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Chimeric fungal–firefly luciferins exhibit red
shifted fungal bioluminescence

Jude I. Ayogu,a Minyan Lyu,a Aleksei D. Barykin,b,c Anastasia A. Fadeeva,b

Zinaida M. Kaskova b,d and James C. Anderson *a

A rational design of new luciferins based upon the combination of luciferins from different lineages is

exemplified by the synthesis of chimeric luciferins from a combination of fungal and firefly luciferin. Two

new chimeric fungal–firefly luciferins exhibited the furthest red shifted bioluminescence of a fungal luci-

ferin analogue.

Introduction

Bioluminescence is the emission of light by living organisms
and is one of nature’s most beautiful spectacles on land and
in the sea. The light is generated from chemical energy, in
most cases, by the catalytic oxidation of a small molecule, luci-
ferin, by a respective enzyme, luciferase. Each different biolu-
minescent organism has a specific structure of a luciferin and
luciferase pair, and a mechanistically different chemical
pathway to giving light. There are a few known structures of
luciferins and their structures are diverse (Fig. 1).1 The struc-
tures were elucidated mostly in the 20th century, with fungal
luciferin 1 being one of the most recent in 2015.2 A small part
of each luciferin molecule, the ‘reactive’ core, is oxidised to
give an excited state species which is conjugated to the remain-
ing bulk, the chromophore, of the luciferin molecule which
characterises the subsequent light emission. The light emis-
sion can also be affected to some extent by the microenvi-
ronment of the luciferase active site.

Luciferases are widely used for imaging biological processes
in vitro, in live cells and in animal models. The most popular
bioluminescent imaging system uses firefly’s D-luciferin (2)
which bioluminesces with λmax = 558 nm (Fig. 1).3 The tech-
nique does not require an external light source, unlike fluo-
rescence imaging, so there are no background photons,
leading to a higher signal/noise ratio, which is particularly
attractive for bioanalytical methods that require enhanced sen-
sitivity. It has proven easy to use, cheap, non-invasive, highly

sensitive and has a wide dynamic range.4 However, one of the
main limitations of using bioluminescence in vivo is that only
a fraction of the light typically reaches the detector, because
the photons are absorbed and/or scattered by haemoglobin,
melatonin and tissue. This has a detrimental effect on image
resolution and signal penetration depth. It is well accepted
that light beyond the visible range (infrared) is more tissue
penetrant.5

The development of new imaging techniques has relied
upon manipulating the natural capabilities of a bio-
luminescence system, most often to red shift the wavelength of
the emitted light for improved tissue penetration. For the most
popular bioluminescent imaging system D-luciferin this was
approached first through mutations of the luciferase enzyme,6

but was found to be limited by the inherent structure and elec-
tronic properties of the D-luciferin itself. Derivatives of
D-luciferin (Fig. 2) have led to enhanced properties in terms of

Fig. 1 A selection of commonly known luciferins which demonstrates
the structural diversity.
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colour modulation, most desirably towards the red end of the
spectrum.7

The most successful analogues for imaging have been
based upon substitution of the hydroxyl group of D-luciferin
with an amino group (CycLuc8 and AkaLumine,9 Fig. 2).
Akalumine was also the first example of extended conjugation
leading to red shifted bioluminescent emission.10 This
concept was in turn used to develop some of the most red
shifted luciferins to date, infraluciferin11 and napthyllucifer-
ins12 (λmax = 730 and 750 nm respectively),13 along with other
examples that have shown the beneficial effects of extending
π-conjugation.14–17 Akalumine was also an example of com-
plete substitution of the benzothiazole nucleus of D-luciferin.
Other examples have substituted for new heterocylces,18,19 ben-
zothiophene,20 quinoline,21 coumarin derivatives22–24 and ben-
zobisthiazole ‘V’-shaped motifs.25 They all suffer from much
lower quantum yields than D-luciferin, but some are neverthe-
less efficacious due to more tissue penetrant red light being
produced and specific luciferase matching.13,26 This has been
shown to be the case for CycLuc,8 akalumine,9 napthylluci-
ferin12 and coumarin luciferins.23

There is still a pressing need for bright, multicoloured, nr-
IR emitting luciferins for improved in vivo tissue penetration
and new multiparametric bioluminescence analytical/imaging
techniques for a wide range of applications. The opportunities
to substitute and adorn the skeleton of the natural core of
D-luciferin are dwindling and could be considered exhausted
(Fig. 2). The coupling of other chromophores such as dye
molecules (BODIPY, squaraine, rhodamine dye etc.) to the
‘reactive’ thiazoline unit has given useful bioluminescent
species,9,10,12,18–24 but future examples of this concept are not
obvious. Computer aided design is possible, but only when the
three dimensional structure of the luciferase is known, which
is not the case for all luciferases. We postulate that to ration-
ally diversify the structures of new luciferins it would be ben-
eficial to look beyond the structure of D-luciferin and its struc-
turally exhausted analogues. We propose the design of chi-
meric luciferins that combine the ‘reactive’ core of one luci-
ferin with the chromophore of a luciferin from another lineage

to identify new luciferin structures that may form the basis for
further development of bioluminescent systems for imaging.

The luciferases and luciferin extracted from different
species within the same phylogenetic lineage can be cross-
reacted, resulting in light emission, because they are essen-
tially identical bioluminescent systems within each
lineage.27,28 Even though bioluminescence from each system
requires the oxidation of a small molecule luciferin to its
excited state, due to the subtly different mechanisms of biolu-
minescent light production, it is not possible for a luciferin
from one lineage to give light with the luciferase from another
lineage. However, luciferases can be promiscuous. For example
and as already discussed, firefly luciferase can generate light
with a multitude of unnatural D-luciferins (Fig. 2).7 This indi-
cates that if the ‘reactive’ core of the molecule is present in an
unnatural luciferin then the enzyme normally used to give
light with that particular ‘reactive’ molecular feature, will most
probably still give light with the new luciferin. The remaining
bulk of the molecule can have a modified structure, which has
been proven by the substitution of the benzothiazole of
D-luciferin with other aromatic groups. Luciferin metabolites
in nature have presumably evolved to gain selective advantages
in their environment, in this specific case to give chemical
light. By extension, each part of a luciferin, the ‘reactive’ core
and the chromophore, have been selected for efficient bio-
luminescence. We wanted to demonstrate that for a rational
synthesis of diverse new luciferins, a ‘reactive’ core of a luci-
ferin from one lineage could be combined with a chromophore
from a luciferin from another lineage. The wild type luciferase
matched to the ‘reactive’ partner of the chimeric luciferin
should be able to generate bioluminescence. This cross-
lineage, modular approach allows extended π-conjugation and
rational tuning of emission wavelengths while retaining enzy-
matic compatibility. We report our preliminary investigation of
this chimeric approach by the synthesis and bioluminescent
evaluation of two chimeric fungal–firefly luciferins, that
demonstrate their potential to expand the spectral and struc-
tural diversity of luciferins.

Results and discussion
Design, calculations and synthesis

As a rational design concept, the chimeric luciferin should
possess the character of both parent luciferins, and the two
conjoined parts should be in conjugation with each other. By
analysing the structures and mechanisms of bioluminescence
from natural luciferins (Fig. 1) potential partners can be
identified. In this preliminary study we focussed on the ‘reac-
tive’ part of fungi’s luciferin, 3-hydroxyhispidin (1)
(Scheme 1).29 In fungal luciferin 1, and like D-luciferin (2), con-
jugation between the 3-hydroxyl group of catechol and the
‘reactive’ functional group is essential for bioluminescence.
Hypothetically conjoining the two separate halves of fungal
and D-luciferin could lead to two chimeric luciferins 3 and 4,
both of which retain conjugation of a hydroxyl group with the

Fig. 2 Examples of modifications to D-luciferin.
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‘reactive’ partner (Scheme 1). Chimeric structure 3 retains the
active core of fungal luciferin 1 conjugated with the benzothia-
zole chromophore from D-luciferin (2). While chimera 4 retains
the active core from D-luciferin (2) with the catechol chromo-
phore from fungal luciferin 1.

We thought that chimera 3 would be more red shifted than
fungal luciferin 1 as D-luciferin (2) (λmax = 558 nm) biolumi-
nesces with a more red shifted emission than fungal luciferin 1
(λmax ∼ 530 nm). We also thought that chimera 4 would most
likely be a poor bioluminescence emitter and unlikely to have
significantly red shifted bioluminescence compared to that of
fungal luciferin. This was based upon the seminal work on
Akalumine (Fig. 2) which showed that the 4-substiuted phenol
analogue of chimera 4, analogue 5, was a weak bioluminescence
emitter (λmax = 530 nm).10 Amino luciferins are often red shifted
compared to their hydroxyl parents and increased lipohilicity
can yield advantages in terms of lowering Km.

7–9,12 Therefore
this study focussed on the synthesis of chimera 3 and due to
the beneficial tuning effect of substituting the hydroxyl group in
D-luciferin with a dimethylamine,7–9,12 we also chose to
additionally synthesise chimera 6.

DFT calculations at the B3LYP/6-311+G(2d,p) level30,31 were
performed to interrogate the proposed red shifting effect of di-
methylamine substitution in chimera 6 over the hydroxyl
derivative chimera 3. The calculations supported our predic-
tion that of the light giving oxidised forms of the luciferins,
that would be produced by fungal luciferase, Oxy-6 had a
smaller HOMO–LUMO gap (2.94 eV) and a higher dipole
moment (μ = 9.15 D) than Oxy-3 (3.51 eV; μ = 5.64 D) which
should manifest itself in red shifted bioluminescence of
chimera analogue 6 compared to chimera 3. The calculated
values (Fig. 3) are consistent with increased charge delocalisa-
tion and enhanced intramolecular charge transfer (ICT).32,33

Orbital density mapping showed HOMO localisation on the
aryl donor and LUMO concentration on the reactive backbone
(Fig. 3), supporting directional ICT upon excitation.

We investigated a synthetic strategy for synthesising the chi-
meric fungal–firefly luciferins that focused on the central
alkene function as a convergent joining point. Although a
series of condensation reactions between 4-methoxy-6-methyl-
2H-pyran-2-one (7) and a range of aryl aldehydes has been
reported,34 analogous attempts with 6-methoxybenzo[d]thia-

zole-2-carbaldehyde (8), with a view to using the fully oxyge-
nated 3,4-dimethoxy-pyranone under similar conditions if suc-
cessful, led to degradation (Scheme 2). The exploration of a
range of deprotonating conditions using LDA, t-BuOK, NaOAc,
piperidine and DBU were also unfruitful. Inspired by the
reported palladium catalysed coupling of arene diazonium tet-
rafluoroborates with a vinyl-2-pyrone,35 investigation of a Heck
type approach with suitable coupling partners 9 and 10 was
also unsuccessful under a range of different conditions
(Scheme 2). Resorting to Wittig based technology that had
already been shown by Kaskova et al. to be effective for the syn-
thesis of fungal luciferin analogues,29 a fully tris-methyl pro-
tected analogue 11 was prepared. Unfortunately global de-
protection of the methyl groups to give target chimera 3 was
unsuccessful due to the 6-MeO group being recalcitrant to
unmasking under a range of more forcing conditions that ulti-
mately led to degradation. It was decided to repeat this latter
approach with a more compliant 6-phenolic protecting group.

Scheme 1 Design of chimeric fungal–firefly luciferins.

Fig. 3 HOMO and LUMO visualisations of oxidised luciferins Oxy-3 and
Oxy-6, rendered with isovalue 0.020 and density isovalue 0.005, high-
lighting differences in orbital delocalisation and charge distribution.

Scheme 2 Exploration of synthetic routes to chimeric fungal–firefly
luciferin 3.
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The approach was repeated with a 6-OMEM group as it had
been used successfully in luciferin synthesis.36,37 Wittig reac-
tion of known aldehydes 12 37 and 13 38 with phosphonium
salt 14 29 gave good yields of alkene products 15 and 16
(Scheme 3). Global deprotection of 15 was achieved in two
steps, first by removal of the MEM protecting group with TFA
and then treatment with an excess of BBr3 to give target 3 in a
60% yield after reverse phase HPLC purification. After optimi-
sation global deprotection of 16 was achieved by stirring with
an excess of BBr3 for 4 days to give 6 in 69% yield after reverse
phase HPLC purification.

Spectroscopic and bioluminescent properties

Fluorescence spectra (DMSO) showed maximum absorption
for 3 λ = 394 nm and 6 λ = 444 nm with corresponding emis-
sions for 3 λ = 496 nm and 6 λ = 633 nm (Fig. 4). The greater
red shifted emission of 6 was in line with our DFT
calculations.

The bioluminescence of the chimeric fungal–firefly luciferins,
3 and 6 were assayed with recombinant Neonothopanus nambi
luciferase. Both compounds produced red shifted emission pro-
files compared to wild type fungal luciferin 1, with λmax values
for 3 at 630 nm more red shifted than 6 at 600 nm (Fig. 5).

While the red shifted bioluminescence emission of 3 com-
pared to 6 contradicted our DFT calculations, fluorescence
measurements and the results from amino firefly luciferins in
the literature,7–9,12 the results did fit the trend seen for fungal
luciferin analogues,29 and those of coumarin luciferins23 with
respect to substitution of hydroxyl groups for dimethylamino
substituents. Hydroxyl groups can induce bathochromic shifts

through microenvironmental interactions within the active site
of the luciferase that are not captured by in vitro DFT or optical
measurements.

Kinetic analyses (Fig. 6 and Table 1) revealed low Michaelis
constants (Km = 0.40 µM for 3 and 0.25 µM for 6) compared to
fungal luciferin (Km = 1.09 µM), indicative of high luciferase
affinity. The lower Km value of dimethylamino chimera ana-
logue 6 over that of chimera 3 is in line with previous obser-
vations for amino substituted luciferins.7–9,12 However, the
Vmax values were markedly reduced compared to fungal luci-
ferin with relative bioluminescence intensities of ∼1.5% for 3
and ∼2.8% for 6 (Fig. 7). This suggested tight binding, but
poor catalytic turnover possibly due to steric or electronic mis-
alignment in the active site. These magnitudes of relative bio-
luminescence are expected for luciferin analogues.7

Scheme 3 Synthesis of chimeric fungal–firefly luciferins 3 and 6.

Fig. 4 Normalised absorption and fluorescence emission of (a)
Chimera 3 and (b) Chimera 6 in DMSO at 25 °C. The absorption data was
collected in DMSO at 25 °C under concentrations of 0.3 µM and 0.9 µM
for Chimeras 3 and 6 respectively. Identical conditions were used for the
collection of emission data.

Fig. 5 Bioluminescence emission spectra of chimeric fungal–firefly
luciferins 3 and 6 with recombinant fungal luciferase, showing red
shifted λmax values relative to fungal luciferin 1.

Fig. 6 Michaelis–Menten plots illustrating the bioluminescence reac-
tion kinetics of chimeras 3 and 6 with membrane N. nambi exaction.
Each point represents the average of duplicate or triplicate measure-
ments of light integration over a 60 second period. Michaelis–Menten
kinetics were determined using non-linear regression in Prism 9. Data
were plotted on both linear and logarithmic axes.
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Conclusions

This work has shown proof of concept that the combination of
luciferins from different lineages can lead to bioluminescent
chimeric luciferins. In this preliminary work, careful selection
of luciferin partners from fungal and firefly bioluminescence
systems resulted in the design and synthesis of chimeric
fungal–firefly luciferins that exhibited the farthest red shifted
fungal luciferin bioluminescence recorded. The initial struc-
tural designs were validated by DFT calculations. The synthesis
of the new chimeric fungal–firefly luciferins used the existing
route used by Kaskova for the synthesis of fungal luciferin ana-
logues and proved to be efficient in terms of yield and purity.
The chimeric fungal–firefly luciferin 3 exhibited bio-
luminescence of λmax = 630 nm compared to wild type fungal
luciferin of λmax = 548 nm. Substitution of the hydroxyl group
in chimera 3 for a dimethylamino group gave chimera ana-
logue 6 with λmax = 600 nm. DFT calculations and optical
measurements had suggested that chimera 6 possessed physi-

cal properties that could make it more red shifted than its
parent chimera 3. However, subtle interactions with the oxi-
dised light giving forms of their luciferins in the microenvi-
ronment of the luciferase active site, particularly with hydroxyl
groups,7 may alter the character of the frontier molecular orbi-
tals of the luciferins that are not captured by in vitro DFT or
optical measurements. This has previously been noted for
fungal luciferin analogues,29 and those of coumarin lucifer-
ins23 with respect to substitution of hydroxyl groups for di-
methylamino substituents. The relative activities of chimera 3
and 6 are 2 orders of magnitude lower than that of fungal luci-
ferin 1. In bioluminescence imaging brightness is not the
absolute requirement for better penetration and resolution
because of a reduced signal to noise effect caused by light scat-
tering. Scatter of light is inversely proportional to the fourth
power of wavelength and so is less for red shifted light. The
two new luciferin structures 3 and 6 may thus offer a starting
point for the further development of fungal luciferin bio-
luminescence imaging39 through the engineering of fungal
luciferase mutants and simple chemical structure modifi-
cations as has been achieved in firefly bioluminescence
imaging. In addition the design of chimeric luciferins from
other lineages offers a rational design concept for new lucifer-
ins that may be tuned for other bioluminescence applications.

Experimental
General experimental details – please see SI

Phosphonium salt 14. Synthesis was performed as reported
in the literature29 except for the step below which was
improved by using an IR lamp instead of daylight.

6-(Bromomethyl)-3,4-dimethoxy-2H-pyran-2-one. To a solu-
tion of 6-methyl-3,4-dimethoxy-2H-pyran-2-one29 (1.75 g,
10.3 mmol) in CCl4 (120 mL) was added N-bromosuccinimide
(3.66 g, 20.6 mmol) and benzoyl peroxide (50.0 mg,
0.206 mmol). The reaction mixture was stirred for 16 h under
irradiation with a Philips IR175C-PAR 240 V 175 W white light
lamp. After 16 h, the reaction mixture was diluted with DCM
(50 mL), washed with a saturated aqueous solution of Na2S2O3

(200 mL), and the aqueous layer re-extracted with DCM (3 ×
150 mL). The combined organic layers were dried (Na2SO4), fil-
tered and concentrated in vacuo. The residue was purified by
flash chromatography (pet. ether/EtOAc 1 : 1) to give 20 (1.99 g,
78%, lit.3 34%) as a yellow solid; Rf 0.29 (pet. ether/EtOAc 1 : 1);
1H NMR (400 MHz, CDCl3) δ 6.29 (1H, s, CH), 4.14 (2H, s, CH2),
3.97 (3H, s, CH3), 3.83 (3H, s, CH3).

13C NMR (100 MHz, CDCl3)
δ 160.9 (CvO), 157.8 (CCH2), 154.2 (COCH3), 128.5 (C(OCH3)
CvO), 99.6 (CH), 60.3 (OCH3), 57.8 (OCH3), 26.9 (CH2). The
data was in agreement with the literature.29

(E)-3,4-Dimethoxy-6-(2-((2-methoxy)methoxy)benzo[d]thiazol-2-
yl)vinyl-2H-pyran-2-one (15). To a stirred mixture of NaOH
(1.0 mL, 2.0 M aq. Solution) and phosphonium salt 14 29

(24.0 mg, 0.0471 mmol) in DCM (1.0 mL) was added aldehyde
12 37 (18.8 mg, 0.0704 mmol) and the reaction mixture was
allowed to stir at room temperature. After 4 h, the reaction

Table 1 Summary of luciferin activity, Km and bioluminescence emis-
sion wavelength maximum of 3, 6 and the WT luciferin (1)

Substrate
Relative
activity (%) Km (µM)

Emission wave
length maximum (nm)

1 100 1.09 ± 0.06 548 ± 10
6 2.8 0.25 ± 0.05 600 ± 10
3 1.5 0.40 ± 0.05 630 ± 10

Fig. 7 (a) Relative bioluminescent activity of 3, 6 and fungal luciferin 1
substrates. (b) Total luminescent output (integrated over 60 seconds)
measured using Promega GloMax luminometer. Fungal luciferin 1
exhibited the highest activity (5 732 893 RLU), followed by 6 (158 254
RLU) and 3 (85 448 RLU).
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mixture was diluted with DCM (2 mL) and washed with water
(2 × 2 mL). The aqueous layer was re-extracted with DCM
(2 mL), and the combined organic layers were dried (Na2SO4),
filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (pet. ether/EtOAc 1 : 1 → 1 : 4)
to afford the product 10 (46.0 mg, quant.) as a fluorescent
green syrup; Rf 0.26 (pet. ethe/EtOAc 1 : 1); λmax (acetonitrile) =
389 nm (c = 0.27 mM, ε = 14 967 L mol−1 cm−1); IR (neat) 1692
(CvC), 1247 (C–O), 1029 cm−1; 1H NMR (500 MHz, CD3CN) δ
7.81 (1H, d, J = 8.9, ArCH), 7.62 (1H, d, J = 2.4, ArCH), 7.33 (1H,
d, J = 15.8, HCvCH), 7.16–7.12 (2H, m, HCvCH, ArCH), 6.78
(1H, s, CHCOCH3), 5.27 (2H, s, OCH2O), 3.95 (3H, s, OCH3),
3.74–3.72 (2H, m, OCH2), 3.70 (3H, s, OCH3), 3.45–3.43 (2H, m,
OCH2), 3.18 (3H, s, OCH3);

13C NMR (125 MHz, CD3CN) δ

162.3 (COCvO), 159.2 (CvN), 158.1 (CvO), 156.0 (ArC), 152.4
(ArC), 149.3 (ArC), 136.4 (COCH3), 129.2 (HCvCH), 125.8
(HCvCH), 125.5 (ArCH), 123.7 (ArCH), 117.5 (C(OCH3)CvO),
107.6 (ArCH), 101.6 (HCCOCH3), 93.8 (OCH2O), 71.4 (OCH2),
67.7 (OCH2), 59.1 (OCH3), 57.8 (OCH3), 57.0 (OCH3); HRMS
C20H22NO7

32S [M + H]+ calcd 420.1102, found 420.1112.
(E)-3,4-Dihydroxy-6-(2-((hydroxy)benzo[d]thiazol-2-yl)vinyl)-

2H-pyran-2-one (3). A solution of 15 (310 mg, 0.740 mmol) in
anhydrous TFA (10.0 mL) was stirred for 3 h at rt under N2.
The reaction mixture was neutralised with saturated aqueous
NaHCO3 solution until effervescence had stopped. The
product was extracted with EtOAc (3 × 50 mL), dried (Na2SO4),
filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (pet. ether/EtOAc 1 : 1) to afford
the mono deprotected 6-OH (231 mg, 95%) as a pale green-
fluorescent solid; Rf 0.14 (pet. ether/EtOAc 1 : 1); mp 85–86 °C;
IR (neat) cm−1 3099, 2995, 2930 (C–H), 1684 (CvO), 1606
(CvC), 1410, 1347 (O–H bend), 1265 (C–O) cm−1; 1H NMR
(500 MHz, DMSO) δ 10.14 (1H, s, OH), 7.81 (1H, d, J = 8.9,
ArCH), 7.64–7.53 (1H, m, ArCH), 7.35 (1H, d, J = 15.8,
HCvCH), 7.23 (1H, J = 15.9, HCvCH), 7.09 (1H, s, HCCOCH3),
7.01 (1H, dd, J = 8.8, 2.4, ArCH), 3.94 (3H, s, OCH3), 3.71 (3H,
s, OCH3);

13C NMR (125 MHz, DMSO) δ 162.3 (COCvO), 159.2
(CvN), 158.1 (CvO), 156.0 (ArC), 152.4 (ArC), 149.3 (ArC),
131.5 (COCH3), 128.7 (HCvCH), 125.5 (HCvCH), 125.4
(ArCH), 123.8 (ArCH), 116.7 (COCH3), 106.8 (ArCH), 101.6
(CHCOCH3), 59.5 (OCH3), 57.4 (OCH3); HRMS C16H14O5N

32S
[M + H]+ calcd 332.0587, found 332.0580.

To a solution of the mono deprotected 6-OH compound
prepared above (51.0 mg 0.142 mmol) in anhydrous DCM
(40 mL) was added a solution of BBr3 (7.10 mL of 1.0 M in
DCM, 30 eq.) and the reaction mixture was allowed to stir for 3
days under N2. The solvent and the excess BBr3 were removed
in vacuo, and the residue was partitioned between phosphate
buffer (100 mL, pH 7.4) and EtOAc (100 mL). The layers were
separated, the aqueous layer was further extracted with EtOAc
(3 × 100 mL), and the combined organic layers dried (Na2SO4),
filtered and concentrated in vacuo. The residue was dissolved
in DMSO (6.00 mL) and purified by reverse-phase HPLC to give
the product 3 (162 mg, 58%) as a green solid; Rt 13.4 min
(5–95% acetonitrile in water); λmax (DMSO) = 394 nm (c =
0.33 µM, ε = 2666 L mol−1 cm−1); IR (neat) 2925, 2856 (C–H),

1732 (CvO), 1457, 1376 (O–H bend), 1265 (C–O) cm−1;
1H-NMR (700 MHz, DMSO-d6) δ 10.80 (1H, br s, OH), 9.96 (1H,
s, OH), 9.23 (1H, br s, OH), 7.78 (1H, d, J = 8.8, ArCH), 7.37
(1H, d, J = 2.5, ArCH), 7.19 (1H, d, J = 15.9, HCvCH), 7.18 (1H,
d, J = 15.9, HCvCH), 6.97 (1H, dd, J = 8.8, 2.5, ArCH), 6.59
(1H, s, CHC(OH)); 13C NMR (150 MHz, acetone-d6) δ 162.3
(COH), 161.0 (COCvO), 157.1 (CvN), 149.8 (CvO), 149.0
(ArC), 137.5 (ArC), 132.7 (C(OH)CvO), 129.5 (ArC), 129.4
(HCvCH), 126.4 (HCvCH), 124.7 (ArCH), 117.2 (ArCH), 107.4
(ArCH), 107.0 (CHC(OH)); HRMS C14H10O5N

32S [M + H]+ calcd
304.0274, found 304.0278.

(E)-3,4-Dimethoxy-6-(2-((6-dimethylamino)benzo[d]thiazol-2-
yl)vinyl)-2H-pyran-2-one (16). To a stirred mixture of NaOH
(14 mL, 2.0 M aq.) and a solution of phosphonium salt 14 29

(204 mg, 0.400 mmol) in DCM (14 mL) was added the alde-
hyde 1338 (124 mg, 0.602 mmol). After 3 h, the reaction
mixture was diluted with DCM (2 × 50 mL), washed with H2O
(2 × 50 mL), dried (Na2SO4), filtered and concentrated in vacuo.
The residue was purified by flash column chromatography
(pet. ether/EtOAc 1 : 1) to afford 16 (123 mg, 86%.) as a fluo-
rescent deep orange solid; Rf 0.41 (pet. ether/EtOAc 1 : 1); mp
>200 °C (dec.); λmax (acetonitrile) = 415 (c = 0.22 M, ε = 17 312 L
mol−1 cm−1); IR (neat) 3087, 2918 (C–H), 1684 (CvO), 1611
(CvC), 1348 (C–N) 1278 (C–O), 1156 (C–O) cm−1; 1H NMR
(500 MHz, CDCl3) δ 7.84 (1H, d, J = 9.0, ArCH), 7.50 (1H, d, J =
15.6, HCvCH), 7.03 (1H, d, J = 2.6, ArCH), 6.97–6.92 (2H, m,
HCvCH, ArCH), 6.21 (1H, s, CHC(OCH3)), 3.99 (3H, s, OCH3),
3.89 (3H, s, OCH3), 3.05 (6H, s, N(CH3)2);

13C NMR (125 MHz,
CDCl3) δ 160.5 (COCvO), 159.0 (CvN), 158.2 (CvO), 153.4
(ArC), 149.4 (ArC-NMe2), 146.2 (ArC), 138.0 (COCH3), 129.3
(HCvCH), 127.3 (HCvCH), 123.8 (ArCH), 123.1 (ArCH), 114.0
(ArCH), 102.4 (ArCH), 100.2 (CHC(OCH3)), 60.5 (OCH3), 57.6
(OCH3), 41.0 (N(CH3)2); HRMS C18H18N2O4

32S [M + H]+ calcd
359.1060, found 359.1057.

(E)-3,4-Dihydroxy-6-(2-((6-(dimethylamino)benzo[d]thiazol-2-
yl)vinyl)-2H-pyran-2-one (6). To a solution of compound 16
(302 mg, 0.843 mmol) in anhydrous DCM (50 mL) was added a
solution of BBr3 (25.3 mL of 1.0 M in DCM, 30 eq.) and the
reaction mixture was allowed to stir for 3 days under N2. The
solvent and the excess BBr3 were removed in vacuo, and the
residue was partitioned between phosphate buffer (150 mL,
pH 7.4) and EtOAc (150 mL). The layers were separated, and
the aqueous layer was further extracted with EtOAc (3 ×
150 mL) and the combined organic layers were dried (Na2SO4),
filtered and concentrated in vacuo. The residue was dissolved
in DMSO (15 mL) and purified by reverse-phase HPLC to give
the major product 6 (162 mg, 58%) as a reddish brown solid;
Rt 17.2 min (5–95% acetonitrile in water); mp >250 °C (dec);
λmax (DMSO) = 444 nm (c = 0.9 µM, ε = 10474 L mol−1 cm−1);
IR (neat) 3284 (O–H), 2923 (C–H), 1651 (CvO), 1561 (CvC),
1354 (C–N), 1153 (C–O) cm−1; 1H NMR (700 MHz, acetone-d6)
δ 7.77 (1H, d, J = 9.1, ArCH), 7.30 (1H, d, J = 15.8, HCvCH),
7.24 (1H, d, J = 2.6, ArCH), 7.05 (1H, d, J = 15.8, HCvCH), 7.03
(1H, dd, J = 9.1, 2.6, ArCH), 6.52 (1H, s, CHC(OH)), 3.06 (6H, s,
(N(CH3)2);

13C NMR (150 MHz, acetone-d6) δ 162.4 (COH),
160.1 (COCvO), 150.4 (CvN), 150.1 (CvO), 146.8 (ArC), 138.2
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(ArC), 128.0 (C(OH)CvO), 125.4 (ArC), 125.2 (HCvCH), 124.1
(HCvCH), 122.4 (ArCH)), 114.4 (ArCH), 103.3 (ArCH), 103.0
(CHC(OH)), 40.8 (N(CH3)2); HRMS C16H15N2O4

32S [M + H]+

calcd 331.0742, found 331.0747.
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