wise bi-radical and asynchronous
concerted (Scheme 17).
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Scheme 17 Three proposed mechanisms for the unimolecular decomposition of 1,2
dioxetanes.

Pathway 1 describes a concerted reaction where the O–O and C–C bond cleave
simultaneously in a [2 + 2] cycloelimination reaction. Abiding by the WoodwardHoffmann symmetry rules, symmetry operations are applied to show the trajectories
of molecular orbital energies through the cycloelimination of 1,2-dioxetane. For a
general dioxetane ring, two mirror plane operations, σ1 and σ2, are applied which are
respectively in the plane (flat) and perpendicular to the plane of the molecule. 65
Molecular orbitals that are directly involved in the cycloelimination are only taken into
consideration. In addition, Woodward and Hoffmann noted, “Heteroatoms do offer the
possibility of new reactions by the inclusion of non-bonding pairs or by the availability
of low-lying unoccupied orbitals. These types of interaction should be carefully
analyzed”.65 Therefore the non-bonding lone pair orbitals on oxygen are considered.
From this a Walsh correlation diagram can be constructed (Figure 10).
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Figure 10 Walsh orbital correlation diagram for the [2 +2] cycloelimination of tetramethyl-1,2dioxetane into two ketone molecules according to the Woodward-Hoffmann rules. Symmetry
operations σ1 is shown in red and σ2 in blue and their symmetry transformation labels S (symmetric)
and A (antisymmetric) are respectively colour coded.

Combining the phases of the participating atomic orbitals yield bonding and
antibonding molecular orbitals for the reactants and products; the non-bonding orbitals
on oxygen are perpendicular to the plane of the screen. Applying the symmetry
operations (σ1 and σ2) on the resulting orbitals yield symmetric (S) or antisymmetric
(A) combination labels. The molecular orbitals from the reactant are correlated to the
molecular orbitals belonging to the carbonyl products if they have the same symmetry
labels. The electronic ground state is σCC(S, S)2, σOO(S, S)2, n(A, S)2, n(A, A)2 and
π(S, S)2, π(S, A)2, n(A, S)2, n(A, A)2 for the reactant and the products, respectively.
The lowest unoccupied molecular orbital (LUMO) of the dioxetane σ*OO (S,A)
correlates to a lower lying molecular orbital which crosses the ground-state trajectory
nO (A,A) → n (A,A). This indicates that the excited state may undergo intersystem
crossing (ISC) with the ground state at the TS, which would allow the dioxetane to
cross to an excited state.66,67
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To obtain a more detailed view of the photodynamic pathway, let us consider the
possible electronic excited states that can occur in tetramethyl-1,2-dioxetane (Figure
11).

Figure 11 Methodology of determining the symmetry of an excited-state electronic
configuration (right) from the ground state configuration (left).

In Figure 11, promotion of an electron from the highest occupied molecular orbital
(HOMO) to the LUMO of dioxetane yields an electronically excited state with an
electronic configuration (nO AA)1 (σ*OO SA)1. To determine the resulting symmetry of the
excited state, the symmetry labels are multiplied out; red labels were operated by the
σ1 symmetry operation (in plane) and the blue labels were operated by the σ 2
symmetry operation (perpendicular to the plane). Following the symmetry rules yield
the resulting configuration symmetries:65
𝐴 ×𝐴=𝑆 ×𝑆 =𝑆

(3)

𝐴 ×𝑆 =𝑆 ×𝐴=𝐴

(4)

Therefore, the resulting symmetry for the open shell excited state configuration in
Figure 11 is AS; closed shell species will always be symmetric (S). This process is
repeated for all possible transitions including doubly excited transitions for both

28

reactant and products. Considering the possible excited state combinations that can
occur, an electronic state correlation diagram can be constructed (Figure 12).

Figure 12 An electronic state correlation diagram for the decomposition of tetramethyl1,2-dioxetane.

Comparing the number of states in Figure 10 and Figure 12 shows that there are two
additional states whose energies are lower than or comparable to that of the ground
state in the transition region. These two states arose from considering the excited
states arising from the (nO AS)2 state on dioxetane and the (π AS)2 on the ketone. Note
that for each of the four configurations gives rise to a singlet and triplet state.
Therefore, there are eight states that cross at the TS. In a thermal process, the
reactants might switch at these crossing points from their ground state surface to any
one of the eight surfaces. For transitions that involve states with different spin
multiplicities (S0 → T1 ; ΔS ≠ 0), the coupling element is the spin-orbit Hamiltonian.68
In addition, El-Sayed highlighted that to achieve effective spin orbit coupling (SOC),
any change in spin must be accompanied by a corresponding change in angular
momentum, so that total angular momentum is conserved. 69 In the context of organic
chromophores, a typical case is the transition from the lowest excited singlet state to
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the triplet manifold. Therefore, there will be competition between singlet and triplet
excitation.
However, dissociation of the cyclic peroxide O–O is facile as it is one of weakest known
valence bonds. Therefore, a step-wise mechanism is more plausible than a concerted
reaction, with firstly rupture of the O–O bond to form a biradical, which is characterised
by torsional motion around the O−C−C−O dihedral angle (Pathway 2 in Scheme 17).
Dissociation of the O–O bond is the rate determining step where the experimental
activation energy (Ea) for 1,2-dioxetane was reported to be 22.7 ± 0.80 kcal/mol.70 The
O–O bond breaking TS was calculated by Vico et al. at the multi-state complete active
space second-order perturbation theory (MS-CASPT2)// complete active space selfconsistent-field (CASSCF) level and reported an activation energy (Ea) of 23.5
kcal/mol which is in quantitative agreement with experiment.71
In general, it is agreed that the biradical mechanism is consistent with reported
activation parameters for uncatalyzed 1,2-dioxetane decomposition; whereas the
concerted mechanism is better at rationalizing the singlet and triplet quantum yields.72
Combining the two methodologies yield the biradical-concerted reaction, formerly
known as the asynchronous or merged mechanism, whereby the O–O and C–C bonds
cleave in a concerted fashion but not simultaneously. Cleavage of the O–O bond gives
rise to four radical centres (one σ and one π radical centre on each oxygen) where
each oxygen atom has three electrons distributed in two lone-pair orbitals which are
close in energy (Figure 13). This gives rise to four possible diradical configurations

Figure 13 The four diradicals (singlet or triplet) created when the dioxetane O-O bond is stretched.
The two lobes of the π orbital on the oxygen atoms are represented perpendicular to the plane
and the σ orbitals are parallel to the C-C bond. Figure reproduced from Reference 73.
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where each gives rise to a singlet and triplet state. Thus, there will be a total of 8
states: 4 singlet and 4 triplet states in the biradical region.
The biradical is the TS in which the states are close to degenerate. This implies that
the difference in triplet versus singlet excitation yields is related to the C−C bond
breaking step. C–C bond stretching occurs after O–O bond breakage leading to the
formation of carbonyl species (Figure 14).

Figure 14 Computed MS-CASPT2//MS-CASPT2 S0 minimum energy pathway (MEP), S1
(red line), and T1 (blue line). The dashed lines and the double arrow highlight the activation
energy barrier. Angles for the reactant and TS’ S0 structures represent the O-C-C-O dihedral
as a function of reaction coordinate. The biradical region is represented in the TS’ region.
Figure reproduced from Reference 71.

The ground state (S0) and lowest energy triplet state (T1) energy surfaces of the parent
dioxetane were explored by Wilsey et al. using CASSCF active spaces with MP2
corrections in several basis sets. They found that the S0 → 3(3π) crossing is prompted
by a motion orthogonal to the reaction coordinate, having components along both the
O–C–C–O torsional dihedral and O–C–C asymmetric bending vibrational modes. The
spin orbit coupling was between S0 1(4π) / 1(2π) and 3(3π) surfaces was found to be
large (60-70 cm-1) which indicates intersystem crossing ISC to the 3(3π) state is
efficient. In addition, there was a vast line of S0 / 3(3π) crossing points which span the
O–O cleavage valley in a multidimensional picture of the potential surfaces involved.
This is further indicative of efficient ISC crossing between S0 to the 3(3π) surface.73
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The transition between O–O bond cleavage to C–C bond stretching behaves
‘ballistically’ as the molecule carries momentum along the torsional mode arising from
O–O bond rupture which needs to be redistributed via vibrational energy redistribution
to change the momentum from the O−C−C−O dihedral angle to a dissociative C−C
stretch. This process is called ‘entropic trapping’ which can be tuned by the number of
degrees of freedom of the molecule: The more degrees of freedom, the more time the
biradical spends in the entropic trap which increases the probability of crossing onto a
S1 or T1 excited state. This provides an enticing rationale to explain why the
chemiexcitation yield increases with the increasing degree of methylation of 1,2dioxetane molecules (dominantly triplet excitation) though it is lacking to explain why
triplet excitation is favoured.70 Studies have reasoned triplet excitation over singlet
excitation as they have shown that the activation barrier to access the T1 state is  5
kcal mol-1 lower than that of the S1.71,74 Hence, this could account for the preference
to observe triplet excited dioxetane species.
1.2.6.2.2 Uncatalyzed decomposition of dioxetanone rings

Investigating the dynamics of dioxetanone rings brings us a step closer to
understanding bioluminescent systems. The decomposition of dioxetanone rings
generates CO2 which is a more exothermic reaction than the decomposition of
dioxetane rings. Therefore, one may expect the generation of more electronically
excited-state products. However, this was not the case during the study of 1,2dimethyldioxetanone as it generated a lower yield of triplet excited state-products than
tetramethydioxetane.75 This can be rationalised in terms of the relationship between
the rate of dissociation and the time spent in the entropic trap. Since that the rate of
decomposition for 1,2-dioxetanone is faster than that of 1,2-dioxetane species, the
1,2-dioxetanone system will spend less time in the entropic trap and therefore the
probability to cross over to a triplet state will decrease.76
The reaction pathway of neutral firefly dioxetanone ring 36 was investigated by Yue et
al. using the CASPT2/ Coulomb-attenuated method with the B3LYP functional (CAMB3LYP, Figure 15) and was found to follow very similar decomposition pathways to
that of dioxetane rings (Figure 14).27
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Figure 15 The diabatic potential energy curves for neutral firefly dioxetanone decomposition calculated
by the CASPT2//CAM-B3LYP method. As in typical dioxetane systems, the electronic states converge
towards a biradical region as shown. Figure adapted from Reference 27.

The activation energy barrier for O–O peroxide dissociation was calculated as 25.8
kcal mol-1 by the CASPT2 method. As previously seen in the reaction pathways for
dioxetane rings, the electronic states converge to form a biradical region where the
3(n,

σ*) is near to degenerate with the 1(n, σ*) and 1(σ, σ*) states. The system has

infinite possibilities to change state and is a crossing seam. The system may also
undergo entropic trapping where momenta is redistributed due to dissociation of the
O–O bond. According to El-Sayed’s rule,69 the ISC between 1(σ,σ*) and 3(n,σ*) is
allowed, but the ISC between 1(n,σ*) and 3(n,σ*) is forbidden in zero order as there is
no change in orbital angular momentum. The authors suggested that the entropic trap
provides a high probability for ISC, generating large triplet excited-state product yields
and the absence of fluorescence.
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1.2.6.2.3 Catalysed peroxide decomposition

1.2.6.2.3.1 Charge Induced Electron Exchange Luminescence

Previously, the uncatalyzed peroxide decomposition generates low chemiluminescent
quantum yields (ФCL). However, it was found that adding aromatic compounds with
high oxidizing potentials can stimulate chemiluminescence through an intermolecular
interaction with the peroxide ring. This was demonstrated with diphenoyl peroxides
where the rate of the peroxide decomposition is linearly dependant to the oxidation
potential of the aromatic species.77 In addition, the chemiluminescence of 4,4dimethyl-1,2-dioxetan-3-one 37 in rubrene solutions was significantly enhanced by 20fold when 9,10-diphenylanthracene was added.78 To account for these observations,
the charge induced electron exchange luminescence (CIEEL) mechanism was
proposed as a bimolecular process (Scheme 18).

Scheme 18 CIEEL mechanism for 37. Bottom scheme shows the electron transfer between A and
ACT, where A ~ dioxetanone and ACT ~ catalytic activator.

The catalytic chemiluminescence activator (ACT) interacts with cyclic peroxide 37 to
form a charge transfer complex (1). An electron is transferred to the σ* O–O
antibonding orbital of the dioxetanone ring which lowers the E a for peroxide
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decomposition (2). After, C-C bond cleavage occurs leaving a carbonyl radical anion
in contact with the ACT (3). An electron back transfer (EBT) or charge annihilation
liberates enough energy to promote the ACT to its singlet excited state (4); this is the
excitation step which is well-understood in the field of electrochemiluminescence.79
Relaxation of electronically excited ACT releases a photon of light (5).
The effect of the CIEEL mechanism alters the landscape of the electronic state
correlation diagram where a new charge transfer state (xσ* → xy) is proposed. A
‘double crossing’ between the S0 and S1 potential energy surfaces and is responsible
for chemiexcitation (Figure 16).72

Figure 16 Schematic state correlation diagram for the dissociation of 1,2-dioxetanes. (a) Uncatalyzed
reaction with high activation barrier and an experimentally low chemiexcitation (nπ*) yield. (b) Idealized
CIEEL reaction with the participation of an (intermolecular) activator, showing reduced activation barrier
and an experimentally higher chemiexcitation yield. The state labeled as xσ* and xy is a combination
of a charge transfer from the activator to the dioxetane and a local excitation in the activator. The most
favoured thermal decomposition path is shown in red. Figure adapted from Reference 72.

As shown in Figure 16b, the presence of a new charge-transfer state, xσ*, lowers the
Ea for O–O bond breakage which explains the faster cyclic peroxide decomposition
rate. State xy is a local excitation in the ACT which is responsible for luminescence.
Since that the CIEEL mechanism is considered to occur at a faster timescale than spin
inversion, this gives rise to the efficient generation of singlet excited states.
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This mechanism can be adapted to explain the photo-dynamics of bioluminescent
systems where the donor orbital can be covalently attached to the peroxide. Therefore,
the CIEEL mechanism can operate intramolecularly as well as intermolecularly. Koo
et al. proposed that firefly bioluminescence operates via an intramolecular CIEEL
mechanism where the electron transfer arises from the heterocycle portion and is
donating to the O–O σ* antibonding orbital of the dioxetanone ring which creates
charge-transfer intermediate 39 followed by rapid decarboxylation that happens on a
faster timescale than spin inversion (Scheme 19).80

Scheme 19 Intramolecular CIEEL mechanism for the catalytic decomposition of firefly dioxetanone.

Methylation of the phenoxide on firefly luciferin (41) diminishes bioluminescence
although the resulting oxidized product, M–phenol–enolate 42, fluoresces efficiently.67
This illustrates the importance of the negative charge for generating singlet excited
states (Scheme 20).
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Scheme 20

It was also found that oxidizable groups that can be deprotonated leads to rapid
decomposition of dioxetane rings followed by chemiluminescence. This was
demonstrated by Schaap et al. where they prepared dioxetane rings 44a and 44b from
the oxidation of 1,4-dioxenes 43 with SENSITOX I ~ Polymer Rose Bengal (P-RB;
Scheme 21).81

Scheme 21 Reaction pathway showing the preparation and decomposition of dioxetane derivatives
44a and 44b. Enclosed table ~ a) relative rate constant with respect in O-xylene at 25 ⁰C of rate 3.40
× 10-6s-1. b) Recorded in toluene with tBuOK / 18-crown-6 under N2. Data reproduced from Reference
81.

Upon inspection of the table in Scheme 21, running the reaction in basic media causes
rapid decomposition of the dioxetane ring and an increase in the chemiluminescent
quantum yield by a factor of 166. This suggests that the role of the negative charge is
crucial for lowering the activation energy for peroxide decomposition and increasing
the chemiluminescent quantum yield.
Intriguingly Schaap dioxetanes draw structural similarities to the native anionic firefly
dioxetanone 11 for generating luminescence. Hence firefly dioxetanone 11 provides
an elegant template for designing artificial triggerable molecules that can generate
bright chemiluminescence: It must contain an energy source (cyclic peroxide ring), a
conjugating aromatic system which acts as both a linker for intramolecular electron
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transfer to the cyclic peroxide as well as the resulting fluorophore, and a triggerable
group which has a large oxidation potential such as a phenolate group or a cleavable
protecting group that could yield an anion (Figure 17).
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Figure 17 Structural comparisons between firefly dioxetanone (left) and typical Schaap
dioxetane (right).

In the above example, dioxetane rings have been adapted to serve as triggerable
chemiluminescent probes which are capable of decomposing rapidly and generating
high chemiluminescence yields. For example, removal of the silyl-protecting group on
dioxetane
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leads

to

the

chemiluminescence

of
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which

exhibits

chemiluminescence quantum yield that exceeds 20 % and excitation yields of over 50
% (Scheme 22).82

Scheme 22

When the protecting groups can be enzymatically removed, the list of analytical
applications are endless.83-85 This is a testament to how bioluminescence has inspired
other areas of research.
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1.2.6.2.3.2 Charge Transfer Induced Luminescence

The CIEEL mechanism involves a direct electron transfer which forms two distinct
radical ions; however, a variation of this mechanism, charge transfer induced
luminescence (CTIL), was proposed where partial charge transfer from the activator
to the peroxide bond leads to the concerted cleavage of the O–O and C–C bonds
followed by partial charge back-transfer (CBT), leading to product formation without
the involvement of radical ion pairs (Scheme 23).

Scheme 23

The excited-state decomposition pathway of deprotonated firefly dioxetanone 11 was
investigated by Yue et al. using the CASPT2/CAM-B3LYP method (Figure 18).27
CASPT2 calculations for the activation energy for O–O bond dissociation was found
to be 14.9 kcal mol-1 which is 11.4 kcal mol-1 lower than that of neutral firefly
dioxetanone 36. Stretching of the O–O peroxide bond is concomitant with the
elongation of the C–C bond in the dioxetanone ring, which implies that dissociation is
asynchronous. At the conical intersection where the O–O dissociates, the original 1(ππ*) state changes to a 1(π-σ*) state. This is a charge transfer (CT) state because it is
a biradical state consisting of two singly occupied orbitals that originate from a p-π
conjugation orbital arising from the oxygen on benzothiazole and an in-plane p-orbital
on O3. The in-plane p-orbital on O4 is nearly doubly occupied, because the negative
charge predominantly resides on the O4 of the CO2 moiety (Figure 19).
As shown in Figure 18, the charge transfer region consists of CT and back charge
transfer (BCT) processes. Decrease of the Mulliken charge (ρ(e)) on OL− results in a
concomitant increase of the ρ(e) charge on the CO2 fragment, which is the CT process.
During the BCT process, the ρ(e) charge on OL− increases and gradually decreases
on CO2. In both cases, CT and BCT are gradual changes of charge distribution and is
therefore not a one-electron transfer process. After the BCT process, dissociation of
the C–C bond of the dioxetanone ring occurs (CIC-C) which involves a downhill crossing
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Figure 18 (a) The diabatic potential energy curves of anionic firefly dioxetanone decomposition
calculated using the CASPT2//CAM-B3LYP method. (b) Population of Mulliken charges on CO2 (black
line), and the OL− (red line) of the S0 state in the gas phase calculated using CASPT2//CAM-B3LYP
method. The charge transfer region highlights CT followed by BCT. Structural evolution is highlighted
in (b). Figures adapted from Reference 27.

Figure 19 Schematic showing a π → σ* transition from the p-orbital on the oxygen (green) to the O-O
σ* antibonding orbital. O3 corresponds to oxygen that is adjacent to nitrogen (NCOO) and O4
corresponds to the oxygen that is adjacent to the sp 2 C=O bond (OOCO).

between the 1(σ,σ*), 1(π,σ*) and 3(π,σ*) states. Clearly the S1 – state of OL− would be
population of the 1(π,σ*) state which would be responsible for firefly bioluminescence.
From the study on dioxetane and dioxetanones derivatives, two conclusions can be
drawn to address the mechanism of firefly bioluminescence:
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•

Firefly dioxetanone must exist as an anion so that the activation energy for OO bond dissociation is lowered and the CT state pathway can be accessed to
generate singlet excited states. This implies that the LH2-AMP precursor is an
anion or the direct formation of the firefly dioxetanone is immediately followed
by deprotonation by a nearby residue.

•

The intermediate during the decomposition of anionic firefly dioxetanone
involves a biradical state. As strictly mentioned by Faulkner in the field of
electrochemiluminescence, radical ion reactions cannot be carried out in the
presence of significant amounts of protic impurities such as water, because
they are strong bases. Therefore, the decomposition must run under extremely
hydrophobic conditions.79 Indeed there is evidence to suggest that the active
site of Lcr exhibits a tight hydrophobic pocket (See Figure 7).48,52

1.3 Oxyluciferin
1.3.1 Synthesis
The isolation of oxyluciferin was not successful by Seliger and McElroy in 1966 and
the focus was switched to studying more stable luciferyl analogues that may be
isolable, which led to the synthesis of M–phenolate–keto 31 as previously discussed
(Section 1.2.6.1). More stable and isolable derivatives of OL could be synthesised by
reacting the appropriate nitriles with thioglycolic esters under basic conditions
following the reaction procedures by Suzuki et al. (Scheme 24).86

Scheme 24

However, attempts to prepare OL using these conditions led to failure.61,87 Plant et al.
reacted equimolar amounts of nitrile 32 with mercaptoacetate 50 in 50 % aqueous
methanol at pH 7.6 under N2 and isolated a mixture of three compounds which were
identical to immediate products formed from the enzymatic reaction based on UV
spectra. Consequently, it was deduced early on that OL was “unstable and capable of
reacting with itself or other chemicals in the environment”.61 Suzuki et al. repeated the
reaction under the same conditions, quoting a reaction time of “a few hours” and
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thought to have yielded the auto-oxidized product 52, suggesting that OL was prone
to oxidation (Scheme 25).

Scheme 25

Crucially, the authors noticed that target compound 51 could be synthesised in good
yields if the reaction time and temperature were drastically shortened to 2 minutes at
0 ⁰C under nitrogen giving OL with a 60 % yield. The 1H NMR and IR revealed that OL
existed in its enol-form 51 (Scheme 26).87

Scheme 26

The crystal structure of OL was solved in 2009 by Naumov et al. and assembled as
head-to-tail hydrogen-bonded enol dimers.88 The lability of OL was explored by
Maltsev et al. who discovered that OL was not sensitive to auto-oxidation as was
thought previously. The authors showed that OL was sensitive to temperatures above
4 ⁰C and durations greater than three minutes (Table 2);
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Table 2 The reaction conditions for the synthesis of OL; unless otherwise specified, reactions were performed
in air and quenched with HCl (aq). [a] Internal reaction temperature after mixing the reactants. [b] Yield of
precipitated product calculated as 51. [c] Molar ratio of 51/54 in the crude 1H NMR. [d] Reaction performed
under argon. [e] Product contaminated with nitrile 32. [f] Yield of pure 51 after column chromatography in
brackets. Data reproduced from Reference 89.

whereby any increase in these factors lead to dimerized product 54 (Scheme 27).89

Scheme 27

Similar to the reaction conditions as Suzuki et al.,86 the capricious synthesis of OL was
optimized in air, improving the yield to 77 % (Scheme 28).

Scheme 28

The fact that OL is not air sensitive removes the paradox that OL should be highly
sensitive to oxygen as it is generated by oxidation with O2 and is used as material to
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regenerate LH2 in vivo.90,91 Also, one can infer that the unimolecular nature of the
enzymatic reaction minimizes the likeliness of dimerization of OL, as this would
otherwise inhibit the bioluminescent reaction.

1.3.2 Colour modulation in the Elateriodea superfamily
Across the Elateriodea superfamily, the colour of beetle luminescence differs slightly
depending on the species (552 – 582 nm),11,92 or in the case of the Jamaican
Pyrophorus plagiophthalamus click beetle, even between individuals.93,94 Seliger et al.
isolated LH2 from various Jamaican and American fireflies and showed that paper
chromatography, fluorescence emission, and fluorescence excitation were the same
as synthetic luciferin. This implied that all bioluminescent beetles utilize the same LH2
substrate and the colour of bioluminescence is attributed to different Luc isozymes.95
Hence in the case of P. plagiophthalamus, the bioluminescence colour is determined
by the co-expression of different isozymes.94 Beetle Lucs fall into two main groups
according to their sensitivity to pH in the bioluminescent spectra: (i) the pH sensitive
Lucs include Flucs which undergo a red-shift at lower pHs as well as extremely low35
and high temperatures and in the presence of heavy-metal cations,92 and (ii) pH
insensitive Lucs include click beetle and railroad worm Lucs.
As well as the bioluminescent colour, the bioluminescent quantum yield is also pH
dependent in Flucs (Figure 20). The quantum yield is lower in acidic conditions and
optimal in alkaline conditions (pH = 8.4).21

Figure 20 Quantitative luminescence spectra for 2.98 × 1011 luciferin molecules at various pH values:
black, pH 8.5; blue, pH 8.1; green, pH 7.6; yellow, pH 7.2; orange, pH 7.0; pink, pH 6.7; red, pH 6.4.
Reproduced from Reference 21.
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Figure 20 shows that the pH affects the kinetics and substrate affinities of Flucs,96
which in turn alters the rate of photon emission from the excited-state species. Circular
dichroism studies have showed Fluc undergoes significant conformational changes
due to the lack of α-helix structure at acidic pH.97 Hence, the ability of producing red
bioluminescence could be related to conformational changes that are responsible for
the pH dependent spectral shifts. Alternatively, changes in the shape of the emission
spectra at different pH could be attributed to different chemical forms of OL− in the
excited state, or even the contribution of both factors.

1.3.2.1 Hydrophobicity and rigidity of the active site

As referred to in Section 1.2.4, Nakatsu et al. resolved the three-dimensional structure
of Lcr complexed with DLSA, showing that the enzyme adopted an open conformation
with a polar and loose active site, and a closed conformation with a rigid and
hydrophobic active site.52 It was proposed that the isoleucine 288 (Ile 288) side chain
was responsible for conformational changes of the active site from an open-state to
an extremely hydrophobic closed state. Substituting Ile288 with valine and alanine
(decreasing the size and the hydrophobicity of the side chain) showed that the
bioluminescent spectral red shifts were correlated with the size and hydrophobicity of
the mutated side chain and were attributed to less rigid microenvironments.

1.3.2.2 Polarisation of OL− in the excited state

Conformational changes in the active site could also be viewed as a general solvent
effect, which modulates the electronic polarizability of the microenvironment and the
molecular polarizability. The emitter can be considered as a dipole in a continuous
medium of uniform dielectric constant (ε), where the interaction between the solvent
and the emitter results in changes of energy levels in the ground and excited-state of
the emitter and spectral shifts of emission; this model does not contain any chemical
reactions and hence cannot be used to explain the other interactions which affect the
emission. The interaction energy must also account for the dynamical properties such
as the reorientation rate of the solvent molecules around the excited emitter. Typically,
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the dipole moment in the excited state (*) is larger than in the ground state ().
Following excitation, the solvent dipoles can reorient or relax around *, which lowers
the energy of the excited state. Immediately after photoexcitation, the emitter is in a
non-equilibrium state with the environment. At this geometry, the energy difference
between the ground and excited states of the emitter is maximal and the shift in
emission is minimal with respect to the absorption spectrum. Due to relaxation of the
solvent molecules around the emitter, the energy of the excited state and the emission
maximum shifts to longer wavelengths. As the solvent polarity is increased, this effect
becomes larger, resulting in emission at lower energies or longer wavelengths. If the
lifetime of the excited emitter is short-lived, the system in the excited state may not
reach an equilibrium state via relaxation of the solvent molecules leading to a minimal
shift in the emission maximum. However, if the lifetime of the excited emitter is
comparable to solvent relaxation, this will result to emission at longer wavelengths
(Figure 21).

Figure 21 Diagram of the energy (E) levels for photoexcitation, solvent relaxation and
fluorescence of a fluorophore along with their relative timescales.

Fluorescence lifetimes (1–10 ns) are usually much longer than the time required for
solvent relaxation. For fluid solvents at room temperature, solvent relaxation occurs in
10–100 ps. Hence, the emission spectra of fluorophores are representative of the
solvent relaxed state.
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The property of the solvent that accounts for reorientation of the solvent dipoles and
redistribution of electrons is called the orientation polarizability (f):
∆𝑓 =

𝜀−1
𝑛2 − 1
− 2
2𝜀 + 1 2𝑛 + 1

(5)

where the orientation polarizability depends of the dielectric constant, ε, and refractive
index, n. The first term (ε – 1)/(2ε + 1) accounts for the spectral shifts due to both the
reorientation of the solvent dipoles and to the redistribution of the electrons in the
solvent molecules, and the second term (n2 – 1)/(2n2 + 1) accounts for only the
redistribution of electrons. Subsequently, the difference of these two terms accounts
for the spectral shifts due to reorientation of the solvent molecules.
Dependence on the Stokes’ shift, 𝑣, is dependent on f,
∆𝑣 = 𝐴∆𝑓(𝜇 ∗ − 𝜇)2 − 𝐵

(6)

where A and B are constants, yielding the Lippert equation (6). Accordingly, the
emission maximum will shift to longer wavelengths due to the increasing polarizability
of the solvent and the shape of the spectrum remains constant.
To explain varied coloured emission in beetle Lucs, Ugarova et al. proposed that if
OL− in the excited state was in a non-polar environment in the Luc active site, it would
exhibit no interactions with surrounding nearby amino acid residues. This would
maximize the energy difference between the ground and excited states, leading to
photon emission at the shortest possible wavelength (blue-green light). The same
result could be observed if the active site exhibited a very low orientation polarizability
and rigid structure, in which case the lifetime of the excited OL− is not long enough for
reorientation of the surrounding microenvironment, giving rise to photon emission at
the shortest wavelength.98 This rationale was used to explain the pH insensitivity of
beetle and railroad worm Lucs leading to consistent yellow- green bioluminescence.97
However, if the orientation polarizability of the active site is high enough relative to the
lifetime of OL− in its excited state, there may be a rapid interaction between excited
state OL− with the environment that lowers its energy, providing photon emission at
longer wavelengths. In general, the higher the polarizability of the microenvironment,
the longer the shift of the bioluminescence spectrum. This effect was concluded to be
operable when mutations are made in the close vicinity of the active site, where the
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emission maxima is linearly correlated with the polarizability of the introduced amino
acid.98

1.3.2.3 Chemiluminescence

The inclusion of solvent specific effects or conformational changes within the vicinity
of the active-site may alter the chemical properties of the emitter leading to the
formation of different chemical forms of OL−, which will significantly alter the shape of
the emission spectrum. In the absence of Fluc, such an effect was exhibited in
chemiluminescence studies of 7 in DMSO, which showed that the emission spectrum
was pH dependent, suggesting the presence of two excited-state species.99 White et
al. showed that the chemiluminescence spectra of luciferin phenyl-ester 56 is
dependent on the concentration of base, with wavelength shifts that are analogous to
the shifts exhibited in the pH dependent bioluminescence spectrum of Ppy.100 This
suggested that phenolate–keto 13 could undergo excited-state tautomerism and the

Figure 22 A) Ppy bioluminescence spectra at pH 8 ( __), pH 6.8 (….), and pH 6.0 (---) in 0.05 M Tris buffer using
ATP (2 x 10-3 M); MgSO4 (5 x 10-3 M), LH2 (1 x 10-6 M), Luc (4 x 10-8 M) and coenzyme A (1 g/ml). B)
Chemiluminescence of luciferin phenyl ester 56 (1 x 10-5 M), in DMSO at potassium tert-butoxide concentrations
0.5 M (__), 0.05 M (….), and 0.005M (---). Figure reproduced from Reference 100.
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bioluminescent colour could be determined by the ratio between the light emitters
(Figure 22).101
Comparison of the bioluminescence and chemiluminescence spectra in Figure 22
shows that their shapes are remarkably similar suggesting that the same colour tuning
mechanism may be occurring. However, this does not rule out the general solvent
effect where the electronic polarizability of the microenvironment and the molecular
polarizability can induce a shift in emission, as this can also be modulated by pH. Once
more, this highlights the difficulty of separating out general solvent and solvent specific
effects.

1.3.2.4 Phenolate – keto as the sole light emitter?

Despite the stark similarity between the chemiluminescence and bioluminescence
spectra (Figure 22), Branchini et al. found that Luc could not adenylate 5,5dimethylluciferin 57. However, bioluminescence of adenylyl 5,5-dimethylluciferin 27,
was successfully catalysed by two different Lucs; P. pyralis and click beetle P.
plagiophthalamus and generated red (624 nm) and yellow-green (560 nm) light
respectively, in the presence of Mg2+ at pH 8.6 (Scheme 29).102 As shown in Scheme
14, the mechanism solely leads to the formation of oxyluciferyl analogue M–
phenolate–keto 31; therefore, it was thought that keto-enol tautomerism was not
essential for explaining colour modulation.

Scheme 29

Theory to support that phenolate–keto 13 could emit different colours was firstly
proposed by McCapra et al. who suggested the twisted intramolecular charge-transfer
(TICT) state mechanism based on theoretical calculations with the semiempirical
functional AM1.103 Colour variation could be caused by conformational differences of
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phenolate–keto in the excited-state.104 According to their calculations, the yellowgreen emitter has a planar structure which is a saddle point on the potential energy
surface (PES) and the energy minimum is estimated to correspond to a structure with
the rings at a 90 ° angle leading to red emission. Thus, the degree of twisting may
determine any one of a continuum of emission colours.
However, the AM1 theoretical method tends to not describe conjugated single bonds
accurately105 and underestimate barriers to rotation,106 which was confirmed by Orlova
et al. who used a more reliable ab initio excited-state method configuration interaction
with single excitations (CIS), showing that the planar structure of both phenolate–keto
13 and phenolate–enol 58 are minima on the S1 (LUMO) PES and that the twisted
structure is a saddle point.107 Their findings were supported by Yang et al who
investigated OL− in the S1 state using the complete active space self-consistent-field
(CASSCF) method108 and the multiconfigurational complete active space secondorder perturbation theory (CASPT2)109 in vacuo, where they found that the planar
conformation of phenolate–keto is a minima on both the S0 and S1 PESs and that the
twisted form is a TS (Figure 23).110

Figure 23 Energy profile for the vertical adsorption, vertical emission and adiabatic emission
energies (kcal/mol) of phenolate–keto 13 at the CASPT2/CASSCF(8,8) level. Reproduced from
Reference 110.

In addition, vertical excitation energies (VEEs) calculated by Orlova et al., using timedependent hybrid DFT (TDDFT) with the B3LYP functional and the 6-31+G* basis set
showed that the HOMO-LUMO gap for the neutral OL species were too blue-shifted
with respect to the native emission, whereas the anionic species phenolate–enol and
phenolate–keto were not, providing a limiting case to support the hypothesis that the
colour of bioluminescence depends on the polarization of the H – O termini of OL in
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the microenvironment of the Fluc – OL complex and the extent of the polarization of H
– O is dependent on the interaction between an amino-acid residue inside the Fluc
inner cavity.107 Crucially, their study showed that the involvement of keto-enol
tautomerism is not essential to explain the two different colours, which agrees with the
conclusions drawn from Branchini et al..102
To rationalise the different colours that were emitted by adenylyl 5,5-dimethylluciferin
27 in different Fluc enzymes,102 Branchini et al. proposed that the intermolecular
interactions between amino acid residues and OL in Fluc modulate the emission colour
by controlling the resonance of phenolate–keto 13 in the excited state.111 Resonance
stabilization of 13 would extend the π-electron skeleton, producing resonance hybrid
59 as the red emitter; whereas 13 would emit green light (Scheme 30).

Scheme 30 Resonance forms of phenolate–keto 13 and resonance hybrid 59.

The extent of this interaction was explored by Hirano et al. as they found that the
fluorescence maximum (λF) of M–phenolate–keto 31 varied from 540 – 640 nm
depending on the solvent polarity and the bonding interactions between 31 in its
excited state and the counter cation. In polar solvents, the fluorescence lifetimes (τF)
were independent of the type of organic base used for deprotonation and so it was
deduced that excited state 31 and the counter cation formed a solvent separated ionpair (SSIP) or a free ion couple, and the polarity of the solvent modulates λF in the
range 625 – 640 nm; whereas τF in non-polar solvents was dependent on the type of
organic base used, which is indicative of a contact ion pair (CIP) between 31 in its
excited state and the counter cation, where the solvent polarity and the strength of the
covalent character of the phenoxide H-bond between 31 and the counter cation
modulates λF in the range 540 – 625 nm (Figure 24).
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Figure 24 M–phenolate–keto 31 interacting directly with a nearby nitrogenous base forming a CIP
(left) in non-polar solvents. M–phenolate–keto forms a SSIP where the solvent separates the
nitrogenous base and M–phenolate–keto in polar solvents (right).

The degree of the red shift of λF is related to the acidities (pKa) of HN[base]+ where an
increase in the acidity of HN[base]+ decreases the anionic character of M–phenolate–
keto in the CIP, causing a blue shift of λF.112 Hence, the properties of the HO bond
of the phenoxide is dependent on the chemical properties of the counter cation; the
solvent polarity also affects the nature of the HO bond but the authors could not
separate out these factors. Therefore, in Fluc, λF was proposed to be concomitantly
modulated by the covalent character of the phenoxide moiety of phenolate–keto 13
with a nearby amino-acid counter cation and the polarity of the Luc active site.

1.3.2.5 Aqueous solution

The effect of complexing a single water molecule has a pronounced effect on the
emission spectrum. This was demonstrated by Støchkel et al. who showed, using
action absorption spectroscopy, that OL− complexed with a single water molecule in
vacuo exhibited a blue shift with respect to action spectrum of OL− (λmax = 480 – 530
nm).113
The picture in bulk aqueous solvent becomes more complex since Maltev et al.
discovered that the enol-form of OL, 51 is dominant in polar, protic solvents such as
DMSO and MeOH which was confirmed by 1H NMR (> 99 %). This suggests that the
enolic-forms of OL could be favoured as the light-emitting species, because it could
be stabilised through hydrogen bonding, for instance, with a nearby AMP leaving
group in the active site. Also, it was found that the keto-enol equilibrium was dependent
on the hydrogen bonding acceptor character of the solvent: tautomerization is slower
in neutral, aprotic solvents where the hydrogen bonding acceptor character is weak.
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Notably, dipolar aprotic solvents showed higher levels of the keto-form, with over 40%
abundance in MeCN.89
OL can exist in a triple equilibrium of six chemical forms as a result of keto-enol
tautomerism of the 4-thiazolone moiety and deprotonation of the two hydroxyl groups,
which are dependent on the choice of solvent, concentration of base or changing the
pH. Phenol–keto 60 may undergo deprotonation of the phenoxide moiety to give
phenolate–keto 13. Oxyluciferin species 60 and 13 may also undergo keto-enol
tautomerism to give phenol–enol 51 and phenolate–enol 58, respectively.
Deprotonation of the enol moiety on 51 may form phenol–enolate 61. Finally, in
conditions of excess base, the phenolic moiety in 61 and the enolic moiety in 58 may
further undergo deprotonation to give dianion phenolate–enolate 62 (Scheme 31).88

Scheme 31 Possible s-trans chemical forms of oxyluciferin.

To disentangle the spectroscopic properties of each of the tautomers, model
analogues which were O–methylated or C–methylated to block ionisation and/or
tautomerism were designed (Scheme 32).
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Scheme 32 Synthetic OL− derivatives trapped in their keto, enol and enolate resonance forms. M =
model.

Considering anionic states, di-methylation or cyclopropyl-substitution at the 5-position
of OL− yields respectively M–phenolate–keto 31 and 5,5–cyclopropyl–M–phenolate–
keto 64, which blocks keto-enol tautomerism and is representative of phenolate–keto.
Methylation at the 6-position of OL gives M–phenolate–enol 63 which allows selective
deprotonation of the 6'-phenoxide moiety of OL and is representative of phenolate–
enol. Finally, O-methylation at the 6'-position or absence of the phenoxide group of OL
gives M–phenol–enolate 42 and M–enolate 65 which allows selective deprotonation
of the 6-position of OL and are representative of phenol–enolate.
Rebarz et al. were able to unravel the absorption spectra of the individual components
of OL, their pH dependent profiles and distributions, by combining pH dependent
absorption spectra and distributions of OL and of its model analogues in aqueous
buffer solution using the multivariate curve resolution-alternating least squares (MCRALS) method (Figure 25). Accurate values for phenol–phenolate, enol–enolate and
keto–enol tautomerism equilibrium constants were determined which are respectively
9.1 ± 0.12, 7.4 ± 0.15 and − 0.39 ± 0.08.114 This implies that keto–enol tautomerism is
favourable followed by enol–enolate dissociation leading to the preferable formation
of OL deprotomer phenol–enolate 61. At the optimal pH for firefly bioluminescence
(pH = 8.5), 61 is far by the most dominant form in aqueous solution (Figure 25).
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Figure 25 Concentration profiles of OL obtained by multi-set MCR-ALS analysis (triangles) of the pH
dependent absorption spectra and distributions of OL and of its model analogues in aqueous buffer
solution, fitted to the Henderson–Hasselbalch equation (continuous line); phenol–enolate 61 (green),
phenol–enol 51 (dark blue), phenolate–enolate 62 (orange), phenol–keto 60 (light blue), phenolate–
keto 13 (red). Figure adapted from Reference 114.

Also, Figure 25

shows that phenolate–keto 13 minimally contributes to the pH

dependent spectrum of OL in aqueous solution, which suggests that the formation of
phenol–enolate 61 is favoured via deprotonation and tautomerism of 13 in the excitedstate if the active-site is of high polarity. Formation of 61* as a potential light-emitter
was proposed by da Silva et al. using a quantum mechanics/molecular mechanics
(QM/MM) approach based on the assumption that the dioxetanone intermediate 36
was a neutral species. They proposed that 61 could form in its excited state via an
excited-state-proton-transfer (ESPT) from neutral OL to AMP or a carbonate ion, and
the emission colour is modulated by an effective electric field that was generated by
an internal Stark effect arising from the changes in the local electrostatic interaction
between the luminophore and the protein microenvironment, and an external Stark
effect generated from the electrostatic field from polar solvent molecules (Scheme
33).115

Scheme 33 Proposed mechanism for the formation of 61 in its excited state as the light emitting species
in firefly bioluminescence.
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Despite that the formation of phenol–enolate 61 via the mechanism in Scheme 33
contradicts the findings made in Section 1.2.6.2.3 where a negative charge on the 10'
position is viewed to be crucial for lowering the activation energy for the decomposition
of the peroxide ring, the authors state that the peroxide decomposition is inconclusive
since computational calculations show that there is a path for singlet chemiexcitation
during the decomposition of neutral firefly dioxetanone.27 Formation of 61 as the light
emitter is further supported by a systematic pico-nanosecond time-resolved study
showing that oxyluciferyl analogue M–enolate 65, which is absent of the phenolic
group, is able to undergo excited-state keto-enol tautomerism in toluene with 0.3 M
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), followed by deprotonation (Scheme 34).
However, the authors were unable to determine the time-scale for keto-enol
tautomerism.116

Scheme 34

In aqueous solution, time resolved fluorescence studies revealed that the excited state
pKas (pKa*s) of the neutral OL analogues tautomers of 63 and 42 are respectively 0.9
± 0.3 and −0.3 ± 0.3 showing that the photoacidity for enol-enolate dissociation is
favoured over phenol-phenolate dissociation. Intriguingly, the neutral species of
cyclopropyl derivative 64 gave the lowest pKa* value of −1.0 ± 0.5 and this may arise
from the maximum stabilisation of the phenolate by delocalisation. These values were
determined by using the Förster cycle theory and the intersection points of the mutually
normalized absorption and emission spectra of the conjugated acid−base pairs.117
Hence, it can be inferred from the pKa* values that deprotonation in the excited state
may happen in two ways in aqueous solution: If phenol–keto was formed in its excited
state, deprotonation of the phenol moiety is favoured to afford phenolate–keto owing
to its superior photoacidity. Alternatively, phenol–enol will preferentially undergo enolenolate dissociation to afford phenol–enolate. These pathways agree with the model
proposed by Snellenburg and co-workers who used global and target analysis of the
pH-dependent time-resolved UV emission spectra of oxyluciferin complexed with Fluc
from Lcr, to simultaneously fit six time-resolved surfaces to the data, with the
assumption that all the data sets could be described by the same sets of spectral and
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kinetic parameters, in varying amounts, to reflect the pH dependent changes in
ground-state populations. The analysis yielded decayed associated spectra (DAS) of
the individual oxyluciferin species which were linked to determine excited state
population transfer between the oxyluciferin species. Target analysis afforded
normalised species associated spectra (SAS) allowing the decomposition of the
steady-state emission spectra into individual contributions (Figure 26). 118

Figure 26 Normalized SAS resulting from target analysis of the spectra obtained with excitation
at 372 nm. Reproduced from Reference 118.

With increasing pH, it was also shown that the OL2− dianion 62 is the dominant
contributor to the steady-state spectrum, which could be formed by keto-enol
tautomerization of phenolate–keto 13 followed by deprotonation of phenolate–enol 58.
Interestingly, this suggests that 58 species can be formed indirectly whereas it was
unlikely to have been formed directly based on its large pK a and pKa* values relative
to the other OL species. Therefore, 58 may also be considered as a light emitting
species.
Having an instrument response shorter relative to the timescales of excited-state
dynamics allows the excited-state time constants to be derived by fitting
nonexponential fluorescence decays of a conjugated acid to the numerical solution of
the Debye−Smoluchowski equation.119 To this end, Gosset et al. used pump−probe
spectroscopy and

time-resolved

fluorescence

spectroscopy to

resolve

the

characteristic time constants associated with the excited-state reactions of OL for the
first time (Scheme 35).120

57

Scheme 35 Photoluminescence pathway of OL in aqueous solution at pH 5, where OL is a 3:7 keto/enol
mixture in the ground state. Schematic reproduced from Reference 120.

Despite determining the excited state dynamics of OL and of its analogues from time
resolved measurements in aqueous solution, these results cannot be directly applied
to explain the excited state dynamics in Fluc, as Wang et al. showed that the
fluorescence spectra of OL complexed with Ppy differed from the bioluminescence
spectra. This is because the emitters existed in different states: bioluminescence
arises from the TS after decomposition of the dioxetanone intermediate, whereas
fluorescence is generated by re-excitation of the reaction products.121

1.3.3 Gas phase measurements

Gas-phase techniques coupled with quantum chemistry calculations are very insightful
for understanding the intrinsic electronic structure of species free from perturbations
arising from microenvironment. This in turn provides a foundation for understanding
how the microenvironment affects the dynamics of OL−.
The first theoretical investigations on OL− were pursued by Orlova et al. who predicted
that s–trans–phenolate–keto is more stable than the s–cis–phenolate–keto conformer
by 5.3 kcal/mol using the B3LYP/6-31+G* method. This was an important
breakthrough as earlier modelling studies of the active site assumed the s–cis–
conformation for OL.55 Also, Liu et al found that the difference between the B3LYP/631+G(d,p) calculated ground state energies of s–trans–phenolate–keto species and
s–trans–phenolate–enol was 19.9 kcal/mol and all of the s–trans-conformers were
more stable than the s–cis species between the range of 4.9 – 6.2 kcal/mol.122 Similar
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conclusions by Chen et al. were proposed for the OL− anions who showed, by using
MS-CASPT2/MM calculations, that the phenolate–keto ground state is lower in energy
than phenolate–enol in vacuum by 0.63 eV. Phenol–enolate and the OL2− dianion were
found to be the least stable anions in vacuum.123
There are only a few experimental gas phase studies of OL− and its derivatives. The
Fielding group reported a combined photoelectron spectroscopy and computational
study of the deprotonated luciferin (LH−, 55) and its red-shifted analogue,
deprotonated infraluciferin (iLH−, 66) which served as models for OL− and
infraoxyluciferin (iOL, 67) respectively (Figure 27).124

Figure 27

Quantum chemistry calculations of the ground state confirmations using the B3LYP/6311++G(3df,3pd) method showed that the microenvironment of the luciferin controlled
its conformation in the enzyme as the minimum energy conformation of 66 in the gas
phase has the carboxylic acid in the plane of the molecule which is stabilised by
hydrogen bonding with the thiazole nitrogen; whereas the carboxylic acid is thought to
be out-of-plane in the enzyme to make one of the oxygen atoms more accessible to
react with the phosphate group of ATP in the adenylation step. Light-induced internal
conversion, electron emission and decarboxylation processes were also observed.
The first experimental gas phase study of OL− has been reported by Støchkel et al.
who used action spectroscopy to generate an action absorption spectrum of OL− and
M–phenolate–keto 31. This was achieved from the third harmonic (355 nm) of a
Nd:YAG laser which was used to pump an optical parametric oscillator (OPO). The
oxyluciferin anions were prepared by firstly dissolving the oxyluciferin species in
MeOH followed by electrospray ionisation (ESI). By measuring the count rate of the
number of neutral oxyluciferin species or daughter fragments which formed after laser
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excitation, the absorption cross section was mapped as a function of laser wavelength
to give an action absorption spectrum. The absorption maxima were found to be 548
± 10 nm and 565 ± 10 nm for OL− and 31, respectively. Based on the similarity of these
results and B3LYP calculations with the diﬀuse augmented polarized double-ζ basis
set Def2-SVPD, which showed that the geometry of phenolate–keto was 0.49 eV lower
than energy than phenolate–enol, the authors concluded that OL− existed solely as
phenolate–keto 13 following ESI in MeOH (Figure 28).113

Figure 28 Action spectra of OL− and M–phenolate–keto 31 obtained using two different instruments.
OL−: (a) Electrostatic ion-storage ring (ELISA), sampling of neutral fragments; (b) accelerator mass
spectrometer, sampling of m/z = 175 fragment ions. M–phenolate–keto: (c) ELISA, sampling of neutral
fragments; (d) accelerator mass spectrometer, sampling of m/z = 175 fragment ions. In the ELISA
experiment, neutrals traveling with high kinetic energies deposit energy in the detector and contain no
mass information. The data are fitted with Gaussian curves. Reproduced from Reference 113.

The main parent fragment, which was detected and subsequently used to generate
the action spectra of OL− and 31, had a mass to charge (m/z) ~ 175, which corresponds
to nitrile 68 formed from two-photon absorption (Scheme 36).
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Scheme 36 Photofragmentation pathway of phenolate – keto to form 68.

Nitrile 68 was found as the breakdown product for regenerating LH2 from spent OL.
This phenomenon was catalysed by the luciferin regenerating enzyme (LRE), which
was isolated from a protein fraction of a lantern extract from Ppy. Such behaviour was
also observed in the extracts in Japanese fireflies L.cruciata and L.lateralis.91 It was
so forth proposed that 68 combines with L-cysteine in vivo to form L-luciferin via
condensation and then undergoes deracemization via thioesterifaction in Fluc,
followed by epimerization and hydrolysis by thioesterase,125,126 to afford LH2. This
could explain the intermittent flashing of fireflies (Scheme 37).127
As highlighted in red in Scheme 37, photofragmentation of OL− in the excited state to
form nitrile intermediate 68 is also another potential pathway towards the regeneration
of LH2 which bypasses the action of LRE. Confirmation that nitrile 68 is the most
dominant fragment is supported by photoinduced dissociation mass spectroscopy of
OL− and M–phenolate–keto in vacuo following photoexcitation at 550 nm (2.25 eV).128
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Scheme 37 Proposed scheme for the regeneration of LH2 from spent OL−.
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1.4 Biomedical imaging

1.4.1 Bioluminescence Imaging (BLI)

As well as the high quantum yield exhibited in firefly bioluminescence, the precursor,
LH2 and the enzyme, Luc, are nontoxic and stable in cells which makes this system
highly suitable as a biological reporter for non-invasive BLI.129 Other reporter proteins
have been derived from the click beetle Pyrophorus plagiothalamus, the sea pansy
Renilla reniformis and the marine copepod Gaussia princeps. Luciferases from marine
organisms use coelenterazine at its core, whereas terrestrial organisms use LH2
(Table 1).130 The advantage of using LH2 over coelenterazine-utilizing enzymes is that
it is cheaper, more stable and the light is better at penetrating tissue.129
The applications of the beetle bioluminescence system are simply based on the
principles of the chemical reaction: the light intensity as a measurable observable is
related to the amount of Luc, LH2 and ATP. For example, under excess Luc and LH2,
the light intensity is correlated to the amount of ATP and therefore the resulting system
is able to monitor ATP concentration, which extend into applications of bacteria
detection since they use ATP as an energy source.
Under excess LH2 and ATP, Luc can be used as a reporter enzyme for monitoring
gene expression (signalling pathways, gene regulations and regulatory elements),
protein–protein interactions, cell movements (proliferation, migration, differentiation)
and total cell bio-distribution in prokaryotic or eukaryotic cells, because the amount of
Luc is correlated to light intensity. Luc is widely used for measuring the activity of
promoters that drive transcription of a gene of interest. Luc is fused to the target
promoter region in the plasmid and is transfected into the target cells. Expression of
the promotor leads to the translation of the Luc gene to form the Luc enzyme.
Intraperitoneal injection (IP) of LH2 leads to the bioluminescent reaction. Acquisition of
the photon signals using a charged-coupled device (CCD) camera produces in vivo
images where the light intensity is proportional to the amount of Luc which is in turn
proportional to the activity of the promoter (Figure 29).
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Figure 29 Illustration of in vivo BLI for detecting cancer. Left to right: Luc gene is incorporated into the
selectable marker region that is downstream to the gene of interest in an expression vector; cultured
Luc expressing vectors are transfected into a rodent; vectors transduce proliferating cancer cells;
administration of the LH2 substrate; acquisition and data-processing of the light intensity emitting by the
LH2 – Luc reaction; in vivo imaging in mouse cancer models expressing firefly luciferase (Fluc). No
substrate (left image) and mice imaged with LH2 (right image). In vivo image produced from Reference
145.

Since this BLI protocol relies on the expression of Luc to catalyse the bioluminescence
of a luciferin substrate, it does not require an external light source, unlike fluorescence
imaging, so there are no background photons. Consequently, BLI has a higher
signal/noise ratio than fluorescence imaging,131 which makes it highly suitable for
determining the number of metabolically active cells.129 However, since it does not
produce as many photons as fluorescence imaging, fluorescence imaging is typically
preferred for tracking the location of proteins.
Another limitation to BLI is that as the emission maximum of firefly bioluminescence is
558 nm, absorption of the emitted visible light by haemoglobin (λ = 415-577 nm) and
melanin (λ < 600 nm)132 results in poor depth resolution. Despite this, photons of
wavelengths longer than 600 nm are absorbed to a lesser extent. The optimal optical
window is between 700 - 900 nm in the near-infrared (nIR ; Figure 30).98
Therefore, it is necessary to develop new LH2-Luc systems which emit light at longer
wavelengths and maintain a high quantum yield. Nature has optimised the LH2-Luc
reaction so that the quantum yield of bioluminescence is as large as possible,
therefore, even small changes to the substrate or the enzyme may have a marked
effect on the quantum yield of bioluminescence. This is commonly exhibited when new
Luc mutants and LH2 analogues are assayed.
Understanding the structural basis for the spectral difference in Luc bioluminescence
has inspired new ventures into mutating Luc enzymes to give better light output,
stability, and assorted colours.

ey developments include: Promega’s

ltra- lo™

rLuciferase which is an evolved Luc from the firefly Photuris pennsylvanica which can
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Figure 30 Top: The absorption coefficient of light in tissue and the spectral ranges for the emission of
Renilla, Aequorea luciferase and Firefly luciferase. Bottom: Mouse images which show experimentally
measured photon counts through the body of a mouse at 532 nm (left) and 670 nm (right). The excitation
source was a point illumination placed on the posterior chest wall. Signal in the NIR range (red) is ∼ 4
orders of magnitude stronger for illumination in the NIR compared with illumination with green light.
Image reproduced from Reference 98.

withstand variations in temperature, pH and ionic detergents, allowing more LH2
analogues to be interrogated;130 PLG2, a chimeric firefly luciferase enzyme which
contains the N-domain of Ppy, the C-domain and five amino acid changes of the Italian
firefly luciferase Luciola italica, which has improved stability to heat, pH, a factor of 1.4
brighter flash intensity and greater sensitivity in living cells compared with Ppy,
although in vivo studies have yet to be assessed.133
An orthogonal approach to enzyme engineering is the synthesis of novel LH 2
analogues, because light emission is ultimately dictated by the electronic properties of
the luciferin substrate (Figure 31).134 Substituting the benzothiazole moiety with other
heterocycles (69-75) has been shown to result in bioluminescence, but not as bright
as LH2.135,136 Substituting sulphur on the thiazoline moiety with a more electron-rich
selenium atom (heavy atom effect) to give 76 resulted in a red-shift to 600 nm;
however, the quantum yield was found to be lower than that of LH2.137 Switching the
position of the hydroxy moiety on the 4, 5 and 7-positions (77-79) of the benzothiazole
ring resulted in no light emission in vivo,138 which illustrates the high specificity of the
luciferase enzyme to the 6-position and thus future substitutions were performed
directly at the 6-position.
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Attempts to red-shift the emitted light have been achieved by substituting the hydroxylgroup with more electron-rich species as this increases the energy of the HOMO which
reduces the HOMO-LUMO gap. Luciferin analogue 6-aminoluciferin 80 (NH2LH2)
exhibited a red-shifted light emission in Luc (594 nm) however it suffered from a lower
bioluminescent output. This was due to a ten-fold higher affinity to the luciferase
enzyme than LH2 which caused product-inhibition. Other substituted and cyclic aminoluciferins have shown comparable results, i.e. that Fluc is highly sensitive to changes
to the luciferin substrate. Interestingly, cyclic aminoluciferins CycLuc1 81 and CycLuc2
82, which prevent rotation around the aryl-nitrogen bond to improve the overlap of the
nitrogen lone pair with the conjugated system, were found to give higher light output
with Ultra-Glo luciferase in P450-Glo buffer than LH2, making this system suitable for
high-throughput screening applications.139-141 This suggests that increasing the rigidity
of the luciferin system could lead to an increase in the quantum yield; however, this
finding only applies to the Ultra-Glo luciferase data and not with Fluc.
Red-shifting the emission wavelength has also been achieved by increasing the πconjugation of the luciferin system as this also reduces the HOMO-LUMO gap.142 A
conjugated luciferin system AkaLumine-HCl (83) was synthesised where the
benzothiazole moiety was substituted with a dimethylaniline moiety and two
conjugated double bonds were added between the phenyl and thiazoline moieties.
Increasing the π-conjugation and the electron density increased the emission
maximum (λmax = 677 nm). Additional factors such as its high solubility and higher cellmembrane permeability contributed towards its excellent results in vivo with native
Fluc where it displayed higher nIR bioluminescent photon counts and the red-shifted
light penetrated tissue at greater depths than LH2 and 81, which enabled higher
resolution imaging of deep lung metastases.143
In 2014, the Anderson group published the synthesis of infra-luciferin (iLH2; 84), which,
inspired by AkaLumine 83, has a double bond in between the benzothiazole and
thiazoline moieties. The emission maximum was found to be 706 nm with Fluc mutant
x5 S284T, making it the most red-shifted analogue synthesised to date, and exhibits
the same light output as LH2 emitted over 600 nm.144,145 Recently, iLH2 84 has been
shown to be useful for multi-parametric imaging with Fluc to give assorted colours
allowing two biological events to be resolved simultaneously.146 This may lead to the
reduction in the number of animals needed for testing. A doubly homologated iLH2 85,
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with a diene linking the two luciferin heterocycles, was also reported; however,
although a very weak emission band was observed at around 800 nm, the main
emission maximum was at a shorter wavelength than iLH2 84 and it was observed to
be more unstable making it undesirable for BLI.145
Further optimization is required to improve the bioluminescence production since 84
is  200 times dimmer than LH2 considering the total photon output. An additional
degree of freedom due to the extra rotational single bond in 84 could account for
greater radiation-less decay in the excited state and hence a lower light output than
LH2. Considering this, 84 was rigidified by swapping the benzothiazole moiety with a
pyridobenzimidazole linker giving compound 86; whilst not completely rigid, this
structure has the same degrees of freedom and rotatable single bonds as LH 2.
Comparison of 86 with 84 and its parent benzimidazole luciferin 87 showed that it was
dimmer. However, 86 exhibited enhanced brightness compared to its non-rigid
analogue, 87, in all enzymes that were studied. This showed that rigidifying analogues
increases light output compared to their open forms. Also, the authors noticed a
remarkable >100 nm red-shifted secondary peak of emission in Fluc mutant x11 which
was unstable to time and temperature, perhaps indicating that the light-emitting
oxyluciferyl form of 86 was held in a planar conformation around the rotatable singlebond, giving rise to stabilized resonance forms via conjugation of the lone pair of
electrons.147
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Figure 31 Key luciferin analogues with their quoted bioluminescence emission maximum recorded
with Ppy.[a] Bioluminescence max recorded with x5 S284T Fluc mutant.
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Methods to red-shift the light emission have been successful;144 however, this clearly
comes at the cost of reducing the bioluminescent quantum yield which has limited the
routine use of red-shifted analogues:
ΦBL = ΦCR ΦEX ΦF =

𝑁𝑝ℎ𝑜𝑡𝑜𝑛
𝑆𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

(7)

The quantum yield of bioluminescence is expressed as a quantum yield product of
ΦCR , which is the yield of the chemical reaction, ΦEX is the fraction of electronicallyexcited state oxyluciferin molecules produced per reactant molecule and ΦF is the
number of excited state oxyluciferin species that emit a photon per reactant molecule.
𝑁

An equivalent expression for the quantum yield, fraction, 𝑆 , is the number of photons
of light emitted (N) for every molecule of reactant (S) consumed.
Changing the nature of the enzyme and/or the luciferin substrate dramatically affects
ΦCR and in turn reduces ΦEX and ΦF , which could be due to poorer catalytic turnover,
product inhibition, degradation, and non-radiative decay.
Measuring ΦBL from its components remain elusive: OL readily degrades in solution,61
hence ΦCR has not been accurately reported. Quantifying ΦEX remains theoretical
because the dioxetanone intermediate remains synthetically inaccessible.148 The
fraction of excited-state OL− molecules that fluoresce, ΦF , also remains unknown as
the polarity of the active site has not been experimentally determined and the true light
emitting species has not been determined; theoretical investigations have suggested
that the relative permittivity (εr) in the active site of proteins is between 2.5 – 4.149,150
Prolonging that the light emitting species is known, a consensus in determining the εr
of the Fluc active-site would lead to accurate measurements of ΦF . Also, a thorough
investigation into determining the true yield of OL in the firefly bioluminescent reaction
would solve for ΦCR . Hence, if accurate values of ΦF and ΦCR are known, one can
derive ΦEX by rearranging Equation (7) and substituting ΦBL = 0.41,
ΦEX =

0.41
ΦCR ΦF

(8)

A hypothetical model system is considered with inputs ΦCR and ΦF that optimize ΦBL
based on approximations from previous studies. If we assume the Fluc cavity to have
an εr ~ 2.5 – 4 and we assume that phenolate–keto 13 is the active light-emitter, one
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can roughly approximate that Fluc exhibits a non-polar microenvironment similar to
that of benzene (εr ~ 2.25) solution and the fluorescence exhibited by M–phenolate–
keto 31 is the same as the fluorescence exhibited by 13. The highest ΦF of 31 was
reported in benzene; ΦF = 0.82.112 In addition, if we assume that all LH2 had reacted
and 20 % of LH2 species led to side-product dehydroluciferyladenylate (L-AMP),44 this
gives ΦCR ~ 0.80. Substituting optimal values ΦF and ΦCR based on the literature into
Equation (8) yields ΦEX = 0.64.
From this model system, of the 80 % of LH2 molecules that form OL, we can infer that
64 % of LH2 form OL in an electronically excited state. Therefore, the limiting factor in
the native firefly system could be the decomposition of the dioxetanone intermediate.

2 Proposed research
As derived from Equation (8), the limiting factor to ΦBL could be the decomposition of
the dioxetanone intermediate. Hence being able to synthesise dioxetanone 36 and to
study its photochemical and photophysical values may well solve the conundrum
towards developing better bioluminescent tools that are brighter and more red-shifted.
However, dioxetanone 36 is synthetically inaccessible leaving interpretation that is
based on theory and experimental work based on other dioxetane and dioxetanone
derivatives, LH2, Luc and OL.
Despite extensive computational and experimental studies on firefly bioluminescence
and successes in red-shifting the light emission, progress in routinely using red-shifted
LH2 analogues comes at the loss of ΦBL . This may be because there is little
understanding of the electronic structure and dynamics of OL −. A fundamental
understanding of its electronic spectra may aid the rational design of synthetic
analogues for a wide range of applications, particularly in deep tissue imaging.
Compelling evidence shows that the emission spectra of neutral OL species are too
blue shifted with respect to native bioluminescence, narrowing the investigation down
to four possible light-emitters which are phenolate–keto 13, phenolate–enol 58,
phenol–enolate 61 and dianion OL2- 62.
The aim of this study was to understand the electronic structure and relaxation
dynamics of the singly charged OL− anions in vacuo by anion photoelectron
spectroscopy between wavelengths 359 – 294 nm. These were interpreted with the
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aid of quantum chemistry calculations performed by our collaborators at UCL. OL−
exists as three anionic resonance forms (keto, enol and enolate). To track the
dynamics of these different species, the known protected derivatives, which trap the
resonance forms, were synthesised from the literature (Figure 32).

Figure 32 Top: keto, enol and enolate resonance forms of OL−. Bottom: Protected OL− derivatives
used to track the dynamics of the OL− resonance forms.

Understanding how π-conjugation affects the electronic structure OL− is crucial for
developing a rationale towards designing synthetic luciferin analogues. To this end,
the second aim of this project was to synthesis the novel π-extended analogue of OL,
infraoxyluciferin (iOL) and subsequently determine its electronic structure by anion
photoelectron spectroscopy coupled with quantum chemistry calculations. This would
further complement the experimental145,146,151 and spectroscopic124 work on
infraluciferin 66 since iOL would be the bioluminescent product of 66. Likewise, as OL,
iOL can exist as three anionic resonance forms (keto, enol and enolate). Therefore,
the synthesis of the novel protected derivatives of iOL were also attempted (Figure
33).

Figure 33 Top: keto, enol and enolate resonance forms of iOL−. Bottom: Proposed synthetic targets of protected
iOL− derivatives used to track the dynamics of the iOL− resonance forms. M = model
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3 Organic Chemistry
3.1 Synthesis of oxyluciferin
The synthesis of oxyluciferin has been reported in the literature (Scheme 38).89,152

Scheme 38 Synthetic route of OL with literature yields.

Product 95 was made via a condensation reaction between p-anisidine (93) and
Appel’s salt (94). Compound 96 was attained by rearrangement of 95 under elevated
temperatures. Benzothiazole 32 is achieved by deprotection of the methyl-ether group
of compound 96. OL in its enol form (51) was made from benzothiazole 32 via
cyclisation with ethyl-2-mercaptoacetate (50).
Following the reaction procedure by McCutcheon et al.,152 anisidine 93 was treated
with Appel’s salt 94 in DCM and stirred for 3 h (Scheme 38). Anisidine 93 can attack
Appel’s salt 94 at the highly electrophilic carbon-5 position to afford dithiazolium
intermediate 97 after the elimination of chloride. Further elimination of the acidic
proton on nitrogen yields the neutral species 95 (Scheme 39).

Scheme 39 Mechanistic pathway for forming 95 via Appel’s salt.
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The resulting product was extracted with methyl tert-butyl ether (MTBE) and
concentrated in vacuo to afford 95 in 77 % yield (lit.152 96 %). The 1H NMR cleanly
showed the two aromatic proton signals and the methoxy signal at δ 7.28 (2H, d, J =
9.0 Hz, NCCH), 6.99 (2H, d, J = 9.0 Hz, MeOCCH) and 3.85 (3H, s, OCH3) respectively
which were consistent with the literature.152 Crude 95 was used directly in the next
step.
Thermal rearrangement of 95 in sulfolane at 180 ⁰C for 30 min afforded nitrile 96. It
was proposed that the sulfur lone pair triggers an intramolecular cyclisation reaction
at elevated temperatures to form a 5-membered ring intermediate. Aromatization
causes a structural cascade guided by the gain in stability of forming the conjugated
benzothiazole nitrile and the loss of elemental sulfur, giving 96 in 51 % yield (Scheme
40).

Scheme 40 Mechanistic pathway of the thermal rearrangement of 95 to give 96

Deprotection of the methyl protecting group of 96 in neat pyridine hydrochloride (10
eq.) afforded benzothiazole 32 in 57 % yield (lit.152 61 %; Scheme 38).
The synthesis of OL was reported by Maltsev et al. who reacted 6hydroxybenzothiazole 32 with ethyl 2-mercaptoacetate 50 in aqueous MeOH and
NaOH base.89 The pKa of mercaptoacetate 50 is 7.95 allowing NaOH to deprotonate
it.153 This is followed by a two-step cyclisation reaction, firstly with attack of the thiolate
to the nitrile and then attack of the imine anion onto ester 98 to give OL 60 in its ketoform. Tautomerism of 60 gives OL 51 in its enol-form (Scheme 41).
Careful optimization of the reaction prevented the formation of the aldol-dimerized
decomposition product 54 which can be formed by adding excess base, higher
temperatures and longer reaction times. It was proposed that the formation of the
enolate oxyluciferin species could undergo with 51 to give the undesirable dimerized
product (Scheme 27).
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Scheme 41 Mechanistic pathway towards the synthesis of OL via cyclisation.

3.2 Synthesis of 6'-O-methylated oxyluciferin

The base catalysed cyclisation reaction to afford OL was repeated on nitrile 96 using
the same conditions to afford 6'-O-methylated oxyluciferin 99 with a 58 % yield
(Scheme 42).

Scheme 42
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3.3 Synthesis of 4-O-methylated oxyluciferin
The synthesis of 4-O-methylated oxyluciferin has been reported in the literature using
diazomethane as the methylating reagent (Scheme 43).114

Scheme 43

Since diazomethane is dangerous to handle, TMS-diazomethane was used instead
which followed a different procedure (Scheme 44).

Scheme 44

Selective O-methylation at the 4-position on OL is achieved as the pKa is lower than
the proton at the 6'-position.114 TMS-diazomethane reacts with OL and MeOH to
form diazomethane in situ. This is followed by nucleophilic attack by the enolate
anion of OL which releases N2 as a good leaving group and OL derivative 100
(Scheme 45).

Scheme 45 Proposed mechanistic pathway for the selective O-methylation of OL.
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3.4 Synthesis of C-5-5-dimethylated oxyluciferin
A synthetic route was proposed for 101 by Hirano et al. (Scheme 46).112

Scheme 46 Synthetic pathway of 101 with the quoted literature yields from Reference 112.

Esterification of 102 to afford bromoisobutyrate 104 was achieved by treating alcohol
103 with triethylamine and then 102 to give 104 in 95 % yield (lit.112 88 %) after flash
chromatography (Scheme 46). Treatment of bromoisobutyrate 104 with potassium Oethyl dithiocarbonate afforded dithiocarbonate 105 in 24 % yield (lit.112 34 %; Scheme
46). The low yield could be due to the slow rate determining step of the bromide leaving
to form a tertiary carbocation which is destabilised by the electron withdrawing
carbonyl group (Scheme 47).

Scheme 47 SN1 reaction pathway for forming dithiocarbonate 105 via a high energy intermediate.
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An alternative mechanism could be that thiolate 107 attacks bromine to eliminate
enolate 108 which then reacts with the now electrophilic sulfur to give 105 (Scheme
48).

Scheme 48

In addition, it can be speculated that the mechanism could operate via a SN2 reaction
pathway despite being on the tertiary substituted carbon atom due to the alpha-effect
by the adjacent carbonyl group. The carbonyl group may increase the reactivity of the
adjacent bromide leaving group towards nucleophilic substitution by several orders of
magnitude. This can be explained by the π* of the C=O and the σ* C-Br antibonding
molecular orbitals overlapping to form a new, lower energy (thus more reactive)
LUMO. The newly formed LUMO has a larger orbital coefficient, which increases its
reactivity towards overlap with the nucleophile. However, this overlap can only occur
when the C-Br bond is perpendicular to the C=O, because only then the π* (C=O) and
σ* (C-Br) orbitals are aligned correctly (Figure 34).

Figure 34 Schematic showing the overlap of the π* (C=O) and σ* (C-Br) antibonding orbitals forming
a new lower energy and more reactive (π* + σ*) LUMO for nucleophilic substitution.
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Unmasking of the thiol group in dithiocarbonate 105 was achieved with neat
ethylenediamine at room temperature (RT) for 2 h to afford 106 in 95 % yield (Scheme
46). The crude 1H NMR showed that 106 was pure enough for the next step.
Cyclisation of 106 with nitrile 32 to afford 101 was achieved at a higher temperature
(80 ⁰C) with respect to the mild conditions used to make OL (Scheme 38). The higher
temperature was required to overcome the higher activation barrier caused by the
steric hindrance by the two methyl groups, which could deter 32 from attacking the
carbonyl. Purification of 101 in the literature was achieved by prep–TLC plate
(SiO2,CHCl3/ hexane/ methanol) which gave a 35 % yield; however it was conveniently
found by 1H NMR that 101 could be isolated by simply washing the crude residue
separately with MeOH and EtOAc which left behind the desired compound in 38 %
yield (> 98 % purity; Scheme 46).
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3.5 Synthesis of amino-oxyluciferin
The synthesis of amino-oxyluciferin (NH2OL; 109) is not known in the literature and it
would be of great interest to investigate how changing the functional group on the 6position will affect the electronic structure and dynamics relative to the native OL
species. A retrosynthesis was proposed following a similar route as OL (Scheme 49).

Scheme 49 Retrosynthesis towards forming NH2OL 109.

NH2OL 109 could be made from aminobenzothiazole nitrile 110 via cyclisation with
ethyl-2-mercaptoacetate 50; similar to the synthesis of OL (see Scheme 38). Amino
benzothiazole nitrile 110 could be prepared by the reduction of nitro benzothiazole
nitrile 111. Compound 111 could be prepared by the Pd-catalysed cyclisation of
compound 112, where compound 112 could be made via a condensation reaction
between p-nitroaniline (113) and Appel’s salt (94).
Following the reaction procedure by McCutcheon et al.,152 anisidine 113 was treated
with Appel’s salt 94 and pyridine (2 eq.) in a 1:1 co-solvent mixture of THF and MeCN
and stirred for 1 h at RT. Intermediate 114 of this reaction could be formed by the
same mechanism as in Scheme 39. Fragmentation of the dithiazole intermediate was
achieved by using sodium thiosulfate and gave 112 in 88 % yield (lit.152 80 %) following
purification via column chromatography (Scheme 50). The 1H NMR cleanly showed
the two aromatic proton signals at δ 8.33 (d, J = 9.1 Hz, 2H) and 8.12 (d, J = 8.8 Hz,
2H) which were consistent with the literature.

Scheme 50 Reaction pathway for forming N-arylcyanothioformamide 112.
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Following the reaction procedure by McCutcheon et al.,152 subsequent Palladium
mediated cyclization of formamide 112 using PdCl2 (10 mol %), CuI (50 mol %) with
tetrabutylammonium bromide (TBAB, 2 eq.) in a 1:1 cosolvent of DMSO/DMF heated
to 130 ºC for 4 h afforded nitrile 111 in 60 % yield (lit.152 74 % ; Scheme 51). The 1H
NMR cleanly showed the three aromatic proton signals at δ 8.96 (d, J = 2.1 Hz, 1H),
8.52 (dd, J = 9.1, 2.2 Hz, 1H) and 8.39 (d, J = 9.1 Hz, 1H) which were consistent with
the literature.

Scheme 51 Reaction pathway for forming nitrile 111.

The reaction mechanism is not known, but it was thought to be similar to the directed
C-H functionalization and amide arylation of substituted carbazoles (Scheme 52).154

Scheme 52 Proposed mechanistic pathway for the synthesis of nitrile 111.

Pre-association of the amide moiety of 112 to PdCl2 facilitates ortho-palladation. The
formation of the five-membered palladacycle is facilitated by nucleophilic attack by
sulfur as opposed to the coordinating nitrogen because formation of a five-membered
ring is more stable. Subsequent reductive elimination leads to product 111 and Pd(0).
The Pd(0) species is re-oxidized to Pd(II) by CuI, thus completing the catalytic cycle.155
The penultimate step was to reduce the nitro group to an amino group. McCutcheon
et al. used zinc powder and ammonium chloride in MeOH and stirred carbonitrile 111
for 30 min to afford nitrile 110 following purification by column chromatography
(Scheme 53).152
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Scheme 53 Reaction pathway for the reduction of 111 to afford nitrile 110.

However, repetition of the reaction gave back a complex 1H NMR consisting of the
desired compound and nitroso intermediates which could not be isolated by column
chromatography. Other reduction conditions were sought. Hauser et al. used iron
powder in acetic acid over 24 h. Filtration through a short silica plug afforded 110 in
48 % yield (lit.156 71% ; Scheme 54).156 The 1H NMR cleanly showed the three
aromatic proton signals at δ 7.86 (d, J = 8.9 Hz, 1H), 7.15 (d, J = 2.2 Hz, 1H), 6.96
(dd, J = 9.0, 2.2 Hz, 1H) and a broad singlet at δ 6.11 (s, 2H) which is indicative of the
amino group.

Scheme 54 Reduction pathway for the reduction of 111 using iron powder to afford nitrile 110.

The final step of the synthesis is to cyclise nitrile 110 with ethyl-2-mercaptoacetate 50
to afford NH2OL, using the same reaction conditions as forming OL (Scheme 55).

Scheme 55 Mechanistic pathway for the cyclisation of nitrile 110 to afford NH2OL.

Following the optimized reaction conditions by Maltsev et al. on OL,89 nitrile 110 was
stirred with mercaptoacetate 50 in aqueous MeOH and 1M NaOH base at 4 ºC. Nitrile
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110 was poorly soluble and thus reacted as a suspension. Monitoring the reaction
after 3 minutes showed conversion of the starting material to a new spot at a lower R f
value which exhibited a bright yellow colour under UV light, suggesting the formation
of NH2OL. After 10 minutes, the starting material appeared to have been consumed.
The reaction was quenched with 0.1 M HCl and the solution was concentrated in
vacuo. The residue was washed with water and dried to give a dark red precipitate.
Inspection of the crude 1H NMR in d6-DMSO predominantly showed peaks in the
aromatic region that are attributed to the starting material. Zooming into the baseline
around the region δ 6.4-11.4 ppm revealed sets of peaks that can be attributed to the
protons of NH2OL (Figure 35).

Figure 35 Top: 1H NMR of OL recorded in d6-DMSO. Peaks are colour coded and are assigned to their
designated protons, where the assignments are consistent with the literature. Bottom: Crude 1H NMR
of the reaction between nitrile 110 and mercaptoacetate 50 recorded in d6-DMSO. Peaks are colour
coded and are assigned to their designated protons of NH 2OL. The black peaks correspond to the
signals of the protons from starting material 110.

Comparison of the crude 1H NMR with the 1H NMR of OL in Figure 35 strongly
suggests the formation of NH2OL. The relative peak positions that are highlighted in
colour in the crude 1H NMR are similar to the peak positions exhibited in the 1H NMR
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of OL. The J-couplings and peak integrations of the highlighted peaks agree to what
is expected for NH2OL; δ 10.97 (s, 1H) ~ purple, 7.70 (d, J = 8.8 Hz, 1H) ~ green, 7.08
(d, J = 2.1 Hz, 1H) ~ red, 6.82 (dd, J = 8.8, 2.2 Hz, 1H) ~ blue and 6.43 (s, 1H) ~
orange. However, purification by flash chromatography was not successful as 109
appeared to degrade. The reaction was repeated using the same conditions but
isolation of the crude material led to a slurry, which under 1H NMR showed degradation
of the product.
Hence, NH2OL could only be identified in trace amounts (20 % conversion by 1H NMR;
Scheme 56).

Scheme 56 Reaction pathway for the formation of NH2OL. Evidence from the crude 1H NMR in Figure
35 showed trace amounts of NH2OL.
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3.6 Synthesis of Infraoxyluciferin
The aim of this section was to synthesise infraoxyluciferin and its O-methylated and
C-methylated derivatives (Figure 36).

Figure 36 Top: Resonance forms of iOL. Bottom: Protected derivatives of iOL.

As observed for OL−, infraoxyluciferin can exist as three anionic resonance forms
(keto, enol and enolate). C-dimethylation at the 6-position prevents keto-enol
tautomerism and so traps the keto resonance form giving target derivative 117 and the
corresponding anion infra–M–phenolate–keto (90). O-methylation at the 11'-position
inhibits phenol-phenolate dissociation which traps the enolate resonance form giving
target derivative 118 and the corresponding anion infra–M–phenol–enolate (92).
Lastly, O-methylation at the 7-position blocks enol-enolate dissociation which traps the
enol resonance giving target derivative 119 and the corresponding anion infra–M–
phenolate–enol (91). A streamlined synthesis was proposed (Scheme 57).

Scheme 57 Retrosynthesis for forming target compounds iOL and derivatives 117, 118 and 119.
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Target molecule 119 could be made by selective O-methylation on the enolic moiety
of iOL Target molecules iOL and 117 can be formed from compounds 120/118 and
121/122 respectively via a deprotection reaction; methyl-ether 118 is a target
compound. Molecules 120 and 118 could be prepared by a Horner-WadsworthEmmons (HWE) reaction between phosphonate 123 and aldehydes 125 and 126,
respectively. Similarly, molecules 121 and 122 could be prepared by a HWE reaction
between phosphonate 124 and aldehydes 125 and 126, respectively. Aldehydes 125
and 126 could be prepared respectively from 127 and 128 by a formylation reaction.
These in turn can be made from starting materials 129 and 130, respectively. The
synthesis of compounds 125-128 have been reported in the literature.151,157,158
The MEM-protecting group was chosen as this was successfully deprotected to form
infra-luciferin ester 131 from 132 (Scheme 58).151

Scheme 58

Following the reaction procedure by Anderson et al.,151 benzothiazole 129 was
protected with MEMCl to give benzothiazole 127 in 58 % yield (lit.151 73 %). Molecule
127 was then treated with nBuLi in THF followed by the addition of DMF (4 eq.) at -78
⁰C which afforded aldehyde 125 in 91 % yield (lit.151 87 %). The crude material was
judged 95 % pure by 1H NMR and was used directly in the next step (Scheme 59).

Scheme 59

Attempts were focussed on making the pre-cyclised thiazolone phosphonates 123 and
124 because cyclised phosphonate 133 can undergo a Horner-Wadsworth-Emmons
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reaction with aldehyde 125 to afford the iLH2 derivative 132, but in low yield (Scheme
60).151

Scheme 60 Reaction pathway of forming 132 via cyclised phosphonate 133.

It was thought that phosphonate 134 could be cyclised with mercaptoacetate 50 to
give phosphonate 123 which was inspired by the cyclisation of benzothiazole 32 with
50 to form OL (Scheme 61).

Scheme 61 Mechanistic pathway towards forming phosphonate 123 via cyclisation.

There was no literature precedence for this reaction, hence the reaction was attempted
by using the same conditions as synthesising OL.89 Mercaptoacetate 50 was treated
with NaOH (1 moldm-3) and added to phosphonate 134 in MeOH/H2O at 4 ⁰C. No
reaction had occurred by TLC thus the temperature was increased to RT over 30 min.
The crude 1H NMR gave back starting material. Heating the reaction to reflux over 2
hours also gave back starting material. It was thought that the thiolate was inhibiting
the reaction by preferentially deprotonating the α-proton next to the phosphonate.
Thus, the reaction was attempted in the absence of base; however, this gave back
starting material at RT and at 40 ⁰C (Scheme 62).

Scheme 62
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Formation of the thiazolone ring attached to a phosphonate for olefination proved to
be troublesome. It was considered to synthesise conjugated nitrile 135 first followed
by cyclisation (Scheme 63).

Scheme 63

However, previously in the Anderson group, it was found that conjugated nitrile 136
had failed to cyclise with D-cysteine; there was NMR evidence to suggest that, along
with a mixture of products, conjugated addition had occurred preferentially over
cyclisation (Scheme 64).

Scheme 64

Hence, the retrosynthesis was modified to avoid a conjugated alkene-nitrile system by
installing a conjugated thioamide group instead (Scheme 65).
Target molecule 119 could be made by selective O-methylation of the enolic moiety of
iOL. Target molecule iOL could be made by deprotection of compounds 118 or 120,
where 118 is a target compound. Similarly, 117 could be made by deprotection of
compounds 121 or 122. Compounds 121 and 122 can be made by cyclisation of the
dimethylated carboxylic acid 138 with conjugated thioamides 139 and 140,
respectively. Compounds 118 and 120 can also be made by cyclisation of carboxylic
acid 137 with thioamides 140 and 139, respectively. Thioamides 139 and 140 could
be prepared by a Horner-Wadsworth-Emmons (HWE) reaction from aldehyde 125 and
126, respectively. Aldehydes 125 and 126 could be prepared from the formylation of
127 and 128 respectively, which in turn can be made from starting materials 129 and
130, respectively. The synthesis of compounds 125-128 have been reported in the
literature.151,157,158
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Scheme 65 Proposed retrosynthesis for forming target compounds 119, iOL, 117 and 118.

The regioselectivity of the intermolecular cyclisation reaction depends on the electron
density character (hardness or softness) of the nucleophiles and electrophiles. The
reaction proceeds by activation of the carboxylate group by acetylation with acetic
anhydride (Ac2O), which creates a good leaving group. The lone pair of electrons on
nitrogen pushes the electron density for sulfur to carry out an SN2 reaction to displace
Br−. Suphur is a soft nucleophile, in this case aided by conjugation to the thioamide
nitrogen lone pair and prefers to attack the softer C-Br electrophilic centre rather than
the harder carbonyl electrophilic acceptor. As the bromide leaving group is adjacent
to the carbonyl, the rate of the SN2 reaction may be significantly enhanced as shown
in Figure 34. Cyclisation is then facilitated by attack of the harder N lone pair on the
anhydride carbonyl species through a 5-exo-trig cyclisation. The release of acetic acid
yield the thiazolone product (Scheme 66).
The synthesis up to aldehyde 125 has been previously discussed (Scheme 59).
Phosphonate 141 was synthesised in a quantitative yield (lit.159 37%) when the solid
was instead not washed with copious amounts of toluene (Scheme 67). The formation
of the amine group was confirmed in the 1H NMR as it exhibited two broad signals (δ
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8.39, s, 1H, NH2 and δ 7.63, s, 1H, NH2) which showed the strong overlap of the lone
pair on the nitrogen of the thioamide group with the sulfur atom.

Scheme 66 Proposed mechanistic pathway for the acid catalysed cyclisation of aryl thioamides to form
thiazolone products.

Scheme 67

A Horner-Wadsworth Emmons (HWE) coupling between the open-chain phosphonate
142 and aldehyde 125 was reported to work well with DBU/LiCl system giving 143 in
63 % yield (Scheme 68).151

Scheme 68 Reaction pathway of forming 143 via a HWE coupling.
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The HWE reaction is mediated by activating the phosphonate with LiCl to form a tight
complex between the lithium cation (Li+) and the carbonyl and thiocarbonyl groups,
which increases the acidity of the α-protons adjacent to the phosphonate. This allows
a mild base to deprotonate the α -proton readily (Scheme 69).160

Scheme 69

The same reactions conditions were attempted on phosphonate 141 which
successfully furnished alkene 139 with a 25 % yield. The yield was improved
drastically by keeping the reaction at 0 ⁰C for 1 hour which gave a quantitative yield of
material which was 95 % pure by 1H NMR. 1H NMR, 13C NMR and mass spectrometry
confirmed the formation of 139. The E-stereochemistry was confirmed by the presence
of a large J-coupling of 15.3 Hz between the vinylic protons (red; Scheme 70).

Scheme 70 Reaction pathway of forming 139 via the HWE reaction. The vinylic protons are in red to
show the E-stereochemistry.

The penultimate step was to cyclise the conjugated thioamide 139 with bromoacetic
acid 137. This reaction procedure was based on a methodology of synthesising
thiazolone-based antitumor agents. The thioamide derivatives were reacted with 137
using acetic anhydride, sodium acetate, acetic acid system at 80 ⁰C for 7-9 h to give
the thiazolone products in moderate yields (60-70 %; Scheme 71).161
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Scheme 71 General reaction pathway of forming thiazoline derivatives.

Since the only difference between 139 (conjugated thioamide) and the starting
materials used by the authors is that 139 exhibits a double bond between the aryl and
thioamide substituents, it was thought that the reaction would work via the same
mechanism.
The reaction did not work after 20 minutes of stirring at RT. The reaction temperature
was increased to 50 ⁰C for 2 h. The solution changed colour from red to red-brown
and monitoring by TLC showed conversion to another spot. The reaction was then
stirred at 80 ⁰C for 1 h and the TLC showed greater conversion. The reaction was
worked up to give the crude product and analysis by 1H NMR showed compelling
evidence towards the formation of the desired product in the aromatic region (Figure
37).
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Figure 37 (a) 1H NMR of starting material conjugated thioamide 139 where the downfield protons are
colour assigned ~ aromatic (dark blue, green and red), vinylic (purple) and amine (light blue). (b) Crude
1H NMR of suspected product 120 where the proposed peaks are colour assigned to their corresponding
protons ~ aromatic (dark blue, green and red), vinylic (purple) and α-proton(orange).

The number of observed signals agree with the number of expected environments for
product 120. In addition, two protons were found at δ 7.66 (d, J = 16.0 Hz, 1H) and
7.50 (d, J = 16.0 Hz, 1H), colour coded in purple, which were assigned as the vinylic
protons of E-stereochemistry due to their large J-coupling values. The vinylic proton
signals (purple) converge when cyclisation occurs relative to the vinylic proton signals
for starting material 139. Convergence of the vinylic proton signals was also seen in
the synthesis of infra-luciferin core structures (Figure 38).
It was expected that the benzothiazole moiety would remain intact, therefore the
aromatic peaks in the spectrum for 120 should be reflected with a slight spectral shift
and the same peak shape. This is apparent by direct comparison of the spectra and
therefore the protons at δ 7.91 (t, J = 7.5 Hz, 1H, OCCHCH), 7.58 (d, J = 2.4 Hz, 1H,
OCHCS) and 7.21 (dd, 1H, NCCHCH), respectively colour coded as blue, green and
red, were assigned to their corresponding aromatic signals in Figure 37.
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Figure 38 (Top) 1H NMR of alkene 143 which is the precursor for forming infraluciferyl ester 132 used in
the synthesis of infraluciferin. (Bottom) 1H NMR of 132: Cyclisation of 143 to form 132 results in the
convergence of the vinylic protons. The downfield protons are colour assigned ~ aromatic (dark blue,
green and red) and vinylic (purple). The synthesis of 132 and 143 and the corresponding 1H NMR spectra
were adapted from ikhail Pumpianskii’s PhD work.

A key peak for showing that the thiazolone ring has formed is by observing a singlet
with an integration of 2H upfield, which represents the α-protons adjacent to the
ketone. This was not observed in the 1H NMR. Instead, it was observed that there was
a downfield singlet at δ 7.14 ppm which integrates approximately to one as shown in
orange in Figure 37. This suggests that the keto-thiazolone moiety has tautomerized
to form the enol-thiazoline species, which is most likely as OL predominantly exists in
its enol-form in solution.89 Moreover, the 1H NMR of OL in d6-DMSO revealed a 1H
singlet at δ 6.50 ppm that was assigned to the proton attached to the enol-alkene. This
provided strong evidence that the alkene enol proton is likely to be at chemical shifts
that are more up-field relative to the other aromatic and vinylic protons (Figure 39).
The observation of the orange peak in 120 is somewhat strange as previous
observations on the stability of enol-OL in solution showed that it readily dimerises in
the presence of excess base and elevated reaction temperatures.89 This suggests that
the electronic structure of this new conjugated oxyluciferyl species may be slightly
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Figure 39 (a) 1H NMR of OL showing the chemical shifts of the phenolic (pink), enolic (red) protons,
and α-proton with respect to enol-moiety (orange). (b) 1H NMR of proposed crude product 120. The
proposed aromatic peaks are highlighted in colour. The orange peak is proposed to correspond to the
α-proton with respect to the enol-moiety. The ‘R’ group corresponds to a substituent that could not be
identified in the 1H NMR.

more stable than OL and so preventing further reactions. However, purification by
column chromatography was unsuccessful as the compound appeared to have
degraded.
For improving the conversion, the reaction was repeated at 80 ⁰C and stirred overnight.
Observation of the crude 1H NMR showed that the compound had completely
degraded which suggested that the reaction needed to be optimized by controlling the
temperature and the time of the reaction more thoroughly. The reaction was probed
by 1H NMR at different time intervals and temperatures by tracking the changes in the
position of the vinylic protons corresponding to starting material 139 (blue) and the
formation of the vinylic protons and the assumed α-proton (red) corresponding to the
presumed product 120 (Figure 40).
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Figure 40 Time resolved analysis of the cyclisation reaction to form proposed compound 120. The
vinylic protons of starting material 139 are colour coded in blue and the vinylic protons and α-proton at
the 6-position of proposed product 120 are colour coded in red.

As shown in Figure 40, starting material 139 begins to convert when the temperature
is elevated to 60 ⁰C, because the trans-vinylic protons and the adjacent α-proton of
the enol-moiety of the product (red) begin to form and the vinylic protons belonging to
the starting material (blue) disappear. This analysis suggests that heating at 60 ⁰C is
the minimum temperature required for product conversion. Also, the analysis shows
that heating it to 80 ⁰C does not cause the compound to degrade and would give a
faster conversion rate. The reaction was repeated at 80 ⁰C. ull conversion occurred
in 23 minutes by 1H NMR however purification of the reaction by flash chromatography
was unsuccessful again, and neither on alumina or by recrystallization which suggests
that 120 is not stable.
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New reaction conditions were sought in the hope of making enough crude 120 for
recrystallization. Milder conditions were found where Li et al. had used thioamide 144
and chloroacetyl chloride 145 with NaHCO3 base in a DCM/H2O solvent at RT
overnight to give thiazolone 146 in 70 % yield (Scheme 72).162

Scheme 72

However, observation of the crude

1H

NMR after 1.5 h showed complete

degradation of the starting material. This may have been attributed to the instability
of the product, where the enolate derivative of the product could have undergone
further reactions with electrophiles (Scheme 73).

Scheme 73

A decision was made to change the protecting group as it was thought that the MEMgroup was degrading during the reaction. This was corroborated by unresolved peaks
in the region of δ 2.3-5.5 ppm of the crude 1H NMR though the aromatic peaks
corresponding to the target compound appeared relatively clean. Therefore, the
protecting group was switched to a methyl-ether (OMe) functional group as it is more
stable under acidic conditions. The formation of target compound 118 using the OMe
protecting group followed a similar reaction route as using the OMEM protecting group
(see Scheme 65).
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From known procedures in the literature,151,157 starting material 130 was reacted with
isopentylnitrite under N2 at 70 ⁰ for 2h to afford benzothiazole 128 in 75 % yield.
Treatment of 128 with n-BuLi followed by DMF at -78 ⁰ for 2 h gave 126 in 93 % yield
(Scheme 74).

Scheme 74

Formation of benzothiazole 128 is thought to follow a mechanistic pathway similar to
the diazotization and radical cyclization of tetrazole amines which is mediated by tertbutyl nitrite (t-BuONO; Scheme 75).163

Scheme 75 Proposed mechanistic pathway for the formation of tetrazole 152.
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Two equivalents of tert-butyl nitrite are required for the diazotization of tetrazole amine
147 to form an ion pair between the diazonium cation 148 and t-BuO anion and for the
formation of intermediate 149. Formation of 149 is achieved by the reversible reaction
of tert-butyl amine with water,164,165 followed by deprotonation by the t-BuO anion to
give anion 150. Anion 150 then reacts with the diazonium cation to afford a diazoether
species via nucleophilic attack of the oxygen anion to the nitrogen atom. An eightmembered ring transition state is formed which is stabilised by hydrogen bonding
interactions. The intermediate can then undergo homolytic cleavage to generate aryl
radical 151, which can be trapped by a desired reagent or be quenched by the tertbutyl nitrite radical to give compound 152 and a tert-butyl nitrite diradical. Analogously,
amine 130 may undergo the same mechanism in which tert-butyl nitrite is replaced
with isopentylnitrite (Scheme 76).

Scheme 76

The tert-butyl nitrite diradical may undergo an electronic rearrangement via
conjugation between the p-orbitals of nitrogen and the two oxygens in NO2 to form a
nitrate species which is electronically neutral (Scheme 77)

Scheme 77 Electronic rearrangement of the tert-butyl nitrite diradical.

The HWE coupling was repeated on aldehyde 126 with the same conditions used on
aldehyde 125 (Scheme 70), which successfully afforded E-alkene 140 in 61 % yield.
The E-stereochemistry was confirmed by the large J-coupling of 15.4 Hz between the
two vinylic protons as before (Scheme 78).
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Scheme 78

Cyclisation of 140 was attempted under the same reaction conditions that were used
on thioamide 139 (Scheme 71). After 2 hours, two bright spots had evolved on TLC
(30 % EtOAc/hexane) under long wavelength UV light: a dark blue spot (Rf = 0.82)
and a light blue spot (Rf = 0.74). After 3 hours, a broad yellow spot (Rf = 0.31) began
to form on TLC with the same Rf as the starting material and the intensity of this spot
became greater during the reaction. The reaction was stopped after 6.5 hours.
Purification by flash chromatography afforded three unexpected products 136 (1 %),
153 (7.6 %) and 154 (38 %; Scheme 79).

Scheme 79

It was thought that nitrile 136 was formed via de-thiolation by the activation of high
temperatures and acidic conditions (Scheme 80). Formation of 136 was confirmed by
mass spectrometry and the nitrile group was confirmed by IR which exhibited a
characteristic C≡N stretch (2215 cm-1) and a singlet in the 13C NMR (δ 116.95 ppm in
d4-CD3OD) which is within the characteristic region for nitriles.
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Scheme 80 Acid catalysed nitrile formation.

The formation of 153 was clearly confirmed by 1H NMR in CDCl3 showing all the key
peaks in the aromatic region, which mirrors the 1H NMR spectrum for MEM-protected
species 155 (Figure 41); compound 153 was found to be unstable in d4-CD3OD
possibly due to conjugate addition by CD3OD.

Figure 41 (a) 1H NMR of the aromatic region for compound 153. (b) 1H NMR of the aromatic region for
compound 155 which was previously thought to be compound 120. The protons are colour assigned ~
aromatic (dark blue, green and red), vinylic (purple) and α-proton at the 6-position (orange).
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In Figure 41a, all the aromatic peaks integrate to one and the key benzothiazole peaks
(red, blue and green) are conserved which is also seen in Figure 41b. Similar
convergence and roofing effects are observed for the vinylic protons (purple) in Figure
41a. The J-coupling for these protons is 16 Hz, which shows that the alkene has Estereochemistry. An important signature to show the formation of the thiazoline ring is
the formation of the singlet (orange peak) in Figure 41a which is mirrored in Figure
41b.
The reason for the stability of these novel compounds is revealed by observing the upfield peaks for compound 153 in the 1H NMR. A singlet in the 1H NMR of 153 was
observed at δ 2.35 which integrated to 3H. This showed that the enolic moiety was
acetylated, which was unambiguously confirmed by mass spectrometry.
Acetylation had occurred because acetic anhydride (Ac 2O) was in excess (2
equivalents). Therefore, one equivalent of Ac2O was consumed for forming an Oacetyl leaving group (Scheme 66 ~ main mechanism) and the second equivalent
would acetylate the enol-moiety. As a result, the reaction conditions had caused an insitu acetylation which protects the sensitive enol 118.
Surprisingly, compound 154 was the dominant compound that had formed. It was
deduced that the double bond had been reduced. This was confirmed by mass
spectrometry and structural assignments by comparing the experimental 1H NMR with
a simulated 1H NMR spectrum (Figure 42).166-168
In figure Figure 42ai, the alkene peaks are absent in the aromatic region and the
orange singlet peak which represents the α-proton at the 6-position is present. This
shows that the thiazoline ring has formed and conjugation has been lost. Inspection of
the 1H NMR further upfield reveals a complex set of peaks between δ 3.49 – 3.55 ppm
which integrates to 4H (blue profile), which suggests that the alkene has been
reduced. Reduction of the alkene was proved by comparing with the simulated 1H
NMR (Figure 42b) of compound 154, which clearly shows that the relative positions
of all the peaks agree with the peaks that are observed in the experimental spectrum
and the complex set of peaks between δ 3.49 – 3.55 ppm in the experimental 1H NMR
are remarkably reproduced in the theoretical spectral with the same integration of 4H.
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Figure 42 (a) 1H NMR spectrum of 154. The protons are colour assigned ~ reduced vinylic protons (blue),
α-proton at the 6-position (orange). (ai) Inset of the downfield aromatic region. (aii) Comparison of the
experimental feature of the reduced vinylic protons between δ 3.49-3.55 ppm in blue with the simulated
feature in purple. (b) Simulated 1H NMR spectrum of 154. The simulated peaks of the reduced vinylic
protons are highlighted in purple.

This is an intriguing transformation, because there seems to be no formal hydride (H−)
source in the reagents, which leads to the conclusion that either a hydride was formed
in situ or reduction had occurred via a radical mechanistic pathway. Also, the formation
of 154 began three hours after the reaction had started by TLC. The reaction was
repeated under an inert atmosphere (N2) and the solution was initially bubbled through
with N2 to eliminate the possible effects of air; however, this still gave rise to the
formation of 154.
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Given that the formation of reduced product 154 occurs three hours after the reaction
had started, it was thought that either the starting material 140 or olefin product 153
begins to reduce. Either way, the resulting transformations will lead to forming reduced
compound 154 (Scheme 81).

Scheme 81

Curiously, reduced thioamide 156 was not observed on either TLC or in the 1H NMR
giving reason to suggest that reduction occurred solely on 153. Therefore, reaction
methods were explored to reduce the reaction time for minimizing the formation of
154. Gohma et al. used a microwave‑assisted one pot three‑component synthesis to
furnish thiazolone 157, which drastically reduced the reaction time down from 6 hours
to 8 minutes and increased the yield from 69 % to 81 % compared to conventional
heating methods (Scheme 82).169

Scheme 82
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The cyclisation reaction was repeated under the same microwave conditions. Full
conversion of the starting material had occurred after two minutes. Purification by
chromatography afforded nitrile 136 (7.4 %), olefin 153 (12 %) and reduced compound
154 (6 %). This showed that shorter reaction times drastically reduced the yield of the
reduced compound 154 and improved the yield of olefin 153 (Scheme 83).

Scheme 83

To assess if a radical mechanism is operating, butylated hydroxytoluene (BHT; 0.1
eq.) was added as a radical inhibitor to trap the radicals from reacting further; however,
eliminating the formation of 154 was not successful. Instead, adding BHT had
drastically altered the yields of the products following purification by flash
chromatography (Scheme 84).

Scheme 84
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Reanalysing these results to present them in this thesis has led to the conclusion that
a possible reductant could be the formation of H2S arising from the dethiolation of 140
to afford nitrile 136. This could be responsible for the reduction of compound 153 to
afford saturated product 154 (Scheme 85).

Scheme 85

It is known that H2S is a strong reducing agent and may easily interact with other
oxidative species, allowing the reduction of disulfide bonds and scavenging of reactive
oxygen species and nitrogen species.170 It is speculated H2S undergoes a sequential
electron transfer and a proton abstraction twice with 153 to afford 154, in which the
radicals and formal negative charges are thought to be well stabilised by delocalisation
across the heterocyclic moieties (Scheme 86).

Scheme 86 Proposed mechanism for the reduction of 153 to 154 by H2S.

In the light of these results, it seemed possible that the diacetylated infraoxyluciferin
species could be the new target molecule. Under the conditions used for the electron
detachment measurements, the molecule under investigation is treated with base.
This would deprotect both the phenolic and enolic functional groups. Diacetylated
infraoxyluciferin 158 could be achieved by deprotecting either thioamide 139 or 140
followed by cyclisation (Scheme 87).
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Scheme 87

MEM deprotection methods for thioamide 139 were explored. Cleavage in neat
trifluoroacetic acid (TFA) or with Lewis acids SnCl4 and TiCl4 gave degradation of the
starting material. Treatment with BBr3 successfully deprotected 139 in 5 minutes to
afford deprotected thioamide 159 in 40 % yield. Deprotecting thioamide 140 with BBr3
was also successful at longer reaction times to give thioamide 159 in 44 % yield (Table
3).

Table 3 Deprotection conditions for removing methyl-ether or MEM group of 140 and 139, respectively.

Repetition of the microwave reaction on 159 followed by flash chromatography
afforded diacetylated infraoxyluciferin 158 with a 64 % yield, which was impure by 1H
NMR (Scheme 88).

Scheme 88

The structure of 158 was confirmed by mass spectrometry and by observing key peaks
in the aromatic region of the 1H NMR (Figure 43). In Figure 43a, all the key
benzothiazole (red, blue and green), vinylic (purple) and α-proton at the 6-position
106

(orange) signals are assigned to show that the core structure of 158 has successfully
formed. Comparison with the other elucidated structures in Figure 43b and Figure
43c further validates that the core structure has formed as the peaks follow similar
chemical shifts and peak shapes. Clear examples include the roofing effects exhibited
by the vinylic protons (purple) and the chemical shifts for the α-protons (orange) which
are almost the same for all three species. Confirmation of di-acetylation was proved
by observing two conjoined singlets in the 1H NMR of 158 which had a total integration
of 6H and chemical shifts δ 2.35 and 2.36 ppm (Figure 93) and mass spectrometry
which confirmed the correct mass corresponding to two acetyl groups; FTMS Mass
[C16H13N2O4S2]+: calcd. 361.0311, found 361.0312.
Further attempts of purifying 158 was not successful by flash chromatography as this,
according to the 1H NMR, led to an inseparable mixture of the desired diacetylated
compound 158 and the reduced variants of 158 that were monoacetylated or
diacetylated. From here, the emphasis was shifted towards synthesising the C-6-6dimethylated derivative infraoxyluciferin 117.
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Figure 43 (a) 1H NMR of diacetylated compound 158 over the downfield region. (b) 1H NMR of
compound 153 over the downfield region. (c) 1H NMR of compound 155 over the downfield region. The
protons are colour assigned ~ aromatic (dark blue, green and red), vinylic (purple) and α-proton at the
6-position (orange).
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3.7 Synthesis of C-6-6-dimethylated infraoxyluciferin
We planned that dimethylated infraoxyluciferin could be made from cyclising 159 or
140 with α-bromoisobutyric acid 138 instead of bromoacetic acid which would install
the two methyl groups at the 6-position (Scheme 89). With compound 159, cyclisation
was attempted using conventional heating in an oil bath at 80 ⁰C. After 2 h, the crude
1H

NMR showed that the starting materials had not reacted. The temperature was

increased to 100 ⁰C for 5 h however this gave back degradation of the starting
materials. It was thought that the free OH may have been causing problems; therefore,
the reaction was attempted with the methyl-ether thioamide derivative 140. Analysis
of the 1H NMR after purification by flash chromatography also showed complete
degradation of the starting materials.

Scheme 89

An alternative route was devised (Scheme 90).

Scheme 90 Revised retrosynthesis of target molecule 117.

Target infraoxyluciferin 117 could be made by MEM deprotection of 160. Structure 160
could be made via an aldol condensation between aldehyde 125 and novel thiazolone
161. The synthesis of 125 has been previously explained (Scheme 59). The
thiazolone unit 161 could be achieved by cyclising acetonitrile (MeCN) with thiol 106.
The synthesis of thiol 106 has been previously explained (Scheme 46).
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Using the same conditions could enable thiol 106 to cyclise with MeCN to afford
thiazolone 161. The reaction was repeated where MeCN was used as both the solvent
and the reagent. The starting materials did not react at 80 ⁰C and neither did they react
after increasing the temperature to 100 ⁰C over 4 hours (Scheme 91).

Scheme 91

It was thought that MeCN was not reactive enough to cyclise with thiol 106 as opposed
to nitrile 32 which exhibits resonance stabilisation arising from functional groups. The
synthetic route was changed for making thiazolone ring 161 (Scheme 92).

Scheme 92 Retrosynthesis for forming novel dimethlyated thiazolone 161.

Thiazolone 161 could be disconnected to give starting materials thioacetamide 162
and ethyl α-bromoisobutyrate 163. Ester 163 is known to successfully cyclise with
thioureas to generate their respective dimethylated thiazolone products under mild
conditions; the yield was not quoted but the formation of the product was proven by
mass spectrometry and 1H NMR (Scheme 93).171

Scheme 93

These reaction conditions were attempted on acetamide 162 and ester 163 but proved
to be unsuccessful as TLC of the reaction mixture after 3 hours showed that the
starting materials had not converted. This may have been attributed to the loss in
reactivity of the acetamide as it has one less nitrogen than thiourea compounds that
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could donate its lone pair mesomerically for activating nucleophilic attack by sulfur
(Scheme 94).

Scheme 94

In addition, it was found in a 1963 study on thioacids and derivatives by Crossland et
al. that they could successfully react thiobenzamide with bromoacetic acid to form the
corresponding carboxymethyl thiobenzimidate hydrobromide salt in hot benzene in 89
% yield. However, they could not get thiobenzamide to react with ethyl αbromoisobutyric acid with heating.172 This could be explained by the increased steric
hindrance caused by the two methyl groups which prevents sulfur from attacking the
hindered tertiary carbocation, or displacement of the bromide leaving group in the case
of a SN2 reaction due to the stabilisation effect arising from the adjacent carbonyl as
previously illustrated in Figure 34 (Scheme 95).

Scheme 95

Likewise, it was thought that this was the same reason why thioacetamide and ester
163 were not reacting. Therefore, the reagents were added together in neat and
heated to 150 ⁰C. After 2 minutes upon addition, the colour of the neat mixture had
changed from a translucent white to orange with the evolution of gas. After 5 minutes,
an orange precipitate had formed. Washing the precipitate with cold DCM afforded a
peach-white solid. Analysis of the crude 1H NMR revealed three sets of signals (Figure
44).
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Figure 44 Crude 1H NMR of the reaction between thioacetamide and ester 163. Inset in the δ 6.106.25 ppm windows shows a broad and a sharp feature which integrate to around 1H.

For thiazolone 161, we expected to observe two peaks in the 1H NMR spectrum which
integrated to 3H and 6H. We observed these peaks at δ 2.54 and 1.69 ppm
respectively in Figure 44, which suggests a dimethyl thiazolone had formed. Evidence
to show that thiazolone 161 had formed in the reaction was confirmed as a fragment
in the mass spectrum (Figure 96). But there was a complex set of peaks between δ
6.15 – 6.17 ppm which integrated to 1H, which suggested that thiazolone 161 had not
formed (inset in Figure 44).
Evidence drawn from NMR and mass spectrometry were insufficient to explain the
peaks between δ 6.15 – 6.17 ppm as they should not be present if thiazolone 161 was
formed exclusively. The true structure was unveiled by single crystal X-ray
crystallography (Figure 45).

Figure 45 Resolved X-ray crystal and packing structure of thiazolone 164. The crystal structure was
resolved by Divya Amin.

Structure 164 explains the set of peaks between δ 6.15 – 6.17 ppm as this could be
assigned to the vinylic proton. The broadness of this proton could be attributed to
coupling with the protonated imine which interacts with Br− to form a salt. Structure
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164 and mass spectrometry therefore showed that target thiazolone 161 was an
intermediate species. Formation of thiazolone 161 generates HBr which could activate
thiazolone 161 to further react with thioacetamide. Elimination of H2S afforded
structure 164 as a bromide salt (Scheme 96).

Scheme 96 Proposed mechanistic pathway for the formation of salt 164 via intermediate
target thiazolone 161.

Hence, the reaction between thioacetamide and acetate 163 afforded structure 164 in
17 % yield (Scheme 97).

Scheme 97
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Since this result suggested that thiazolone 161 was an intermediate, it was thought
that the addition of base could sequester the HBr from activating 161 and forming 164.
However, adding NaHCO3 from 1 eq. to excess (10 eq.) did not stop the reaction from
occurring. Instead, the salt free variant of 164 formed in 10 % yield (Scheme 98).

Scheme 98 Reaction pathway showing the formation of thiazolone 165 with Z-stereochemistry.
Dashed red line shows hydrogen bonding. Structure 165 was determined by initial analysis.

Structure 165 was deduced by initial X-ray analysis, because the crystal quality was
not good enough to conduct a full single crystal X-ray diffraction data collection.
Formation of compound 165 was strongly supported by mass spectrometry and 1H
NMR. The downfield vinylic proton of 165 at δ 5.06 ppm appeared exclusively as a
sharp singlet.
Compound 165 has Z-stereochemistry whereas salt 164 exhibits E-stereochemistry.
The Z-form is stabilised by H-bonding which overrides the anti-steric buttressing. In
the presence of acid, the thiazolone is protonated and the alkene adopts the less
sterically encumbered E-geometry. The E and Z forms are in equilibrium with each
other due to imine/enamine tautomerism.
It was thought that using base in the solid phase was maybe not effective enough at
sequestering HBr. Instead, tributylamine (TBA) was used as it is a liquid with a boiling
point greater than the temperature of the reaction (214 ºC). However, the reaction did
not work (Scheme 99).

Scheme 99

Forming thiazolone 161 proved to be challenging, thus the synthetic route was
changed by exploring thiazolidinone chemistry. Thiazolidinones are five-membered
heterocycle systems that have the formula C3H7NS containing one nitrogen and one
sulfur atom, and are tautomers with respect to the thiazolone core structure (Scheme
100).
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Scheme 100

Therefore, thiazolidinones may provide an alternative method for synthesising target
molecule 117 as the conjugated system could be exploited for creating an aldol
condensation reaction with electrophiles if the protons at the 5-position were
substituted with methyl groups (Scheme 101).

Scheme 101

Target molecule 117 can be achieved by MEM deprotection of 160. Compound 160
could be made via thermal decarboxylation of 166, which can then be made by an
aldol condensation between oxothiazolidinone 167 and aldehyde 125; the synthesis
of 125 has been explained previously (see Scheme 59). Oxothiazolidinone 167 may
be prepared by a cyclisation reaction with nitrile 168 and thiol 106, where the synthesis
of 106 has been described previously (see Scheme 46; Scheme 102).

Scheme 102 Revised retrosynthesis for forming target compound 117.
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Thermal decarboxylation was postulated to lead to the formation of an allene
intermediate via a six-membered ring transition state between the carboxylate and the
imine group of the thiazolidinone moiety. Tautomerism of the allene could afford target
molecule 160 (Scheme 103).

Scheme 103 Proposed mechanistic pathway for the formation of target compound 160 via intramolecular
decarboxylation followed by tautomerism.

This transformation was thought to be possible as it was shown by van Dormeal et al.
that conjugated benzothiazole 169 bearing an ethyl ester group could be cleaved
under acidic conditions at 162 ºC for 15 minutes via thermal carboxylation to give diene
170 in 100 % yield (Scheme 104).173

Scheme 104

Stojanović successfully reacted nitrile 168 and mercaptoacetates 50 and 171 neat in
the presence of K2CO3 (0.07 eq.) at 75-80 ⁰C to give oxothiazolidinone 172 and 173
in 87 % and 76 % yields, respectively (Scheme 105).174

Scheme 105
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Curiously, the dimethyl derivative of mercaptoacetate 50 was not attempted in their
study. Nevertheless, the dimethylated thiol 106 was synthesised previously for forming
dimethylated oxyluciferin 101. Therefore, it was thought that 106 would be a suitable
reagent to react with nitrile 168 to investigate this method for the formation of novel
oxothiazolidinone 167. ollowing the same procedure as Stojanović with 106 and 168
at 80 ⁰C gave back the starting materials. Also, no reaction had occurred after
increasing the temperature to 100 ⁰C for 4 hours (Scheme 106).

Scheme 106

It was thought the increased steric hindrance exhibited by the di-methyl groups in thiol
106 prevented cyclisation from occurring even at elevated temperatures. Progress
with this methodology was stopped as it was thought that it was not viable if
thiazolidinone 167 could not be made. However, whilst writing the thesis, it was found
that Satzinger et al. had reacted nitrile 168 and mercaptoacetate 174 with potassium
tert-butylate in tert-butyl alcohol for 20 h to give the diethyl substituted thiazolidinone
175 in 40 % yield (Scheme 107).175 Therefore, it would be of value to validate the
reaction procedure and to continue with the development of this methodology.

Scheme 107
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3.8 Synthesis of 6-azaspiro infraoxyluciferin
Progress with the dimethyl route was stopped and focus began on a more promising
synthetic route which replaces the dimethyl groups with a cyclopropane ring. This
methodology was applied by Rebarz et al. to prepare O-methylated spirocyclopropyloxyluciferin 176114; the synthetic route was provided by private communication
(Scheme 108).‡

Scheme 108

The retrosynthesis was designed to replace the dimethyl groups with a cyclopropane
ring, which would serve the same purpose for inhibiting keto-enol tautomerism
(Scheme 109).

Scheme 109 Retrosynthesis for forming novel cyclopropane derivative 177.

Target compound 177 can be achieved by deprotecting 178. Derivative 178 could be
made via ring closure of 179, which then could be formed by a base-catalysed
cyclisation to forge the thiazolone ring. The synthesis of 140 has been discussed
previously (see Scheme 78). Acyl chloride 180 can be made via chlorination of

Prof. Dr. Lukas Hintermann, Technische Universität München, Department Chemie,
Lichtenbergstrasse 4 85747 Garching bei München, GERMANY, Tel. +49 89 289 13699,
lukas.hintermann@tum.de
‡
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carboxylic acid 181 and carboxylic acid 181 can be made from the di-bromination of
γ-butyrolactone (182).
The thiazolone cyclization and the cyclopropane ring closure would involve an S N2
pathway as opposed to an SN1 pathway which was thought to be the reason for the
failure in the previous route to compound 117 (Scheme 110).

Scheme 110

Following the reaction procedure by Ikuta et al., acyl chloride 180 was made by 2,4 –
dibromination of γ-butyrolactone 182 with catalytic PBr3 and Br2, immediately followed
by the conversion of carboxylic acid 181 into its corresponding acid chloride 180 with
SOCl2 and a catalytic amount of DMF, and the resulting product was purified by
distillation in 62 % yield (lit.176 65 % ; Scheme 111).

Scheme 111 Proposed mechanistic pathway for the formation of derivative 180.

Catalytic PBr3 reacts with Br2 to generate PBr4+ and Br−. The lactone ring captures
bromine from PBr4+ to regenerate the PBr3 catalyst. The liberated bromide anion
brominates the 4-position. Enol nucleophilic attack of Br2 by breakage of the O−Br
bond via keto-enol tautomerism results in bromination at the 2-position to form
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carboxylic acid 181. Carboxylic acid 181 then reacts with the Vilsmeier reagent which
was preformed from DMF and SOCl2 to afford acyl-chloride 180 (Scheme 112).

Scheme 112 Mechanistic pathway for the formation of acyl-chloride 180.

With acyl-chloride 180, Okawara et al. showed a successful cyclisation with thioamide
144 to afford cyclopropane derivative 183 in 71 % yield, in a co-solvent system of DCM
and 5 % NaOH (2:1) in the presence of benzyltriethylammonium chloride (TEBA-Cl)
phase transfer catalyst (PTC; Scheme 113).177

Scheme 113
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These reaction conditions were repeated on O-methylated conjugated thioamide 140
and stirred at 0 ⁰C for two hours. Purification by flash chromatography successfully
afforded target compound 178 and conjugated nitrile 136 in 35 % and 20 % yield
respectively (Scheme 114).

Scheme 114

The lone pair on nitrogen of 140 can activate sulfur as a leaving group by the acid
chloride, which serves as a competition reaction of forming 136 over the desired
compound 178 (Scheme 115).

Scheme 115 Activation of the sulfur atom on 140 with acid chloride to form nitrile 136.

The synthesis of cyclo-propyl derivative 178 was confirmed by mass spectrometry and
complete assignment of the 1H NMR and 13C NMR. The formation of the cyclopropane
ring was confirmed by observing two sets of 2H multiplet signals at chemical shifts δ
1.82-1.84 ppm and δ 1.71-1.72 ppm.
The emission spectrum of derivative 178 gave an emission maximum at around 546
 2 nm following photoexcitation at 274 nm in neat DMSO of concentration 1 μ
(Figure 95). Derivative 176 gave an emission maximum at 525 nm following
photoexcitation at 370 nm in aqueous buffer of concentration 1.1 μ .117 We would
expect a greater red-shift of around  60 nm if compounds 178 and 176 were recorded
in the same solvent, as seen in the emission spectrum of D-luciferin (538 nm) and
infraluciferin (600 nm) which were both recorded in TEM buffer (pH = 7.8) following
490 nm photoexcitation.151
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Ignited with the success of making 178, the synthesis of thiazolone 161 in Section 3.7
was revisited as it was thought that thiazolone 161 could be modified by instead
bearing a cyclopropane ring at the 5-position (184), which could be synthesised from
the reaction procedure by Okawara et al.. However, the reaction gave back
degradation of the starting material (Scheme 116).

Scheme 116

It was thought that the hydroxide species could have deprotonated the α-proton
adjacent to the acetamide which would have facilitated undesirable aldol reactions
(Scheme 117).

Scheme 117

Deprotection of 178 with BBr3 at – 78 ⁰C was not successful as inspection of the crude
1H

NMR had showed that the peaks which are attributed to the vinylic protons in the

aromatic region and the protons that were assigned to the cyclopropane ring have
disappeared (Scheme 118).

Scheme 118

Further inspection of the 1H NMR revealed two triplet signals at δ 3.67 ppm and δ 3.22
ppm and a broad singlet at δ 10.88 ppm which integrated respectively to 2H, 2H and
1H. Absence of the characteristic signals arising from the protons on the cyclopropane
ring suggests that a ring opening reaction had occurred (Figure 94).
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Ring-opening reactions of electrophilic cyclopropyl-ketones assisted by the activation
Lewis acids have been reported by Dieter et al..178 Thus, it was proposed that ringopening could have been achieved by Lewis-acid activation of the ketone by BBr3
which ejects Br− as a leaving group. The cyclopropane ring becomes electrophilic and
Br− acts as a nucleophile by attacking the cyclopropane ring (Scheme 119).

Scheme 119 Lewis acid activation of the carbonyl moiety followed by ring opening by Br −. Two vicinal
CH2 triplets and a singlet arising from the OH were observed in the 1H NMR.

Other demethylating conditions without the use of Lewis acids were investigated.
Magano el al. had found working conditions where they could deprotect methyl-ether
185 in 44 % yield whilst preserving the cyclopropyl-ketone functionality using 2(diethylamino)ethanethiol with NaOtBu base in DMF at reflux (Scheme 120).

Scheme 120

Since that 2-(diethylamino)ethanethiol in its HCl salt was not available, the sodium salt
of ethanethiol was used instead. The resulting reaction gave degradation of the
starting material (Scheme 121).
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Scheme 121

A new protecting group was chosen. It was thought that using either a MEM or a tertbutyldiphenyl silyl (TBDPS) protecting group would be desirable as they are stable to
basic conditions and have facile deprotection procedures: MEM could be deprotected
in neat TFA whilst TBDPS could be deprotected with tetra-n-butylammonium fluoride
(TBAF). A stability test was carried out on 178 where it was stirred in neat TFA and in
TBAF (1.0 M in THF) for 1 hour at RT. It was found by TLC that 178 was stable in neat
TFA but was unstable in TBAF (Scheme 122).

Scheme 122 Stability test showing that derivative 178 is stable in neat TFA and unstable in TBAF.

Therefore, the MEM-protecting group was selected. Using the same conditions to
synthesise the conjugated cyclo-propyl derivative 140 in Scheme 114, cyclisation of
MEM-protected conjugated thioamide 139 successfully afforded target compound 187
in 33 % yield and conjugated nitrile 135 in 24 % yield (Scheme 123).

Scheme 123
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Deprotection of cyclo-propyl derivative 187 with neat TFA at RT for one hour
successfully afforded target compound 177 in 85 % yield (Scheme 124).

Scheme 124 Deprotection of MEM-protected 187 with TFA to afford target molecule 177.
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3.9 Conclusion
Oxyluciferin and its derivatives 99, 100 and 101 were successfully synthesised
according to the literature. The following novel infraoxyluciferin target molecules have
been synthesised (Scheme 125).

Scheme 125 Reaction pathway towards the synthesis of novel infraoxyluciferin derivatives.
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The key step to all of the target derivatives involves a cyclisation reaction, which was
initially thought to be very precarious owing to the reactivity of the thiazoline ring as
previously concluded by Maltsev et al..89 However, preservation of the thiazoline ring
was solved by directly protecting the enol moiety on the thiazoline ring by acetylation,
which prevented dimerization of the product. In addition to forming 153, reduced
product 154 had also formed which was completely unexpected since no reducing
agent was added to the reaction. A radical scavenger was added to the reaction pot;
however, this did not stop the formation of 154. By the time of writing the thesis, it was
realised that the formation of H2S arising from the dethiolation of 140 to afford nitrile
136 may be the key reductant source that was responsible for the reduction of
compound 153 to afford saturated product 154.
After the synthesis of 153, it seemed possible that the diacetylated infraoxyluciferin
species 158 could be the new target molecule. Treatment with base would deprotect
both the phenolic and enolic functional groups and would give iOL. Diacetylated
infraoxyluciferin 158 was isolated in 64 % yield by flash chromatography which was
impure by 1H NMR. Further attempts to purify the reaction was not successful as this,
according to the 1H NMR, led to an inseparable mixture of the desired diacetylated
compound 158 and the reduced variants of 158 that were either monoacetylated or
diacetylated.
The dimethylated infraoxyluciferin analogue 117 was impossible to synthesise. The
retrosynthesis was revised to finding a reaction pathway for forming thiazolone
fragment 161. Following work which dated back to 1963, it was quoted that
‘thiobenzamide and α-bromoisobutyric acid did not react even upon heating’.172 It was
reasoned that the reaction conditions were not hot enough to trigger a reaction,
therefore in the case for reacting thioactamide with α-bromoisobutyric acid, the two
starting materials were reacted in neat at 150 ºC, which upon solving the crystal
structure by X-ray crystallography, afforded salt 164 in 17 % yield (Scheme 126).

Scheme 126
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However, attempts to prevent the thiazolone ring from further reacting with
thioacetamide had failed and the reaction route was changed towards experimenting
with

thiazolidinone chemistry

for

forming

dimethylated

thiazolidinone 167.

Nonetheless, 167 could not be synthesised.
Instead, the synthesis of forming thia-aza-spiroenone ring structures proved to be a
promising reaction pathway. The reaction pathway involved a two-step process
consisting of cyclisation to form a thiazolone ring and was followed by ring closure to
form a cyclopropane ring via an intramolecular SN2 reaction pathway (Scheme 110).
An intramolecular reaction is highly favourable as this prevented the newly formed
thiazolone ring from reacting intermolecularly. The reaction conditions worked very
well and tolerated different functional groups at the 6'- position.
Direct deprotection of methyl-ether derivative 178 with BBr3 to form 177 proved to be
unsuccessful as it was deduced that Lewis acids could activate the carbonyl on the
thia-aza-spiroenone and cause a ring opening reaction. To this end, the MEMprotected thia-aza-spiroenone derivative 187 was deprotected with TFA which
preserved the thia-aza-spiroenone ring and successfully afforded target derivative
177. Therefore, for making future infraoxyluciferin derivatives that bear a thia-azaspiroenone ring and phenoxide functionalities on the benzothiazole ring, it is strongly
advised to use a MEM-protecting group.
Aside from the focus of the project which was to synthesise oxyluciferin and its
derivatives, followed by infraoxyluciferin and its derivatives, the synthesis of aminooxyluciferin was attempted as it is not known in the literature and it would be of interest
to investigate how changing the functionality at the 6'-position on the benzothiazole
ring of oxyluciferin would affect the electronic structure and dynamics. Due to time
constraints, the synthesis of amino-oxyluciferin was proven by inspection of the crude
1H

NMR whereby the enolic and all the aromatic protons could be assigned (Figure

35).
Novel compounds 153 and 177 were subsequently probed by anion photoelectron
spectroscopy (see Section 7.2).
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4 Anion Photoelectron Spectroscopy
4.1 Introduction
In nature, biological processes which arise from electronic excitation due to
chemiexcitation or photoexcitation, require complex protein architectures which have
adapted over the course of evolution to harness the electronic energy efficiently to
drive a macroscopic response, such as vision, photosynthesis, the production of
Vitamin D and light production. These architectures are known as photoactive
proteins. Triggering a macroscopic response requires a localised source of electronic
energy which is generated by the chromophore due to chemiexcitation or
photoexcitation, promoting it to an electronically excited state. The chromophore is
complexed with the protein architecture and therefore small structural changes are
amplified by the protein to activate the biological function. In the case of firefly
bioluminescence, the reverse happens where the photoactive protein, Fluc,
undergoes conformational changes (see Section 1.2.4) to form OL− via
chemiexcitation, which is then followed by the emission of a photon.
Chromophores often exist as closed shell anions within their proteins. The physical
and chemical properties of anions are very different from those of neutral molecules
or of cations because the valence electron is farther away from the nuclei.
Consequently, the anion’s negative charge will attract other molecules around it
strongly due to charge-induced dipole moments. Also in turn, as the anion is
polarisable, other molecules will exert a large Van der Waals on the anion, which are
crucial for triggering a macroscopic response in a biological system.
In cationic or neutral species, the forces that are holding a valence electron occur at a
1

closer distance relative to anions and hence the Coulombic attractions scale with 𝑟 ,
V(r) = −

Z𝑒 2
,
𝑟

(9)

where the nucleus of charge, Ze, and the electron charge, e, over distance, r. On the
other hand, an electron in the valence regions of the anion experiences no net
Coulomb attraction, because the electron is much farther away from the nucleus.
Therefore, long-range attractive potentials describe an electron in an anion in which
1

the potential scales with greater powers of 𝑟 ,
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𝛍 ⋅ 𝐫cosθ𝑒 𝑒𝐐 ⋅⋅ (3𝐫𝐫 − r 2 𝟏) 𝛂 ⋅⋅ 𝑒 2
V(𝑟) = −
−
−
,
𝑟3
3𝑟 5
2𝑟 6

(10)

where the terms correspond respectively to the charge dipole, charge quadrupole and
the charge induced dipole. Here, μ,Q and α correspond to the dipole moment vector,
quadrupole moment tensor and polarizability tensor, respectively; r is the position
vector of the electron, e. Symbol, ⋅, indicate dot products with the vectors or tensors,
and 1 is the unit tensor.
The presence of coulombic attractive potentials in neutral and cationic species gives
rise to strong electron binding and thus a Rydberg series of bound states. Since closed
shell anions are described by attractive potentials which do not vary by 1/r as in neutral
and cationic species Equation (9), they do not possess a Rydberg series of bound
states and thus they typically have one bound state unless the anion has a large dipole
moment in which the electron can bind via the charge dipole potential, to form a weakly
bound non-valence state called a dipole bound state (DBS).179-181 Beyond the
interaction between the electron and the dipole moment, an excess electron can also
be bound by higher order multipole moments such as quadrupole-bound states (QBS)
and multipole-bound states (CBS).181-183

4.2 Breakdown of the Born-Oppenheimer Approximation
In the adiabatic Born-Oppenheimer Approximation, the molecular Hamiltonian can be
decoupled into kinetic energy operators of the nuclei, Tn(R), and electrons, Te(r) and
the potential energy of the electrons and nuclei, V(R, r),184
𝐇 (𝒓, 𝑹) = 𝑇n (𝑹) + 𝑇e (𝒓) + 𝑉(𝒓, 𝑹)

(11)

where R and r correspond to the nuclear and electronic coordinates, respectively. As
the mass of the nuclei are significantly greater than the mass of the electrons, it is
assumed that the nuclei geometry is fixed such that Tn (R) = 0, giving the ‘clamped
nuclei’ electronic Hamiltonian,184
𝐇 (𝒓, 𝑹) = 𝑇e (𝒓) + 𝑉(𝒓, 𝑹)

(12)

In Equation (11), the kinetic energy operator of the nuclei, Tn(R), is a derivative
operator of the nuclear coordinates and, therefore, it is the motion of the nuclei that
leads to electronic transitions, whereby oscillations in the electric field experienced by
the electrons are caused by the nuclear vibrations. Typically, nuclei move slowly and
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thus their frequencies are usually too small to induce any electronic transitions. For
simple molecules, where they do not exhibit many degrees of freedom, the spacing
between electronic states is usually much larger than the frequency of the oscillations
in the electric field experienced by the electrons caused by the nuclear vibrations and
therefore these oscillations do not induce coupling between the electronic states.
However, when the adiabatic electronic states become close in energy, such as in
larger and more complex molecular systems, the coupling between them can be very
large to the extent that the nuclear and electronic motions become strongly coupled.
This is because there is a higher density of electronic states in which the spacing is
small enough for vibronic coupling to induce transitions between electronic states.
Hence, the Born-Oppenheimer Approximation is broken down which leads to
vibrational coupling.

4.3 Electronic Transitions
When a photoactive protein chromophore is promoted to an electronically excited
state, Sn, either by absorbing a photon of light from its ground electronic state, S 0, or
by chemiexcitation, subsequent redistribution of the excess internal energy may occur
in a variety of ways in the gas phase (Figure 46).

Figure 46 Collision free Jablonski diagram showing the possible relaxation pathways following
absorption of a photon. The blue lines pointing into the screen represent vibrational modes which are
orthogonal to the initially photoexcited vibrational modes, in which IVR occurs.

Unlike in the solution phase where vibrational relaxation occurs from the photoexcited
vibrational mode to the ground vibrational state (v = 0) and further photodynamical
processes take place from the v = 0 vibrational mode, vibrational energy of a gasphase molecule may be transferred from the initially photoexcited vibrational modes
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to orthogonal vibrational modes via intramolecular vibrational energy redistribution
(IVR), which typically occurs on a timescale ~ 1 – 100 ps (Figure 46). The anion may
then be able to relax to S0 radiatively: radiative relaxation from a singlet excited state
to the singlet ground state occurs via fluorescence, and radiative relaxation from a
triplet excited state to the singlet ground state occurs via phosphorescence, with
timescales ~ 100 ps – 100 ns and 1μs – 1s, respectively.
However, ultrafast non-radiative relaxation processes often compete with radiative
relaxation. For instance, the chromophore may relax via internal conversion (IC) from
a singlet excited state to a lower lying singlet excited state on a timescale ~ 10 ps –
10 fs. Alternatively, the chromophore may undergo intersystem crossing (ISC) from an
excited singlet state to a lower lying triplet state, on a relatively longer timescale ~ 100
ps – 10 ns, which is dependent on the value of the matrix element in the Fermi-golden
rule between the singlet and triplet states, the Frank-Condon factors between the
vibrational wavefunctions of the singlet and triplet states and the density of triplet
states. The anion could undergo a photochemical reaction in the electronically excited
state (fragmentation, isomerism, electron transfer or proton transfer) before relaxing
back to the ground electronic state, occurring on timescales ~ 10 ps – 10 fs (Figure
46).

4.4 Anion photoelectron spectroscopy
Unlike absorption or fluorescence spectroscopy in which only certain areas of the
potential energy surfaces are observed which are dictated by oscillator strengths,
selection rules, and Franck–Condon factors, photoelectron spectroscopy allows for
the disentangling of electronic and nuclear motions, leaving no configuration of the
molecule unobserved as ionization may occur for all molecular configurations. 184
Anion photoelectron spectroscopy measures the electron kinetic energy (eKE)
distributions following electron detachment of a photoexcited molecular anion,
M − + ℎ𝑣 → M • + e− ,

(13)

where M• is the neutral radical formed by removal of the electron. In the independent
electron approximation, photodetachment of the valence electron occurs without any
reorganisation of the remaining electrons – the molecular orbital or Koopmans
picture.185 Thus, knowing the photon energy, hv, allows us to determine the electron
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binding energy (eBE) of the molecular orbital from which the electron detaches, eBE
= hv − eKE. Direct photodetachment is practically instantaneous relative to the
timescale of nuclear rearrangement, therefore the eKE distribution of photoelectrons
is determined by the Frank-Condon overlap between the vibrational wavefunctions of
the ground electronic state of the anion, S0, and the ground electronic state of the
neutral radical, D0.
An important quantity obtained from anion photoelectron spectroscopy is the vertical
detachment energy (VDE) which is the difference between the electronic energies of
the anion and the corresponding geometry of the neutral radical at the geometry of the
anion in its ground vibrational state. This transition is characterised as having the
largest Franck-Condon overlap between the vibrational wavefunctions of S0 and the
corresponding geometry of the neutral radical, giving rise to a maximum in the
photoelectron distribution. Another quantity is the adiabatic detachment energy (ADE)
which is the difference between the electronic energies of the anion and the neutral
radical in their ground vibrational states, which typically corresponds to the onset of
the photoelectron spectrum (Figure 47). However, if the geometries of the anion and
neutral radical are very similar, the peak maximum in the photoelectron distribution
may correspond to the 0-0 transition where the VDE = ADE (Figure 47).
Electronically excited states can lie at energies greater than the detachment threshold.
Consequently, the fates of electronically excited states are dictated by the relative
rates of competing processes. A UV photoelectron spectrum thus consists of direct
and indirect processes at all timescales. Direct detachment arises from photoexcitation
of the electron in the ground electronic state of the anion (S 0) to a vibrational state in
the neutral radical (D0, D1, D2, etc.), where the maximum in the eKE distribution is
characterised by the Frank-Condon overlap of the vibrational wavefunctions of S0 and
D0 at the geometry of the anion ~ ε1 = hv − VDE (Figure 48).
This feature in the photoelectron spectrum is constant in eBE and independent of
photon energies above the detachment threshold (Figure 49).
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Figure 47 Schematic diagram showing the VDE transition between the ground state of the anion S 0
and the ground state of the neutral species D0. Photon energy is indicated by the green arrow and the
resulting photoelectron kinetic energies as red arrows. Inset: Diagram showing intensity as a function
of the vibrational transition between S0 and Dn. The most intense transition corresponds to the VDE,
which is assigned as 𝑣 ′′ = 0 → 𝑣 ′ = 3.

Figure 48 Schematic energy level diagram illustrating the possible excited state pathways for the
OL− anions. Thin horizontal black lines represent the vibrational levels of the electronic states of the
anion and the peach shaded area represents the electron detachment continuum. Vertical orange
arrows represent the eKE of direct and indirect electron detachment processes and the thin horizontal
orange lines represent the vibrational energy left in the neutral radical following electron detachment
(determined by the propensity for conservation of vibrational energy). The horizontal black arrows
represent some of the possible internal conversion (IC) processes and thermionic emission (TE). (a)
Direct photodetachment from S0 to the D0 continuum gives electrons with e , ε1 ~ hv − VDE; in this
example, VDE = ADE. (b) Indirect photodetachment following photoexcitation of S n with excess
vibrational energy, gives electrons with e , ε2 ~ E(Sn) − E(D0). Indirect photodetachment following
photoexcitation of Sn and subsequent IC to S1 gives electrons with e , ε3 ~ 0. TE from S0 following
photoexcitation of Sn and subsequent IC back to S0 gives electrons with an eKE Boltzmann
distribution profile.
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Figure 49 Illustration showing how the direct (blue) and indirect (red and grey) features manifest
themselves in the photoelectron spectrum, plotted either as a function of eKE (left) or eBE (right). a)
hv1, b) hv2, c) hv3, where hv3 > hv2 > hv1. In eBE space, direct detachment arising from S 0 to D0 gives
rise to a maximum which is constant in binding energy (blue). In eKE space, the indirect features align
at constant eKE. Indirect detachment from a higher lying excited state, S n, to the detachment
continuum (red) gives rise to photoelectrons with a maximum eKE ~ E(S n) − E(D0). Further internal
conversion to S0 could lead to vibrational autodetachment or TE, characterised with features at very
low eKEs (grey). Adapted from Reference 209.

Indirect detachment can be represented as:
M − + h𝑣 → [M − ]∗ → M • + e− ,

(14)

where [M−]* is an electronically excited state of the anion. In rigid molecules which do
not undergo large changes in geometry, there is a propensity for conserving vibrational
energy during photoionization. Thus, we can use the eKE photoelectron distribution to
determine resonant processes (Figure 48 and Figure 49).
Following photoexcitation to a higher lying electronically excited state, S n, with excess
vibrational energy, Ev = hv − E(Sn), where E(Sn) is the adiabatic vertical excitation
energy (VEE), will result in the emission of photoelectrons ~ ε2 = hv – E(D0) + Ev,
where E(D0) is the ADE. Vibrational energy is conserved (∆𝑣 = 0) due to the
propensity for the vibrational energy to be conserved during photoelectron
detachment.186

This

implies

that

the

feature

corresponding

to

indirect

photodetachment will have constant eKE for all wavelengths of laser light (Figure 49).
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Alternatively, photoexcitation to Sn may be followed by rapid IC to S1 or other
electronically excited states if n > 2, with excess vibrational energy, Ev = hv − E(S1),
where E(S1) is the ADE of S1, in which the ejected photoelectrons will have very low
eKEs, ε3 ~ 0 (Figure 48). Further IC to S0 could lead to vibrational autodetachment
which is facilitated by vibronic coupling between the ground electron states of the
anion and the neutral radical.187 Alternatively, coupling between the high density of
vibrational states with energy, Ev = hν, may result in statistical redistribution of
vibrational energy and a delayed emission of electrons, with an eKE distribution, P(ε),
characteristic of thermionic emission (Figure 48),188,189 and can be characterised by
lots’ formula,
1

P(𝜀) ∝ 𝜀 2 exp (−

𝜀
),
𝑘B 𝑇M•

(15)

where kB is the Boltzmann constant and TM• is the temperature of the neutral
radical,190-192
hv−ADE

TM• = TM− + (

Cv

),

(16)

TM− is the microcanonical temperature of the anions before photoexcitation and C v is
the microcanonical heat capacity.
The competition between indirect detachment and internal conversion is governed by
their relative timescales. Internal conversion is dependent on the nuclear geometries
in which two or more electronic states are degenerate ~10 ps – 10 fs, whilst indirect
detachment also exhibits variable timescale of ~10 ps – 10 fs and is dependent on the
coupling strength between the electronically excited state and the continuum. Such
metastable states are known as shape or Feshbach resonances:
A shape resonance arises from when an electron is excited from the highest occupied
molecular orbital (HOMO) to an electronically excited state and is trapped in a potential
defined by the centrifugal, polarization and exchange forces. 179 As shown in Figure
50, for singly charged anions in which the electron occupies a molecular orbital that
possesses non-zero angular momentum, the electron experiences an effective
potential that is given by,
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Figure 50 The effective radial potential experienced by an electron in an orbital having angular
momentum L and attracted to the underlying molecule by a valence-range potential V(r). Reproduced
from Reference 179.

Veff (𝑟) = V(𝑟) +

𝐿(𝐿 + 1)
,
2𝑚𝑒 𝑟 2

(17)

where V(r) is the short range Coulombic attraction term and L(L+1)/2mer2 is the radial
potential, where L is the angular momentum, me is the electron rest mass and r is the
distance of the electron from the nucleus.
If we consider the π* orbital in N2− , the electron experiences the strongest attractive
valence potential if it is near one or both nuclei (Figure 51). However, this attractive
potential rapidly decays at larger distances due to the Coulombic repulsions exhibited
by other electrons which screen the nuclear attraction and the induced polarization
decays ~ 1/r6. As the π* molecular orbital is comprised of atomic basis functions of π
symmetry, it possesses nonzero angular momentum and since that the π* orbital has
primary contributions arising from the pπ basis orbitals, the π* orbital has a dominant
L = 2 angular momentum component when viewed at larger distances of r.
Consequently, the electron also experiences a centrifugal radial potential. If the
attractive potential is large, such as in more electronegative anions (O−
2 ), the electron
can be bound; however, as in the case for the less electronegative N2− , the energy of
the π* orbital can lie above the asymptote, giving rise to the metastable shaperesonance state, which can decay via tunnelling through the centrifugal barrier towards
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the detachment continuum (Figure 50). Thus, the term shape resonance arises
because the shape of repulsive centrifugal barrier is influenced by the angular
momentum.,

Figure 51 Antibonding π*orbital of 𝑁2− , showing its L =2 character viewed with respect to an origin set
at the midpoint of the N-N bond. Adapted from Reference 179.

A Feshbach resonance is a type of core-excited resonance, which consists of
photoexcitation of an electron from an orbital below the HOMO to an electronically
excited state, creating a hole. With respect to the neutral electron configuration, shape
resonances only require the loss of a single electron, while Feshbach resonances
require concerted electronic reconfiguration and loss of an electron (Figure 52).
Hence, electron detachment from a shape resonance occur on a faster timescale than
a Feshbach resonance; excited-shape resonances can occur even faster than shape
resonances (Figure 52).

Figure 52 Electronic configurations of the electronically excited states, [M −]*, following photoexcitation
 hv1, hv2 and hv3, of the ground electronic state, S0, of the molecular anion, M−. Photoexcitation gives
rise to shape, Feschbach and excited shape resonances respectively, which are coupled to the
detachment continuum associated with the neutral radical, M•, in its ground electronic state, D0. Adapted
from Reference 209.
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4.5 Photoelectron angular distributions
A transition is allowed under the electron-dipole approximation if the transition dipole
moment, M, does not vanish,
(18)

𝑴 = 〈𝜓𝑓 |𝝁|𝜓𝑖 〉 ≠ 0,

where 𝝁
̂ = 𝑒𝒓̂ is the dipole operator, while f andi are the final and initial states of
the electron wavefunction at the time of transition (t = 0). Molecules have three distinct
axes defined by the structure of the molecule. The transition dipole moment may have
a component along each of the directions. Therefore, the transition intensity, I, is given
by,
2

2

𝐼 = (𝜀p 𝑴) = (𝜀p 𝑴𝑋 + 𝜀p 𝑴𝑌 + 𝜀p 𝑴𝑍 ) ,

(19)

where M is the transition dipole moment as in Equation (18), X, Y and Z are the
molecular-frame axis and εp is the laser electric field vector directed along the
laboratory frame z axis. For j = X, Y and Z, representing the corresponding
components of the transition dipole moment along a molecular axis. In an ion packet,
the molecular anions are randomly orientated with respect to z and thus εp; the
contribution of εpMj to I is proportional to cos2α, where α is the angle between the laser
polarization axis and Mj.193
𝑴𝑗 = 〈𝜓𝑓 |𝝁𝑗 |𝜓𝑖 〉,

(20)

In the view of symmetry, a non-zero requirement for M is satisfied if the direct product
of the irreducible representation corresponding to the free electron wavefunction, Γ e−,
the electronic state of the neutral radical, ΓM•, the dipole moment operator, Γμ and the
electronic state of the molecular anion, ΓM−, contain the totally symmetric
representation for the symmetry of the molecular point group, ΓS:
Γe− ⊗ ΓM• ⊗ Γ𝜇 ⊗ ΓM− ⊂ ΓS

(21)

The photoelectron angular distributions (PADs) can be used to infer information about
the molecular orbital of the parent anion from which the electron is detached. For a
one-photon detachment process by linearly polarized light, the PADs are described by
the function,
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𝐼(𝜃) ∝ [1 + 𝛽𝑃2 (cosθ)],

(22)

where I(θ) is the probability of photon emission at a particular angle θ defined by the
angle between the laser polarization and the velocity vector of the photoelectron,
P2(cosθ) ≡ ½(3cos2θ − 1) is the second-order Legendre polynomial and β is an
asymmetry parameter ranging from −1 to +2, with negative and positive values
corresponding to photoelectron distributions which are respectively parallel (cos 2 θ
distribution) and perpendicular (sin2 θ distribution) relative to the laser polarization. In
the absence of other competing resonant processes which may cause interference
between partial waves, negative β values are attributed photodetachments of a
molecular orbital with p or π character, whereas positive β values are attributed
photodetachments of a molecular orbital with s or σ character.

5 Experimental set-up
Anion photoelectron spectra were recorded using our instrument which combines the
front end of a modified Waters quadrupole time-of-flight mass spectrometer (Q-TOF)
and photoelectron velocity map imaging (VMI) optics (Figure 53).194

Figure 53 Schematic of the experimental set-up. Liquid N2 cold trap, not shown, which is positioned
above the VMI plates. Adapted from Reference 194.

5.1 Sample Preparation
Oxyluciferin samples (1.3 mg, 5.0 μmol) were prepared as ~ 1 mmol solutions, either
in MeCN (5 mL) or MeOH (5 mL) with a drop of 28% ammonia solution to encourage
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deprotonation

and

in

MeOH

(5

mL).

Oxyluciferyl

analogues

2-(6-

hydroxybenzo[d]thiazol-2-yl)-5,5-dimethylthiazol-4(5H)-one 101 (1.4 mg, 5.0 μmol), 2(4-methoxythiazol-2-yl)benzo[d]thiazol-6-ol 100 (1.3 mg, 5.0 μmol) and 2-(6methoxybenzo[d]thiazol-2-yl)thiazol-4-ol 99 (1.3 mg, 5.0 μmol), were prepared as ~ 1
mmol solutions in MeOH (5 mL).
Oxyinfraluciferyl analogues

(E)-5-(2-(6-hydroxybenzo[d]thiazol-2-yl)vinyl)-4-thia-6-

azaspiro[2.4]hept-5-en-7-one

177

(1.51

mg,

5.0

μmol)

and

(E)-2-(2-(6-

methoxybenzo[d]thiazol-2-yl)vinyl)thiazol-5-yl acetate 153 (1.7 mg, 5.0 μmol) were
prepared as 1 mmol solutions in acetone (5 mL) with a drop of 28% ammonia solution
and a co-solvent of 1:1 acetone and 1M NaOH.

5.2 Electrospray Ionization
Electrospray ionization (ESI) is a soft ionization technique used to transfer OL − anions
into the gas phase (Figure 54).

Figure 54 Schematic representation of the electrospray ionization process operating in the negative
ion mode. The analyte solution is pushed through the capillary tube held at high voltage in the range
between 2-5 kV. A Taylor cone forms at the capillary tip followed by the formation of charged droplets
that are driven towards the counter electrode by the electric field. As the solvent evaporates, the
droplets become smaller until leaving the gaseous analyte anions which then travel into the mass
spectrometer.

The sample solutions flow through a metal capillary via a polyether ether ketone
(PEEK) tubing at a constant flow rate of 1-20 µL/min maintained at high voltage (2–5
kV) which causes dispersion of the sample solution into an aerosol of highly charged
electrospray droplets. Heated N2 gas is projected coaxially with the ion stream to
facilitate nebulization and to guide the spray towards the mass spectrometer. Transfer
of the analyte ions from the solution to the gas phase is not an energetic process.
Instead, desolvation cools the resulting gas transferring minimal internal energy to the
gaseous anions which leaves the structures of the anions intact.
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For the experiments presented here, the temperature and voltage of the capillary and
the flow rates of nebulising and desolvation gases were varied to maximise the number
of anion counts that were observed at the detector. Temperatures between 70 °C and
300 °C were used to desolvate the ions. The nebulising gas (N2) flow rate was typically
< 150 L/hr while the desolvation gas (N2) was varied between 100-1000 L/hr.
ESI induces the production of charged droplets in solution as the charges at the
capillary tip repel and the negatively charged species are attracted to the positive
counter electrode. This produces a Taylor cone at the capillary tip followed by the
formation of charged droplets by coulombic repulsions between negative charges
within the droplets that move along the direction of the electric field.
The parent charged droplets undergo subsequent solvent evaporation / droplet
disintegration to form very small, charged droplets. Droplet disintegration is dependent
on the interplay between two opposing forces: the surface tension which retains the
droplet’s spherical shape and the coulombic force created by repulsion between like
charges inside the droplet. As the droplet gets smaller, the charge to mass ratio of the
droplet increases until the Rayleigh limit is reached in which the coulombic force
becomes greater than the surface tension. This causes coulombic explosions or
fissioning, forming nanodroplets of higher charge to mass ratios. 195 As the droplets
travel towards the counter electrode, the solvent evaporates leaving bare anions
(Figure 54).
Two mechanisms are recognized for the formation of the gas-phase anions from the
charged nanodroplets, which are the charge residue model (CRM) and the ion
evaporation model (IEM). CRM assumes that for charged nanodroplets of R0 ≈ 1nm
containing only one analyte molecule, desolvation of the droplet causes the charge to
land on the analyte molecule from the surface of the droplet; whereas the IEM model
suggests that it is the size of the electric field due to charges on the surface which is
responsible for the direct emission of solvated ions.196

5.3 Mass selection and ion accumulation
Following ESI, the gaseous anions travel towards the vacuum chamber and are guided
by radio frequency (RF) ion tunnels into a quadrupole mass selector at operating
pressures of ~ 6.3  10-6 mbar, which selects anions according to their mass/charge
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(m/z) ratio and then the selected anions pass into a hexapole ion trap with a kinetic
energy of 6.2 eV. Herein, the anions are trapped and form an ion bunch by slowing
the anions down. This is achieved by increasing the operating pressures (~ 5  10-3
mbar) with helium and applying a DC voltage of − 5.8 V to the entrance lens; the exit
lens is kept at − 3.0 V preventing ion leakage from the cell. Anions are trapped in
accordance with the repetition time of the experiment (20 Hz / 50 ms) and then the
trap is opened by increasing the exit lens voltage from − 3.0 to + 30 V, emptying the
trap before returning to − 3.0 V for the next trapping cycle (Figure 55).

Figure 55 A schematic of the potentials experienced by the ions as they pass through the linear
hexapole ion trap when the potential switch is off. Solid lines show the trapping potentials; the dotted
lines show the extraction potentials. The dashed line shows the potential experienced by ion before
it enters the linear hexapole ion trap. The vertical axis is plotted on a log scale. Figure reproduced
from Reference 194.

5.4 Nanosecond Laser
Wavelengths for photoionization in the range 294 – 359 nm were used in the
experiments. The Continuum PowerLite Precision II produces ns-pulses centred at
1064 nm at a repetition rate of 20 Hz which determines the repetition rate of the
experiment. Nanosecond laser pulses (6 ns) were produced by frequency-doubling
(second harmonic) the output of a dye laser (Sirah Cobra-Stretch) pumped by the
second harmonic (532 nm) of a nanosecond Q-switched Nd:YAG laser (Continuum
PowerLite Precision II). Within the dye laser, dye solutions of Pyridine 1 and 2 were
used to generate radiation at around 692 – 718 nm. Dye DCM was used to obtain
laser radiation around 660 – 620 nm and dye Rhodamine B was used to generate
radiation around 596 – 588 nm. The light was then doubled by a β-barium borate
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(BBO) crystal and the doubled light was then separated from the fundamental using a
set of Pellin Broca prisms. All laser wavelengths were measured at the exit of the
chamber to within 0.2 pm using an interferometer wavelength meter (SNIIMS Type
WS). The power at the exit of the chamber is 1-5 mW (Figure 56).194,197,198

Figure 56 Schematic diagram of the beam line setup for the production of nanosecond laser pulses of
wavelength 294 – 359 nm. (M) Aluminium mirror; (P) Periscope. Adapted from References 197 and 198.

5.5 Velocity Map Imaging Spectrometer
VMI allows the extraction of the three-dimensional distribution of charged
photofragments produced by the interaction of molecules with plane polarised light,
which provides information of the electronic and vibrational structure pertaining to the
anion of interest. We infer information from the PADs about the molecular orbital of
the parent anion from which the electron is detached, as described in Section 4.5.
The photoelectron imaging spectrometer consists of a vacuum chamber housing a
potential switch (PS), velocity map imaging (VMI) optics and a liquid nitrogen cold trap.
The chamber is pumped by a 1000 l/s Maglev turbomolecular pump (Leybold MAG
W1300) maintaining a background pressure of 1.7 × 10−7 mbar. The potential switch
consists of a tube lens which is 178 mm long, 15 mm in diameter and is positioned to
within 3 mm of the VMI repeller plate. The PS regulates the potential barrier for ions
to pass through into the interaction region. When the potential switch is off, the ions
are unable to overcome the potential barrier, but when the PS is turned on, the
potential barrier is removed, and the ions enter the interaction region in between the
extractor and repeller electrode plates (Figure 57).
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Figure 57 Simulated ion trajectories (SIMION) of iodide anions in the potential switch (PS)/ VMI region
of the apparatus. The top and middle figures show 3D views of the ion trajectories (black) when the PS
is off (+ 200 V) and on (-1000 V), respectively. The anions are unable to overcome the potential barrier
when the PS is off (top), but are able to cascade in the VMI region when the PS is turned on (middle).
The bottom figure is a 2D view of the ion trajectories showing how the PS focuses the ion beam in the
interaction region. Repeller (R), extractor ( ), and ground ( ) plates are set at −870, −623 and 0 V,
respectively. Reproduced from Reference 194.

The VMI optics focus the photoelectrons generated in the interaction region onto a
position sensitive detector by an electrostatic lens which is based on the optic design
by Eppink and Parker.199 The VMI optic consists of three polished parallel electrode
plates termed repeller, extractor, and ground, that are separated by 15 mm with a 15
mm hole in the centre which allow the electron packet to pass through without
population loss or distortion of initial trajectories (Figure 58).194

Figure 58 A schematic diagram of the velocity map imaging configuration with dimensions. (PS)
Potential Switch. Adapted from Reference 194.

145

The collimated ultraviolet (UV) laser beam with diameter around 3 mm passes
perpendicularly with the ion packet in the interaction region which results in
photoelectrons, where the detection axis is perpendicular to the molecular beam. The
repeller electrode sits behind the electron packet and the applied negative voltage
accelerates the electron packet towards the detector. The shape of these electrodes
and the ratio of the applied voltages produce an inhomogeneous field which focusses
the electron packet such that the position of each electron that hits the detector is
solely dependant on its velocity vector and not on its starting position in the interaction
region (Figure 59). Typically, the ratio between the extractor and repeller voltages
(VE/VR) used in these experiments is ~ 0.7.

Figure 59 Simulation of the ion trajectories in the inhomogeneous electric field where (a) shows the
total view while (b)-(d) show finer details at different parts of the trajectory. (b) Starting point for
simulating a spherical expansion of eight ions with 1 eV kinetic energy which are ejected with 45º angle
spacing. (c) A line source of 3.0 mm in the interaction region which arose from the interaction between
the laser propagating in the y direction and the anion bunch. (d) At the focal plane, ion trajectories of
the same ejection angle but with different starting positions come together. 1, 2 and 3 correspond to
ejection angles 0/180º (x direction), 45/135º and 90º (y direction), respectively. Reproduced from
Reference 199.

Photoelectrons resulting from the same detachment process form a sphere (Newton
sphere) around the interaction region where the radius depends on the electron kinetic
energy and the time delay following dissociation. The electric field channels the
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expanding Newton sphere of electrons through a 164 mm field free region, towards
the detector consisting of microchannel plates (MCPs).
The MCP functions as a particle amplifier, turning the single impinging photoelectron
to a cloud of electrons. A potential gradient is applied between the front and back faces
of the MCP such that the colliding electron is accelerated along the conductive
channels. The channels are parallel to each other and enter the plate at a small angle
to the surface so that the electron is guaranteed to hit the wall of the channel. The
impact starts a cascade of electrons that propagate through the channel, amplifying
the signal by around six orders of magnitude.
The MCP is backed with a phosphor screen which phosphoresces upon electron
impact. The phosphorescence is detected by a charge-coupled device (CCD) camera
which generates the image. The images are collected on a PC using commercial
software (IFS32). The detector was gated to collect only signal from the
photoelectrons, which arrive at the detector before the anions. The resulting image
containing concentric rings correspond to different detachment processes which are
two-dimensional representations of the three-dimensional Newton spheres (Figure
58).
The vacuum chamber housing the potential switch, VMI optics and the field free region
is encased in μ-metal shielding which protects the electron packet from stray magnetic
fields that may distort electron trajectories.

5.6 Image Reconstruction
An expanding Newton sphere of charged particles (anions and/or electrons) is
projected down the lens creating a 2D image (Figure 60). Due to the setup of the VMI
plates, the arrival point on the 2D detector corresponds to a given velocity of the
charged particles, providing angular and energy information of the 3D Newton sphere.
Thus, one must invert the detector image to the obtain the initial distribution. Providing
that the field applied to the image F(R,θ) is much higher than the kinetic energy of the
particle200 and there exists a unique axis of cylindrical symmetry, the original F(R, θ)
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Figure 60 (a) The original Newton sphere, where the black solid line represents the slice of the
distribution that needs to be recovered from the projection in the image. (b) In the limit where the kinetic
energy of the particle is negligible with respect to the extraction field applied, each angle and radius.
will reach different points in the detector.

and the projected P(R', θ') distributions are related by analytically solving the inverse
Abel integral:201
∞

𝑟𝐹(𝑅, 𝜃)

|𝑥|

√𝑟 2 − 𝑥 2

𝑃(𝑅 ′ , 𝜃 ′ ) = 2 ∫

𝑑𝑟,

(23)

where x = R' sin θ' and r = R sin θ. Solving the inverse Abel integral is achieved by
using the pBASEX method, which represents the raw data as an expansion of 2D
basis functions.202
The PADs can be obtained simultaneously by integrating the intensity of the Abelinverted image over a chosen radial range; providing that the laser polarization is set
parallel to the detector. The PADs are seen as anisotropies in the photoelectron image
which depend on the contributions of the photoelectron partial waves (see Section
4.5). The experimental β values determined from the photoelectron images are
averaged over five pixels and the corresponding standard deviations are plotted as
error bars.
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5.7 Overall Operation
5.7.1 Kinetic Energy Calibration
The relationship between the velocity of the electron and the radius of the recorded
image is highly sensitive to the experimental geometry. When the VMI detector is
calibrated, the lens focuses ions or electrons with the same velocity vector to a single
spot on the detector regardless where they were created.
Before recording photoelectron images of the chosen analytes of study, the eKE of the
imaging spectrometer was firstly calibrated using the photodetachment spectrum of
iodide (I−), because the transition I−(S0) → I(2P3/2) is well defined ~ 3.0590463(38) eV203
and narrow.
Typical voltages applied to the potential switch, repeller, extractor and ground
electrode plates for detecting Iodide ions and imaging electrons are shown in Table 4.

Table 4 Typical voltages used in this thesis measured for the potential switch (PS) and each of the
VMI electrodes, in volts (V). The voltages for detecting Iodide anions were fixed, whereas the voltage
on the extractor was varied only for detecting electrons only.

Before processing the image, background laser only images were recorded and
subtracted from the total signal. The photoelectron velocity distribution is extracted
from the 2D experimental image using the pBasex imaging reconstruction software. 202
This affords an atomically sharp peak corresponding to the full-width half maximum of
the I−(S0) → I(2P3/2) transition. Prior to the inversion process, the centre position of the
image is found by fitting the circular image to a ring in which the coordinates could be
changed to afford the smallest full-width half maximum and in turn would give a better
calibration of the VMI detector.
The velocity of the electrons, ν, is proportional to the distance, N (in pixels) of the
photoelectrons from the centre of the image; the calibration factor, a, is inserted to
define the relationship between N and the eKE:
1
𝑣 ∝ 𝑁 ⇒ 𝑒𝐾𝐸 = 𝑚𝑣 2 = 𝑎𝑁 2
2
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(24)

The absolute uncertainty in N across the detector is constant (ΔN = 1) and hence the
absolute uncertaintly in velocity is independent of the position on the detector.
However, the error in the energy, ΔE, is dependent of N:
∆E =

d𝐸
∆𝑁 = 2𝑎𝑁∆𝑁
d𝑁

(25)

The relative error (or resolution) of the energy, E, is:
∆E 2𝑎𝑁∆𝑁
∆𝑁
=
=2
2
𝐸
𝑎𝑁
𝑁

(26)

The uncertainty in E (ΔE) can be rewritten as:
∆E = 2

∆𝑁
𝐸,
𝑁

(27)

Hence, Equation (27) implies that ΔE increases with increasing values of E and
Equation (26) demonstrates that the energy resolution is better at positions on the
detector further from the centre of the image. Therefore it is best to calibrate the
circular of largest radius in the two-dimensional photoelectron image.
The calibation factor, a, is determined by firstly assigning the eKE which corresponds
to the most intense peak (eKEpeak) in the velocity spectrum of I− (eKEpeak); Figure 61.
The eKEpeak is derived by substracting the EA of I− (3.059 eV) from the known photon
energy (hv). This corresponds to the eKE where the value of N is at maximum intensity
2
(𝑁𝑝𝑒𝑎𝑘
) in the velocity spectrum of Figure 61a. Therefore, the equation is rewritten for

a:
2
𝑒𝐾𝐸𝑝𝑒𝑎𝑘 = ℎ𝑣 − 3.059 = 𝑎𝑁𝑝𝑒𝑎𝑘
⇒𝑎=

𝑒𝐾𝐸𝑝𝑒𝑎𝑘
2
𝑁𝑝𝑒𝑎𝑘

(28)

The calibration factor, a, is substituted into Equation (24) to give a photoelectron
kinetic energy histogram (Figure 61). The pBasex inversion uses an area
normalisation, therefore, the area of the histogram requires renormalizing after
squaring the velocity axis. Thus, the intensity scale is multiplied by the

1
𝑟

Jacobian

factor to retain the area normalisation. The energy resolution is less than or equal to
5% and the accuracy of the calibration is ±1 pixel, which combine to give an accuracy
of ± 0.05 eV for all experimental measurements.
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Figure 61 Calibration of I− at 320 nm. a) Inset: Photoelectron image of I− (left half) and the inverted
image by pBasex (right half) with the direction of the electric field vector shown by ε. Outset: Velocity
spectrum of I− photoelectrons measured in pixels which was obtained from the inverted image. b)
Kinetic energy spectrum of the I− photoelectrons with the corrected intensity scale by multiplying by the
Jacobian factor 1/r.

5.7.2 Timing sequence
Synchronisation of all four activities of the instrument is required to collect
photoelectron spectra: the trapping and releasing of ions, switching the ion potential,
overlapping the laser pulses and ion beams in the interaction region and camera
timings. The DG535 (Stanford Instruments) pulse generator is the master trigger which
creates a 20 Hz pulse train that is sent to the laser system, imaging electronics and a
second DG535 triggers for the ion trap and the PS.
ESI provides a continuous source of anions which are then trapped in the linear
hexapole ion trap. Trapping allows us to maximize the ion density in the ion beam at
the laser interaction region so that enough photoelectrons are produced and detected.
Following the initial trigger event at T0, the ion trap opens for 12 μs by increasing the
exit lens voltage from −3 V to + 30 V and are held within the trap for the remainder of
the repetition rate before returning to the original trapping voltage. For a 20 Hz
experiment, this would be 50 ms – 12 μs = 49.988 ms. Downstream, the PS facilitates
the transfer from the low voltage mass spectrometer side of the machine into the high
voltage photoelectron spectrometer. The cycle begins with the PS being the same
voltage as the final transfer optics in the mass spectrometer (+ 200 V). The potential
switch is switched quickly ~ 20 ns and ramped up to a high voltage which is dependent
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on the absolute values of the repeller and extractor electrons, whose voltages
correspond to a particular experiment (detecting electrons or ions) being performed
(see Table 4). The PS is kept at this voltage until the imaging cycle is completed before
returning to its default state. The imaging detector is triggered after the PS is ramped
up and remains on until after the laser pulse has passed through the system.
The delay between the onset of the PS and the MCP gate can be varied so that the
ion/photoelectron signal can overlap with the camera window. Typically for iodide
anions and electrons, this delay is 32 and 28 μs, respectively for our instrument. This
delay will vary for other anion species as they have different time of flights. The camera
window is opened between 30-75 ns to minimize the background ion signal for a given
photoelectron measurement. The laser timing is also relative to the delay between the
onset of the PS and the MCP gate because the laser is triggered so that it arrives at
the chamber when the MCP is active. This can be adjusted to maximize the overlap
between the ion and laser beam at the interaction region (Figure 62).

Figure 62 A typical experimental timing sequence for I− experiment: (1) initial trigger event (T = 0); (2)
ion trap opening period (T1 = 40 μs); (3) potential switching period (ion trap–PS delay, T2 = 10 μs; PS
on duration, T3 = 12 μs); PS on period, T3; (4) camera opening triggered (camera delay, T4 = 2.1 μs);
and (5) laser delay between laser triggered and detected at interaction region (T 5 = 2.15 μs). T4 and T5
are adjusted for each experiment. Figure reproduced from Reference 194.
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6 Quantum Chemistry Calculations
6.1 Density Functional Theory
There are various levels of theory available for geometry optimization calculations at
the quantum mechanical level. In this thesis, density functional theory204 (DFT) with
the B3LYP205-208 hybrid functional was used as this has shown to work well for anionic
chromophores.124,209-216 The hybrid exchange–correlation CAM-B3LYP217 functional
with the Pople (6-311++G(3df,3pd))218 basis set was selected to optimize the
geometries of the infra–M–phenolate–keto and infra–M–phenol–enolate anions. The
B3LYP functional with triple- basis sets, diffuse functions and polarisation functions
work well for many deprotonated photoactive systems.209 Using the CAM-B3LYP
functional further accounts for long range correction which is necessary to better
predict the energies of charge transfer states,217 and molecules of high polarizability
such as anions;219 of which are also exhibited in many deprotonated photoactive
systems.209
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6.2 ezSpectrum220
ezSpectrum

computes

the

stick photoelectron/photodetachment

spectra

for

polyatomics within the double-harmonic approximation. This is achieved by calculating
the Frank-Condon factors (FCFs) between two vibrational wavefunctions which
correspond to initial and target states and were performed with the Gaussian09221
program (Figure 63).

Figure 63 1D photoelectron spectrum in the harmonic approximation. 𝜓 𝑛 and 𝜓 𝑚 are the initial and
the target vibrational wavefunctions, respectively; Ei are the energies of the vibrational levels; ADE is
the adiabatic energy; ∆Q is the displacement of the target state’s equilibrium geometry along the normal
coordinate; ⟨𝜓 𝑚 |𝜓 𝑛 ⟩ are the FCFs for 𝜓 𝑚 ← 𝜓 𝑛 vibronic transitions. Red FCFs denote hot band
transitions according to the thermal population of the initial state.

The intensity of the transition is proportional to the the Franck-Condon factor (FCF):
𝐼𝑛𝑚 ∝ |⟨𝜓𝑣𝑚 |𝜓𝑣𝑛 ⟩|2

(29)

For hot bands, the intensity is additionally multiplied by the Boltzmann population of
the initial vibrational state at temperature T:
𝐸𝑛

𝐼𝑛𝑚 ∝ |⟨𝜓𝑣𝑚 |𝜓𝑣𝑛 ⟩|2 𝑒 −𝑘𝑇 ,

(30)

where En is the energy of the initial vibrational state relative to the ground vibrational
state. In the harmonic approximation, the vibrational wavefunctions are products of the
one-dimensional harmonic oscillator and under the parallel approximation, the normal
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coordinates of the initial and target electronic states are the same. Hence the
multidimensional FCFs are the products of the one-dimensional FCFs:
⟨𝜓𝑣𝑚 (𝑅)|𝜓𝑣𝑛 (𝑅)⟩ =
⟨𝜓𝑣𝑚 (𝑅1 ) ∙ 𝜓𝑣𝑚 (𝑅2 ) … |𝜓𝑣𝑛 (𝑅1 ) ∙ 𝜓𝑣𝑛 (𝑅2 ) … ⟩ =
⟨𝜓𝑣𝑚 (𝑅1 )|𝜓𝑣𝑛 (𝑅1 )⟩ ∙ ⟨𝜓𝑣𝑚 (𝑅2 )|𝜓𝑣𝑛 (𝑅2 )⟩ ∙ … ,

(31)

where R are the nuclear coordinates. ezSpectrum solves the one-dimensional
harmonic FCF analytically222 from the initial prerequisite equilibrium geometries,
harmonic frequencies and normal vector modes inputs which are acquired by DFT
with the B3LYP hybrid functional and the 6-311++G(2df,2pd) or 6-311++G(3df,3pd)
basis sets.
Vibrational analysis of the oxyluciferyl anions phenolate-keto, M–phenolate–keto and
M–phenolate–enol were performed using DFT with the B3LYP hybrid functional and
the 6-311++G(2df,2pd) basis set and infraoxyluciferyl anion s-Z, E, s-Z–infra–M–
phenolate–keto was performed using DFT with the CAMB3LYP hybrid functional and
the 6-311++G(3df,3pd) basis set, to ensure true minima were reached and for use in
the photoelectron spectrum (PES) stick simulation. The vibrational temperature of the
anions was assumed to be 300 K and the minimum intensity threshold was set to 0.001
to account for all possible transitions. The maximum numbers of vibrational quanta in
the anion and neutral radical were limited to 2 and 4, respectively; increasing the
vibrational quanta from these values led to no change in the resulting stick spectrum.
The resulting stick spectra were convoluted with Gaussian instrumental profiles with
full-width at half maxima (FWHM) equivalent to the instrumental resolution of the
experimental spectrum, E/E = 3.4 % at 0.8 eV eKE for trans–M–phenolate–keto and
E/E = 3.9 % at 0.5 eV eKE for s-Z, E, s-Z–infra–M–phenolate–keto.
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7 Results
7.1 Oxyluciferin
7.1.1 Photoelectron Results
Photoelectron images of OL− and model analogues M–phenolate–keto, M–phenolate–
enol and M–phenol–enolate (see Figure 32) were recorded following photoexcitation
in the range 359–294 nm, and are presented in Figure 64; the corresponding
photoelectron spectra were recorded as a function of eKE and are presented as a
function of eBE, eBE = hv − eKE (Figure 65).



Figure 64 Photoelectron images recorded for OL− in MeCN and MeOH and for M–phenolate–keto, M–
phenolate–enol and M–phenol–enolate in MeOH (bottom halves: raw VMI images; top halves: pBasex
inverted images). The polarisation axis of the laser, , is vertical with respect to the images (top left
image). The photoelectron image at 310 nm for OL− in MeCN was recorded at lower VMI voltages.
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The photoelectron spectra are interpreted using quantum chemistry calculations of
EOMIP-CCSD/aug-cc-pVDZ VDEs and ADC(2)/aug-ccpVDZ VEEs, which were
performed by Mariana Assmann and Alice Henley.
Our first aim was to determine which OL− are present in vacuo. 359 nm (3.45 eV)
photoelectron spectra of M–phenolate–keto, M–phenolate–enol and M–phenol–
enolate are presented in the top panel of Figure 65; the corresponding photoelectron
spectra of OL− generated by ESI from MeCN and MeOH are presented in the bottom
panel of Figure 65.

Figure 65 359 nm (3.45 eV) photoelectron spectra of M–phenolate–keto (red), M–phenolate–enol
(purple) and M–phenol–enolate (light blue) generated by ESI of 1 mM MeOH solutions, plotted as a
function of eBE (top). Photoelectron spectra of OL− generated by ESI from 1 mM dry MeOH (blue) and
MeCN (green) solutions, plotted as a function of eBE (bottom). Combs mark the EOM-IP-CCSD/augcc-pVDZ calculated VDEs of the trans conformers; calculations were performed by Mariana Assmann.
Inset in the top panel shows the non-zero baseline of M–phenolate–keto plotted as a function of 2hv
– eKE. The calculated D1 VDE is 5.07 eV which is consistent with a two-photon detachment process.

The M–phenolate–keto photoelectron spectrum is characterised by a single,
structured peak which rises to a maximum at ~ 3.3  0.1 eV. The photoelectron spectra
of M–phenolate–enol and M–phenol–enolate are red-shifted with respect to the
photoelectron spectrum of M – phenolate – keto and both exhibit broad, unresolved
peaks with a maxima at ~ 2.8  0.1 eV and 2.7  0.1 eV respectively. Also, they both
exhibit smaller features at high eBE (low eKE). The baseline of M–phenolate–keto is
non-zero between 1.3 – 2.8 eV. This is attributed to a two-photon detachment process
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(inset in the top panel of Figure 65) which is consistent with the calculated D1
detachment energy ~ 5.07 eV (Table 5). Also, there is a tail on the low eBE edge of
the main detachment peak that could be attributed to detachment from a fragment
anion (Figure 65).
By comparison with the photoelectron spectra of the M–phenolate–keto, M–
phenolate–enol and M–phenol–enolate analogues, the photoelectron of OL −
generated by ESI from MeOH exhibits three features which can be attributed to
contributions arising from the keto, enol and enolate deprotomers of OL−. In contrast,
it can be deduced that the photoelectron spectrum of OL− generated by ESI from
MeCN is attributed to contributions arising from solely phenolate–keto and phenolate–
enol, showing that the formation of phenol–enolate is suppressed.
The spectra of M–phenolate–keto, M–phenolate–enol and M–phenol–enolate are redshifted by ~ 0.05 eV with respect to those of phenolate–keto, phenolate–enol and
phenol–enolate. This can be explained in terms of the model anions being relatively
destabilised by the electron donating inductive effect of the methyl groups which
increases the energy of the ground electronic state.
Photoelectron spectra of the model analogues and OL− electrosprayed from MeOH
and MeCN solutions are presented in Figure 66, recorded in the range 359 nm (3.45
eV) to 294 nm (4.22 eV). Ascertaining a complete understanding of the photoelectron
spectra of OL− electrosprayed in MeOH and MeCN required further decomposition of
the spectra, so that the relative contributions of each anion to the photoelectron
spectra can be determined. This was achieved by fitting the shifted photoelectron
spectra of the model analogues to the eBe photoelectron spectra of OL − so that the
peaks corresponding to direct detachment were aligned, because they do not shift
upon changing the photon energy. As the spectra were not recorded on the same day,
they have different calibrations and the resulting photoelectron spectra will have
different binning widths. Therefore, the photoelectron spectra of the model analogues
were interpolated with respect to the x-axis of the spectra of OL−. The photoelectron
spectra of the model analogues were then weighted and summed to generate
reconstructed spectra of the experimental photoelectron spectra of OL − (Figure 67).
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Figure 66 294 nm (4.22 eV), 298 nm (4.16 eV), 310 nm (4.00 eV), 320 nm (3.87 eV), 346 nm (3.58 eV)
and 359 nm (3.45 eV) photoelectron spectra of M–phenolate–keto, M–phenolate–enol, M–phenol–
enolate and OL− sprayed from MeOH and MeCN. The spectra of the model analogues are normalised
to their rising edges and the OL− spectra are normalised to the peaks around 2.6 eV (MeOH) and 3.3 eV
(MeCN).
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Figure 67 359 nm (3.45 eV), 346 nm (3.58 eV), 320 nm (3.87 eV), 310 nm (4.00 eV), 298 nm (4.16 eV)
and 294 nm (4.22 eV) photoelectron spectra of OL− (black) in MeCN (left) and MeOH (right) overlapped
with the reconstructed spectra (green line) obtained by summing shifted spectra of the model analogues
M–phenolate–keto (red), M–phenolate–enol (purple) and M–phenol–enolate (blue).

We conclude from Figure 67 that the excited states of the OL− anions are not coupled
with each other via tautomerism or other proton-transfer processes. Therefore, the
dynamics of the OL− anions can be directly interpreted by investigating the
photodynamics of the model analogues.
In Figure 66, the overall profiles are different for the three model analogues and will
be discussed separately. The photoelectron spectra of M–phenolate–keto are
characterised with a maximum at around 3.3  0.1 eV which is independent of
wavelength. This is therefore attributed to direct detachment to the ground electronic
state of the neutral radical, D0. Unlike the spectra recorded between 346 – 294 nm,
the rising edge in the photoelectron spectrum recorded at 359 nm is broader and the
broadening subsequently vanishes with increasing photon energy.
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There is evidence to suggest that the broader rising edge in the 359 nm photoelectron
spectrum could be attributed to competing photo-induced fragmentation to form 2cyanobenzo[d]thiazol–6-olate (6HBTN), 68. Nitrile 68 was also the major fragment
following action absorption spectroscopy113 and photoinduced dissociation at 550 nm
(2.25 eV)128 of M–phenolate–keto. DFT calculations of deprotonated nitrile 68 showed
that the VDE was 3.17 eV which is directly centred in the region of the broad rising
edge. This is strongly supported by a 359 nm (3.45 eV) photoelectron spectrum of
nitrile 68 with a measured VDE of 3.16 eV (Figure 68).

Figure 68 Photoelectron spectra recorded at 359 nm (3.45 eV) for M–phenolate–keto and 6HBTN
(68), along with the 2 anisotropy parameters (right axis) and plotted as a function of eBE. The 2
values are averaged over five data points and the error bars give the standard deviation. The dashed
horizontal black line represents 2 = 0.

The beta parameters between 3.0 - 3.2 eV, corresponding to the rising edge of the
photoelectron spectrum of M–phenolate–keto, are slightly negative. This region
coincides with the sharp direct detachment feature at 3.16 eV in the photoelectron
spectrum of 6HBTN which has 2 < 0, which suggests that the rising edge in the M–
phenolate–keto photoelectron spectrum could be attributed to photodetachment of the
6HBTN fragment ion.
Fragmentation of M–phenolate–keto to form 68 is further supported by VEE
calculations performed by Mariana Assmann where the 14a'' (π1∗ ) molecular orbital has
no electron density across the C−C bond corresponding to the bond between C4 and
C5 (Figure 97). This could facilitate a Norrish type 1 fragmentation following
photoexcitation of M–phenolate–keto. A rapid concerted rearrangement of the radicals
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may afford nitrile 68 either in an excited state or in its ground electronic state and
appropriate biproducts thioacetone and carbon monoxide. Relaxation of excited state
nitrile 68 or photoexcitation of 68 (two-photon process) leads to electron detachment
and neutral radical of nitrile 68 (Scheme 127).

Scheme 127 Possible fragmentation pathway of M–phenolate–keto following photoexcitation. A
Norrish type 1 fragmentation leads to a) the formation of nitrile 68 in the excited state or b) nitrile 68 in
its ground electronic state. Relaxation of nitrile 68 in its excited state or photoexcitation of nitrile 68 in
its ground electronic state yields neutral radical of nitrile 68 and the ejected photoelectron. Pathway a)
is a one-photon process, whereas b) is a two-photon process.

In the photoelectron spectra of M–phenolate–keto, there is evidence of unresolved
vibrational structure (3.3 – 4.0 eV) suggesting that the structures of the anion and the
corresponding neutral radical are rigid. As the photon energy is increased, a
continuum of photoelectron kinetic energies is observed from eBE = D 0 to eBE ~ hv.
This is particularly pronounced in the 320 and 310 nm photoelectron spectrum,
suggesting photoexcitation to a resonant excited state. At high eBE, the photoelectron
counts directly decrease to zero when eBE = hv. Apart from the vicinity of the
broadening arising from fragmentation, the beta parameters are slightly negative
across the whole spectrum for all photon energies (Figure 69).
Between the region around 3.4 – 3.7 eV, the 2 parameters are distinctively negative
for photon wavelengths 320 – 310 nm and then becomes more isotropic at higher
photon energies, which is supports our interpretation of a resonance.
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Figure 69 Photoelectron spectra recorded at 294 nm (4.22 eV), 298 nm (4.16 eV), 310 nm (4.00 eV),
320 nm (3.87 eV), 346 nm (3.58 eV) and 359 nm (3.45 eV) for M–phenolate–keto, along with the 2
anisotropy parameters (right axis) and plotted as a function of eBE. The 2 values are averaged over
five data points and the error bars give the standard deviation. The dashed horizontal dashed line
represents 2 = 0.

For M–phenolate–enol, the photoelectron spectra are characterized with a maximum
at around 2.8  0.1 eV which is independent of wavelength and is attributed to direct
detachment to the ground electronic state of the corresponding neutral radical. This
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feature remains unresolved although there is oscillatory structure across the 346 nm
spectrum. Inspection of the photoelectron spectrum at 346 nm reveals a broad feature
at around 3.0–3.3 eV which changes shape and shifts to higher eBE with increasing
photon energy and then decreases in intensity at higher photon energies, where the
shape of the direct feature between 2.6–3.2 eV is restored in the 298 nm photoelectron
spectrum with respect to the 359 nm photoelectron spectrum. Broadening at around
3.0–3.3 eV in the 346 nm photoelectron spectrum is attributed to detachment from a
resonance.
In the 298-294 nm photoelectron spectra in Figure 66 of M–phenolate–enol, there is
a feature at around 3.9 eV which remains constant with increasing photon energy. This
could be attributed to direct detachment to D1 of the neutral radical. There is an
additional feature at high eBE that shifts linearly with increasing photon energy.
Modelling of the high eBE features using Klots formula shows that it does not have a
characteristic exponential profile associated with thermionic emission (Figure 70).188192

Figure 70 Photoelectron spectra of M–phenolate–enol presented as a function of eKE and normalised
on the peak maxima at ~ 0.9 eV. Modelled TE profiles using Equation (15) with TM• = 1250 K (black
solid) and 2900 K (black dash), aligning to the tails and rising edges of the low eKE features,
respectively. Cv ≈ Ccanonical − k ≈ Ccanonical, since heat capacities are ≈ 10−3 eV K−1. Using Ccanonical derived
from quantum chemistry calculations and assuming that T M− = 298 K, T M• is estimated to be 600 K,
which suggests that M–phenolate–enol does not exhibit TE.

Therefore, the high eBE features are attributed to autodetachment from a resonance,
or resonances lying in the detachment continuum. The photoelectron spectra in Figure
70 are normalised on the peak maxima at ~ 0.9 eV which corresponds to the peak
maxima in the 359 nm and 298 nm photoelectron spectra. The shape of this feature
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between spectra recorded between 346 — 310 nm changes across wavelength and
this is followed by restoration of the feature in the 298 nm spectrum with respect to the
shape in the 359 nm spectrum. These results follow similar behaviour to the
broadening of the photoelectron spectra between 2.6-3.2 eV in eBE space, as
discussed previously in Figure 66, which suggests that changes in the shape of the
low eKE feature recorded between 346 — 310 nm are due to contributions arising
from a resonant process.
Like M–phenolate–keto, the 2 values are slightly negative across the whole spectrum
for all photon energies, which shows that the resonance gives rise to a similar
distribution with respect to direct detachment. (Figure 71).
For M–phenol–enolate, there is a feature with a maximum at 2.7  0.1 eV in eBE space
which is independent of photon energy and attributed to direct detachment to the
ground state of the corresponding neutral radical. There is a tail on the low eBE edge
of this peak in the 310 nm spectrum that we believe is detachment from a fragment
anion, similar to M–phenolate–keto. Similar to M–phenolate–enol, there is a high eBE
feature that shifts linearly with increasing photon energy. Analysis of the high eBE
features shows that it does not have an exponential profile that is characteristic of
thermionic emission. Therefore, these features are attributed to autodetachment from
a resonance, or resonances lying in the detachment continuum (Figure 72).
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Figure 71 Photoelectron spectra recorded at 294 nm (4.22 eV), 298 nm (4.16 eV), 310 nm (4.00 eV), 320 nm (3.87
eV), 346 nm (3.58 eV) and 359 nm (3.45 eV) for M–phenolate–enol, along with the 2 anisotropy parameters (right
axis) and plotted as a function of eBE. The 2 values are averaged over five data points and the error bars give the
standard deviation. The horizontal dashed line represents 2 = 0. The 2 values are slightly negative across all the
photoelectron spectra.
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Figure 72 Photoelectron spectra of M–phenol–enolate presented as a function of eKE and normalised
on the peak maxima. Modelled TE profiles using Equation (15) with T M• = 1700 K (black solid) and
4500 K (black dash), aligning to the tails and rising edges of the low eKE features, respectively. C v ≈
Ccanonical − k ≈ Ccanonical, since heat capacities are ≈ 10−3 eV K−1. Using Ccanonical derived from quantum
chemistry calculations and assuming that T M− = 298 K, T M• is estimated to be 648 K, which suggests
that M–phenol–enolate does not exhibit TE.

Unlike the M–phenolate–keto and M–phenolate–enol photoelectron spectra, the M–
phenol–enolate photoelectron spectra between 320–294 nm exhibit significant
broadening on the high eBE side of the peak associated with direct detachment to D 0.
By generating photoelectron difference spectra between 346–294 nm, broadening is
attributed to a feature at constant ekE ~ 0.9 eV (Figure 73).

Figure 73 Left: 359 nm (3.45 eV) photoelectron spectrum of M–phenol–enolate recorded as a function
of eKE (black line), decomposed into its low eKE (light shade) and high eKE (dark shade) components.
Right: 330 nm (3.76 eV) 320 nm (3.87 eV), 310 nm (4.00 eV), 298 nm (4.16 eV) and 294 nm (4.22 eV)
difference spectra of M–phenol–enolate plotted as a function of eKE. Photoelectron spectra were
normalised to the rising edge (~ 2.63 eV) in the 359 nm eBE spectrum. The decomposed 359 nm
spectrum showing contributions from direct detachment only (dark shade) was subtracted from the
normalised photoelectron spectra to give the difference spectra. The dashed line in the eKE panel marks
the constant eKE feature, E.
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As a result of the propensity for conserving vibrational energy during autodetachment
(v = 0), indirect photodetachment following photoexcitation of an excited state S n with
excess vibrational energy, Ev = ℎ𝑣 − 𝐸(S𝑛 ), where E(Sn) is the adiabatic excitation
energy of Sn will result in photoelectrons with, eKE = ℎ𝑣 − [𝐸(D0 ) + Ev ], where 𝐸(D0 )
is the ADE. The last expression can be rewritten as, eKE = 𝐸(S𝑛 ) − 𝐸(D0 ), where the
photoelectrons are ejected with an eKE corresponding to the S𝑛 − D0 energy
difference (Figure 74).

Figure 74 Schematic energy level diagram illustrating indirect detachment in terms of the propensity
for conserving vibrational energy. Following photoexcitation of an excited state, S n, with excess
vibrational energy, Ev, where hv = E(Sn) + Ev, the resulting photoelectrons will have energy eKE = hv −
[E(D0) + Ev], in accordance with conserving vibrational energy (v = 0). The former equation can be
substituted into the latter equation to give eKE = E(Sn) − E(D0), where E(Sn) is the AEE and E(D0) is the
ADE.

If we approximate that the VDE = ADE, E(D0) ≈ 2.7 eV, then the feature at 0.9 eV eKE
can be attributed to detachment from a resonant excited state with an onset around
3.6 eV (344 nm). Broadening of the photoelectron spectrum following photoexcitation
to a resonant excited state above the detachment threshold was previously observed
in a photoelectron study of deprotonated luciferin and infraluciferin, 124 and in other
molecules.209,223-225 In addition, the beta parameters are reasonably isotropic (2 = 0)
in the region corresponding to direct detachment ~ 2.7 eV. However, for photon
energies 320 - 294 nm, the photoelectron spectra are broad due to excitation of a
resonant excited state and the resulting 2 values are slightly negative (Figure 75).
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Figure 75 Photoelectron spectra recorded at 294 nm (4.22 eV), 298 nm (4.16 eV), 310 nm (4.00 eV), 320 nm
(3.87 eV), 346 nm (3.58 eV) and 359 nm (3.45 eV) for M–phenol–enolate, along with the 2 anisotropy
parameters (right axis) and plotted as a function of eBE. The 2 values are averaged over five data points and
the error bars give the standard deviation. The horizontal dashed line represents 2 = 0.
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7.1.2 Discussion

From the EOM-IP-CCSD/aug-ccpVDZ VDE calculations of OL− and the model
analogues (Table 5), calculated by M. Assmann and A. Henley, the peaks in the
experimental photoelectron spectra around 3.3 eV, 2.8 eV and 2.6 eV (Figure 65 and
Figure 66) are assigned to direct detachment to the ground electronic states of the
neutral radicals, D0, for the phenolate–keto, phenolate–enol and phenol–enolate
resonance forms respectively. The energy difference between the cis and trans
conformers is 0.01 eV, which is below the resolution of our measurements and
therefore we are unable to distinguish between the conformational isomers.
Similar to other deprotonated anions formed by ESI, 226-229 the ratio of contributions of
the OL− deprotomers to the photoelectron spectra is dependent on the analyte solvent
used before ESI. We come to the same observations where the most stable species
in vacuo, phenolate–keto, is observed almost exclusively following ESI from MeCN,
226-229

whereas the spectra recorded following ESI from MeOH have contributions from

all three deprotomers.
These observations contrast with the conclusions drawn from the action absorption
spectrum of OL− following ESI in MeOH by Støckel et al.,113 where they observed a
broad band centred around 548  10 nm. Based on B3LYP calculations with the diffuse
augmented polarized double-ζ basis set Def2-SVPD, which showed that the geometry
of phenolate–keto was 0.49 eV lower than energy than phenolate–enol, the authors
attributed the action absorption spectrum of OL− arising exclusively from phenolate–
keto. However, our photoelectron results and our VEE calculations (performed by A.
Henley and M. Assmann) for the S1 of phenolate–keto (564 nm) and phenolate–enol
(569 nm) in Table 5 and Table 6 respectively suggest that it would be difficult to rule
out the contribution arising from phenolate–enol to the action absorption spectrum.
Although we see the phenol–enolate deprotomer contribute to the photoelectron
spectra of OL− following ESI in MeOH at all recorded wavelengths, the authors
completely ruled out the contribution arising from phenol–enolate (VEE ~ 756 nm,
Table 6) to the action absorption spectrum of OL−; this perhaps could be because the
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Table 5 Deprotonated OL− and model anions and their relative B3LYP/6-311++G(2df,2pd) energies,
E. For OL− anions, energies are relative to trans–phenolate–keto, for the model anions, energies are
relative to atrans–M–phenolate–keto or btrans–M–phenolate–enol. All structures are planar apart from
the cis–phenol–enolate and cis–M–phenol–enolate that are twisted ~ 13º around the central C–C bond.
EOM-IP-CCSD/aug-ccpVDZ VDEs are given in eV together with the leading molecular orbitals (> 0.9)
from which detachment occurs. Experimental (Exp.) peak maxima are listed alongside the trans forms
of the OL− and model anions although they are likely a mixture of trans and cis structures. All values
are in eV. Calculations were performed by Mariana Assmann and Alice Henley.

contribution is small or that differences in the electrospray conditions 230,231 results in
an insignificant contribution from the phenolate–enol and phenol–enolate forms.
The photodetachment cross-sections are not expected to vary much as
photoexcitation are at energies beyond the detachment threshold, yet the ratio of
contributions of the OL− deprotomers was found to change following ESI from MeOH
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Table 6 ADC(2)/aug-cc-pVDZ calculated VEEs of the bound S1 states and Sn resonances in the
3.45 – 4.22 eV photon energy range of the trans-OL− anions. Calculations were performed by
A.Henley and M.Assmann.

following photoexcitation at 298 nm (Figure 76). This could be due to differences in
the electrospray conditions,230,231 and/or due to the concentration of ammonia base
added during the sample preparation as this was found to significantly alter the overall
profile of the photoelectron spectra.

Figure 76 Photoelectron spectra recorded at 298 nm (4.16 eV) of M–phenolate–keto (red), M–
phenolate–enol (purple) and M–phenol–enolate (light blue) generated by ESI of 1 mM MeOH solutions,
plotted as a function of eBE (top). Photoelectron spectra of OL− generated by ESI from 1 mM dry MeOH
with a drop of old ammonia solution (sky blue) and new ammonia solution (dark blue), plotted as a
function of eBE (bottom). The ratios of contributions from the phenolate–keto, phenolate–enol and
phenol-enolate forms of OL− are found to be approximately 0.55 : 0.38 : 0.06 and 0.09 : 0.50 : 0.41
following ESI from MeOH solution with a drop of old ammonia solution (sky blue) and new ammonia
solution (dark blue) respectively.

In the 298 nm (4.16 eV) and 294 nm (4.22 eV) photoelectron spectra of M–phenolate–
enol, there is a feature at around 3.9 eV which is constant in binding energy and is
attributed to direct detachment to an electronically excited state of the neutral radical,
D1. However, the calculated detachment energy of D1 is 4.38 eV which corresponds
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to detachment from a non-bonding orbital originating on the phenolate O atom. Also
we do not see evidence of direct detachment to D1 for M–phenol–enolate (D1 = 4.15
eV) and therefore we cannot assign the 3.9 eV peak in the photoelectron spectra of
M–phenolate–enol to detachment to D1 with certainty.
The photoelectron spectra of M–phenol–enolate broaden on the high eBE side of the
direct detachment peak with increasing photon energy and gives rise to a constant
eKE feature at 0.9 eV that is attributed to detachment from a resonance with an onset
around 3.5 eV. The ADC(2) calculations, performed by A.Henley and M.Assmann, for
trans–phenol–enolate show that the only transition with significant oscillator strength
around this region is to a ππ* state at 3.73 eV, 1.24 eV above the S0-D0 VDE (Table
6). This ππ* state has shape resonance character with respect to D0 and is therefore
strongly coupled to the D0 continuum. Consequently, it expected that the ππ* state will
undergo rapid autodetachment to the D0 continuum.
From inspecting the high eBE (low eKE) features of the photoelectron spectra of the
model analogues (Figure 66), the photoelectron spectra of M–phenolate–keto exhibits
a continuum of photoelectrons from around eBE = D0 to eBE ~ hv, whereas there are
relatively narrow features centred at around 0.1 eV eKE in the photoelectron spectra
of M–phenolate–enol and M–phenol–enolate (Figure 70 and Figure 72).
The continuum of photoelectrons extend all the way to zero kinetic energy in the
photoelectron spectra of M–phenolate–keto, which suggests that there is significant
transfer of electronic energy to nuclear degrees of freedom. The ADC(2) calculations,
performed by A.Henley and M.Assmann, for trans–phenolate–keto show that the only
transition with significant oscillator strength is to a ππ* state at 3.68 eV, 0.38 eV above
the S0-D0 VDE (Table 6). This ππ* state has eschbach character with respect to D0
and is therefore relatively weakly coupled to the detachment continuum. As a result,
this state has a relatively long autodetachment lifetime in which internal conversion to
lower lying electronically excited states could compete with autodetachment. The S 1
state has ππ* character and lies 1.1 eV below the D0 VDE. The vibrational levels of
S1 that lie above D0 have shape resonance character with respect to D0 which may
therefore strongly couple to the detachment continuum. The continuum of low eKE
photoelectrons is indicative of internal conversion from the Feshbach resonance of the
S4 electronically excited state followed by internal conversion to S 1 followed by
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vibrational autodetachment from S1 to the detachment continuum. This would require
S1 to be long lived with respect to internal conversion to the ground state in the gasphase, which is consistent with the solution phase measurement where the
fluorescence lifetime of M–phenolate–keto has found to be 1.9 ns (F = 0.26) in
MeCN.112 Broadening of the photoelectron spectrum due to low eKE photoelectrons
attributed to autodetachment from a lower lying state that is populated from a higher
lying resonant excited state has been previously observed in the photoelectron study
of luciferin and infraluciferin124 anions and the red Kaede protein.232
The low eKE peaks in the photoelectron spectra of M–phenolate–enol and M–phenol–
enolate remain at constant eKE with increasing photon energy across 3.45−4.22 eV,
so they must arise from indirect electron detachment. As shown in the Figure 70 and
Figure 72, they do not have an exponential profile that is characteristic with thermionic
emission from the ground electronic state. Since that the features are almost identical
in all the photoelectron spectra recorded over a wide range of photon energies
suggests that they must arise from detachment from an electronically excited state
whose potential energy surface is parallel to that of the neutral, such as a weakly
bound non-valence state.179-181 This could be a dipole-bound state (DBS) due to the
high dipole moments of the M–phenolate–enol and M–phenol–enolate neutral radicals
(5.4 D and 6.0 D, respectively, for the trans conformers) which are large enough to
bind an electron.
For M–phenolate–enol, the ADC(2) calculations show that the only transition with
significant oscillator strength in the 359−294 nm wavelength region is to a ππ* state
at 3.87 eV; 1.21eV above the S0-D0 VDE (Table 6). Similar to M–phenolate–keto, this
ππ* state has

eshbach character with respect to D0. Consequently, internal

conversion from the ππ* state to a lower lying electronically excited state is able to
compete more efficiently with autodetachment. Therefore, it is proposed that the
photoexcited Feshbach resonance undergoes internal conversion to a DBS, either
directly or via S1 (Figure 77).
Similar to M–phenolate–keto, if the S1 state of M–phenolate–enol is involved, its
relatively long lifetime with respect to internal conversion back to the ground electronic
state would be consistent with solution phase measurements where the fluorescence
lifetime has been found to be 4.88 ns (F = 0.47) in aqueous solution.117 Internal
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Figure 77 Schematic potential energy diagram illustrating possible autodetachment (AD) and internal
conversion (IC) processes, following photoexcitation of a resonance in the D 0 continuum, Sn. AD from
S1 is responsible for the continuum of low eKE electrons observed in the M–phenolate–keto
photoelectron spectra, AD from Sn is responsible for the broadening observed on the high eBE edge
of the peak associated with direct detachment in M–phenolate–enol photoelectron spectra and
S1/DBS IC followed by AD from the DBS is responsible for the low eKE peaks in the M–phenolate–
enol and M–phenolate–enolate photoelectron spectra.

conversion from a higher lying electronic state to a non-valence state has been
previously observed in a model photoactive yellow protein (PYP) chromophore.233
In addition to the peak centred around 0.1 eV, the 346 nm photoelectron spectrum of
M–phenolate–enol has four sharp (~ 0.01 eV) equally spaced peaks (~ 0.024 eV),
characteristic of a vibrational progression (Figure 66 and Figure 70).234 These peaks
could be attributed to v6 (167 cm-1), v7 (184 cm-1), v8 (192 cm-1) or v9 (222 cm-1)
progressions (Figure 78).

Figure 78 Atomic displacement vectors of the v6 (167 cm-1), v7 (184 cm-1), v8 (192 cm-1) and v9 (222
cm-1) modes of the trans–M–phenolate–enol radical, which respectively correspond to out-of-plane
distortions, in-plane distortions/stretch, out-of-plane distortions on the benzothiazole moiety and outof-plane distortions.
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Although the observation of a vibrational progression may, at first, seem inconsistent
with the v = −1 propensity rule for pure vibrational autodetachment from a DBS,234 in
M–phenolate–enol, vibrational autodetachment could take place from high-lying
vibrational states of various vibrational modes of the DBS populated following internal
conversion from the Feshbach resonance, of which the potential energy curves
corresponding to the DBS and D0 may be non-parallel higher up the vibrational
manifold.
Also, oscillatory structure is observed across the entire photoelectron spectrum
(Figure 66), which could be attributed to photoexcitation of low-frequency vibrations
in the Feshbach resonance that undergo competing autodetachment; however, timeresolved photoelectron spectroscopy and quantum dynamics calculations would be
required to confirm this.
For M–phenol–enolate, our observation of a low eKE feature attributed to
autodetachment from a DBS, in addition to autodetachment from the photoexcited
excited shape resonance described above, implies a bifurcation on the excited shape
resonance potential energy surface with rapid internal conversion to the DBS
competing with autodetachment.
Since the resonances excited in both M–phenolate–keto and M–phenolate–enol are
Feshbach resonances, the molecular orbitals involved are very similar and the dipole
moment of the M–phenolate–keto neutral radical is also large enough to bind an
electron in a DBS (~ 4.0 D), it is curious that the relaxation pathways are so different.
A clue may lie in the unresolved vibrational structure in the spectra of M–phenolate–
keto in which our simulations of trans–M–phenolate–keto (Figure 79) are dominated
by in-plane vibrational modes (Figure 80).
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Figure 79 Calculated trans–M–phenolate–keto S0-D0 stick spectrum at 300 K convoluted with the
instrument function (dashed line) and compared with the experimental 294 nm (4.22 eV) photoelectron
spectrum (solid line).

Figure 80 Atomic displacement vectors of the v21, v50 and v64 modes of the trans–M–phenolate–keto
radical, which respectively correspond to in-plane distortions, in-plane distortions/stretch and phenolate
CN stretch/ in-plane distortions.

This can be explained by the relatively high barrier to rotation around the central C−C
bond: ~ 0.8 eV for phenolate–keto compared to ~ 0.5 eV for phenolate–enol (Figure
81). If out-of-plane torsions are also required for S1/DBS internal conversion, it is
possible that this relaxation pathway is inhibited in M–phenolate–keto. This would also
be consistent with the observation of out-of-plane torsional motions in the low eKE
component of the 346 nm M–phenolate–enol photoelectron spectrum.
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Figure 81 Relaxed potential energy scans of the OL− anions (bottom) and corresponding OL neutral
radicals (top) as a function of twisting around the central C−C bond, starting from the trans-conformer
at 0, using the B3LYP/6-311++G(2df,2pd) method. The inset shows an expanded region of the
potential energy scan for the phenol–enolate showing the minimum around 167º. Calculations were
performed by A.Henley.

7.1.3 Conclusion
We have shown that changing the deprotonation site has a dramatic influence on the
relaxation dynamics of OL− following UV excitation, in which the relative populations
of the OL− deprotomers can be tuned depending on the ESI solvent. We find that
phenolate–keto undergoes internal conversion to a fluorescent S 1 state, followed by
vibrational autodetachment. In contrast, we find evidence to suggest that phenol–
enolate and phenolate–enol undergo internal conversion to a dipole bound state,
possibly via the fluorescent S1 state, followed by vibrational autodetachment. Partially
resolved vibrational structure in both the phenolate–keto and phenolate–enol forms
leads us to propose that out-of-plane torsional motions around the central C−C bond
are required for internal conversion to the DBS and that it is the restriction of these
out-of-plane torsional motions in the phenolate–keto form that effectively turns off this
relaxation pathway.
Considering this and taking into account that phenolate–keto exhibits the highest
barrier to rotation, tautomerism is not exhibited at all recorded wavelengths (Figure
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67), phenolate–keto is the most stable anion and is the direct product following the
collapse of the dioxetanone intermediate, it is plausible to suggest that the
hydrophobic microenvironment in the Luc cavity could play the role of creating a rigid
pocket to prevent torsional motion and/or tautomerism in the excited state.
This is significant because it highlights the value of photoelectron spectroscopy studies
of isolated biochromophores in improving our understanding of the electronic and
structural roles that complex biological environments play in controlling electronic
relaxation pathways. Our photoelectron results on OL − and of its model analogues,
however, do not include interactions arising from the solvent, which limits the direct
applicability of our results towards understanding the role of the native
microenvironment in firefly bioluminescence.

7.2 Infraoxyluciferin derivatives
7.2.1 In situ preparation of infra–M–phenol–enolate
Isolating target compound 92 by deacetylation may be troublesome given that OL is
labile to dimerization. It was thought that carrying out a direct in situ deacetylation
before ESI will reduce the chances of the target compound from degrading. Typical
deacetylation conditions include MeOH as the solvent of choice however this is
undesirable as it has been shown that the compound can degrade in CD3OD.
Therefore, new reaction conditions were sought. A co-solvent of 1:1 acetone and 1M
NaOH was prepared. Since MEM-derivative 187 was formed using a DCM/1M NaOH
cosolvent (Scheme 123), it was thought that NaOH base would not cause degradation
of the product. Furthermore, the concentration of the reaction was kept at 1mmol
dm-3 to minimize dimerization. The resulting reaction successfully yielded anions of
the correct m/z ratio and a photoelectron spectrum was recorded at 346 nm (Scheme
128).

Scheme 128 In situ deacetylation of 153 forming target anion 92, which was subsequently mass selected.
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7.2.2 Photoelectron Spectroscopy Results
Preliminary photoelectron images of the model infraoxyluciferin analogues infra–M–
phenolate–keto and infra–M–phenol–enolate were recorded following photoexcitation
at 346 nm, and are presented in Figure 82; the corresponding photoelectron spectra
were recorded as a function of eKE and are presented as a function of eBE, eBE = hv
− eKE (Figure 83).

Figure 82 Photoelectron images recorded for infra–M–phenolate–keto and infra–M–phenol–enolate
in MeOH (bottom halves: raw VMI images; top halves: pBasex inverted images). The polarisation axis
of the laser is vertical with respect to the images.

The photoelectron spectra are interpreted using quantum chemistry calculations: The
CAMB3LYP/6-311++G(3df, 3pd) method was used to optimise the ground electronic
states of the infra-OL− model anions and for calculating the VDEs, as this method
worked well in calculating the VDE for indole,219 and the Pople (6-311++G(3df,3dp)218
basis set worked well in calculating the VDEs for luciferin and infraluciferin anions.124
Photoelectron spectra are recorded for infra–M–phenolate–keto and infra–M–phenol–
enolate at 346 nm (3.58 eV) and are compared along with the 346 nm photoelectron
spectra of M–phenolate–keto and M–phenol–enolate (Figure 83).
The photoelectron spectrum of infra–M–phenolate–keto is characterised with a nonzero baseline between 2.5–3 eV, followed by a broad rising edge with a maximum
around 3.2 eV, which is similar to the broad rising edge that is seen in the 359 nm
photoelectron spectrum of M–phenolate–keto. Without a power dependent study,
excited state energy calculations or comparison at other wavelengths, it is unclear
whether this feature is attributed to a two-photon detachment, fragmentation or
resonant processes.
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Figure 83 345 nm (3.58 eV) photoelectron spectra of infra–M–phenolate–keto (red) and infra–M–
phenol –enolate (blue) generated by ESI of 1 mmol solutions in acetone (5 mL) with a drop of ammonia
solution and a co-solvent of 1:1 acetone and 1M NaOH, respectively, plotted as a function of eBE (top).
Photoelectron spectra of M–phenolate–keto (light red) and M–phenol–enolate (light blue) generated by
ESI from 1 mM dry MeOH solutions, plotted as a function of eBE (bottom). Combs mark CAMB3LYP/6311++G(3df, 3pd) calculated VDEs of the s-Z, E, s-Z and s-Z, E, s-E conformers of infra–M–
phenolate–keto and infra–M–phenol–enolate, respectfully, which are the most stable ground state
conformers.

Since M–phenolate–keto may photofragment to form carbonitrile 188, it is conceivable
that infra–M–phenolate–keto could also undergo fragmentation via the same
mechanism as in Scheme 127 to afford conjugated nitrile 188 (Scheme 129). DFT
calculations of deprotonated nitrile 188 showed that the VDE was 3.13 eV which
directly coincides with the rising edge and so the rising edge in the infra–M–phenolate–
keto photoelectron spectrum could be attributed to photodetachment of fragment ion
188.
There is an unresolved peak at a higher intensity at around 3.4 eV. At high eBE (low
eKE), photoelectron counts directly decrease to zero when eBE = hv. This is the same
to what is observed in all photoelectron spectra of M–phenolate–keto, suggesting that
infra–M–phenolate–keto exhibits similar dynamics. There is evidence of unresolved
vibrational structure (3.2 – 3.5 eV), which, as also seen in M–phenolate–keto,
suggests that the structures of the anion and the corresponding neutral radical are

181

Scheme 129 Possible fragmentation pathway of infra–M–phenolate–keto following photoexcitation. A
Norrish type 1 fragmentation lead to a) the formation of conjugated nitrile 188 in its electronically excited
state or b) nitrile 188 in its ground electronic state. Relaxation of nitrile 188 in its excited state or
photoexcitation of nitrile 188 in its ground electronic state yields the corresponding neutral radical nitrile
and the ejected photoelectron. Pathway a) is a one-photon process, whereas b) is a two-photon process.

reasonably rigid. Apart from the tail between 2.5 – 3.1 eV, the 2 parameters are
slightly negative across the whole spectrum (Figure 84). Interestingly, the 2
parameters around 3.15 eV are slightly negative which, as seen in Figure 68, could
be attributed to detachment from photofragment 188; however, a photoelectron
spectrum of 188 will need to support this.

Figure 84 Photoelectron spectra recorded at 346 nm (3.58 eV) for infra–M–phenolate–keto, along
with the 2 anisotropy parameters (right axis) and plotted as a function of eBE. The 2 values are
averaged over five data points and the error bars give the standard deviation. The dashed horizontal
black line represents 2 = 0.
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The photoelectron spectrum of infra–M–phenol–enolate is characterised by a rising
edge which exhibits a peak at around 2.7 eV – around the VDE for M–phenol–enolate
(2.69 eV) – that is overlapped with a broad profile that extends from 2.5 – 3.3 eV.
Broadening of the photoelectron spectrum is similarly seen in M–phenol–enolate at all
wavelengths shorter than 346 nm (Figure 66) and was attributed to detachment from
a resonant excited state (Figure 73).
There is an unresolved feature at high eBE (low eKE), which does not exhibit an
exponential profile that is characteristic of thermionic emission, suggesting that this
feature could be attributed to autodetachment from a resonance, or resonances lying
in the detachment continuum, which is similar to the conclusions drawn from the high
eBE (low eKE) feature of M–phenol–enolate (Figure 85).

Figure 85 Photoelectron spectra of infra–M–phenol–enolate presented as a function of eKE. Modelled
TE profiles using Equation (15) with T M• = 2600 K (orange solid) and 1500 K (red solid), aligning to
the rising edge and tail of the low eKE feature, respectively. C v ≈ Ccanonical − k ≈ Ccanonical, since heat
capacities are ≈ 10−3 eV K−1. Using Ccanonical derived from quantum chemistry calculations and assuming
that T M− = 298 K, T M• is estimated to be 414 K, which suggests that infra–M–phenol–enolate does not
exhibit TE.

The beta parameters are slightly positive between 2.6 – 2.8 eV which is the region
corresponding to direct detachment and the anisotropy is lost at eBE > 2.8 eV (Figure
86). Loss of the anisotropy could be due to a resonant process although more
photoelectron spectra recorded at other wavelengths would be required to confirm this.
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Figure 86 Photoelectron spectra recorded at 346 nm (3.58 eV) for infra–M–phenol–enolate, along with
the 2 anisotropy parameters (right axis) and plotted as a function of eBE. The 2 values are averaged
over five data points and the error bars give the standard deviation. The dashed horizontal black line
represents 2 = 0.

184

7.2.3 Computational Results
Table 7 lists the structures of the optimised infraoxyluciferin model analogues,
together with the first vertical detachment energy (VDE) and the leading molecular
orbitals.

Table 7 Deprotonated infra–OL− model anions optimised with CAM-B3LYP/6-311++G(3df,3pd)
energies, E. For the keto conformers, energies are relative to as-Z, E, s-Z–infra–M–phenolate–keto;
for enolate conformers, energies are relative to bs-Z, E, s-E–infra–M–phenol–enolate. All structures are
planar. CAM-B3LYP/6-311++G(3df,3pd) VDEs are given in eV together with the leading molecular
orbitals (> 0.9) from which detachment occurs. Experimental (Exp.) peak maxima are listed alongside
the s-Z, E, s-Z forms of the model infra–OL– anions although they are likely to be a mixture of trans and
cis conformational structures. All values are in eV.

There are four possible conformers that can transiently exist for each anion (Figure
87).

Figure 87 The conformation around each heterocycle-alkene bond and the geometry of the alkene is
described by the three-part listing of stereochemical descriptors using E/Z nomenclature. Using s-E, E,
s-E–infra–M–phenolate–keto as the example, starting from the left-hand side of the molecule as drawn,
the first descriptor (in red) is the conformation of the sigma bond (s) between the sulfur in benzothiazole
(highest priority) and the alkene, the second (in black) is the descriptor of the alkene (in this series
always E) and the final descriptor (in blue) for the conformation of the sigma bond between the alkene
and the sulfur in thiazolone (highest priority).
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The conformation around each heterocycle-alkene bond is described, as is the
geometry of the alkene by the three-part listing of stereochemical descriptors using
E/Z nomenclature. Starting from the left-hand side of the molecule as drawn, the first
descriptor is the conformation of the sigma bond (s) between the sulfur in
benzothiazole (highest priority) and the alkene, the second is the descriptor of the
alkene (in this series always E) and the final descriptor for the conformation of the
sigma bond between the alkene and the sulfur in thiazolone/ thiazoline (highest
priority).
The D0 states correspond to electron holes in the HOMO, which have π character, πH.
For infra–M–phenolate–keto, the HOMO is delocalised across the molecule which is
similar as M–phenolate–keto; whereas for infra–M–phenol–enolate, it is localized
across the double bond and on the thiazoline moiety, which is similar as M–phenol–
enolate. The orbitals are almost identical across the four conformers for infra–M–
phenolate–keto and infra–M–phenol–enolate.

7.2.4 Discussion
From the CAMB3LYP/6-311++G(3df, 3pd) calculated values of the VDEs of
infraoxyluciferin model anions, we tentatively assign the peaks in the experimental
photoelectron spectra around 3.2 eV and 2.7 eV (Figure 83) as direct detachment to
the ground electronic states of the neutral radicals, D0, of infra–M–phenolate–keto and
infra–M–phenol–enolate. The infraoxyluciferin and oxyluciferin model anions are
found to have similar electron detachment thresholds, which reflects their similar
structures and in turn, broadly similar electronic structures as observed in the
photoelectron study of para-methyl phenolate, para-ethyl phenolate, and para-vinyl
phenolate.235
The calculated VDE values for all four conformers corresponding to infra–M–
phenolate–keto are in good agreement with experiment. They are all within the error
of the experimental measurement (3.10 – 3.36 eV) and we are therefore unable to
distinguish between the conformational isomers. The calculated VDE values for all
four conformers corresponding to infra–M–phenol–enolate are in poorer agreement
with experiment as they are less than the error of the experimental measurement (2.58
– 2.82 eV) except for the VDE corresponding to s-Z, E, s-E–infra–M–phenol–enolate
 2.59 eV. DFT has previously worked well for calculating the VDEs of large anions
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and is comparable to EOM-IP-CCSD calculations.209,219 The EOM-IP-CCSD method
accounts for electron correlations and the expected error of the method is between
0.1-0.3 eV.236 Assuming that the EOM-IP-CCSD calculated VDE of infra–M–phenol–
enolate is the same as DFT, this would imply that all of the calculated VDEs would be
within less than 0.3 eV of the experiment measurement which is within the expected
error of the method.
As suggested by Kamiya et al., a bigger discrepancy between theory and experiment
could occur when there is a greater geometry change between the ground electronic
state of the anion and the ground electronic state of the neutral radical, and this is
because these is a net difference in the zero point energy (ZPE) of the two states.237
The difference of the ZPE averaged over the four conformers for infra–M–phenolate –
keto and infra–M–phenol–enolate are respectively 0.010 eV and 0.019 eV and so the
difference in ZPE for infra–M–phenol–enolate is around double that of infra–M–
phenolate–keto, which suggests that the geometries of the ground electronic state of
the anion and the ground electronic state of the neutral radical may be dissimilar
although additional photoelectron experiments recorded at different wavelengths will
be required to validate this.
In infra–M–phenol–enolate, the spectra consists of significant broadening on the high
eBE side of the peak associated with direct detachment to D 0, which as seen in M–
phenol–enolate, could be attributed to detachment from a resonant excited state.
Preliminary analysis of the high eBE (low eKE) feature suggests that it could be
attributed to autodetachment from a resonance, or resonances lying in the detachment
continuum (Figure 85). As concluded in the photoelectron study of OL−, the
observation of a low eKE feature in M–phenol–enolate was attributed to
autodetachment from a DBS, which implies a bifurcation on the excited shape
resonance potential energy surface with rapid internal conversion to the DBS
competing with autodetachment. The dipole moment for s-Z, E, s-E–infra–M–phenol–
enolate is 7.8 D which is large enough to bind an electron in a DBS and therefore
internal conversion to the DBS may be a competing relaxation pathway although more
photoelectron spectra recorded at different wavelengths will be required to explore
this.

187

Likewise the dipole moment for s-Z, E, s-Z–infra–M–phenolate–keto neutral radical is
also large enough (~ 4.1 D) to bind an electron in a DBS; however, it is clear that there
is not a high eBE feature to support this which suggests that internal conversion to a
DBS is not observed as a relaxation pathway. The ezSpectrum simulation of s-Z, E,
s-Z–infra–M–phenolate–keto (Figure 88) indicates that the spectra predominantly
consists of in-plane vibrational modes (Figure 89).

Figure 88 Calculated s-Z, E, s-Z–infra–M–phenolate–keto S0-D0 stick spectrum at 300 K convoluted
with the instrument function (dashed line) and compared with the experimental 346 nm (3.58 eV)
photoelectron spectrum (solid line).

Figure 89 Atomic displacement vectors of the v19, v56 and v71 modes of the s-Z, E, s-Z–infra–M–
phenolate–keto radical, which respectively correspond to out-of-plane distortions/wagging of the
benzothiazole moiety, in-plane distortions and in-plane distortions of the benzothiazole and central
double bond moieties.

7.2.5 Conclusion
Preliminary analysis of the 346 nm (3.58 eV) photoelectron spectra of infra–M–
phenolate–keto and infra–M–phenol–enolate provides a good starting point for future
detailed spectroscopic investigations on understanding how increasing the
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conjugations affects the electronic structure and dynamics relative to their oxyluciferyl
derivatives M–phenolate–keto and M–phenol–enolate.

8 Future Work
8.1 Organic Chemistry
The long reaction times required to form 153 caused the reduction of 153 to form
saturated derivative 154. This may be due to the formation of H2S which arose from
the competitive formation of nitrile 136. Therefore, future syntheses would require an
oxidant to sequester H2S. Taking inspiration from gas sweetening processes,238 H2S
could be removed by using zinc oxide to form zinc sulfide and water:
H2 S + ZnO → ZnS + H2 O

(32)

The rate of reaction is controlled by diffusion, because the H2S must first diffuse to the
surface of the ZnO to react. Temperatures above 120 °C increase the diffusion rate
which would work favourably since the cyclisation reaction of 140 is under microwave
irradiation at 150 °C (Scheme 83 and Scheme 84).
Optimization of the deacetylation reaction is required for forming iOL. The in situ
deprotection sample preparation of 153 for forming target molecule 92 for
photoelectron measurements gave stable counts, suggesting that the same
deprotection conditions could be used to isolate target derivative 118. The same
conditions could be used on di-acetylated compound 158 to afford target compound
iOL 116. To assess whether iOL is stable to enol-O-methylation conditions for
synthesising target derivative 119, derivative 118 can be trialled following the
conditions used to make 100 (Scheme 45) to afford the dimethylated iOL 189
(Scheme 130).
In Section 3.3, selective methylation of OL on the enol moiety was possible owing to
its greater acidity over the phenol moiety. Therefore, success of the test reaction gives
hope that iOL could be selectively methylated to afford target derivative 119 (Scheme
131).
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Scheme 130 Test reaction scheme for forming dimethylated infraoxyluciferin 189.

Scheme 131 Target synthesis for forming 119.

Once the target compounds have been made, it would be desirable to determine their
optical properties and compare them to their respective oxyluciferyl derivatives.
In the spirit of designing conjugated analogues of oxyluciferin, it is desirable to
investigate the effects of adding other π-systems that could substitute for the central
double bond. Recently, Prescher et al. have developed such π-extended luciferins via
a Suzuki-Miyuara coupling followed by D-cysteine condensation (Scheme 132).239

Scheme 132 Synthetic procedure for forming π-extended luciferin 190.

The central aromatic ring can rotate freely which may disrupt conjugation. Hence, a
phenol group was installed on the central aromatic ring at the ortho-position which can
hydrogen bond with the imine groups to make the aromatic system planar and rigid.
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The synthesised outlined in Scheme 132 was modified using pinacol methyl-ether
boronate 192 followed by demethylation before D-cysteine condensation (Scheme
133).239

Scheme 133 Synthetic procedure for forming intramolecularly locked π-extended luciferin 191.

Following the Suzuki coupling reaction, it could be possible to react nitrile 193 with
mercaptoacetate 50 to afford aryl-infraoxyluciferin 194 (Scheme 134).

Scheme 134 Proposed cyclisation reaction to afford aryl-infraoxyluciferin derivatives.

In addition, as in Scheme 134, the central aromatic ring can rotate freely which may
disrupt conjugation. Hence, phenol groups could be installed on the central aromatic
ring at one or both ortho-positions which can coordinate with the imine groups to make
the aromatic system planar (Figure 90).

Figure 90 Proposed structures of aryl–infra–oxyluciferin bearing one or two hydroxyl groups at the
ortho-positions on the central aromatic ring which can coordinate with the imine groups to enforce a
planar aromatic system.

Following the synthesis as in Scheme 132 and Scheme 133, and by taking inspiration
from the synthesis of oxyluciferin and of its derivatives, it could be then possible to
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synthesise an array of aryl–infra–oxyluciferin derivatives that can freely rotate or be
conformationally locked via hydrogen bonding (Figure 91).

Figure 91 Proposed structures of aryl–infra–oxyluciferin (black) and its keto (red), enol (purple) and
enolate (light blue) derivatives. The R groups on the central aromatic ring correspond to H and/or OH
groups, giving a possibility of four derivatives for each drawn structure.

Given that infraoxyluciferins 152, 178, 187 and 177 have been successfully
synthesised, the reaction pathway can be diversified towards making a huge array of
cyclopropyl

thiazolone

and

conjugated

thiazoline

derivatives with

different

functionalities that may exhibit promising commercial applications. As these
functionalities are novel, a patent proposal could be conceivable in the future if the
compounds possess desirable properties (Scheme 135).

Scheme 135 a) General reaction conditions for forming conjugated cyclopropane protected thiazolone
derivatives; b) General reaction conditions for forming conjugated thiazoline derivatives.
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8.2 Physical Chemistry
8.2.1 Oxyluciferin
The time independent photoelectron study of oxyluciferin and its derivatives has been
investigated. We have shown that the dynamics of OL− arising from three of its
resonance forms can be disentangled at any wavelength. The biologically relevant
excited state is S1 and our photoelectron study probes higher lying excited states
which may indirectly interact with the S1 excited state. It is desirable to directly probe
the S1 state for attaining dynamical information of the S1 PES. This could be achieved
by using time resolved anion photoelectron spectroscopy (Figure 92).240

Figure 92 Photoexcitation of phenolate–keto using a time-resolved setup. An ultrashort laser pulse
(typically 100 fs) of energy 2.4 eV (516 nm) pumps the S1 excited-state and a second ultrashort probe
pulse of energy 1.54 eV (800 nm) then ionises the evolving excited state of the molecule. Changing
the pump-probe time delay generates eKE distributions where the evolving electronic and vibrational
structure can then be resolved. The ADC(2)/aug-cc-pVDZ calculated VEE of the bound S1 state is 2.2
eV; the EOM-IP-CCSD/aug-cc-pVDZ calculated VDEs of the D0 and D1 states are 3.3 and 5.1 eV,
respectively (all calculations performed by A.Henley).

8.2.2 Infraoxyluciferin
Following the preliminary work mentioned in Section 7.2, it is necessary to record the
photoelectron spectra of infra-oxyluciferin and infra−M−phenolate−enol once they
have been successfully synthesised. Support to understand the photoelectron spectra
for all four species used in this study will also require interpretation from high level
excited state calculations. Since infra−M−phenolate−keto exhibits a cyclopropane ring
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at the 6-position, it would also be desirable to record the photoelectron spectra of 5,5–
cyclopropyl–M–phenolate–keto 64. This would make a fairer analysis upon comparing
their electronic structures and dynamics, because they both have a cyclopropane
protecting group.

9 Experimental
9.1 Experimental Techniques
All non-aqueous reactions were carried out in oven-dried or flame-dried glassware
under an inert (N2 or Ar) atmosphere. Room temperature covers the range  20-25 °C;
temperatures at 0 °C were achieved by using an ice-water bath; cryogenic
temperatures were obtained using a solid CO2 – acetonitrile bath (– 45 °C) and a solid
CO2 – acetone bath (– 78 °C).
Anhydrous solvents THF, CH2Cl2, Et2O, toluene and hexanes were obtained from a
solvents tower equipped with Swagelok® valves, where the degassed solvent is
passed through two columns of activated alumina and a 7-micron filter under 4 bar
pressure, or were obtained from the Aldrich chemical company. Butyl lithiums were
titrated using N-benzylbenzamide as an indicator following a literature procedure.241
All chemicals were used as supplied unless otherwise indicated. Column
chromatography was carried out using Gedran® silica gel (40-60 μm) and analytical
thin layer chromatography was carried out using Merck© Keiselgel aluminium-backed
plates coated with silica gel. Components were visualised using UV lights and KMnO4
solution.
Infrared (IR) spectra were recorded on a Perkin Elmer spectrum 100 FT-IR (ATR
mode). 1H NMR spectra were recorded at 400, 500, 600 or 700 MHz on a Bruker
Avance spectrometer in the stated solvent using the residual protic solvent CHCl3 (δ
= 7.26 ppm, s), CH3OH (CH3  δ = 3.34, s) or D SO (δ = 2.56 ppm, s) as the internal
standard. Chemical shifts are quoted in ppm using the following abbreviations: s 
singlet; d  doublet; t  triplet; q  quartet; qn  quintet; m  multiplet; br  broad or a
combination of these. The coupling constants (J) are measured in Hertz.

13C

NMR

spectra were recorded as proton decoupled spectra at the frequency stated and are
reported to the nearest 0.1 ppm using the central reference of CHCl3 (δ = 77.4 ppm,
t), D SO (δ = 40.5 ppm, septet) as the internal standard. Chemical shifts are reported
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to the nearest 0.1 ppm. DEPT, COSY, NOESY and HSQC spectra were obtained to
aid in complete assignment. Data was manipulated using MestReNova (version 11.0).
Mass spectra were obtained on a ThermoMAT900 and an Accela LCFinnigan LTQ
instruments. Melting points were collected on a FisherbrandTM digital melting point
apparatus.

9.2 Synthetic Routes
(Z)-4-chloro-N-(4-methoxyphenyl)-5H-1,2,3-dithiazol-5-imine (95)152

According to the literature procedure,152 p-anisidine (105 mmol) was converted to
imine 95 (19.8 g, 76.5 mmol, 77%, lit152 96 %) as a yellowy brown solid; m.p. 90.5 ºC
(lit242 89 ºC); 1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 9.0 Hz, 2H, NCCH), 6.99 (d, J
= 9.0 Hz, 2H, MeOCCH), 3.85 (s, 3H, OCH3). The literature values of the 1H NMR for
95 agree with the assigned values.
6-methoxybenzo[d]thiazole-2-carbonitrile (96)243

To sulfolane (2 mL) was added 95 (1.0 g, 3.9 mmol) in air and the mixture was stirred
at 180 ⁰C for 30 min. The mixture was cooled and directly purified by flash
chromatography (1:9 EtOAc/ hexane) to give 96 (0.37 g, 2.0 mmol, 51 %, lit243 87 %)
as a fluffy yellow solid; m.p. 129.2 ºC (lit244 129-130 ºC); 1H NMR (400 MHz, CDCl3) δ
8.09 (d, J = 9.2 Hz, 1H, NCCH), 7.36 (d, J = 2.5 Hz, 1H, SCCH), 7.25 – 7.22 (m, 1H,
MeOCCH), 3.93 (s, 3H, OCH3). The literature values of the 1H NMR for 96 agree with
the assigned values.
6-hydroxybenzo[d]thiazole-2-carbonitrile (32)152
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To pyridine hydrochloride (1.2 g, 11 mmol) was added 96 (0.2 g, 1.1 mmol) and the
resulting mixture was stirred at 180 ⁰C for 3 h. The mixture was cooled and quenched
with water (5 mL) and EtOAc (5 mL). The organic layer was extracted with EtOAc (3 x
10 mL), dried in MgSO4 and concentrated in vacuo. Purification by flash
chromatography (1:1 EtOAc/ hexane) gave 32 (0.11 g, 0.60 mmol, 57 %, lit152 93 %)
as a pale yellow solid; m.p. 183.6 ºC (lit245 183-184 ºC); 1H N R (400

Hz,

eOD) δ

8.00 (d, J = 9.0 Hz, 1H, NCCH), 7.41 (d, J = 2.4 Hz, 1H, SCCH), 7.17 (dd, J = 9.0, 2.4
Hz, 1H, MeOCCH). The literature values of the 1H NMR for 32 agree with the assigned
values.246
2-(4-hydroxythiazol-2-yl)benzo[d]thiazol-6-ol; Oxyluciferin (51)89

A cold (4 °C) solution of 32 (0.01 g, 0.6 mmol) in MeOH (13 mL)/water (9 mL) was
added within 10 sec., to a cold (4 °C) vigorously stirred solution of ethyl
mercaptoacetate (0.15 mL, 1.4 mmol) in a mixture of 1 M NaOH aq (0.6 mL, 0.6 mmol)
and MeOH (4 mL). The reaction mixture was stirred for 3 min at 4 °C and then
quenched with cold (4 °C) 0.1 M HCl aq (11 mL) over 10 sec. The solvent was removed
in vacuo to induce precipitation of the product. The solid was filtered off, washed with
water (2 × 10 mL) and dried in high vacuum for 1 h to obtain oxyluciferin (0.10 g, 0.39
mmol. 69%, lit89 77 %) as yellowy orange solid; m.p. 175-177 ºC (lit86 169-171 ºC); 1H
N R (400

Hz, D SO) δ 11.02 (s, 1H), 10.07 (s, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.42

(d, J = 2.4 Hz, 1H), 7.02 (dd, J = 8.9, 2.4 Hz, 1H), 6.50 (s, 1H). The literature values
of the 1H NMR for 51 agree with the assigned values.89

4-methoxyphenethyl 2-bromo-2-methylpropanoate (104)112
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According to the literature procedure,112 2-bromoisobutyryl bromide (8 mmol) was
converted to ester 104 (2.29 g, 7.61 mmol, 95%, lit112 88 %) as a colourless oil. 1H
NMR (600 MHz, CDCl3) δ 7.17 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 4.34 (t, J
= 7.0 Hz, 2H), 3.80 (s, 3H), 2.94 (t, J = 7.0 Hz, 2H), 1.90 (s, 6H). The literature values
of the 1H NMR for 104 agree with the assigned values.

4-methoxyphenethyl 2-((ethoxycarbonothioyl)thio)-2-methylpropanoate (105)112

Bromoisobutyrate 104 (2.23 g, 7.37 mmol), potassium O-ethyl dithiocarbonate (1.51
g, 9.41 mmol), and benzyltriethylammonium chloride (2.01 g, 8.84 mmol) were
dissolved in acetonitrile (17 mL), and the mixture was stirred at room temperature for
19 h. The reaction was quenched by the addition of water, and the product was
extracted with ethyl acetate (3 x 30 mL). The organic layer was washed with brine (30
mL), dried over Na2SO4, and concentrated in vacuo. The residue was puriﬁed by
column chromatography (0.5:9.5 EtOAc/ hexane) to give 105 (0.62 g, 1.8 mmol, 24%,
lit112 34 %) as a yellow oil. 1H NMR (600 MHz, CDCl3) δ 7.15 (d, J = 8.5 Hz, 2H), 6.83
(d, J = 8.6 Hz, 2H), 4.47 (q, J = 7.1 Hz, 2H), 4.28 (t, J = 6.8 Hz, 2H), 3.79 (s, 3H), 2.90
(t, J = 6.8 Hz, 2H), 1.57 (s, 6H), 1.30 (t, J = 7.1 Hz, 3H). The literature values of the 1H
NMR for 105 agree with the assigned values.
4-methoxyphenethyl 2-mercapto-2-methylpropanoate (106)112

According to the literature procedure,112 dithiocarbonate 105 (1.8 mmol) was
converted to butyrate 106 (0.43 g, 1.7 mmol, 95 %, lit. yield not reported) as a pale
yellow oil. 1H NMR (600 MHz, CDCl3) δ 7.16 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz,
2H), 4.31 (t, J = 7.0 Hz, 2H), 3.80 (s, 3H), 2.92 (t, J = 7.0 Hz, 2H), 1.56 (s, 6H). The
literature values for the 1H NMR of 106 was not reported.
2-(6-hydroxybenzo[d]thiazol-2-yl)-5,5-dimethylthiazol-4(5H)-one (101)112
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Butyrate 106 (0.14 g, 0.54 mmol) was dissolved in ethanol (3 mL) followed by the
addition of 32 (0.06 g, 0.3 mmol) and triethylamine (0.09 mL, 0.6 mmol). The mixture
was heated to reflux for 6.5 h. The crude material was washed twice with EtOAc (2 x
10 mL) and the precipitate was filtered. The solid was further washed with MeOH (5
mL) followed by EtOAc (10 mL). The precipitate was dried under high vacuum to give
101 (0.03 g, 0.1 mmol, 38 %, lit 35 %112) as a yellow solid; m.p. 293.8-296.7 ºC (lit86
271-278 ºC); 1H N R (600

Hz,

eOD) δ 8.02 (d, J = 9.0 Hz, 1H), 7.41 (d, J = 2.3

Hz, 1H), 7.15 (dd, J = 9.0, 2.4 Hz, 1H), 1.70 (s, 6H). The literature values of the 1H
NMR for 101 agree with the assigned values.112
2-(6-methoxybenzo[d]thiazol-2-yl)thiazol-4-ol (99)114

A cold (4 °C) suspension of 96 (0.10 g, 0.53 mmol) in in MeOH (13 mL)/water (9 mL)
was added within 10 sec to a cold (4 °C) vigorously stirred solution of ethyl
mercaptoacetate (0.14 mL, 1.3 mmol) in a mixture of 1 M NaOH aq. (0.55 mL, 0.55
mmol) and MeOH (4 mL). The reaction mixture was stirred for 20 min at 4 °C and was
quenched by addition of cold (4 °C) 0.1 M HCl aq. (11 mL) over 10 sec. The solvent
was concentrated in vacuo to induce precipitation of the product. The solid was filtered,
washed with water (2×10 mL) and dried under high vacuum for 1 h to obtain 99 (0.09
g, 0.3 mmol. 58 %, lit86 47.5 %) as yellow orange solid; m.p. 222.5-224.4 ºC (lit86 218223 ºC); 1H N R (600

Hz, D SO) δ 11.09 (s, 1H), 7.96 (d, J = 9.0 Hz, 1H), 7.73 (d,

J = 2.6 Hz, 1H), 7.17 (dd, J = 9.0, 2.6 Hz, 1H), 6.53 (s, 1H), 3.85 (s, 3H). The literature
values of the 1H NMR for 99 agree with the assigned values.86
2-(4-methoxythiazol-2-yl)benzo[d]thiazol-6-ol (100)114
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To a solution of THF (2.3 mL) and MeOH (0.75 mL) was added 51 (0.02 g, 0.08 mmol)
at 0 ⁰C. Then a solution of (trimethylsilyl)diazomethane (0.3 ml, 0.01 mmol in 0.3 M
THF) was added dropwise and the reaction was warmed to room temperature and left
to stir overnight. The reaction was quenched with AcOH (0.1 mL) and concentrated in
vacuo. The solid was filtered off with hexane (2 x 10 mL) and dried under high vacuum
to give 100 (4.7 mg, 0.020 mmol, 22 %, lit114 64 %) as a dark red solid; m.p. 222.5224.4 ºC (lit m.p. not reported); 1H N R (400

Hz, D SO) δ 10.11 (s, 1H), 7.89 (d, J

= 8.9 Hz, 1H), 7.44 (d, J = 2.4 Hz, 1H), 7.03 (dd, J = 8.9, 2.4 Hz, 1H), 6.88 (s, 1H),
3.90 (s, 3H). The literature values of the 1H NMR for 100 agree with the assigned
values.
(4-nitrophenyl)carbamothioyl cyanide (112)

According to the literature procedure,152 4-nitroaniline (1.5 mmol) was converted to Narylcyanothioformamide 112 (0.26 g, 1.3 mmol, 88 %, lit152 80%) as a red/orange solid;
m.p. 127.3 -127.6 ºC (lit247 128-130 ºC); 1H N R (400

Hz, D SO) δ 8.33 (d, J = 9.1

Hz, 2H), 8.12 (d, J = 8.8 Hz, 2H). The literature values of the 1H NMR for 112 agree
with the assigned values.152
6-nitrobenzo[d]thiazole-2-carbonitrile (111)

According to the literature procedure,152 112 (9.65 mmol) was converted to carbonitrile
111 (1.20 g, 5.80 mmol, 60 %, lit152 74 %) as a yellow solid; m.p. 166.5-167.4 ºC (lit156
164-165 ºC); 1H NMR (600 MHz, CDCl3) δ 8.96 (d, J = 2.1 Hz, 1H), 8.52 (dd, J = 9.1,
2.2 Hz, 1H), 8.39 (d, J = 9.1 Hz, 1H). The literature values of the 1H NMR for 111 agree
with the assigned values.156
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6-aminobenzo[d]thiazole-2-carbonitrile (110)

According to the literature procedure,156 carbonitrile 111 (4 mmol) was converted to
carbonitrile 110 (0.34 g, 2.0 mmol, 48 %, lit156 71 %) as yellow crystals; m.p. 217.3217.9 ºC (lit156 219-220 ºC); 1H N R (400

Hz, D SO) δ 7.86 (d, J = 8.9 Hz, 1H),

7.15 (d, J = 2.2 Hz, 1H), 6.96 (dd, J = 9.0, 2.2 Hz, 1H), 6.11 (s, 2H). The literature
values of the 1H NMR for 110 agree with the assigned values.
6-((2-methoxyethoxy)methoxy)benzo[d]thiazole (127)151

According to the literature procedure,151 benzo[d]thiazol-6-ol (3.3 mmol) was
converted to benzothiazole 127 (0.46 g, 1.9 mmol, 58 %, lit151 73 % ) as a pale yellow
oil; 1H NMR (600 MHz, CDCl3) δ 8.86 (s, 1H), 8.02 (d, J = 8.9 Hz, 1H), 7.66 (d, J = 2.4
Hz, 1H), 7.23 (dd, J = 8.9, 2.4 Hz, 1H), 5.35 (s, 2H), 3.91 – 3.82 (m, 2H), 3.59 – 3.55
(m, 2H), 3.39 (s, 3H). The literature values of the 1H NMR for 127 agree with the
assigned values.248
6-((2-methoxyethoxy)methoxy)benzo[d]thiazole-2-carbaldehyde (125)151

According to the literature procedure,151 benzothiazole 127 (1.86mmol) was converted
to aldehyde 125 (0.45 g, 1.7 mmol, 91 %, lit151 87 %) as a colourless oil; 1H NMR (300
MHz, CDCl3) δ 10.11 (s, 1H), 8.12 (d, J = 9.1 Hz, 1H), 7.66 (d, J = 2.2 Hz, 1H), 7.30
(dd, J = 9.1, 2.4 Hz, 1H), 5.38 (s, 2H), 3.90 – 3.82 (m, 2H), 3.63 – 3.53 (m, 2H), 3.38
(s, 3H). The literature values of the 1H NMR for 125 agree with the assigned values.
6-methoxybenzo[d]thiazole (128)157
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According to the literature procedure,157 6-methoxybenzo[d]thiazol-2-amine (11 mmol)
was converted to benzothiazole 128 (1.38 g, 8.30 mmol, 75 %, lit157 95 %) as a red
solid; m.p. 71.6-72.1 ºC (lit249 73-75 ºC); 1H NMR (400 MHz, CDCl3) δ 8.83 (s, 1H),
8.01 (d, J = 9.0 Hz, 1H), 7.40 (d, J = 2.5 Hz, 1H), 7.13 (dd, J = 8.9, 2.5 Hz, 1H), 3.89
(s, 3H). The literature values of the 1H NMR for 128 agree with the assigned values.249
6-methoxybenzo[d]thiazole-2-carbaldehyde (126)

A solution of benzothiazole 128 (1.21 g, 7.30 mmol) in THF (60 mL) was cooled to −
78 ºC and treated with nBuLi (6.69 mL, 8.03 mmol, 1.20 M solution in hexane) and
stirred at − 78 ºC for 20 min. After this time, DMF (2.26 mL, 29.2 mmol) was added
dropwise and the resultant solution stirred at − 78 ºC for 2 h. The reaction was
quenched with saturated NaHCO3 (aq) (10 mL) and poured into a beaker of water (500
mL). The reaction was extracted with EtOAc (5 x 100 mL). The extracts were combined
and washed with water (3 x 500 mL), brine (300 mL), dried over MgSO4, filtered and
concentrated in vacuo to give 128 (1.32 g, 6.82 mmol, 93 %) as a yellow solid; m.p.
124.8-124.5 ºC (lit158 124-125 ºC); 1H NMR (400 MHz, CDCl3) δ 10.11 (s, 1H), 8.11 (d,
J = 9.0 Hz, 1H), 7.39 (d, J = 2.5 Hz, 1H), 7.22 (dd, J = 9.1, 2.5 Hz, 1H), 3.93 (s, 3H).
The literature values of the 1H NMR for 128 agree with the assigned values.158
diethyl (2-amino-2-thioxoethyl)phosphonate (141)159

Dimethyl(cyanomethyl)phosphonate (1.83 mL, 11.3 mmol) was dissolved in toluene
(10 mL), followed by the addition of tetrabutylphosphonium bromide (0.05 g) and
triethylamine (3.15 mL, 22.6 mmol). H2S gas was bubbled through the mixture for 5 h
at 10 ⁰C. The H2S gas supply was disconnected and the mixture was left stir under a
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closed H2S system overnight. The H2S gas was removed by purging with N2 gas and
the mixture was cooled for 1 h at 4 ⁰C. The mixture was concentrated in vacuo and the
resulting solid was washed once with toluene (50 mL). The residue was dried under
high vacuum to give 141 as a pale yellow solid (2.30 g, 10.9 mmol, 96 %, lit159 37 %);
m.p. 74.6 ºC (lit250 73-75 ºC); 1H NMR (300 MHz, CDCl3) δ 8.39 (s, 1H, NH2), 7.63 (s,
1H, NH2), 4.23 – 4.11 (dq, J = 9.0 Hz, 9.0 Hz, 4H, OCH2CH3), 3.41 (d, J = 20.6 Hz,
2H, PCH2), 1.35 (t, J = 7.1 Hz, 6H, OCH2CH3). The literature values of the 1H NMR for
141 agree with the assigned values.159
(E)-3-(6-((2-methoxyethoxy)methoxy)benzo[d]thiazol-2-yl)prop-2-enethioamide
(139)

A solution of phosphonate 141 (0.08 g, 0.4 mmol) in MeCN (2 mL) was treated with
LiCl (0.02 g, 0.4 mmol) and stirred at 0 °C for 15 min. After DBU (0.06 mL, 0.4 mmol)
was added and stirred at rt for 5 min. A cool (0 °C) solution of aldehyde 125 (0.10 g,
0.38 mmol) in MeCN (3 mL) was added dropwise and stirred at 0 °C for 1 h. The
reaction was quenched with NH4Cl (10 mL) and diluted with ether (10 mL) and water
(10 mL). The aqueous layer was extracted with ether (3 x 10 mL). The organic layers
were combined, washed with brine, dried with MgSO4 and concentrated in vacuo to
give 139 (0.13 g, 0.40 mmol, 100 %) as an orange solid. m.p. 118.1-126.7 °C; IR ʋmax
3325 (N-H), 3146 (=C-H), 2923 (C-H), 1643 (C=C), 984 (C=S) cm-1;

Rf 0.37 (7:3

EtOAc/ hexane); 1H NMR (600 MHz, CDCl3) δ 7.91 (d, J = 8.9 Hz, 1H, OCCHCH), 7.85
(d, J = 15.3 Hz, 1H, NCCHCH), 7.82 (s, 1H, NH2), 7.56 (d, J = 2.4 Hz, 1H, OCHCS),
7.38 (s, 1H, NH2), 7.20 – 7.17 (m, 2H, OCCHCH, NCCHCH), 5.34 (s, 2H, OCH2O),
3.85 – 3.87 (m, 2H, CH3OCH2CH2O), 3.58 – 3.57 (m, 2H, CH3OCH2CH2O), 3.37 (s,
3H, OCH3);13C NMR (151 MHz, CDCl3) δ 196.8 (SCNH2), 161.8 (NCS), 156.3
(OCCHCS), 149.3 (CCHCS), 136.9 (CHCN), 134.4 (NCCHCH), 131.9 (NCCHCH),
124.5 (OCCHCH), 118.1 (OCCHCH), 107.4 (OCHCS), 94.0 (OCH2O), 71.7
(CH3OCH2CH2O), 68.0 (CH3OCH2CH2O), 59.2 (OCH3); HRMS Mass [C14H17N2O3S2]+:
calcd. 325.0681, found 325.0784.
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(E)-3-(6-hydroxybenzo[d]thiazol-2-yl)prop-2-enethioamide (159)

To a cold (– 78 °C) solution of MEM-protected compound 139 (0.21 g, 0.63 mmol) in
MeCN (8.6 mL) was added BBr3 (1.9 mL, 1.9 mmol in 1M DCM) dropwise over 10 min
and the reaction was left to stir for 15 min. The reaction was quenched with sat.
NaHCO3 and extracted with EtOAc (3 x 50 mL), dried with MgSO 4 and concentrated
in vacuo. Purification by flash chromatography (4:1 EtOAc/ hexane) afforded
deprotected product 159 (0.06g, 0.2 mmol, 40 %) as red crystals. m.p. 190.0 – 192.1
°C; Rf 0.74 (100 % EtOAc); IR ʋmax 3308 (O-H), 3048 (N-H), 2920 (C-H), 1654 (C=C),
1439, 1487 (Ar-C), 801 (C=S) cm-1; 1H N R (700

Hz,

eOD) δ 7.87 (d, J = 15.4 Hz,

1H, NCCHCHCS or NCCHCHCS), 7.80 (d, J = 8.9 Hz, 1H, HOCCHCH), 7.30 (d, J =
2.4 Hz, 1H, HOCCHCS), 7.21 (d, J = 15.4 Hz, 1H, NCCHCHCS or NCCHCHCS), 7.02
(dd, J = 8.9, 2.4 Hz, 1H, HOCCHCH);13C NMR (176 MHz,

eOD) δ 197.7 (CS), 162.7

(NCCHCHCS), 158.4 (CHCN), 148.5 (HOC), 137.7 (CHCS), 134.8 (NCCHCHCS or
NCCHCHCS), 134.0 (NCCHCHCS or NCCHCHCS), 124.8 (HOCCHCH), 117.8
(HOCCHCH), 107.3 (HOCCHCS); HRMS [C10H8N2OS2+H]+: calcd. 237.0151, found
237.0151.
(E)-3-(6-methoxybenzo[d]thiazol-2-yl)prop-2-enethioamide (140)

A solution of phosphonate 141 (0.11 g, 0.52 mmol) in MeCN (2.4 mL) and LiCl (0.02g,
0.6 mmol) was stirred at room temperature for 15 min. The reaction was cooled to 0
°C followed by the addition of DBU (0.09 mL, 0.6 mmol). The reaction was stirred for
an additional 13 min at 0 °C. Then a solution of aldehyde 126 (0.1 g, 0.5 mmol) in
MeCN (3.9 mL) was added and the reaction was stirred for 1 h at 0 °C. The reaction
was quenched with NH4Cl (10 mL) and diluted with ether (10 mL) and water (10 mL).
The aqueous layer was extracted with ether (3 x 10 mL). The organic layers were
combined, washed with brine (10 mL), dried with MgSO4 and concentrated in vacuo.
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Purification by flash chromatography (1:1 EtOAc /hexane) afforded 140 (0.08 g, 0.3
mmol, 61 %) as a yellow solid. m.p. 172.7-174.4 °C; Rf 0.45 (1:1 EtOAc / hexane); IR
ʋmax 3350, 3298 (N-H), 3147 (C-H), 1589 (C=C), 1483, 1422 (Ar-C), 809 (C=S) cm-1;
1H

N R (700

Hz, D SO) δ 9.84 (s, 1H, NH2), 9.52 (s, 1H, NH2), 7.93 (d, J = 9.0 Hz,

1H, OCCHCHCN), 7.76 (d, J = 15.4 Hz, 1H, NCCHCHCS or NCCHCHCS), 7.71 (d, J
= 2.6 Hz, 1H, OCCHCS), 7.26 (d, J = 15.4 Hz, 1H, NCCHCHCS or NCCHCHCS), 7.15
(dd, J = 8.9, 2.6 Hz, 1H, OCCHCHCN), 3.85 (s, 3H, OCH3);

13C

NMR (176 MHz,

D SO) δ 194.6 (CS), 161.3 (NCCHCHCS), 158.3 (CH3OC), 148.0 (CNCSC or
CNCSC) , 136.4 (CNCSC or CNCSC), 133.4 (NCCHCHCS or NCCHCHCS), 133.2
M(NCCHCHCS or NCCHCHCS), 124.0 (OCCHCHCN), 116.7 (OCCHCHCN), 104.8
(OCCHCS), 55.9 (CH3); HRMS [C11H10N2OS2+H]+: calcd. 251.0313, found 251.0312.
(E)-3-(6-methoxybenzo[d]thiazol-2-yl)acrylonitrile (136), (E)-2-(2-(6methoxybenzo[d]thiazol-2-yl)vinyl)thiazol-5-yl acetate (153) and 2-(2-(6methoxybenzo[d]thiazol-2-yl)ethyl)thiazol-5-yl acetate (154)

A solution of thioamide 140 (0.08 g, 0.4 mmol), bromoacetic acid (0.05 g, 0.4 mmol),
acetic anhydride (0.06 mL, 0.6 mmol) and sodium acetate (0.05 g, 0.6 mmol) in AcOH
(5.2 mL) was heated in a microwave reactor at 150°C for 2 min. The reaction was
quenched with sat. NaHCO3 (20 mL) and extracted with EtOAc (3 x 10 mL). The
organic layers were combined, dried with MgSO4 and concentrated in vacuo.
Purification by flash chromatography (3:7 EtOAc /hexane) gave the desired compound
153 (0.01 g, 0.04 mmol, 12 %) as a yellow solid, reduced compound 154 (6.1 mg,
0.020 mmol, 6 %) as a yellow oil and nitrile 136 (4.9 mg, 0.020 mmol, 7.4 %) as a
yellowy-white solid. In order of elution: nitrile 136  m.p. 136.4-143.5 °C; Rf 0.82 (3:7
EtOAc / hexane); IR ʋmax 3031 (sp2 C-H), 2926 (sp3 C-H), 2215 (C≡N), 1594 (C=C),
1482, 1556 (Ar-H) cm-1; 1H NMR (700 MHz, CDCl3) δ 7.96 (d, J = 9.0 Hz, 1H,
CH3OCCHCHCN), 7.54 (d, J = 16.3 Hz, 1H, SCCHCHCN), 7.33 (d, J = 2.4 Hz, 1H,
CH3OCCHCS), 7.15 (dd, J = 9.0, 2.5 Hz, 1H, CH3OCHCHCN), 6.29 (d, J = 16.3 Hz,
1H, SCCHCHCN), 3.90 (s, 3H, CH3);

13C

NMR (176 MHz, CDCl3) δ 159.4 (CH3OC),
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158.7 (SCCHCHCN), 148.5 (CH3OCCHCHCN), 142.4 (SCCHCHCN), 137.3
(CH3OCCHCS), 125.1 (CH3OCCHCHCN), 117.5 (CH3OCHCHCN), 117.0 (SCCHCHCN),

103.8

(CH3OCCHCS),

102.4

(SCCHCHCN),

56.0

(CH3);

HRMS

[C11H8N2OS+H]+: calcd. 217.0430, found 217.0424; compound 153  m.p. 148.7149.9 °C; Rf 0.74 (3:7 EtOAc / hexane); IR ʋmax 3174 (sp2 C-H) , 2919 (sp3 C-H), 1765
(RO-C=O), 1596 (C=C), 1555, 1503, 1485 (Ar-H) cm-1; 1H NMR (700 MHz, CDCl3) δ
7.91 (d, J = 8.9 Hz, 1H, CH3OCCHCHCN), 7.65 (d, J = 16.0 Hz, 1H, NCCHCHCNCO),
7.49 (d, J = 16.0 Hz, 1H, NCCHCHCNCO), 7.32 (d, J = 2.4 Hz, 1H, CH3OCCHCS),
7.13 (s, 1H, OCOCH), 7.10 (dd, J = 8.9, 2.5 Hz, 1H, CH3OCHCHCN), 3.89 (s, 3H,
CH3O), 2.35 (s, 3H, CH3COO).

13C

NMR (176 MHz, CDCl3) δ 168.0 (OCO), 162.2

(CH3OCCHCSC), 161.3 (OCOCNC), 158.6 (CH3OC), 155.1 (OCOCN), 148.7
(CH3OCCHCS),

136.6

(NCCHCHCNCO),
(CH3OCCHCS),

(CH3OCCHCS),

124.2
104.1

127.2

(CH3OCCHCHCN),
(OCOCH),

56.0

116.4

(CH3O),

(NCCHCHCNCO),

127.0

(CH3OCHCHCN),
21.2

(CH3COO);

104.5
HRMS

[C15H12N2O3S2+H]+: calcd. 333.0362, found 333.0362; compound 154  Rf 0.41 (3:7
EtOAc / hexane); IR ʋmax 2923 (sp2 C-H), 2852 (sp3 C-H) 1669 (RO-C=O), 1601 (C=C)
1435, 1466, 1488 (Ar-H) cm-1; 1H N R (700

Hz,

eOD) δ 7.77 (d, J = 8.9 Hz, 1H,

CH3OCCHCHCN), 7.44 (d, J = 2.4 Hz, 1H, CH3OCCHCS), 7.07 (dd, J = 8.9, 2.5 Hz,
1H, CH3OCCHCHCN), 7.02 (s, 1H, OCOCH), 3.84 (s, 3H, CH3O), 3.57 – 3.48 (m, 4H,
CH2CH2), 2.26 (s, 3H, CH3COO).

13C

NMR (176

Hz,

eOD) δ 169.6 (OCO), 168.8

(NC(CH2)2CNCO), 167.7 (NC(CH2)2CNCO), 159.3 (CH3OC), 154.6 (OCOCN), 148.2
(CH3OCCHCHCN),

137.5

(CH3OCCHCS),

123.5

(CH3OCCHCHCN),

116.6

(CH3OCCHCHCN), 105.2 (CH3OCCHCS), 104.5 (OCOCCH), 56.2 (CH3O), 33.9
(CH2), 33.3 (CH2), 20.5 (CH3CO); HRMS [C15H14N2O3S2+H]+: calcd. 335.0524, found
335.0523.
(E)-2-(2-aminoprop-1-en-1-yl)-5,5-dimethyl-4-oxo-4,5-dihydrothiazol-3-ium
bromide (164)
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Thioacetamide (0.10 g, 1.3 mmol) and ethyl α-bromoisobutyrate (0.20 mL, 1.3 mmol)
were heated to 150 ⁰C for 6 min. An orange precipitate had formed which was washed
with DCM (2 x 10 mL) and dried under high vacuum to give 164 as a peach - white
solid (0.06 g, 0.2 mmol, 17 %); mp 255.3 – 261.5 ⁰C (solid decomposed); Rf 0.71 (10
% MeOH / EtOAc); IR ʋmax 3002 (sp3 C-H), 1725 (C=O) cm-1; 1H NMR (700 MHz,
eOD) δ 6.21 – 6.12 (m, 1H, NH2CCHCN), 2.54 (s, 3H, NH2CCH3), 1.69 (s, 6H,
(CH3)2); 13C NMR (176 MHz,

eOD) δ 180.0 (CO), 179.6 (SCN) , 167.8 (NH2CCHCN),

96.2 (NH2CCHCN), 55.9 (CH3CCO), 27.5 ((CH3)2), 22.1(NH2CCH3); HRMS
[C8H12N2OS+H]+: calcd. 185.0743, found 185.0744.
(Z)-2-(2-aminoprop-1-en-1-yl)-5,5-dimethylthiazol-4(5H)-one (165)

Thioacetamide (0.10 g, 1.3 mmol), ethyl α-bromoisobutyrate (0.20 mL, 1.3 mmol) and
NaHCO3 (0.11 g, 1.3 mmol) were heated to 150 ⁰C for 10 min. An orange precipitate
had formed which was washed with DCM (2 x 5 mL). The precipitate was then
dissolved in water (10 mL) and extracted with EtOAc (3 x 5 mL). The organic layers
were combined, dried with MgSO4, and concentrated in vacuo to give 165 (25 mg, 0.14
mmol, 10 %) as white crystals; m.p. 172.0 – 175.5 ⁰C; Rf 0.41 (3:2 EtOAc / hexane);
IR ʋmax 3250 (N-H), 3099 (sp2 C-H), 2922 (sp3 C-H), 1663 (C=O) cm-1; 1H NMR (700
Hz,
13C

eOD) δ 5.06 (s, 1H, NH2CCH), 2.09 (s, 3H, NH2CCH3), 1.55 (s, 6H, SC(CH3)2);

N R (176

(NH2CCH),

Hz,

58.1

eOD) δ 197.7 (CO), 185.4 (NH2CCHCN), 168.0 (NH2CCH), 92.1
(SC(CH3)2)),

28.0

(SC(CH3)2),

22.1

(NH2CCH3);

HRMS

[C8H12N2OS+H]+: calcd. 185.0743, found 185.0749.
ethyl (Z)-2-(4-oxothiazolidin-2-ylidene)acetate (172)174

According to the literature procedure,174 ethyl thioglycolate (10 mmol) was converted
to thiazolidinone 172 (0.84 g, 4.5 mmol, 48 %, lit174 87 %) as a white powder; m.p.
206

152.3-152.9 ºC (lit174 152-153 ºC); 1H NMR (600 MHz, d6-D SO) δ 11.58 (s, 1H), 5.43
(s, 1H), 4.05 (q, J = 7.1 Hz, 2H), 3.78 (s, 2H), 1.17 (t, J = 7.1 Hz, 3H). The literature
values of the 1H NMR for 172 agree with the assigned values.
2,4-dibromobutanoyl chloride (180)

A mixture of γ-butyrolactone (5.0 g, 58 mmol) and PBr3 (0.10 mL, 1.1 mmol) were
heated at 100 ⁰C. While the reaction temperature was kept at 110-115 ⁰C, Br2 (2.5 mL,
49 mmol) was added slowly below the surface of the reaction mixture. Next,
dimethylformamide (1 drop) was added at 50 ⁰C, and SOCl2 (5 mL, 70 mmol) was
added dropwise at 90 ⁰C (bath temperature). Stirring was continued for a further 3 h.
The mixture was distilled twice; all the distillate was collected the first time, the fraction
boiling at 150 ⁰C (3.75 mmHg) was collected the second time to afford 180 (9.5 g, 36
mmol, 62 %, lit176 65 %) as a colourless oil; 1H NMR (400 MHz, CDCl3) δ 4.82 (dd, J
= 9.1, 4.9 Hz, 1H), 3.63 – 3.51 (m, 2H), 2.72 – 2.46 (m, 2H). The literature values of
the 1H NMR for 180 agree with the assigned values.176
5-phenyl-4-thia-6-azaspiro[2.4]hept-5-en-7-one (183)

According to the literature procedure,177 thiobenzamide (1 mmol) was converted to
183 (0.12 g, 0.59 mmol, 59 %, lit177 70 %) as a white fluffy solid; m.p. 154.3-154.6 ºC
(lit177 150-151 ºC); 1H NMR (400 MHz, CDCl3) δ 8.17 – 8.08 (m, 2H), 7.72 – 7.61 (m,
1H), 7.58 – 7.48 (m, 2H), 1.87 – 1.82 (m, 2H), 1.75 – 1.70 (m, 2H). The literature
values of the 1H NMR for 183 agree with the assigned values.177
(E)-5-(2-(6-methoxybenzo[d]thiazol-2-yl)vinyl)-4-thia-6-azaspiro[2.4]hept-5-en-7one (178)
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To a stirring cold (0 ⁰C) solution of methyl-ether-protected thioamide 140 (0.11 g, 0.42
mmol) in DCM (0.33 mL), benzyltriethylammonium chloride in DCM (1.16 mL, 1.70
mol %, 1.40 mg mL-1) and 5 % NaOH (0.82 mL) was added acyl chloride 180 in DCM
(1.0 mL, 0.42 mmol, 0.13 g mL-1) dropwise, followed by 5 % NaOH (0.4 mL) and the
reaction was stirred at 0 ⁰C for 2 h. The reaction was quenched with sat. NH 4Cl (10
mL) and extracted with DCM (3 x 10 mL). The organic layers were dried with MgSO 4
and concentrated in vacuo. The residue was purified by flash chromatography (0.5 %
triethylamine and 2:3 EtOAc/hexane) to afford compound 178 (0.05 g, 0.15 mmol, 35
%) as a yellowy-orange solid and conjugated nitrile 136 (0.02 g, 0.08 mmol, 20 %);
compound 178  m.p. 169.9 – 175.7 ⁰C; Rf 0.44 (1:1 EtOAc / hexane); IR ʋmax 3091
(sp2 C-H), 2975 (sp3 C-H), 1690 (C=N=C=O), 1594 (C=C) 1469, 1432, 1412 (Ar-C)
cm-1; 1H NMR (700 MHz, CDCl3) δ 7.98 (m, 2H, MeOCCHCHCN, NCCHCHCNCO),
7.48 (d, J = 15.8 Hz, 1H, NCCHCHCNCO), 7.35 (d, J = 2.4 Hz, 1H, MeOCCHCS),
7.15 (dd, J = 9.0, 2.4 Hz, 1H, MeOCCHCHCN), 3.92 (s, 3H, OCH3), 1.84 – 1.82 (m,
2H, CH2), 1.72 – 1.71 (m, 2H, CH2); 13C NMR (176 MHz, CDCl3) δ 192.3 (CO), 191.3
(CNCO), 160.2 (NCCHCHCNCO), 159.4 (CH3OC), 148.9 (MeOCCHCHCN), 137.7
(MeOCCHCS),

135.8

(NCCHCHCNCO),

127.5

(NCCHCHCNCO),

125.1

(MeOCCHCHCN), 117.4 (MeOCCHCHCN), 103.8 (MeOCCHCS), 56.0 (OCH3), 36.3
(SCCO), 19.5 ((CH2)2CCO); HRMS [C15H12N2O2S2+H]+: calcd. 317.0418, founds
317.0417.
(E)-3-(6-((2-methoxyethoxy)methoxy)benzo[d]thiazol-2-yl)acrylonitrile (135) and
(E)-5-(2-(6-((2-methoxyethoxy)methoxy)benzo[d]thiazol-2-yl)vinyl)-4-thia-6azaspiro[2.4]hept-5-en-7-one (187)
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To a stirring cold (0 ⁰C) solution of

-protected thioamide 139 (0.20 g, 0.63 mmol)

in DCM (0.22 mL), benzyltriethylammonium chloride in DCM (1.7 mL, 1.7 mol %, 1.4
mg mL-1) and 5 % NaOH (1.2 mL), was added haloacyl chloride 180 in DCM (1.8 mL,
0.63 mmol, 0.090 gml-1) dropwise, followed by 5 % NaOH (0.6 mL) and the reaction
was stirred at 0 ⁰C for 2 h. The reaction was quenched with sat. NH4Cl (10 mL) and
extracted with DCM (3 x 10 mL), dried with MgSO4 and concentrated in vacuo. The
residue was purified by flash chromatography (0.5 %, triethylamine, 3:7
EtOAc/hexane) to afford target compound 187 (0.08 g, 0.2 mmol, 33 %) as a yellow
solid and by-product 135 (0.04 g, 0.2 mmol, 24 %). In order of elution: compound 135
 m.p. 83.5 – 95.7 ⁰C; Rf 0.66 (0.5 % triethylamine, 7:3 EtOAc /hexane); IR ʋmax 3010
(C-H), 2215 (C≡N), 1595 (C=C), 1555, 1512 (Ar-C) cm-1; 1H NMR (700 MHz, CDCl3)
δ 7.97 (d, J = 9.0 Hz, 1H, OCCHCHCN), 7.60 (d, J = 2.4 Hz, 1H, OCCHCS), 7.55 (d,
J = 16.3 Hz, 1H, SCCHCHCN), 7.24 (dd, J = 9.0, 2.4 Hz, 1H, OCCHCHCN), 6.31 (d,
J = 16.3 Hz, 1H, SCCHCHCN), 5.35 (s, 2H, OCH2O), 3.87 – 3.85 (m, 2H, OCH2CH2O),
3.59 – 3.56 (m, 2H, OCH2CH2O), 3.37 (s, 3H, CH3);

13C

NMR (176 MHz, CDCl3) δ

159.4 (SCCHCHCN), 156.8 (OCCHCS), 149.2 (OCCHCHCN), 142.4 (SCCHCHCN),
137.0 (OCCHCS), 125.1 (OCCHCHCN), 118.6 (OCCHCHCN), 116.9 (SCCHCHCN),
107.3 (OCCHCS), 102.8 (SCCHCHCN), 94.0 (OCH2O), 71.7 (OCH2CH2O), 68.1
(OCH2CH2O), 59.2 (CH3); HRMS [C14H14N2O3S+H]+: calcd. 291.0798, found
291.0798; compound 187  m.p. 115.1 – 123.4 ⁰C; Rf 0.44 (0.5 % triethylamine, 7:3
EtOAc /hexane); IR ʋmax 2936 (C-H), 1695 (C=N=C=O), 1595 (C=C), 1553, 1503 (ArC) cm-1;

1H

NMR (700 MHz, CDCl3) δ 8.01 – 7.97 (m, 2H, OCCHCHCN,

SCCHCHCNCO)Δ, 7.61 (d, J = 2.4 Hz, 1H, OCCHCS), 7.49 (d, J = 15.8 Hz, 1H,
SCCHCHCNCO), 7.25 (dd, J = 9.0, 2.5 Hz, 1H, NCCHCHCO). 5.36 (s, 2H, OCH2O),
3.87 – 3.86 (m, 2H, CH3OCH2CH2O), 3.58 – 3.57 (m, 2H, CH3OCH2CH2O), 3.38 (s,
3H, CH3), 1.85 – 1.82 (m, 2H, SCCH2), 1.73 – 1.70 (m, 2H, SCCH2);

13C

NMR (176

MHz, CDCl3) δ 192.3 (CO), 191.2 (NCCHCHCNCCO), 161.0 (NCCHCHCNCCO),
156.9

(OCH2OCCH),

(SCCHCHCNCO),

149.5

127.7

(OCCHCHCN),

(SCCHCHCNCO),

137.4
125.0

(OCCHCS),

135.7

(OCCHCHCN),

118.5

(OCCHCHCN), 107.4 (OCCHCS), 94.0 (OCH2O), 71.7 (CH3OCH2CH2O), 68.1
(CH3OCH2CH2O), 59.2 (CH3), 36.3 (SCCO), 19.5 (CH2CCO).Δ Two signals overlap;
HRMS [C18H18N2O4S2+H]+: calcd. 391.0781, found 391.0781.

209

(E)-5-(2-(6-hydroxybenzo[d]thiazol-2-yl)vinyl)-4-thia-6-azaspiro[2.4]hept-5-en-7one (177)

MEM-protected compound 187 (0.03 g, 0.09 mmol) was treated with neat TFA (0.6
mL) and the reaction was stirred for 1 h at room temperature. The reaction was
quenched with solid NaHCO3 (1 g) and then diluted with saturated NaHCO3 until the
bubbling had ceased. Litmus paper was used to check that the pH was ~ 7 and then
the solution was extracted with EtOAc (3 x 10 mL). The organic layers were combined,
dried with MgSO4 and concentrated in vacuo to give a red residue. The residue was
triturated with DCM (2 mL) to afford the target compound 177 (0.02 g, 0.07 mmol, 85
%) as a red solid; m.p. 218 °C (solid decomposed); Rf 0.38 (7:3 EtOAc /hexane); IR
ʋmax 3226 (O-H), 1672 (C=N=C=O), 1599 (C=C), 1556, 1499, 1450 (Ar-C) cm-1; 1H
N R (700

Hz, D SO) δ 10.23 (s, 1H, OH), 8.04 (d, J = 15.8 Hz, 1H,

NCCHCHCNCO), 7.92 (d, J = 8.9 Hz, 1H, OHCCHCHCN), 7.63 (d, J = 15.8 Hz, 1H,
NCCHCHCNCO), 7.46 (d, J = 2.4 Hz, 1H, OHCCHCS), 7.06 (dd, J = 8.9, 2.4 Hz, 1H,
OHCCHCHCN), 1.87 (dd, J = 8.1, 4.4 Hz, 2H, CH2), 1.56 (dd, J = 8.1, 4.4 Hz, 2H,
CH2); 13CN R (176

Hz, D SO) δ 191.8 (CO or CNCO), 191.8 (CO or CNCO), 159.1

(NCCHCHCNCO), 157.3 (OHC), 147.3 (OHCCHCHCN), 137.6 (OHCCHCS), 135.1
(NCCHCHCNCO),
(OHCCHCHCN),

126.8
106.8

(NCCHCHCNCO),
(OHCCHCS),

36.2

124.7
(SCCO),

[C14H10N2O2S2+H]+: calcd. 303.0256, found 303.0257.
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(OHCCHCHCN),
19.0

((CH2)2);

117.5
HRMS

10 Appendices
10.1 Organic Chemistry

Figure 93 Crude 1H NMR of the diacetylated infraoxylucferyl compound 158. The peaks in the aromatic
region (δ 7-8.5 ppm) are highlighted in colour (red, dark blue, dark green and purple) which correspond
to the aromatic and vinylic protons of compound 158. The inset of the 1H NMR spectrum is highlighted
between 2.15-2.55 ppm show two conjoined singlets with chemical shifts of δ 2.35 and 2.36 ppm which
integrate to around 6H, corresponding to the proton signals that are attributed to the six acetyl protons
(light blue).
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Figure 94 Crude 1H NMR of the demethylation reaction of 178 with BBr3. A broad singlet at around ~ δ
10.9 ppm (purple) and two triplets at around δ 3.66 - 3.68 ppm (red) and δ 3.20 – 3.23 ppm (blue) show
evidence towards electrophilic ring opening of the cyclopropyl-ketone assisted by the activation due to
212
lewis acid BBr3.

Figure 95 Emission spectra of derivative 178, following photoexcitation at 274 nm in neat
DMSO of concentration 1 μ . Averaging the emission maxima gives 546  2 nm.

213

N

O

S

Figure 96 Mass spectrum of target thiazolone 161, showing evidence to suggest that 161 has been
formed.
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10.2 Physical Chemistry
10.2.1

Vertical Excitation Energies

Figure 97 Hartree-Fock orbitals of phenolateketo used in the ADC(2) calculation. Calculations
performed by M.Assmann.

Table 8 Excited states calculated with ADC(2)/augcc-pVDZ for phenolate-keto. Listed are all
excitations with a contribution of more than 15%.
Calculations performed by M.Assmann.
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Figure 98 Hartree-Fock orbitals of phenolateenol used in the ADC(2) calculation. Calculations
performed by M.Assmann.

Table 9 Excited states calculated with ADC(2)/augcc-pVDZ for phenolate-enol. Listed are all
excitations with a contribution of at least 18%.
Calculations performed by M.Assmann.
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Figure 99 Hartree-Fock orbitals of phenolenolate used in the ADC(2) calculation.
Calculations performed by M.Assmann.

Table 10 Excited states calculated with ADC(2)/augcc-pVDZ for phenol-enolate. Listed are all
excitations with a contribution of at least 18%.
Calculations performed by M.Assmann.
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10.2.2

Vibrational modes for ezSpectrum simulations

Table 11 Harmonic vibrational frequencies for the trans–M–phenolate–keto anion and
neutral radical, calculated using the B3LYP/6-311G++(2df,2pd) method. The mode
numbering (v) employed in this work is the one used in the Gaussian 09 Software Package.

218

Table 12 Harmonic vibrational frequencies for the s-Z, E, s-Z–infra–M–phenolate–keto anion and
neutral radical, calculated using the CAM-B3LYP/6-311G++(3df,3pd) method. The mode
numbering (v) employed in this work is the one used in the Gaussian 09 Software Package.
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10.2.3

Coordinates of optimised structures

Table 13 Cartesian coordinates of the trans and cis isomers of M–phenolate–keto optimised using
B3LYP/6-311++G(2df,2pd). Calculations performed by A.Henley.
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Table 14 Cartesian coordinates of the trans and cis isomers of the deprotonated M–phenolate–
keto neutral radical optimised using B3LYP/6-311++G(2df,2pd). Calculations performed by
A.Henley.

221

Table 15 Cartesian coordinates of the s-Z, E, s-Z and s-Z, E, s-E isomers of
infra–M–phenolate–keto optimised using CAM-B3LYP/6-311++G(3df,3pd).
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Table 16 Cartesian coordinates of the s-E, E, s-Z and s-E, E, s-E isomers of
infra–M–phenolate–keto optimised using CAM-B3LYP/6-311++G(3df,3pd).

223

Table 17 Cartesian coordinates of the s-Z, E, s-Z and s-Z, E, s-E isomers of infra–
M–phenol–enolate optimised using CAM-B3LYP/6-311++G(3df,3pd).
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Table 18 Cartesian coordinates of the s-E, E, s-Z and s-E, E, s-E isomers of infra–
M–phenol–enolate optimised using CAM-B3LYP/6-311++G(3df,3pd).

225

Table 19 Cartesian coordinates of the s-Z, E, s-Z and s-Z, E, s-E conformers of infra–
M–phenolate–keto and infra–M–phenol–enolate neutral radicals respectively optimised
using CAM-B3LYP/6-311++G(3df,3pd).
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Table 20 Cartesian coordinates of the 6HBTN 68 and conjugated 6HBTN 188 anions
optimised using CAMB3LYP/6-311++G(3df,3pd).
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(226) Schröder, D.; Buděšínský,

.; Roithová, J. J. Am. Chem. Soc. 2012,

134, 15897.
(227) Steill, J. D.; Oomens, J. J. Am. Chem. Soc. 2009, 131, 13570.
(228) Tian, Z.; Kass, S. R. J. Am. Chem. Soc. 2008, 130, 10842.
(229) Almasian, M.; Grzetic, J.; van Maurik, J.; Steill, J. D.; Berden, G.;
Ingemann, S.; Buma, W. J.; Oomens, J. J. Phys. Chem. Lett. 2012, 3,
2259.
(230) Janusson, E.; Hesketh, A. V.; Bamford, K. L.; Hatlelid, K.; Higgins, R.;
McIndoe, J. S. Int. J. Mass Spectrom. 2015, 388, 1.
(231) Xia, H.; Attygalle, A. B. Anal. Chem. 2016, 88, 6035.
(232) Tay, J.; Parkes, M. A.; Addison, K.; Chan, Y.; Zhang, L.; Hailes, H. C.;
Bulman Page, P. C.; Meech, S. R.; Blancafort, L.; Fielding, H. H. J. Phys.
Chem. Lett. 2017, 8, 765.
(233) Bull, J. N.; Anstöter, C. S.; Verlet, J. R. R. Nat. Commun. 2019, 10, 5820.
(234) Liu, H.-T.; Ning, C.-G.; Huang, D.-L.; Dau, P. D.; Wang, L.-S. Angew.
Chem. Int. Ed. 2013, 52, 8976.

246

(235) Anstöter, C. S.; Dean, C. R.; Verlet, J. R. R. J. Phys. Chem. Lett. 2017,
8, 2268.
(236) Manohar, P. U.; Stanton, J. F.; Krylov, A. I. J. Chem. Phys. 2009, 131,
114112.
(237) Kamiya, M.; Hirata, S. J. Chem. Phys. 2006, 125, 074111.
(238) Stewart, M. I., Chapter Nine - Gas Sweetening, in Surface Production
Operations: Vol 2: Design of Gas-Handling Systems and Facilities; 3rd
edn., Gulf Professional Publishing, Boston, 2014.
(239) Yao, Z.; Zhang, B. S.; Steinhardt, R. C.; Mills, J. H.; Prescher, J. A. J.
Am. Chem. Soc. 2020, 142, 14080.
(240) Fielding, H. H.; Worth, G. A. Chem. Soc. Rev. 2018.
(241) Burchat, A. F.; Chong, J. M.; Nielsen, N. J. Organomet. Chem. 1997,
542, 281.
(242) Appel, R.; Janssen, H.; Siray, M.; Knoch, F. Chem. Ber. 1985, 118, 1632.
(243) McCutcheon, D. C.; Paley, M. A.; Steinhardt, R. C.; Prescher, J. A. J.
Am. Chem. Soc. 2012, 134, 7604.
(244) Shuichi, S.; Kyozo, O.; Yukio, N. Bull. Chem. Soc. Jpn. 1963, 36, 331.
(245) Yoshiaki, T.; Masaharu, T.; Hisao, N.; Nobutaka, S.; Minoru, I.; Toshio,
G. Bull. Chem. Soc. Jpn. 1992, 65, 392.
(246) Rothweiler, U.; Eriksson, J.; Stensen, W.; Leeson, F.; Engh, R. A.;
Svendsen, J. S. Eur. J. Med. Chem. 2015, 94, 140.
(247) Friedrich, K.; Zamkanei, M. Tetrahedron Lett. 1977, 18, 2139.

247

(248) Pacman, S. J., PhD Thesis, Department of Chemistry, University College
London, United Kingdom, 2019.
(249) Zhu, X.; Zhang, F.; Kuang, D.; Deng, G.; Yang, Y.; Yu, J.; Liang, Y. Org.
Lett. 2020, 22, 3789.
(250) Maehr, H.; Yang, R. Tetrahedron Lett. 1996, 37, 5445.

248

