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The fluorescence properties of 2-aryl-3-hydroxyquinolin-4(1H)-one-carboxamides (3HQCs) with carbox-
ylic alkylamide groups at positions 6, 7 or 8 (3HQ6Cs, 3HQ7Cs, and 3HQ8Cs) have been studied to eval-
uate their potential as molecular probes.
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Fluorescent probes allow researchers to detect particular com-
ponents of complex biomolecular assemblies, such as live cells,
with exquisite sensitivity and selectivity. However, fluorescence
techniques require suitable fluorescent labels with optimal proper-
ties. In the case of the common single-band fluorescent labels the
fluorescence intensity depends on the label concentration which
can vary because of various biological processes in a sample.! Dual
fluorescence labels that exhibit two well-separated emission bands
are not dependent on the concentration because the ratio of the
intensities of the two bands can be applied as a signal.!"? This pos-
sibility is an advantage in complex biological systems such as cells
or tissues where the local concentration of the dye cannot be easily
controlled and generally the label is not distributed homogenously.

The most interesting representatives of the dual fluorescence
labels class are 3-hydroxyflavone derivatives which have been
shown to be an effective tool for studies of polarity,>* hydration
and electronic polarizability, electrostatic effects,>® ionic nature,
and ion concentration.®!? Despite the advantages of 3-hydroxyf-
lavones as dual fluorescence probes in comparison with single-
band probes, they have some limitations such as relatively low
photostability and low quantum yields. These are the reasons be-
hind the intensive development of new dual fluorescence labels
with improved fluorescence properties.

Recently, several studies’>''~13 on 2-aryl-3-hydroxyquinolin-
4(1H)-ones (3HQs) have been published. 3HQs are structural ana-
logs of 3-hydroxyflavones. The dual fluorescence spectrum of
3HQs is a result of an excited state intramolecular proton transfer
(ESIPT) reaction leading to the formation of two excited state
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tautomeric forms of the probe®!? (Scheme 1, N*, normal form;
T*, tautomeric form).

Different photophysical properties result in sufficiently sepa-
rated emission bands.>!! 3-Hydroxybenzo[g]quinolones* (deriva-
tives of 3-hydroxyquinolones with a fused benzene ring) also
exhibit dual fluorescence. The dual emission of both groups of
compounds is highly sensitive to solvent polarity and pH.>'>13
Furthermore, it was found that in comparison to 3-hydroxyflav-
ones the 3-hydroxyquinolone dyes exhibited higher fluorescence
quantum yields and a 10-fold increase in photostability.? Addition-
ally, N-methyl substituted 3HQs demonstrate strong solvatochro-
mic properties when the ratio of fluorescence maxima intensities
is a function of the solvent polarity.!" 3-Hydroxybenzo[g]quino-
lones also exhibit a red-shift absorption band'? which allows their
excitation by He/Cd and Ar-ion lasers.

The essential part of the fluorescence label-biomolecule system
is the spacer between the two parts as it reduces potentially unde-
sirable interactions between the fluorescence label and the biomol-
ecule, especially steric hindrance and spatial interference. The
3HQs studied so far'*!'"13 do not contain any suitable functional
group for a spacer connection, which of course can influence the
fluorescence properties. This Letter is the first to offer a possible
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Scheme 1. Excited state tautomeric forms in ESIPT.
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solution to this problem and tries to give answers to the following
questions: (1) which position is the most suitable for binding of the
3HQ skeleton to a spacer without the loss of the suitable emission
properties and (2) what is the relationship between the spacer
character and the resulting fluorescence.

These two simple questions hide a lot of systematic work based
on finding the best combination of a large number of possible spac-
ers, various positions on 3HQs and numerous combinations of dif-
ferent substituents on the quinolinone skeleton.

This study is focused on the evaluation of the fluorescence
properties of 2-aryl-3-hydroxyquinolin-4(1H)-one-carboxamides
(3HQCs) with the N-substituted carboxamide groups at positions 6
(3HQ6Cs), 7 (3HQ7Cs) or 8 (3HQ8Cs, Scheme 2).

The carboxamide group was introduced into the dye molecule
as a suitable functional group for attachment of the fluorescent la-
bel to the target biomolecule via a spacer of appropriate length and
structure. The studied spacers contained alkyl chains of 3 and 5
carbons (to compare the effect of chain length), alcoholic and
PEG moieties (to evaluate the effect of a polar spacer), and a benzyl
group (to estimate the influence of an aromatic ring on the spacer).
Compounds substituted with a carboxamide group at position 5
were not studied due to our failure to prepare them using the syn-
thetic method'* which we used for the preparation of 3HQ6Cs,
3HQ7Cs, and 3HQ8Cs.

First, the spectroscopic properties (UV-vis absorption and fluo-
rescence) of 3HQ8Cs 2-8 with various substituted phenyl rings at
position 2 (see Table 1) were investigated using methanol as the
solvent (at a concentration of 100 mg/L). The syntheses of the stud-
ied 3HQ7Cs have been described elsewhere' and it was applied

Scheme 2. The general structure of the studied 3HQCs.

Table 1
List of the investigated 3HQCs

Compound  Ar R Carboxamide position
1 3,5-DiCl-4-NH, — -
3,5-DiCl-4-NH,  Propyl 8
3 3-NO,-4-Cl Propyl 8
4 3-NO,-4-N(Pr),  Propyl 8
5 4-Me Propyl 8
6 4-OMe Propyl 8
7 4-F Propyl 8
8 3-Br Propyl 8
9 3,5-DiCl-4-NH, H 7
10 3,5-DiCl-4-NH,  Propyl 7
11 3,5-DiCl-4-NH,  Pentyl 7
12 3,5-DiCl-4-NH,  Benzyl 7
13 3,5-DiCl-4-NH,  Hydroxyethyl 7
14 35DiC-4-NH, ~ O~ g 7
15 3,5-DiCl-4-NH, H 6
16 3,5-DiCl-4-NH,  Propyl 6
17 3,5-DiCl-4-NH,  Pentyl 6
18 3,5-DiCl-4-NH,  Benzyl 6
19 3,5-DiCl-4-NH,  Hydroxyethyl 6
20 35DiC-4-NH, ~O~g 6
21 3,5-DiCl-4-NH, H 8
22 3,5-DiCl-4-NH,  Pentyl 8
23 3,5-DiCl-4-NH,  Benzyl 8
24 3,5-DiCl-4-NH,  Hydroxyethyl 8
25 35-DiCl-4-NH, ~O~g 8

also for the preparation of 3HQ6Cs and 3HQ8Cs. The purity of
the studied compounds was >95%. UV-vis absorption spectra were
not modulated significantly by the phenyl substitution. From 300
to 450 nm, the absorption spectra exhibited two maxima at wave-
lengths around 335 and 380 nm. Surprisingly, the emission spectra
of most of the 3HQ8Cs did not exhibit the expected two maxima.
Only the emission maximum at a lower wavelength was detected
(derivatives 2 and 4-8) or the maximum at higher wavelength
was indistinct (derivative 3). When the quantum yields of deriva-
tives 2-8 were compared (see Table 2), 2-(4-amino-3,5-dichloro-
phenyl) ligand (derivative 2) with the highest quantum yield was
chosen for further studies.

Subsequently, emission spectra of compounds 2 and 9-25 with
the same substitution on the 2-phenyl ring but different N-substit-
uents on the carboxamide group located at positions 6, 7 or 8 (see
Table 2) were recorded to compare: (1) the influence of the spacer
character on the fluorescence spectra and (2) the influence of the
spacer position.

Generally, it was observed that compounds substituted at posi-
tions 6 and 7 exhibited two-band fluorescence spectra while com-
pounds with the substitution at position 8 showed only single-
band spectra with the emission maxima at lower wavelengths.

Additionally, with the 3HQ7Cs the lower wavelength maximum
was not well-separated and coincided with the higher wavelength
maximum, for example, the fluorescence spectra of compounds
14, 20, and 25 (Fig. 1). When comparing the same N-alkylamides
at various positions, it is evident that the quantum yields decline
in the order 3HQ7Cs, 3HQ6Cs, and 3HQS8Cs, respectively (except
for compound 2, Table 2). The significantly different emission
parameters of 3HQ8Cs in comparison to 3HQ7Cs and 3HQ6Cs can
be explained by the formation of an intramolecular hydrogen bond
between the oxygen atom of the carboxamide group and the hydro-
gen atom at position 1 resulting in a stable six-membered ring.

Table 2
Spectroscopic properties of HQCs in methanol
Compound j~exa (nm) ;Leln,lb (nm) iem,zc (nm) 11/l2cI <Pe (%)
1 345 417 503 0.10 7.05
341 444 — — 0.39
3 337 426 — - 0.026
4 340 436 — - 0.32
5 333 428 — — 2.80.1073
6 344 424 — - 7.29.103
7 331 421 — - 0.029
8 339 440 — — 0.071
9 333 442 534 0.35 50.64
10 332 401 523 0.070  26.69
11 333 451 534 0.11 49.66
12 332 449 534 0.11 49.69
13 334 445 534 0.090 50.05
14 348 448 534 0.11 41.07
15 343 443 528 0.10 7.06
16 342 432 520 0.13 44.07
17 344 445 528 0.12 48.29
18 343 441 530 0.11 48.54
19 340 440 528 0.13 42.54
20 348 448 534 0.11 41.07
21 340 436 — — 3.61
22 341 482 — — 0.30
23 340 442 — - 0.53
24 340 444 — — 0.58
25 343 454 — — 0.24
@ Jex» €Xcitation wavelength.
b Jema, the fluorescence emission maximum at lower wavelengths.
€ Jemy2, the fluorescence emission maximum at higher wavelengths.
4 1,/I,, the ratio of fluorescence maxima intensities.
e

@, fluorescence quantum yield (determined with quinine sulfate in 0.5 M sul-
furic acid (¢ = 0.577'°), taken as a reference fluorescence standard).
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Figure 1. Fluorescence spectra of compounds 14, 20, and 25

The variation of N-alkyl carboxamide substitution did not reveal
any influence upon the fluorescence properties of 3HQCs, that is,
no significant differences among derivatives 9-14, 15-20, and
21-25 were observed, which indicates the independent nature of
the fluorescence on the spacer constitution (with respect to the
tested ligands character). From a comparison of the quantum
yields of compounds 1 and 9-25 (Table 2) it is evident that the
introduction of the N-substituted carboxamide groups at positions
6 and 7 increased significantly the quantum yield of the corre-
sponding derivatives while carboxamide substitution at position
8 led to a decrease in the quantum yield.

The effect of pH (concentration of compound 14 in a phosphate
buffer was 2.5 mg/L) and solvent (aqueous phosphate buffer, meth-
anol, ethanol, acetonitrile, dimethyl sulfoxide, and toluene) on the
fluorescence properties were also studied. For this study, com-
pound 14 was chosen due to the good fluorescence properties of
3HQ7Cs and suitable R substitution, that is, ethyleneoxy units. Eth-
yleneoxy units (polyethyleneglycols) are often used as spacers due
to their water solubility, biocompatibility, and ready availability in
a variety of lengths.

The ratio I/I; decreased with increasing pH (Table 2 and Fig. 2),
and at pH 10.5 only the emission maximum at lower wavelengths
appeared which corresponds to the formation of the tautomeric
form with the hydroxy group at position 3 (Scheme 1, N*). With
increasing pH the short wavelength band intensity increased as well.
This fact corresponds reasonably to the observation with 3HQ8Cs,
where the N-H bond is weak due to an intramolecular H-bond.

The effect of solvents (Fig. 3) on both the emission spectrum
and quantum yield of compound 14 was not significant and any
obvious relationship between the polarity and the ratio of maxima
intensities was not found.

This fact is in agreement with previous observations? where
compounds with a hydrogen atom at position 1 showed low inten-
sity of short wavelength bands and limited sensitivity to solvent
polarity in contrast to N-Me 3HQs. As a possible explanation, the
decrease in acidity of the 3-OH group in the excited state of the
N-Me 3HQs which leads to the formation of the N* form of the
3HQs can be suggested (Scheme 1).

In conclusion, the fluorescence properties of 2-aryl-3-hydroxy-
quinolin-4(1H)-one-carboxamides with different N-substituted
carboxamide groups at positions 6, 7, and 8 have been studied. It
was found that the phenyl substituents at position 2 of the 3HQCs
affected only marginally the shape of the emission spectra, but sig-
nificantly influenced the quantum yield, which varied by three or-
ders of magnitude (compare derivatives 2-8).

Further, the effect of the carboxamide group position on 3HQ
was studied. It was observed that the carboxamide position influ-
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Figure 2. Emission spectra of compound 14 at different pH values (above) and the
dependence of I>/I; on pH (below).
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Figure 3. Emission spectra of compound 14 in different solvents.

enced the quantum yield as well as the emission spectra. The
3HQ8Cs exhibited only single-band spectra with the maxima at
lower wavelengths, while 3HQ7Cs and 3HQ6Cs exhibited spectra
with two maxima.

Generally, the quantum yield declined in the order HQ7Cs,
HQ6Cs, and HQS8Cs, respectively (except compounds 2, 10, and
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16). The pH experiments with a selected compound 14 proved
the sensitivity to the pH environment. The ratio of maxima
intensities (I»/I;) for compound 14 decreased with increasing
pH. The final conclusion in terms of possible practical uses of
3HQCs as fluorescent labels is as follows: (1) 3HQs can be ap-
pended to a biomolecule via a spacer attached to the carboxam-
ide group at positions 7 or 6 (preferably 7) without the loss of
the two-band emission properties, (2) the spacer character does
not influence the fluorescence properties, and (3) 3HQ7Cs have
potential as pH probes.

Next, efforts will be invested in the studies of suitable substitu-
tion of the phenyl at position 2 to find fluorescent labels with bet-
ter spectral properties and their evaluation with respect to all
necessary parameters required for a good fluorescent probe.
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