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1 Introduction

Fluorescence microscopy is a highly sensitive imaging tech-
nique that allows for the detection, tracking and visualization of
biomolecules in analytical studies in many important scientific
areas such as medicine, pharmacy, cellular biology and envi-
ronmental sciences, among others.’” One of the great advan-
tages of fluorescence microscopy is the possibility of using
several fluorescent labels to detect different biomolecules and
produce multicolour images that allow for the identification of
specific components of complex biomolecular assemblies, in
vitro and in vivo, as well the analysis of their interactions.»**
Moreover, fluorescent labelling, taking into account the
extraordinary sensitivity of the fluorescence technique and its
non-destructive nature, also exhibits numerous advantages
such as the use of small sample quantities as well as specific
fluorescent labels.” Fluorescent labels can produce chemically
stable and small-in-size bioconjugates, with insignificant
interference to the structure and biological functions of the
unlabelled biomolecules.® Amine-reactive fluorescent labels,
due to the abundance of amino groups or their easy insertion
into biomolecules, are very frequently used to prepare bio-
conjugates for multiple biological applications such as histo-
chemistry, cell tracing, receptor binding, fluorescence in situ
hybridization (FISH) or direct and indirect immunochem-
istry."** However, for multicolour imaging experiments,
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functional theory calculations were performed in order to rationalize the observed photophysical

efficient spectral separation of different labels into two or more
excitation or detection channels is necessary and essential
because cross-talk between the excitation and emission spectra
often generates self-quenching and a poor signal-to-noise
ratio.»*® Fluorescent labels with large Stokes shifts are thus
indispensable in multicolour super-resolution techniques such
as the optical microscopy of biomolecules based on stimulated
emission depletion (STED)."**'® These kinds of chromophores
are also very important in Forster-type resonance energy trans-
fer (FRET) applications.'>"” In this context, the development of
new fluorophores with large and adjustable Stokes shifts is of
utmost importance as they allow for the reduction of the
number of detection channels, avoiding cross-talk and
contributing to accurate sensing and precise multicolour
imaging.**™® Currently, the most widely used available fluo-
rescent labels are very expensive and some display small Stokes
shifts of less than 30 nm (e.g., fluorescein, rhodamine, oxazine
and cyanine), which is why coumarin derivatives can be a solu-
tion to develop low-cost new bright fluorophores, with large
Stokes shifts."** Coumarins, in addition to their great signifi-
cant biological activity,>** constitute one of the main classes of
fluorescent dyes used currently in many applications.”®>°
Advances in past years have demonstrated that the nature of the
substituents and their substitution pattern in the coumarin
rings clearly affect the delocalization of the conjugated m-elec-
tron system. Furthermore, it is well known that the presence of
these substituents involving donor bridge acceptor structures
(D-m-A) can create an efficient process of intramolecular charge
transfer (ICT) and promote diversified and exceptional photo-
physical properties in the coumarin derivatives.*****'3* In this
work, we intend to develop a low-cost and effective synthetic
strategy to synthesize new red-shifted 2-piperidinium coumarin
derivatives as potential fluorescent labels for biomolecules
using inexpensive 7-diethylamino-4-methylcoumarin (1) as
a starting material. The referred coumarin 1 with their electron-
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donating group (EDG) at position 7 creates an evident push—pull
effect with the electron-withdrawing lactone moiety, promoting
greater bathochromic shifts in the absorption spectrum
compared to other donating substituents, such as alkoxy
groups.® To complement this study, a theoretical analysis on
the optical, electronic and geometrical properties of the
coumarin derivatives, in the ground and lowest-lying singlet-
excited states, has been carried out by means of Density Func-
tional Theory (DFT) and Time-Dependent Density Functional
Theory (TD-DFT).

2 Results and discussion
2.1 Synthesis

The key molecule in the synthesis of these new red-shifted
chromophores is the 2-piperidinium coumarin derivative 3,
which was easily obtained after the thionation reaction in the
carbonyl group of the 7-diethylamino-4-methylcoumarin (1)**
followed by condensation of such thionated coumarin (2) with
piperidine (Scheme 1), in very good yield (85%). This very
interesting new “green” molecule (Fig. 1), exhibits a higher
bathochromic shift than 66 nm when compared with its
precursor (1). Additionally, and with the aim of increasing the
delocalization and obviously the push-pull character of the
molecule, we idealized the inclusion of one additional styryl
group in position 4 in the referred 2-piperidinium coumarin
derivative (3). The presence of electron-donating groups (EDGs)
or electron-withdrawing groups (EWGs) at para position, in this
case, the 4-styryl group can improve the photophysical proper-
ties of the respective derivatives, such as higher bathochromic
and large Stokes shifts, as well as high fluorescence quantum
yields. According to the aforementioned discussion, we
describe the synthesis and spectroscopic characterization of
a small library of 2-piperidinium-4-styrylcoumarin derivatives to
explore the effect of EDGs and EWGs on the photophysical
properties of the new chromophores. Additionally, considering
the binomial photophysical properties and cost, one of the best
candidates was functionalized as an effective fluorescent label
for biomolecules through a reactive succinimidyl ester group.
The main synthetic strategy for synthesizing the 2-piperidinium
coumarin derivatives was outlined considering the possible
aldol condensation reactions at position 4 due to the high
acidity of the methyl protons present in 1-(7-(diethylamino)-4-
methyl-2H-chromen-2-ylidene)piperidin-1-ium nitrate (3). The

R

(10eq) O
Piperidine (15 eq)
AgND; (2.5 eq) CHO P
NEx,(ssquh /\N Piperidine (1.0 eq)

MeCN X
8s°C, smnmuh O @ SNo,

2(92%) 3 (85%)

R = CO,CH; (60%)
-R=H (90%)
-R=N(CH,), (92%)

4-
5
6
7-R=0CH; (86%)

Scheme 1 Synthetic route of the 2-piperidinium-4-styrylcoumarin
derivatives.
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Fig. 1 Photographic images of the coumarin derivatives (1, 3-9) in
MeCN at 365 nm.

synthetic routes followed for the preparation of the novel 2-
piperidinium coumarin derivatives (4 to 7) are shown in Scheme
1. 2-Piperidinium-4-styrylcoumarin derivatives (4 to 7) were
obtained through highly efficient and stereoselective aldol
condensation reactions between the aromatic aldehydes
(methyl 4-formylbenzoate, benzaldehyde, 4-(dimethylamino)
benzaldehyde and 4-methoxybenzaldehyde) and the 2-piper-
idinium coumarin derivative 3, in good to high yields. The
abovementioned new products (Fig. 1) were easily isolated after
silica column chromatography and were fully characterized by
NMR spectroscopy and HRMS (SI). All the spectral data are
consistent with the proposed structures.

2.2 Photophysical properties

Photophysical properties of all synthesized coumarin deriva-
tives were studied, and their absorption and emission proper-
ties, as well as fluorescence quantum yields, are summarised in
Table 1. The absorption and emission spectra of the new 2-
piperidinium-4-styrylcoumarin derivatives (4 to 7) are displayed
in Fig. 2. Almost all 2-piperidinium-4-styrylcoumarin derivatives
(4 to 6), exhibit absorption and emission maxima at longer
wavelengths, when compared to intermediate, 2-piperidinium
coumarin derivative 3, possibly due to the intramolecular
charge transfer effect between the coumarin electron-donating
NEt, groups are conjugated with the styryl groups in position
4 and the electron-withdrawing piperidinium group in position
2. The derivatives 7, 8 and 9, with oxygen as an electron donor
atom in the 4-styryl group, have different behaviour from other
derivatives, with a hypsochromic shift in the absorption spec-
trum but with a bathochromic shift in the emission spectrum,
which gives them large Stokes shifts (Table 1). In general, all the
coumarin derivatives exhibit large Stokes shifts due to the
extension of w — the conjugated system in the molecule, which
is essential to an effective intramolecular charge transfer
process of the emissive excited state. The possible elimination
of the spectral overlap between absorption and emission, in
fluorophores with large Stokes shifts, allows to eliminate the
quenching process and reduce interference, providing effective
detection of the fluorescence emission. Generally, the presence
of electron-withdrawing groups at position 4 promotes higher
bathochromic shifts than the electron-donating groups,** but
this effect is not observed in the 2-piperidinium-4-
styrylcoumarin derivatives (4 to 7), possibly due to the strong
electron-withdrawing effect of the piperidinium-positive charge
in position 2. On the other hand, the molar extinction coeffi-
cients were strongly affected by the nature of EDGs or EWGs in
the para position at the 4-styryl group. The analysis shown in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Spectroscopic properties of the 7-diethylamino-4-methyl-coumarin derivatives

Compound Aabs” (NM) Aem” (nm) Stokes shift (nm, cm ™) £ (em MY P
1 371 434 63, 3913 22 910 0.73
3 437 490 53, 2475 21 000 0.14
4 484 609 125, 4241 18 000 0.08
5 467 525 58, 2366 17 000 0.34
6 485 608 123, 4171 39 000 0.98
7 410 578 168, 7089 30 000 0.82
8 406 578 172, 7330 30 000 0.90
9 404 577 173, 7421 30 000 0.92

Absorptlon maxima in acetonitrile.

Ernlss10n maxima in acetonitrile.

“ Molar extinction coefficient at longest wavelength transition.

4 Fluorescence quantum yield in ethanol, determined at 25 °C using 7-diethylamino-4-methylcoumarin (#; = 0.73 in ethanol) as a standard.**
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Fig. 2 Absorbance and emission spectra of the new 2-piperi-dinium-
4-styrylcoumarin derivatives 4, 5 (left) and 6, 7 (right).

Table 1 allows to verify that in the case of the 2-piperidinium-4-
styrylcoumarin derivatives (4 to 7), EDGs promote high coeffi-
cients [e.g., ¢ (6) =39 000 cm M ' vs. £ (4) =18 000 cm ' M ']
and also high fluorescence quantum yields [e.g., @ (6) = 0.98 vs.
@r (4) = 0.08]. The extension of the w-conjugated system
generally promotes an effective intramolecular charge transfer
process that can cause the decrease of fluorescence quantum
yield in the molecules.*® This effect is not observed for
compounds 6 and 7, as they present high fluorescence quantum
yields, possibly due to the presence of strong electron-donating
substituents in the para position of the styryl groups.*®
Considering the large Stokes shift and the high fluorescence
quantum yield induced by the methoxy group in the 2-
piperidinium-4-styrylcoumarin derivative 7 (Table 1),
selected this electron-donating substituent to synthesize an
effective and inexpensive fluorescent label for biomolecules.
The aldol condensation of 3 with the 6-(4-formylphenoxy)hex-
anoic acid afforded the derivative 8, which further reacted with
N-hydroxysuccinimide to obtain the fluorescent label 9 (Scheme
2). The referred fluorescent label can be obtained through five
and effective synthetic steps from inexpensive,

we
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Scheme 2 Synthesis of an amine-reactive fluorescent label for
biomolecules.

8 (88%)
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commercially available precursors and as expected, its photo-
physical properties are very similar to those of derivative 7.

2.3 Theoretical calculations

The experimental and calculated absorption spectra together
with the frontier orbitals involved in the lowest energy transi-
tions of a selection of coumarin derivatives are depicted in
Fig. 3. The general agreement between the calculated and the
experimentally measured absorption spectra is quite good
being able to capture its main features and to allow the
assignment of the lowest energy absorption bands in terms of
orbital transitions. For coumarin derivatives 4 and 5, the SO —
S1 or SO — S2 transitions are well separated, giving rise to the
two absorption bands depicted in the experimental spectra. For
other compounds, these transitions present closer energies and
coalesce to a single band as observed in the experimental
spectra. Whereas in LUMO the charge is largely delocalized
throughout the molecule, in HOMO and HOMO-1 orbitals it is
mainly localized either in the 4-styryl moiety or in the coumarin
rings. However, while the HOMO state is mainly located on the
coumarin moiety for compounds 4, 5, 7 and 9, for compound 6
the HOMO state is mostly located in the 4-styryl group. The
situation is the opposite for the HOMO-1 state, which is located
on the 4-styryl group for compounds 4, 5, 7 and 9 while for
compound 6 it is in the coumarin moiety. Comparing the
absorption spectra and MOs of compounds 7 and 9 they are

sity {Arbitrary Units)
sity (Arbitrary Units)

Intensity (Arbitrary Units)

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Intensity (Arbitrary Units)
Intensity (Arbitrary Units}

Wavelength {nm) Wavelength (nm)

Fig. 3 Experimental spectra (black) compared with the calculated
spectra (blue) and contour plots of the molecular orbitals involved in
the two lowest energy excitations.
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similar since the attached reactive group does not take part in
the m-conjugation framework, thus justifying very similar pho-
tophysical properties. The maximum absorption wavelengths
and the oscillator strength (f) of the key transitions were
calculated and are depicted in Fig. 4 and Table S2,f together
with the assigned main components of the transitions. A visual
picture of electronic rearrangement that occurs upon the lowest
(and most important) transitions is given by electronic density
differences of the states involved in the transitions. The electron
density difference of the lowest energy excitations is displayed
in Fig. 4, illustrating the regions of the molecules that lose or
gain electron charge. All compounds present two lowest-energy
excitations SO — S1 and SO — S2 showing the final state, the
LUMO, and as starting states the HOMO and HOMO-1 states,
respectively. For all compounds, except compound 6, SO — S1
accounts for an electron density flow from the 4-styryl group
towards the coumarin moiety, whereas SO — S2 represents an
electron density transfer to the 4-styryl group. For compound 6,
however, the electron flows occur in the opposite direction.
However, for all compounds, the most probable transition, i.e.,
that with the higher oscillator strength, despite being SO — S1
or SO — S2, corresponds to a decrease in electronic density in

S$—9S; $—S,
(HOMO — LUMO > 98%) (HOMO-1— LUMO > 97%)
> )
493 nm Y 389 nm a
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B 5 4 § 4 X :‘;
Sl 1YY
'Y B
473 nm A 391 nm <
5  f-0618 o OQ f=1163 ; eg
1 ) I|
. ?&0“3(\7 "YQ*""U‘Y .
A - -
0 S
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Fig. 4 Contour plots of the electron density difference Ap(r) upon the
lowest energy excitations for the studied compounds. Blue colour
indicates an increase of electron density upon the transition, while pink
represents a depletion of electron density.
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the 4-styryl pendant and a transfer of charge to the coumarin
moiety. It is also for this compound that the higher oscillator
strength corresponds to the lowest energy transition, thus
dominating the absorption spectrum and indicating the intense
donor capability of the amine group bond to the 4-styryl moiety.
A central factor that affects the emission process is the struc-
tural changes that possibly occur on the geometry of the excited
states after vertical excitation.?”*® A large Stokes shift is expected
if significant structural relaxation occurs in the excited state
prior to emission. The optimized geometry of the studied
coumarin derivatives in the electronic ground and first excited
states are depicted in Fig. S2.f In the ground state, the
compounds show a significant deviation from planarity with the
plane of the 4-styryl group rotated relatively to the coumarin
rings moiety plane. The torsion occurs on the bond that joins
the coumarin ring moiety and the 4-styryl group, with the
ethylene bridge being nearly in the plane with the pendant
benzyl group (see ESIt for details). This dihedral angle presents
values between 15° for compound 6 and 26° for compound 4
and limits the 7 conjugation system that links the donor and
acceptor groups in the molecules.

On the excited S1 state, however, after the structural relaxa-
tion, the dihedral angle changes to a minimum of 2° for
compound 4 and a maximum of 7° for compound 6, therefore,
the molecules become more planar. Also, the calculated bond
length alternation (BLA, the average difference between a single
and adjacent double bond length) for the small 4-styryl conju-
gated chain, attains 0.11 A for compounds 4 and 5, 0.10 A for
compounds 7 and 9 and 0.08 A for compound 6, in the SO state.
For the S1 state, the BLA reduces to 0.06 A for compound 6 and
0.04 A for all other compounds. These changes in geometry
contribute to an enhancement of the electronic delocalization
throughout the m-conjugation framework and a decrease in the
HOMO and LUMO energy gap, thus resulting in smaller emis-
sion energy compared with the excitation energy.

3 Materials and methods
3.1 General methods

All starting materials and reagents were of analytical grade,
purchased from Aldrich and used without further purification.
The organic solvents were dried over appropriate drying agents
and distilled prior to use. UV-Vis absorption spectra were
recorded on the Nicolet Evolution 300, Thermo Electron Spec-
trophotometer Corporation, using acetonitrile (CH3CN) as
a solvent. Fluorescence measurements of aerated solutions were
performed on a PerkinElmer Model LS 55 spectrofluorometer.
All emission spectra were collected at 5.0 nm slit bandwidth for
excitation and emission, with correction files. All spectroscopic
measurements were performed in 3 mL quartz fluorescence
cuvettes (1 cm optical path) at 21 °C. FTMS-ESI mass spectra
were obtained on a Thermo Scientific Q Exactive Orbitrap Mass
Spectrometer. Nuclear magnetic resonance (NMR) spectra were
recorded at 400 MHz for '"H NMR and 100 MHz for ’C on
a Brucker Advance III spectrometer. For NMR spectra, deuter-
ated chloroform (CDCl;) or deuterated methanol (CD;0D) was
used as the solvent. The chemical shift (6) in ppm; coupling

© 2022 The Author(s). Published by the Royal Society of Chemistry
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constants (J); relative intensity is indicated by the number of
protons (H); multiplicities are indicated by singlet (s), doublet
(d), double-doublet (dd), triplet (t), quadruple (q) and multiplet
(m); coupling constants are given in Hertz (Hz).

3.2 Procedure for the preparation of compounds 3 to 9

3.2.1 Synthesis of  1-(7-(diethylamino)-4-methyl-2H-
chromen-2-ylidene)-piperidin-1-ium nitrate (3). A mixture of
compound 2 (200 mg, 0.809 mmol, 1.0 eq.), piperidine (120 pL,
1.21 mmol, 1.5 eq.) and silver nitrate (343 mg, 2.02 mmol, 2.5
eq.), in dry acetonitrile (10 mL) was stirred at room temperature
for 2 hours. The reaction was continuously monitored by TLC,
using CHCl;/CH;OH/H,O (65 : 10 : 1). The reaction product was
isolated by flash chromatography, using CHCl;/CH;OH (9: 1)
and CHCI;/CH;0H (8:2) as eluents, to yield 1-(7-(dieth-
ylamino)-4-methyl-2H-chromen-2-ylidene)piperidin-1-ium
nitrate (248 mg, 85%). 'H NMR (400 MHz, CDCl;): 1.24 (6H, t, J
= 7.1 Hz, N(CH,CH,),), 1.80-1.82 (6H, m, H-15, H-16, H-17),
2.58 (3H, s, 4-CHj), 3.47 (4H, q, J = 7.1 Hz, N(CH,CH,),),
3.94-4.01 (4H, m, H-14, H-18), 6.61 (1H, d, Js ¢ = 2.4 Hz, H-8),
6.78 (1H, dd, J 5 = 9.2 Hz, Jo s = 2.4 Hz, H-6), 6.95 (1H, s, H-
3), 7.56 (1H, d, Jss = 9.2 Hz, H-5). *C NMR (100 MHz,
CDCl,): 12.5 (C-11, C-13), 19.4 (C-9), 23.6 (C-16), 26.0 (C-15, C-
17), 45.2 (C-10, C-12), 46.8 (C-14/C-18), 48.8 (C-14/C-18), 96.5
(C-8),100.7 (C-3), 109.2 (C-4a), 111.8 (C-6), 127.0 (C-5), 158.4 (C-
4), 152.6 (C-7), 154.2 (C-8a), 160.0 (C-2). FTMS(+) calc. for
C1oH,7N,0[M~(NO; )]* 299.2117 found 299.2111. UV Ayay (N,
CH;CN): 261, 298, 437. ¢ (cm™ " M~ 1): 21 000. & = 0.14.

3.2.2 Synthesis of (E)-1-(7-(diethylamino)-4-(4-(methox-
ycarbonyl)styryl)-2H-chromen-2-ylidene)piperidin-1-ium nitrate
(4). A mixture of compound 3 (154 mg, 0.426 mmol, 1.0 eq.),
methyl 4-formylbenzoate (26 mg, 0.426 mmol, 1.0 eq.) and
piperidine (42 pL, 0.426 mmol, 1.0 eq.), in dry acetonitrile
(25 mL), was stirred at 85 °C for 6 hours. The reaction was
continuously monitored by tlc, using CHCl3/CH3;OH (9 : 1) as
the eluent. The reaction product was isolate by flash chroma-
tography, using CHCl; and CHCIl;/CH;OH (8 : 2) as eluents, to
yield (E)-1-(7-(diethylamino)-4-(4-(methoxycarbonyl)styryl)-2H-
chromen-2-ylidene)piperi-din-1-ium nitrate (130 mg, 60%). 'H
NMR (400 MHz, CDCl,): 1.26 (6H, t, J = 7.2 Hz, N(CH,CH,),),
1.80-1.89 (6H, m, H-15, H-16, H-17), 3.49 (4H, q, J = 7.2 Hz,
N(CH,CH3;),), 3.90 (3H, s, CHj3), 3.96-4.21 (4H, m, H-14, H-18),
6.53 (1H, d, Jg s = 2.4 Hz, H-8), 6.84 (1H, dd, Js 5 = 9.2 Hz, Js g
= 2.4 Hz, H-6),7.49 (1H, d, J10 = 16 Hz, H-19), 7.52 (1H, s, H-3),
7.83 (2H, d, J21 2, = 8.4 Hz, H-21, H-25), 7.89 (1H, d, J5 s = 9.2 Hz,
H-5), 7.95 (2H, d, J2, 51 = 8.4 Hz, H-22, H-24), 8.37 (1H, d, Jo 10 =
16 Hz, H-9)."*C NMR (100 MHz, CDCl,): 12.6 (C-11, C-13), 23.8
(C-16), 26.2 (C-15, C-17), 45.2 (C-10, C-12), 46.8 (C-14/C-18), 49.2
(C-14/C-18), 52.3 (OCH,), 95.2 (C-3), 96.8 (C-8), 108.0 (C-4a),
112.0 (C-6), 120.8 (C-19), 127.0 (C-5), 128.6 (C-21, C-25), 129.9
(C-22, C-24), 130.8 (C-23), 140.1 (C-4), 141.6 (C-9), 152.5 (C-7, C-
20), 154.6 (C-8a), 160.0 (C-2), 166.7 (C-27). FTMS(+) calc. for
C2sH330;N,[M-(NO; )] 445.24857 found 445.2479. UV Apax
(nm, CH;CN): 362, 484. ¢ (cm ™" M~ "): 18 000. & = 0.08.

3.2.3 Synthesis of (E)-1-(7-(diethylamino)-4-styryl-2H-
chromen-2-ylidene)-piperidin-1-ium nitrate (5). A mixture of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compound 3 (276 mg, 0.764 mmol, 1.0 eq.), benzaldehyde (93 pL,
0.764 mmol, 1.0 eq.) and piperidine (76 uL, 0.755 mmol, 1.0 eq.),
in dry acetonitrile (10 mL) was stirred at 85 °C for 5 minutes. The
reaction was continuously monitored by tlc, using CH,Cl,/hexane
(8:2) as the eluent. The reaction product was isolated by flash
chromatography, using CH,Cl,/hexane (8 : 2) as eluent, to yield
(E)-1-(7-(diethylamino)-4-styryl-2H-chromen-2-ylidene)piperidin-
1-ium nitrate (309 mg, 90%). 'H NMR (400 MHz, CDCl,): 1.24
(6H, t, ] = 7.2, N(CH,CH),), 1.73-1.79 (6H, m, H-15, H-16, H-17),
3.46 (4H, q, ] = 7.1 Hz, N(CH,CH,),), 3.91-3.97 (4H, m, H-14, H-
18), 6.57 (1H, d, Js s = 2.4 Hz, H-8), 6.81 (1H, dd, Jo 5 = 9.2 Hz, J¢ 5
= 2.4, H-6), 7.18 (1H, 5, H-3), 7.30-7.33 (3H, m, H-22, H-23, H-24),
7.35 (1H, d, Jo 10 = 16 Hz, H-9), 7.68 (2H, dd, /51 2, = 8.0 HZ, J51 23
= 2.0 Hz, H-21, H-25), 7.81 (1H, d, J5 s = 9.2 Hz, H-5), 8.01 (1H, d,
J1o.9 = 16 Hz, H-19). "*C NMR (100 MHz, CDCl;): 12.6 (C-11, C-13),
23.7 (C-16), 26.1 (C-15, C-17), 45.2 (C-10, C-12), 46.8 (C-14/C-18),
48.7 (C-14/C-18), 93.9 (C-3), 97.0 (C-8), 107.8 (C-4a), 111.9 (C-6),
118.5 (C9), 126.7 (C-5), 128.6 (C-21, C-25), 128.9 (C-22, C-24),
130.2 (C-23), 135.6 (C-20), 142.5 (C-19), 152.5 (C-7), 152.9 (C-4),
154.6 (C-8a), 159.9 (C-2). FIMS(+) calc. for C,cHjz;N,O[M-
(NO;7)]" 387.2431 found 387.2424. UV A, (nm, CH;CN): 282,
301, 467. ¢ (cm™ ' M "): 17 000. @ = 0.34.

3.2.4 Synthesis of (E)-1-(7-(diethylamino)-4-(4-(dimethyla-
mino)styryl)-2H-chromen-2-ylidene)piperidin-1-ium nitrate (6).
A mixture of compound 3 (162 mg, 0.448 mmol, 1.0 eq.), 4-
(dimethylamino)benzaldehyde (67 mg, 0.448 mmol, 1.0 eq.) and
piperidine (44 pL, 0.445 mmol, 1.0 eq.), in dry acetonitrile
(10 mL) was stirred at 85 °C for 24 hours. The reaction was
continuously monitored by tlc, using CHCI; as the eluent. The
reaction product was isolated by flash chromatography, using
CH,Cl,/hexane (8:2), CH,Cly/hexane (9:1) and CH,Cl, as
eluents, to yield (E)-1-(7-(diethylamino)-4-(4-(dimethylamino)
styryl)-2H-chromen-2-ylidene)piperidin-1-ium nitrate (205 mg,
92%). 'H NMR (400 MHz, CDCl;): 1.26 (6H, t, J] = 7.2 Hz,
N(CH,CH3),), 1.80-1.82 (6H, m, H-15, H-16, H-17), 3.04 (6H, s,
2x NCHj), 3.49 (4H, q, ] = 7.2 Hz N(CH,CH,),), 4.00 (4H, m, H-
14, H-18), 6.59 (1H, d, Js ¢ = 2.4, H-8), 6.68 (2H, d, ] = 8.8 Hz, H-
22, H-24), 6.80 (1H, dd, Jo 5 = 8.8 Hz, Jo s = 2.4 Hz, H-6), 7.10
(1H, s, H-3), 7.18 (1H, d, Jo 17 = 15.8 Hz, H-9), 7.69 (1H, d, ] =
8.8 Hz, H-21, H-25), 7.85 (1H, d, J5 c = 8.8 Hz, H-5), 8.11 (1H, d,
Jio,0 = 15.8 Hz, H-19). *C NMR (100 MHz, CDCl5): 12.7 (C-11, C-
13),23.9 (C-16), 26.2 (C-15, C-17), 40.3 (C-26, C-27), 45.2 (C-10, C-
12), 47.5 (C-14/C-18), 48.4 (C-14/C-18), 91.5 (C-3), 97.0 (C-8),
108.2 (C-4a), 111.5 (C-6), 112.1 (C-22, C-24), 112.2 (C-9), 123.6
(C-20), 126.6 (C-5), 131.0 (C-21, C-25), 144.3 (C-19), 152.2 (C-7, C-
23), 153.5 (C-4), 154.7 (C-8a), 159.8 (C-2). FTMS(+) calc. for
C5H36N;0[M—(NO;)]" 430.2853 found 430.2845. UV Apay (N,
CH;CN): 282, 485. ¢ (cm™ ' M~ 1): 39 000. & = 0.98.

3.2.5 Synthesis of (E)-1-(7-(diethylamino)-4-(4-methox-
ystyryl)-2H-chromen-2-ylidene)piperidin-1-ium nitrate (7). A
mixture of compound 3 (150 mg, 0.415 mmol, 1.0 eq.), 4-
methoxybenzaldehyde (50 pL, 0.415 mmol, 1.0 eq.) and piperi-
dine (41 pL, 0.415 mmol, 1.0 eq.) in dry acetonitrile (10 mL), was
stirred at 85 °C for 18 hours. The reaction was continuously
monitored by tlc, using CHCl3/CH;OH/H,0 (65 : 20 : 2) as the
eluent. The reaction product was isolated by flash chromatog-
raphy, using CHCl3/CH3;OH/H,O (65 : 20 : 2) as the eluent, to
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yield (E)-1-(7-(diethylamino)-4-(4-methoxystyryl)-2H-chromen-2-
ylidene)piperidin-1-ium nitrate (171 mg, 86%). '"H NMR (400
MHz, CDCl,): 1.24 (6H, t, ] = 7.1, N(CH,CH3),), 1.75-1.80 (6H,
m, H-15, H-16, H-17), 3.47 (4H, q, J = 7.1, N(CH,CH,),), 3.79
(3H, s, H-26), 3.97 (4H, m, H-14, H-18), 6.57 (1H, d, J5 s = 2.2 Hz,
H-8), 6.79 (1H, dd, J¢ 5 = 9.2 Hz, J s = 2.2 Hz, H-6), 6.85 (2H, d,
Jaz2,21 = 8.6 Hz, H-22, H-24), 7.18 (1H, 5, H-3), 7.24 (1H, d, Jo 10 =
15.9 Hz, H-9), 7.70 (1H, d, J,1 2, = 8.6 Hz, H-21, H-25), 7.84 (1H,
d, 56 = 9.2 Hz, H-5), 8.06 (1H, d, /10 o = 15.8 Hz, H-19). ">*C NMR
(100 MHz, CDCl;): 12.6 (C-11, C-13), 23.9 (C-16), 26.1 (C-15, C-
17), 44.6 (C-14/C-18) 45.2 (C-10, C-12), 46.5 (C-14/C-18), 55.5
(C-26), 93.0 (C-3), 97.0 (C-8), 108.0 (C-4a), 111.7 (C-6), 114.4 (C-
22, C-24), 115.8 (C-9), 126.7 (C-5), 128.5 (C-20), 131.6 (C-21, C-
25), 142.7 (C-19), 152.4 (C-7), 153.2 (C-4), 154.7 (C-8a), 159.9
(C-2), 161.6 (C-23). FTMS(+) calc. for C,;H330,N,[M—-(NO; )]
417.25365 found 417.2527. UV Apay (nm, CH;CN): 410. & (cm ™
M ): 30 000. &y = 0.82.

3.2.6 Synthesis of (E)-1-(4-(4-((5-carboxypentyl)oxy)styryl)-7-
(diethylamino)-2H-chromen-2-ylidene)piperidin-1-ium nitrate
(8). A mixture of compound 3 (232 mg, 0.642 mmol, 1.0 eq.), 6-
(4-formylphenoxy) hexanoic acid (152 mg, 0.642 mmol, 1.0 eq.)
and piperidine (63 pL, 0.642 mmol, 1.0 eq.) in dry acetonitrile
(10 mL) was stirred at 85 °C for 5 h. The reaction was continu-
ously monitored by tlc using CHCl3/CH3;O0H (9 : 1) as the eluent.
The reaction product was isolated by flash chromatography,
using CHCI;/CH3;O0H (95 : 5), CHCl;/CH30H (9 : 1) and CHCl,/
CH;O0H (8:2) as eluents, to yield (E)-1-(4-(4-((5-carboxypentyl)
oxy)styryl)-7-(diethylamino)-2H-chromen-2-ylidene)piperidin-1-
ium nitrate (261 mg, 70%). 'H NMR (400 MHz, CD;0D): 1.26
(6H, t,] = 7.1 Hz, N(CH,CHj),), 1.53 (2H, m, H-28), 1.69 (2H, m,
H-29), 1.78-1.83 (2H, m, H-27), 1.83 (6H, m, H-15, H-16, H-17),
2.32 (2H, t, H-30), 3.56 (4H, q,J = 7.1 Hz, N(CH,CHa),), 3.97 (4H,
m, H-14, H-18), 4.02 (2H, t, H-26), 6.84 (1H, d, J3 s = 2.2 Hz, H-8),
6.95-6.98 (1H, dd, Js 5 = 9.2 Hz, Js 5 = 2.2 Hz, H-6), 6.98 (1H, s,
H-3), 6.96 (2H, d, ] = 8.4 Hz, H-22, H-24), 7.49 (1H, d, Jo 10 =
15.9 Hz, H-9), 7.70 (2H, d, J = 8.4 Hz, H-21, H-25), 7.83 (1H, d,
Jio,0 = 15.9 Hz, H-19), 8.03 (1H, d, J5 s = 9.2 Hz, H-5). ">’C NMR
(100 MHz, CD;0D): 12.8 (C-11, C-13), 24.8 (C-16), 26.1 (C-29),
26.8 (C-28), 27.0 (C-15, C-17), 30.0 (C-27), 35.6 (C-30), 45.7 (C-
14/C-18), 46.0 (C-10, C-12), 47.6 (C-14/C-18), 69.1 (C-26), 93.0
(C-3), 98.0 (C-8), 109.0 (C-4a), 113.0 (C-6), 116.1 (C-22, C-24),
117.5 (C-9), 127.9 (C-5), 129.6 (C-20), 131.3 (C-21, C-25), 142.5
(C-19), 154.1 (C-7), 154.7 (C-4), 156.3 (C-8a), 161.5.9 (C-2), 162.7
(C-23). FTMS(+) calc. for Cs,H,;0,N,[M-(NO;7)]" 517.30608
found 517.3055. UV Amay (nm, CH3CN): 406, 478. ¢ (cm™ ' M ™)
30 000. @ = 0.90.

3.2.7 Synthesis of (E)-1-(7-(diethylamino)-4-(4-((6-((2,5-
dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)oxy)styryl)-2 H-chromen-2-
ylidene)piperidin-1-ium nitrate (9). A mixture of compound 8
(160 mg, 0.309 mmol, 1.0 eq.), DCC (77 mg, 0.371 mmol, 1.2
eq.), DMAP (4 mg, 0.0309 mmol, 10%) in dry DMF (2 mL) and
dry acetonitrile (25 mL) was stirred at room temperature for 5
minutes. After this period N-hydroxysuccinimide (43 mg,
0.371 mmol, 1.2 eq.) was added and the reaction mixture was
stirred at room temperature for 6 h. The reaction was monitored
by tlc, using CHCl3/CH30H/H,O (65 : 20 : 2) as the eluent. The
reaction product was isolated by flash chromatography, using
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CHCI,/CH,0H (95 : 5), CHCI;/CH;0H (9 : 1) and CHCI;/CH;0H
(8:2) as eluents, to yield (E)-1-(7-(diethylamino)-4-(4-((6-((2,5-
dioxopyrrolidin-1-yl)oxy)-6-oxohex-yl)oxy)styryl)-2 H-chromen-2-
ylidene)piperidin-1-ium nitrate (200 mg, 98%). "H NMR (400 MHz,
CDCly): 1.22 (6H, t, ] = 7.1 Hz, N(CH,CH3),), 1.57 (2H, m, H-28),
1.72-1.82 (2H, m, H-15, H-16, H-17, H-27, H-29), 2.61 (2H, t, H-
30), 2.82 (4H, s, H-33, H-34), 345 (4H, q, J = 7.1 Hz,
N(CH,CHs),), 3.92 (4H, m, H-14, H-18), 3.93 (2H, t, H-26), 6.55 (1H,
d,Js6 = 2.3 Hz, H-8), 6.79 (1H, dd, Js 5 = 9.2 Hz, J¢ s = 2.3 Hz, H-6),
6.82 (2H, d, J = 8.8 Hz, H-22, H-24), 7.07 (1H, s, H-3), 7.22 (1H, d,
Jo1o = 15.9 Hz, H-9), 7.64 (2H, d, ] = 8.8 Hz, H-21, H-25), 8.82 (1H,
d, Js,s = 9.2 Hz, H-5), 7.94 (1H, d, J100 = 15.9 Hz, H-19). ">C NMR
(100 MHz, CDCl,): 12.6 (C-11, C-13), 23.7 (C-16), 24.4 (C-29), 25.3
(C-28), 25.7 (C-33, C-34), 26.0 (C-15, C-17), 28.7 (C-27), 31.0 (C-30),
45.1 (C-10, C-12), 46.7 (C-14/C-18), 48.4 (C-14/C-18), 67.7 (C-26),
92.7 (C-3), 96.9 (C-8), 107.9 (C-4a), 111.8 (C-6), 115.0 (C-22, C-24),
115.7 (C-9), 126.7 (C-5), 128.3 (C-20), 130.5 (C-21, C-25), 142.5 (C-
19), 152.4 (C-7), 153.1 (C-4), 154.6 (C-8a), 159.8 (C-2), 161.0 (C-
23), 168.6 (C-31), 169.4 (C-32, C-35). FTMS(+) calc. for
C36H1406N3[M-(NO; 7)]" 614.32 246 found 614.3215. UV Apay (N,
CH;,CN): 404, 480. & (cm ™" M~ "): 30 000. &y = 0.92.

3.3 Quantum chemical calculations

All quantum chemical calculations were carried out with the
Gaussian 16 software package.** The hybrid PBEO functional®*
together with the standard 6-31G(d,p) basis set was used for
geometry optimizations of both the ground and the first excited-
states, without any symmetry constraints, while the larger 6-
311+G(d,p) basis set was employed for the spectra calculations.
Solvent effects were treated by means of the implicit polarized
continuum model (PCM).*"*> Frequency analysis was performed
both in the ground and excited state, confirming the optimized
structures as minima, presenting all frequencies real-valued.

4 Conclusions

In conclusion, with the objective to extend the delocalization of
the m-electron system, we have designed and synthesized new 2-
piperidinium-4-styrylcoumarin derivatives, with large Stokes
shifts and high fluorescence quantum yields, using an efficient
and low-cost synthetic strategy. From the results obtained from
the UV/Vis spectra, it can be concluded that the 1-(7-(dieth-
ylamino)-4-methyl-2H-chromen-2-ylidene)piperidin-1-ium
nitrate (3) is a useful intermediate in the synthesis of promising
new fluorescent labels for biomolecules. The conducted DFT
and TD-DFT calculations found significant geometric differ-
ences in the ground and excited states that helped to rationalize
the emission process. The synthesis of other red-shifted
coumarin fluorescent labels for biomolecules with improved
features is currently in progress in our laboratory and the
results will be reported briefly.
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