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New 1-hydroxy-10-alkylacridin-9(10H)-one BFy-chelates absorb in the blue-green part of the electromagnetic
spectrum and emit fluorescence with moderate quantum yields of 8-45% in toluene. The dyes show large Stokes
shifts about 4300 cm ™!, decay times between 5 ns and 15 ns in toluene and high photostabilities. Introduction of
a fluorine atom into the acridone cycle results in an increase of the fluorescence quantum yield and decay time
whereas immobilization in a rigid polymer matrix (polystyrene) further extends the lifetime up to 18 ns. Large

Stokes shifts and long emission decay time make this dye class an interesting platform for time-resolved imaging

and sensing applications.

1. Introduction

Fluorescent dyes are widely used in science, technology and daily life
(e.g. in high-visibility clothing, optical brighteners or highlighters).
Fluorophores are indispensable in biomedical research [1] where
numerous dye classes have been applied, for example as probes and
labels. Most of them belong to BODIPYs [2,3], difluoroboron p-diketo-
nates [4], xanthenes [5,6], cyanines [7], diketopyrrolopyrroles [8] etc.,
although also various chromophores of other classes found application
in probes based on aggregation-induced emission [9,10].

The potential of fluorescent probes in biomedical applications is
often limited by autofluorescence of biological material. Consequently,
several strategies have been followed to minimize the interferences
caused by autofluorescence, most prominently designing the probes
with increased wavelength of excitation and emission [11,12], utiliza-
tion of upconversion [13,14] or elimination of the background in a
time-resolved measurement [15]. The last approach requires emitters
with decay time that is significantly longer than that of background
fluorescence allowing the latter to decay in the time between the exci-
tation pulse and interrogation of the probe [16]. For instance, in tissues
about 90% of background fluorescence has average decay time of 2.5 ns
and less than 10% of the intensity belongs to a longer component with
the average lifetime of 7.5 ns [17]. Luminescent materials suitable for
time-resolved measurements mainly include organic and inorganic
afterglow materials with decay times varying from hundreds of milli-
seconds to seconds [18,19], inorganic lanthanide-based beads [20]
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(typical decay times from hundreds of ps to several ms), phosphorescent
metal complexes with decay times in microsecond time domain [21] and
some fluorescent dyes with comparably long decay times (>10 ns and
preferably above 15 ns [17]).

One advantage of the fluorescent emitters is that the emission is
fairly inert to oxygen quenching, because only emission from the long-
lived triplet state is significantly affected by oxygen. Fluorescent dyes
also are widely used in fluorescence lifetime imaging microscopy (FLIM)
[15] and long decay times are useful for this application as well. Un-
fortunately, fluorescent emitters with decay times longer than 10 ns are
rare [15]; the representatives include (quin)acridones [22], ethidium
and propidium halides [23,24], triangulenium dyes [17] [1,3]-dioxolo
[4,5-f1[1,3]benzodioxole esters [25,26], some benzothioxanthenes
[27], difluoroboron B-diketonates [4] and acridines [28]. Therefore,
search for alternative chromophores with long fluorescence lifetimes
remains of high interest.

In addition to long fluorescence lifetime, also large Stokes shifts are
favoured for fluorescent emitters. For instance, in intensity-based im-
aging applications a large Stokes shift reduces the loss of emission light
by self-absorption [21] and enables good separation of excitation and
emission light.

Acridone is a well-known organic molecule with numerous de-
rivatives reported [29] that find applications for instance as chemo-
therapeutic agents [30] and anti-malaria drugs [31]. Acridones show
fluorescence lifetimes that range from 3 ns to 25 ns and can be modified
to couple them to biomolecules [22]. Unfortunately, acridones absorb
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Fig. 1. Structures of the new 1-hydroxy acridone BF,-chelates.

and emit light in the blue part of the electromagnetic spectrum showing
small Stokes shifts. In this work we report a new family of fluorescent
dyes, BFy-chelated 1-hydroxy acridones (Fig. 1), that overcome this
drawback featuring large Stokes shifts exceeding 4000 cm™' and
retaining up to 15 ns long fluorescence decay times.

2. Experimental section
2.1. Materials

3-Amino-2-naphthoic acid 1, 5-bromoisatoic anhydride 2a, 4-chlor-
oisatoic anhydride 2b, 4-bromoisatoic anhydride 2¢, 4-fluoroisatoic
anhydride 2d, 5-propylcyclohexane-1,3-dione, cyclohexane-1,3-dione
were purchased from Fluorochem (www.fluorochem.co.uk), 1-iodobu-
tane (stabilized with copper) was from ABCR (www.abcr.de) and
dichloromethane (DCM) was from Fisher scientific (www.fishersci.
com). N-Methylisatoic anhydride 3e, dimethyl sulfoxide (DMSO), N,N-
diisopropylethylamine, bis(trichloromethyl)carbonate and sodium hy-
dride (60% dispersion in paraffin liquid) were purchased from TCI
Europe (www.tcichemicals.com). Potassium carbonate, boron tri-
fluoride diethyl etherate (BF3OEty) and tetramethylrhodamine ethyl
ester perchlorate (TMR) were obtained from Sigma Aldrich (www.
sigmaaldrich.com). Pyridine, acetic acid, dimethylformamide (DMF),
tetrahydrofuran (THF, UV/IR grade), toluene (HPLC grade) and anhy-
drous sodium sulfate were purchased from Carl Roth (www.carlroth.
com). Deuterated chloroform (CDCl3), dichloromethane (CD,Cl,) and
dimethyl sulfoxide (DMSO-D6) were obtained from Eurisotop (www.
eurisotop.com) and ethyl acetate (EA), cyclohexane (CH), chloroform
(CHCly), diethyl ether (Ety0), methanol (MeOH), acetonitrile (ACN),
hydrochloric acid (37%) and sodium chloride were from VWR Chem-
icals (www.vwr.com). Polystyrene (average M.W. 260.000) was ob-
tained from Acros Organics (www.acros.com) and silica gel 60
(0.063-0.200 mm) was from Merk (www.merck.at). Poly(ethylene
terephthalate) (PET) support was received from Piitz (www.puetz-f
olien.com).

2.2. Measurements

'H and '3C-APT NMR were recorded on a 300 MHz instrument from
Bruker (www.bruker.com). The residual signal of the deuterated solvent
was used as an internal standard. For data analysis MestReNova NMR-
software from Mestrelab (www.mestrelab.com) was used. High resolu-
tion mass spectra were recorded on the matrix-assisted laser desorption/
ionisation time-of-flight mass spectrometer (MALDI-TOF MS) Micro-
mass MALDI micro MX from Waters (www.waters.com) and on the
orthogonal acceleration time-of-flight (0a-TOF) GC mass spectrometer
Micromass GCT Premier from Waters. Low resolution mass spectra of the
intermediates were acquired on an Expression CMS L compact mass
spectrometer from Advion (www.advion.com). The spectrometer was
equipped with an APCI (atmospheric-pressure chemical ionisation)
ionisation source and quadrupole mass analyser (range 10-2000 m/z).

Absorption spectra were recorded on a CARY 50 UV-Vis spectro-
photometer from Varian (www.agilent.com). Fluorescence spectra were
recorded on a Fluorolog-3 luminescence spectrometer (www.horiba.
com) equipped with a NIR-sensitive R2658 photomultiplier from
Hamamatsu. Lifetimes were measured using time correlated single
photon counting (TCSPC) recorded on the same luminescence spec-
trometer equipped with a DeltaHub module and a NanoLED excitation
source (A = 453 nm, pulse duration: 1.1 ns) from Horiba. Data analysis
was performed on DAS-6 Analysis software from Horiba using a mono-
exponential fit. Absolute quantum yields in toluene and THF were
measured on a Fluorolog-3 spectrometer equipped with an integrating
sphere Quanta-phi.

The photostability of the dyes 5b, 5¢, 5f, 5g and TMR was evaluated
with a previously described home-made set-up that uses a metal-halide
lamp as an excitation source [32].

2.3. Preparation of dye-polymer films

Respective dye (0.5 wt% in respect to the polymer) and polystyrene
(10 wt% in respect to the solvent) were dissolved in chloroform to obtain
a “cocktail”. The “cocktails” were knife-coated on a dust-free PET sup-
port with a wet film thickness of 75 pm and dried for half an hour at
room temperature.
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2.4. Synthesis

2H-Naphtho[2,3-d][1,3]oxazine-2,4(1H)-dione 2g was synthesized
according to literature [33] and 1-hydroxy-10-methylacridin-9
(10H)-one 4e according to [34].

2.4.1. Synthesis of 5-bromo-N-butylisatoic anhydride (3a)

In a Schlenk tube 5-bromoisatoic anhydride 2a (1.00 g, 4.13 mmol, 1
eq) was dissolved in dry DMF (15 mL) under argon atmosphere, sodium
hydride (170 mg of a 60% NaH dispersion in paraffin liquid, 4.25 mmol,
1.03 eq) was added in one portion and the solution was stirred for 1 h.
After 1 h of stirring 1-iodobutane (700 pL, 6.16 mmol, 1.49 eq) was
added and stirring continued for 24 h. The solvent was removed under
reduced pressure and the brown residue was re-dissolved in the mixture
of water (5 mL) and diethyl ether (5 mL). The organic layer was
collected and the aqueous layer was extracted twice with diethyl ether.
The organic phases were combined, dried over Na;SO4 and the solvent
was removed under reduced pressure. The product was purified by
column chromatography (silica gel) using a gradient from CH to CH:EA
(8 + 1) as an eluent and was isolated as a yellow solid (Yield: 676 mg,
55%).

'H NMR (300 MHz, CDCl3) 6 8.26 (d, J = 2.4 Hz, 1H), 7.83 (dd, J =
9.0, 2.4 Hz, 1H), 7.06 (d, J = 8.9 Hz, 1H), 4.03 (t, J = 7.8 Hz, 2H), 1.72
(p,J=8.1,7.6 Hz, 2H), 1.46 (h, J = 7.4 Hz, 2H), 0.99 (t, J = 7.3 Hz, 3H).
13C NMR (76 MHz, CDCl3) & 147.34, 140.50, 140.10, 133.34, 116.73,
115.88, 113.56, 45.16, 28.98, 20.02, 13.83. APCI-MS m/z: calc. for:
C12H13BrNO3 [MH]: 298.0, found: 298.1.

2.4.2. Synthesis of 4-chloro-N-butylisatoic anhydride (3b)

The synthesis of 3b was performed analogously to 3a, but 491 mg
(2.50 mmol, 1 eq) 2b dissolved in 10 mL dry DMF, 100 mg (2.50 mmol, 1
eq) sodium hydride (60% dispersion in paraffin liquid) and 430 pL (3.79
mmol, 1.52 eq) 1-iodobutane were used instead. The product was iso-
lated as a white powder (Yield: 365 mg, 58%) by column chromatog-
raphy (silica gel) using a gradient from CH to CH:EA (3 + 1) as an eluent.

'H NMR (300 MHz, CDCl3) & 8.09 (d, J = 8.4 Hz, 1H), 7.26 (dd, J =
8.2, 1.5 Hz, 1H), 7.15 (s, 1H), 4.02 (t, J = 7.4 Hz, 2H), 1.73 (p, J = 7.6
Hz, 2H), 1.47 (h, J = 7.3 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H). '*C NMR (76
MHz, CDCl3) 6 157.82, 147.55, 144.06, 142.44, 132.37, 124.52,114.30,
110.35, 45.16, 28.94, 20.02, 13.81. APCI-MS m/z: calc. for:
C12H13CINO3 [MH']: 254.1, found: 254.1.

2.4.3. Synthesis of 4-bromo-N-butylisatoic anhydride (3c)

The synthesis of 3¢ was performed analogously to 3a, but 500 mg
(2.07 mmol, 1 eq) 2c dissolved in 10 mL dry DMF, 82.6 mg (2.07 mmol,
1 eq) sodium hydride (60% dispersion in paraffin liquid) and 350 pL
(3.08 mmol, 1.49 eq) 1-iodobutane were used instead. The product was
isolated as a white powder (Yield: 261 mg, 42%) by column chroma-
tography (silica gel) using a gradient from CH to CH:EA (10 + 1) as an
eluent.

'H NMR (300 MHz, CDCl3) 6 8.00 (d, J = 8.3 Hz, 1H), 7.42 (dd, J =
8.4, 1.6 Hz, 1H), 7.32 (s, 1H), 4.02 (t, J = 7.8 Hz, 2H), 1.73 (p, J = 7.5
Hz, 2H), 1.46 (h, J = 7.4 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H). !3C NMR (76
MHz, CDCl3) 8 157.98, 154.77,142.33,132.70, 132.27, 127.44,117.26,
110.76, 45.12, 28.95, 20.02, 13.82. APCI-MS m/z: calc. for:
C12H13BrNO3 [MH™]: 298.0, found: 297.9.

2.4.4. Synthesis of 4-fluoro-N-butylisatoic anhydride (3d)

The synthesis of 3d was performed analogously to 3a, but 498 mg
(2.75 mmol, 1 eq) 2d dissolved in 10 mL dry DMF, 110 mg (2.75 mmol, 1
eq) sodium hydride (60% dispersion in paraffin liquid) and 470 pL (4.14
mmol, 1.5 eq) 1-iodobutane were used instead. The product was isolated
as a white powder (Yield: 463 mg, 71%) by column chromatography
(silica gel) using a gradient from CH to CH:EA (10 + 1) as an eluent.

'H NMR (300 MHz, CDCl3) & 8.18 (dd, J = 8.7, 6.2 Hz, 1H),
7.07-6.92 (m, 1H), 6.85 (dd, J = 9.8, 2.0 Hz, 1H), 4.01 (t, J = 7.7 Hz,
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2H), 1.73 (p, J = 7.6 Hz, 2H), 1.47 (h, J = 7.3 Hz, 2H), 1.01 (t, J = 7.3
Hz, 3H). '3C NMR (76 MHz, CDCls) § 170.07, 166.64, 143.90, 134.16,
134.01, 112.20, 111.89, 108.34, 101.88, 101.51, 45.32, 28.89, 20.03,
13.81. APCI-MS m/z: calc. for: C;2H;3FNOs [MH™]: 238.1, found: 237.9.

2.4.5. Synthesis of 1-butyl-2H-naphtho[2,3-d][1,3]oxazine-2,4(1H)-dione
39

The synthesis of 3g was performed analogously to 3a, but 504 mg
(2.36 mmol, 1 eq) 2g dissolved in 25 mL dry DMF, 95 mg (2.38 mmol, 1
eq) sodium hydride (60% dispersion in paraffin liquid) and 400 pL (3.52
mmol, 1.5 eq) 1-iodobutane were used instead. The product was isolated
as a white powder (Yield: 461 mg, 72%) by column chromatography
(silica gel) using a gradient from CH to CH + EA (3 + 1) as an eluent.

'H NMR (300 MHz, CDCl3) 5 8.79 (s, 1H), 7.96 (d, J = 8.3 Hz, 1H),
7.87 (d, J = 8.4 Hz, 1H), 7.68 (td, J = 7.0, 1.1 Hz, 1H), 7.53 (t, J = 7.5
Hz, 1H), 7.43 (s, 1H), 4.16 (t, J = 7.8 Hz, 2H), 1.83 (p, J = 7.6 Hz, 2H),
1.53 (h, J = 7.2 Hz, 2H), 1.04 (t, J = 7.3 Hz, 3H). 13C NMR (76 MHz,
CDClg) & 158.77, 147.49, 137.61, 135.94, 133.81, 130.74, 129.56,
129.01, 127.48, 126.43, 111.57, 110.36, 45.04, 28.66, 20.05, 13.80.
APCI-MS m/z: calc. for: C1¢H16NO3 [MH']: 270.1, found: 270.0.

2.4.6. Synthesis of 7-bromo-10-butyl-1-hydroxy-10H-acridin-9-one (4a)

Potassium carbonate (96 mg, 0.69 mmol, 1 eq) was suspended in
DMSO (15 mL) in a 100 mL round-bottom flask and cyclohexane-1,3-
dione (84 mg, 0.75 mmol, 1.1 eq) was added. After stirring the solu-
tion for 1 h at room temperature, 3a (200 mg, 0.67 mmol, 1 eq) was
added and the flask was placed in an oil bath (70 °C). The solution was
heated to 110 °C over a period of 20 min and was stirred overnight. The
dark brown solution was allowed to cool down to room temperature and
1 M HCI (40 mL) was added. The resulting precipitate was collected,
washed with water and dried under reduced pressure. The brown solid
was purified by column chromatography eluting with 2% MeOH in DCM
to get a yellow solid (Yield: 38.4 mg, 11%).

'H NMR (300 MHz, CDCl3) § 14.24 (s, 1H), 8.51 (d, J = 2.3 Hz, 1H),
7.75 (dd, J = 9.2, 2.3 Hz, 1H), 7.56 (t, J = 8.4 Hz, 1H), 7.33 (d, J = 9.2
Hz, 1H), 6.81 (d, J = 8.7 Hz, 1H), 6.66 (d, J = 8.1 Hz, 1H), 4.25 (t, J =
9.0, 8.1 Hz, 2H), 1.86 (p, J = 7.8 Hz, 2H), 1.64-1.52 (m, 2H), 1.08 (t, J
= 7.3 Hz, 3H). '3C NMR (76 MHz, CDCl3) § 180.92, 163.86, 142.48,
140.43, 137.38, 136.54, 129.42, 122.27, 116.64, 114.85, 110.13,
108.06, 103.68, 46.91, 29.08, 20.27, 13.95. APCI-MS m/z: calc. for:
C17H17BrNO, [MH']: 346.0, found: 346.1.

2.4.7. Synthesis of 10-butyl-6-chloro-1-hydroxy-10H-acridin-9-one (4b)

The synthesis of 4b was performed analogously to 4a, but 109 mg
(0.79 mmol, 1 eq) potassium carbonate suspended in 10 mL DMSO, 98
mg (0.84 mmol, 1.1 eq) cyclohexane-1,3-dione and 201 mg (0.79 mmol)
3b were used instead. The product was isolated as a yellow powder
(Yield: 25 mg, 10%) by column chromatography (silica gel) using DCM
as an eluent.

'H NMR (300 MHz, CDCl3) § 14.32 (s, 1H), 8.38 (d, J = 8.6 Hz, 1H),
7.57 (t,J = 8.4 Hz, 1H), 7.43 (s, 1H), 7.22 (d, J = 8.6 Hz, 1H), 6.81 (d, J
= 8.7 Hz, 1H), 6.69 (d, J = 8.1 Hz, 1H), 4.22 (t,J = 9.1, 8.4 Hz, 2H), 1.87
(p,J = 7.8 Hz, 2H), 1.59 (h, J = 7.3 Hz, 2H), 1.09 (t, J = 7.3 Hz, 3H). 13C
NMR (76 MHz, CDCl3) & 181.59, 163.98, 142.70, 142.38, 141.25,
136.50, 128.82, 122.28,119.53, 114.43, 110.16, 108.36, 103.69, 46.89,
29.00, 20.26, 13.94. APCI-MS m/z: calc. for: Ci7H;7CINO, [MH™]:
302.1, found: 302.0.

2.4.8. Synthesis of 6-bromo-10-butyl-1-hydroxy-10H-acridin-9-one (4c)

The synthesis of 4c was performed analogously to 4a, but 95 mg
(0.69 mmol, 1 eq) potassium carbonate suspended in 10 mL DMSO, 81
mg (0.72 mmol, 1.1 eq) cyclohexane-1,3-dione and 199 mg (0.67 mmol)
3c were used instead. The product was isolated as a yellow powder
(Yield: 20 mg, 8.7%) by column chromatography (silica gel) using DCM
as an eluent.

'H NMR (300 MHz, CDCl3) 6 14.31 (s, 1H), 8.30 (d, J = 8.8 Hz, 1H),
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Scheme 1. Overview of the dye synthesis. Synthesis of substituted BFs-acridone chelates 5a-f (a) and of the n-extended BF,-acridone chelate 5g (b).

7.65-7.52 (m, 2H), 7.37 (dd, J = 8.7, 1.7 Hz, 1H), 6.81 (d, J = 8.6 Hz,
1H), 6.69 (d, J = 8.1 Hz, 1H), 4.23 (t, J = 8.3 Hz, 2H), 1.87 (p, J = 7.6
Hz, 2H), 1.59 (h, J = 8.7, 7.9, 7.3 Hz, 2H), 1.10 (t, J = 7.3 Hz, 3H). °C
NMR (76 MHz, CDCly) & 181.73, 163.98, 142.62, 142.41, 136.55,
130.01, 128.76, 125.05, 119.85, 117.50, 110.18, 108.38, 103.71, 46.85,
29.01, 20.25, 13.94. APCI-MS m/z: calc. for: Cy7H;7BrNO, [MH™]:
346.0, found: 346.1.

2.4.9. Synthesis of 10-butyl-6-fluoro-1-hydroxy-10H-acridin-9-one (4d)

The synthesis of 4d was performed analogously to 4a, but 118 mg
(0.85 mmol, 1 eq) potassium carbonate suspended in 10 mL DMSO, 104
mg (0.93 mmol, 1.1eq) cyclohexane-1,3-dione and 199 mg (0.84 mmol,
1 eq) 3d were used instead. The product was isolated as a yellow powder
(Yield: 64 mg, 27%) by column chromatography (silica gel) using DCM
as an eluent.

H NMR (300 MHz, CDCl3) 8 14.38 (s, 1H), 8.47 (dd, J = 9.0, 6.8 Hz,
1H), 7.56 (t, J = 8.4 Hz, 1H), 7.09 (dd, J = 11.7, 2.2 Hz, 1H), 7.00 (ddd,
J=9.7,7.9, 2.2 Hz, 1H), 6.81 (d, J = 8.7 Hz, 1H), 6.69 (d, J = 8.1 Hz,
1H), 4.21 (t, J = 8.4 Hz, 2H), 1.87 (p, J = 8.2, 7.7 Hz, 2H), 1.58 (h, J =
7.4 Hz, 2H), 1.09 (t, J = 7.4 Hz, 3H). 13C NMR (76 MHz, CDCl;) 5
181.47, 168.69, 165.34, 164.06, 143.60, 143.44, 142.90, 136.29,
130.43, 117.93, 110.65, 110.34, 110.00, 108.37, 103.59, 101.02,
100.66, 47.07, 28.91, 20.27, 13.94. APCI-MS m/z: calc. for: C17H;7FNO2
[MH']: 286.1, found: 286.1.

2.4.10. Synthesis of 1-hydroxy-10-methyl-3-propylacridin-9(10H)-one
(49

The synthesis of 4f was performed analogously to 4a, but 157 mg
(1.14 mmol, 1 eq) potassium carbonate suspended in 15 mL DMSO, 187
mg (1.21 mmol, 1.1eq) 5-propylcyclohexane-1,3-dione and 200 mg

(1.13 mmol, 1 eq) 3e were used instead. The product was isolated as a
yellow powder (Yield: 95 mg, 31%) by column chromatography (silica
gel) using 2% MeOH in DCM as an eluent.

'H NMR (300 MHz, CDCl3) 6 14.42 (s, 1H), 8.45 (d, J = 8.0 Hz, 1H),
7.73 (t, J = 8.5 Hz, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.30 (d, J = 6.9 Hz,
1H), 6.67 (s, 1H), 6.56 (s, 1H), 3.84 (s, 3H), 2.68 (t, J = 7.6 Hz, 2H), 1.76
(h, J=7.5Hz, 2H), 1.03 (t, J = 7.3 Hz, 3H). 13C NMR (76 MHz, CDCl3) 8
181.73, 163.51, 152.34, 143.42, 142.45, 134.32, 126.81, 121.41,
121.13, 114.74, 108.44, 108.17, 103.82, 39.54, 34.20, 24.23, 14.03.
APCI-MS m/z: calc. for: C;7H;gNOy [MH']: 268.1, found: 268.2.

2.4.11. Synthesis of 5-butyl-1-hydroxybenzo[b]acridin-12(5H)-one (4g)

The synthesis of 4g was performed analogously to 4a, but 78 mg
(0.56 mmol, 1 eq) potassium carbonate suspended in 10 mL DMSO, 68
mg (0.61 mmol, 1.1eq) cyclohexane-1,3-dione and 151 mg (0.56 mmol,
1 eq) 3g were used instead. The product was isolated as an orange
powder (Yield: 24 mg, 13%) by column chromatography (silica gel)
using DCM as an eluent.

'H NMR (300 MHz, CDCl3) & 14.38 (s, 1H), 9.02 (s, 1H), 7.97 (d, J =
8.3 Hz, 1H), 7.88 (d, J = 8.5 Hz, 1H), 7.73 (s, 1H), 7.64-7.51 (m, 2H),
7.41 (t, J = 7.5 Hz, 1H), 6.79 (d, J = 8.7 Hz, 1H), 6.64 (d, J = 8.1 Hz,
1H), 4.33 (t, J = 8.2 Hz, 2H), 1.95 (p, J = 8.2, 7.6 Hz, 2H), 1.65 (h, J =
7.4 Hz, 2H), 1.13 (t, J = 7.3 Hz, 3H). 13C NMR (76 MHz, CDCls) 5
183.46, 164.37, 143.64, 138.46, 136.97, 136.93, 129.56, 129.11,
128.56, 128.02, 127.19, 124.88, 121.25, 110.40, 108.77, 107.30,
103.35, 46.78, 28.67, 20.40, 14.05. APCI-MS m/z: calc. for: Co;HogNO2
[MH']: 318.2, found: 318.2.
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Fig. 2. Normalised absorption (bold lines) and emission spectra (dashed lines)
of 5a, 5f and 5g (a) and N-butyl acridone in THF (b).

2.4.12. Synthesis of 7-bromo-10-butyl-1-((difluoroboraneyl)oxy)acridin-9
(10H)-one (5a)

The synthesis was carried out under water-free conditions, under
argon atmosphere and shielded from light. 4a (38 mg, 0.11 mmol, 1 eq)
was dissolved in anhydrous DCM (10 ml) and N,N-diisopropylethyl-
amine (190 pL, 1.12 mmol, 10 eq) was added to the stirred solution.
After stirring for 15 min at room temperature boron trifluoride diethyl
etherate (200 pL, 1.62 mmol, 15 eq) was added. After another 30 min of
stirring the yellow solution was extracted once with an aqueous 1%
acetic acid solution and twice with a saturated sodium chloride solution.
The organic phase was dried over Na;SO4 and the solvent was removed
under reduced pressure to yield the product as a yellow solid (Yield: 33
mg, 76%).

'H NMR (300 MHz, CD5Cl,) & 8.83 (d, J = 2.2 Hz, 1H), 8.09 (dd, J =
9.4, 2.3 Hz, 1H), 7.99 (t, J = 8.5 Hz, 1H), 7.73 (d, J = 9.5 Hz, 1H), 7.19
(d, J=8.9 Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H), 4.71-4.50 (m, 2H), 1.96 (p,
J =7.9 Hz, 2H), 1.63 (h, 7.5 Hz, 2H), 1.08 (t, J = 7.3 Hz, 3H). 13¢ NMR
(76 MHz, CD,Clp) 6 141.61, 140.68, 129.38, 118.12, 110.46, 104.85,
48.61, 29.95, 20.67, 14.04. EI-DI-TOF m/z: calc. for: C;7H;sBrBF,NO,
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[M']: 393.0350, found: 393.0344.

2.4.13. Synthesis of 10-butyl-6-chloro-1-((difluoroboraneyloxy)acridin-9
(10H)-one (5b)

The synthesis of 5b was performed analogously to 5a, but 25 mg
(0.08 mmol, 1 eq) 4b dissolved in 10 mL dry DCM, 140 pL (0.83 mmol,
10 eq) N,N-diisopropylethylamine and 150 pL (1.22 mmol, 15 eq)
BF30Et; were used instead. The product was isolated as an orange
powder (Yield: 26 mg, 90%).

'H NMR (300 MHz, CDyCl,) 6 8.64 (d, J = 8.8 Hz, 1H), 7.98 (t, J =
8.5Hz, 1H), 7.83 (d, J = 1.8 Hz, 1H), 7.55 (dd, J = 8.8, 1.7 Hz, 1H), 7.17
(d, J = 8.8 Hz, 1H), 6.96 (d, J = 8.0 Hz, 1H), 4.56 (t, J = 7.7 Hz, 2H),
1.96 (p, J = 7.8 Hz, 2H), 1.64 (h, J = 7.5 Hz, 2H), 1.09 (t, J = 7.3 Hz,
3H). 13C NMR (76 MHz, CD2Cly) § 141.55, 129.01, 125.43, 115.89,
110.67, 104.84, 48.54, 29.82, 20.65, 14.05. EI-DI-TOF m/z: calc. for:
C17H15CIBFoNO, [M*]1: 349.0856, found: 349.0848.

2.4.14. Synthesis of 6-bromo-10-butyl-1-((difluoroboraneyl)oxy)acridin-9
(10H)-one (5c)

The synthesis of 5¢c was performed analogously to 5a, but 20 mg
(0.06 mmol, 1 eq) 4c dissolved in 10 mL dry DCM, 100 pL (0.59 mmol,
10 eq) N,N-diisopropylethylamine and 110 pL (0.89 mmol, 15 eq)
BF3OEt, were used instead. The product was further purified by column
chromatography (silica gel) using a gradient from CH to CH:EA (4 + 1)
as an eluent and was isolated as an orange powder (Yield: 13 mg, 55%).

'H NMR (300 MHz, CD4Cly) & 8.55 (d, J = 8.8 Hz, 1H), 8.08-7.92 (m,
2H), 7.69 (dd, J = 8.7, 1.5 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H), 6.96 (d, J =
8.1 Hz, 1H), 4.56 (t, J = 8.4 Hz, 2H), 1.96 (p, J = 8.0 Hz, 2H), 1.64 (h, J
= 7.4 Hz, 2H), 1.10 (t, J = 7.3 Hz, 3H). 3C NMR (76 MHz, CD,Cl,) 5
141.60, 128.74, 128.13, 119.03, 110.67, 104.86, 48.48, 29.84, 20.64,
14.05. EI-DI-TOF m/z: calc. for: C;7H;5BrBFoNO, [M™T]: 393.0350,
found: 393.0347.

2.4.15. Synthesis of 10-butyl-1-((difluoroboraneyl)oxy)-6-fluoroacridin-9
(10H)-one (5d)

The synthesis of 5d was performed analogously to 5a, but 18.2 mg
(0.06 mmol, 1 eq) 4d dissolved in 10 mL dry DCM, 110 pL (0.65 mmol)
N,N-diisopropylethylamine and 120 pL (0.97 mmol, 15 eq) BF3OEty
were used instead. The product was further purified by column chro-
matography (silica gel) using a gradient from CH to CH:EA (4 + 1) as an
eluent and was isolated as an orange powder (Yield: 8.1 mg, 38%).

'H NMR (300 MHz, CD»Cly) 6 8.76 (dd, J = 9.2, 6.4 Hz, 1H), 7.98 (t,
J=28.5Hz, 1H), 7.47 (dd, J =11.5, 2.2 Hz, 1H), 7.42-7.29 (m, 1H), 7.18
(d, J = 8.8 Hz, 1H), 6.96 (d, J = 8.2 Hz, 1H), 4.53 (t, J = 8.4 Hz, 2H),
1.95 (q, J = 7.9 Hz, 2H), 1.64 (h, J = 7.4 Hz, 2H), 1.09 (t, J = 7.3 Hz,
3H). 13C NMR (76 MHz, CD.Cly) 6 141.10, 130.92, 130.77, 114.39,
114.07,110.51, 104.56, 102.18, 101.82, 48.54, 29.48, 20.47, 13.86. EI-
DI-TOF m/z: calc. for: C;7H;5BF3NO, [M']: 333.1151, found: 333.1143.

2.4.16. Synthesis of 1-((difluoroboraneyl)oxy)-10-methylacridin-9(10H)-
one (5e)

The synthesis of 5e was performed analogously to 5a, but 52 mg
(0.23 mmol, 1 eq) 4e dissolved in 10 mL dry DCM, 300 pL (2.23 mmol,
10 eq) N,N-diisopropylethylamine and 320 pL (3.32 mmol, 14 eq)
BF30Et, were used instead. The product was isolated as a yellow powder
(Yield: 39 mg, 61%).

H NMR (300 MHz, DMSO) 6 8.53 (d, J = 8.1 Hz, 1H), 8.30 (d, J =
9.0 Hz, 1H), 8.25-8.14 (m, 1H), 8.07 (t,J = 8.4 Hz, 1H), 7.69 (t, J=7.5
Hz, 1H), 7.60 (d, J = 8.9 Hz, 1H), 6.92 (d, J = 7.9 Hz, 1H), 4.27 (s,
3H)-!3C NMR (76 MHz, DMSO) & 157.61, 142.69, 142.35, 140.34,
137.41, 125.10, 124.30, 117.54, 115.23, 108.50, 106.07, 35.80. EI-DI-
TOF m/z: calc. for: C14H;oBFaNOs [MT]: 273.0775, found: 273.0769.

2.4.17. Synthesis of 1-((difluoroboraneyl)oxy)-10-methyl-3-propylacridin-
9(10H)-one (5f)
The synthesis of 5f was performed analogously to 5a, but 44 mg
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(0.17 mmol, 1 eq) 4f dissolved in 15 mL dry DCM, 300 pL (1.76 mmol,
10 eq) N,N-diisopropylethylamine and 320 pL (2.59 mmol, 15 eq)
BF30Et, were used instead. The product was isolated as a yellow powder
(Yield: 51 mg, 99%).

'H NMR (300 MHz, DMSO) 6 8.48 (d, J = 8.1 Hz, 1H), 8.24 (d, J =
8.9 Hz, 1H), 8.18-8.08 (m, 1H), 7.64 (t, J = 7.5 Hz, 1H), 7.41 (s, 1H),
6.79 (s, 1H), 4.23 (s, 3H), 2.79 (t, J = 7.5 Hz, 2H), 1.73 (h, J = 7.3 Hz,
2H), 0.96 (t, J = 7.2 Hz, 3H). 13C NMR (76 MHz, DMSO) § 157.04,
142.56, 142.26, 137.07, 124.99, 124.04, 117.39, 115.11, 109.18,
105.93, 105.58, 35.60, 23.59, 13.71. EI-DI-TOF m/z: calc. for:
C17H16BF2NO, [MT]: 315.1245, found: 315.1238.

2.4.18. Synthesis of 5-butyl-1-((difluoroboraneyl)oxy)benzo[b]acridin-12
(5H)-one (5g)

The synthesis of 5g was performed analogously to 5a, but 11 mg
(0.03 mmol, 1 eq) 4g dissolved in 10 mL dry DCM, 60 pL (0.35 mmol, 10
eq) N,N-diisopropylethylamine and 65 pL (0.53 mmol, 15 eq) BF3OEty
were used instead. The product was isolated as a red powder (Yield: 12
mg, 95%).

'H NMR (300 MHz, CDyCly) 6 9.31 (s, 1H), 8.17 (s, 1H), 8.15-8.03
(m, 2H), 7.94 (t, J = 8.4 Hz, 1H), 7.82-7.66 (m, 1H), 7.61-7.49 (m, 1H),
7.11 (d,J = 8.9 Hz, 1H), 6.83 (d, J = 8.1 Hz, 1H), 4.67 (t, J = 8.2 Hz 2H),
2.02 (q, J = 8.4 Hz, 2H), 1.70 (h, J = 7.5 Hz, 2H), 1.13 (t, J = 7.3 Hz,
3H). '3C NMR (76 MHz, CD.Cly) & 143.60, 142.37, 138.61, 131.27,
129.99, 129.45,129.22,128.12,126.88,112.63, 109.00, 104.38, 48.19,
29.51, 20.78, 14.15. MALDI-TOF m/z: calc. for: Co;HygBFoNO, [M7]:
365.1403, found: 365.1407.

3. Result and discussion
3.1. Synthesis of BFa-1-hydroxyacridone chelates

In this work seven different BFp-chelates with various substitution
patterns (Fig. 1) were synthesized and characterised. The synthesis of
the chelates 5a-d was performed in three steps (Scheme 1), starting with
the isatoic anhydride derivatives 2a-d and the compounds 5e and 5f in
two steps, starting from the commercially available N-methylisatoic
anhydride 3e. In case of the n-extended 5g a fourth synthetic step was
necessary to get the isatoic anhydride 2g from 3-amino-2-naphthoic acid
1 according to literature [33].

In order to render the dyes soluble in organic solvents an alkyl
substituent was introduced. The isatoic anhydride derivatives 2a-2d and
2g were converted to the N-substituted isatoic anhydride derivatives 3a-
3d and 3g by the reaction with butyl iodide in the presence of sodium
hydride in moderate yields. Then, 3a-e and 3g were condensed with the
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Fig. 3. Luminescence decays for 5d measured in different media.
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Fig. 4. Absorption spectra during irradiation of solution of 5b in THF with the
light of metal-halogen lamp (a) and photodegradation of fluorophores and the
reference dye TMR in the same conditions (b).

potassium salt of either cyclohexane-1,3-dione or 5-propylcyclohexane-
1,3-dione at 110 °C to give 1-hydroxyacridones 4a-g. This reaction was
performed according to previously described method [34]. In the last
step 4a-g were chelated with BF3Et;0 in presence of N,N-diisopropyle-
thylamine to the final compounds 5a-g. The structures of the chelates
were confirmed by high-resolution EI-DI-TOF and MALDI-TOF MS and
H- and '*C-APT-NMR (Supporting information). Unfortunately, due to
fairly low solubility of the complexes, no signals corresponding to
quaternary carbons were observed in the 13C-APT-NMR spectra.

3.2. Photophysical properties

Absorption and emission spectra of three representatives (5a, 5f and
5g) are depicted in Fig. 2a. The spectra for all the dyes are shown in the
supporting information (Fig. S1). The fluorophores show broad ab-
sorption and emission bands (FWHM ~ 3500-3900 cm ™). Halide sub-
stituents have a minor effect on the position of absorption and emission
bands: the spectra shift bathochromically in the row 5d (F) — 5e (H) - 5b
(CD) - 5¢ (Br). It should be noted that the alkyl substituent in case of 5e
and other dyes is not identical (methyl and butyl, respectively). Among
the brominated derivatives, 5a (substituent in the 7-position) absorbs
and emits at longer wavelength than 5¢, bearing Br in the 6-position. As
expected, the extension of n-system in case of 5g results in much
stronger bathochromic shift of the absorption (74 nm compared to 5e)
and emission (47 nm compared to 5e) spectra. An important feature of
the new dyes is their large Stokes shift (>4200 cm ™! for 5a-5f, but 2510
ecm™! for 5g) that significantly exceed that typical for the BODIPY
chromophores (<1300 cm™~! for most representatives) [35]. The Stokes
shift is however comparable to that shown by curcuminoid-based
difluoroboron p-diketonates [36-39]. The large Stokes shift enables
almost complete separation of the excitation and emission which is
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Table 1
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Photophysical properties of the BFy-acrdione complexes. Absorption maxima (A,ps), molar absorption coefficients (&), emission maxima (Aer,) in THF, fluorescence

lifetimes (t) and quantum yields (®).

Dye Aabs [nm] e[M ' em™] Aem [nm] Stokes shift [cm™'] Trar [ns] Troluene [Ns] Dy [%] Diolyene [%]
5a 457 4880 570 4340 2.7 4.9 4 8

5b 449 6180 556 4290 5.1 10.5 7 21

5c¢ 449 7060 560 4410 3.6 5.6 5 11

5d 439 7030 542 4330 9.6 15.3 20 45

S5e 446 6730 551 4270 7.2 12.6 12 31

5f 443 5790 549 4360 7.1 12.2 11 23

58 392, 520 8500, 5330 598 2510 3.3 7.3 6 16

useful in many applications, like intensity-based imaging. Introduction
of bromine (5a and 5c¢) decreases the fluorescence quantum yield in
toluene by about 4-fold in comparison to the unsubstituted 5e (Table 1),
which may be caused by enhancement of inter-system crossing due to
the heavy atom effect [40]. Substitution with a chlorine atom (5b) also
leads to reduction of the quantum yield, albeit much smaller compared
to bromine substitution (Table 1). Similar effects were observed for
other molecules, like phenanthrene [41]. In contrast, a fluorine atom
introduced in the same position (5d) enhances the fluorescence quan-
tum yield by about 1.5-fold compared to the unsubstituted parent
compound (5e).

It is interesting to compare the spectral properties of the new dye
with those of N-alkyl-substituted acridone. As can be seen (Fig. 2b),
acridone absorbs in the UV part of the electromagnetic spectrum and
emits blue light, showing small Stokes shift of only 8 nm. The intro-
duction of OH-substituent and subsequent formation of the BF,-chelates
leads to a stronger charge transfer character of the molecule. Such
change is manifested in significant bathochromic shift of the absorption
spectra (~50 nm) and even much stronger shift (~140 nm) of the
emission compared to the parent acridone as well as in characteristic
large Stokes shift.

Fluorescence decays are exemplified for 5d in Fig. 3 and the obtained
decay times for all the dyes are compiled in Table 1. As can be seen, the
fluorescence decay times strongly depend on the nature of substituents
and the solvent. The decay times follow the trend observed for the
fluorescence quantum yield with bromo-substituted derivatives 5a and
5c having the shortest decay times and fluoro-substituted 5d the longest,
whereas the chelates bearing no halide atoms occupy intermediate po-
sition. For all the dyes, the decay times are shorter in more polar THF
compared to toluene (Table 1). 5d dissolved in toluene shows rather
long fluorescence decay time of 15.3 ns that is comparable to those of
triangulenium and [1,3]dioxolo[4,5f][1,3]benzodioxole ester chromo-
phores. Immobilization in a rigid matrix (polystyrene) results in further
increase of the fluorescence lifetime to 18.4 ns. Notably, the fluores-
cence decay times of the n-extended derivative 5g are much shorter and
are similar to those observed for most fluorescent dyes.

The photostability of four dyes was evaluated by irradiating their
solutions in THF with the polychromatic light of a metal-halide lamp
(narrowed to 400-700 nm with help of filters) and monitoring the ab-
sorption (Fig. 4a). As can be seen, the photostability of 5b, 5¢ and 5f is
generally similar to that of the commercially available tetrame-
thylrhodamine (TMR). For instance, the photobleaching quantum yield
@y, for 5b calculated from the slope of the plot presented in Fig. 4bis 1.6
x 107°. In other words, the chromophore survives in average 1/®p =
6.3 x 10° excitation cycles. Notably, the bromo-substituted 5¢ shows
faster photodegradation (®p = 4.5 X 10_6) possibly due to enhanced
population of the triplet state and further generation of reactive species
such as singlet oxygen. In contrast to the other investigated dyes, pho-
tobleaching of 5g appears to be faster in the beginning which might be
due to multiple photobleaching pathways e.g. involving impurities in
the solvent that get consumed during the experiment.

4. Conclusions

In conclusion, new BFj-chelates of 1-hydroxy-10-alkylacridin-9
(10H)-one represent an interesting class of fluorophores that show very
large Stokes shifts and, in case of some representatives, long fluores-
cence lifetimes. Among the new compounds, the fluorinated derivative
shows the best photophysical properties with the highest fluorescence
quantum yield and the longest decay time that is comparable to the
fluorescence lifetimes of triangulenium and [1,3]dioxolo[4,5-f][1,3]
benzodioxole ester dyes. The synthesis of the new dyes is straightfor-
ward allowing further synthetic modifications to introduce various
substituents that: (i) may further enhance the photophysical properties
(for instance several additional fluorine substituents); (ii) modulate the
fluorescence properties in presence of different analytes and (iii) enable
covalent coupling of the dyes to biomolecules.
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