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Abstract: We have synthesized two novel fluorescent 3-(4-diethylaminocinnamoyl) coumarins that
exhibit fluorescence quenching upon exposure to a nerve agent simulant, diethylchlorophosphate
(DCP), providing a basis for rapid and sensitive DCP chemosensing. Furthermore, these coumarin
derivatives display two-photon fluorescence upon illumination with near-infrared laser pulses and
their two-photon (TP) absorption cross-section was evaluated. The potential for TP bio-imaging of
these compounds was investigated by their cellular uptake in HeLa cells by TP confocal microscopy.

Keywords: 3-(4-diethylaminocinnamoyl) coumarins; fluorescence; DCP; nerve gas sensors;
two-photon fluorescence

1. Introduction

The extreme toxicity of organophosphorus (OP)-containing nerve agents such as Sarin,
Soman, and Tabun poses a serious threat of chemical attack. Most of these nerve agents have
chemical structures similar to those of insecticides and can irreversibly react with the enzyme
acetylcholinesterase (a neurotransmitter), inhibiting its control over the central nervous system [1,2].
The use of such chemicals by terrorist groups in the past underscores the need to detect these
odorless and colorless compounds. A variety of detection methods for nerve agents have been
developed, including mass spectrometry-based techniques, enzyme-based sensors, colorimetric
probes, and fluorometric methods [3-10]. However many of these systems suffer from their
particular limitations, such as slow response times, operational complexity, and high cost, etc.
Fluorescence-based detection methods are versatile due to their high sensitivity and much lower
cost. Fluorescence-based sensors take advantage of the high electrophilicity of these nerve agents
by reacting with a nucleophile embedded in a fluorophore leading to the change of fluorescence
properties. The nerve agent simulants diethylcyanophosphate (DCNP), diethylchlorophosphate
(DCP), and dimethylmethylphosphonate (DMMP) are normally used for research purposes as they
offer similar reactivity as real nerve agents but lack the severe toxicity [11,12].

Coumarin-based derivatives have been widely used as fluorophores for constructing sensory
systems for pH, metal cations, anions, and gases due to their desirable photophysical properties
with large Stokes shifts and emissions in the visible spectral range [13-19]. Furthermore,
these coumarin derivatives are also known to exhibit two-photon absorption (TPA) phenomena.
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Two-photon fluorescence (TPF)-based microscopy, a nonlinear optical microscopic technique, offers
the advantages of increased penetration depth, localized excitation, and prolonged observation time,
thus allowing tissue imaging [20-23]. However, the TPA cross-sections (5) for the coumarin skeleton
are too small to be useful in practical applications, as compared to those of other commercial
dyes. Recent research suggests that the incorporation of a cinnamoyl moiety on the coumarin
skeleton can lead to an enhancement of the TPA cross-section [24,25]. The TPA cross-sections for
the 7-diethylamino-coumarin derivatives having the cinnamoyl moiety at C-3 were reported by
Liet al. to be on the order of 60 to 360 GM and the cross-sections increased to 1349 and 1570 GM
on further extending the conjugation at C-3 [24]. TPA cross-sections reported by Zou and coworkers
for triethyleneglycol functionalized coumarin derivatives are on the order of 284 to 1556 GM [25].

Based on our interest in the design of chromofluorogenic probes for various photophysical
and biological applications, we have synthesized a series of coumarin derivatives [26,27],
of which 7-hydroxy-4-methylcoumarins bearing a 4-dimethylaminocinnamoyl moiety at the
C-6/C-8 position have been explored earlier as molecular probes for confocal microscopy based
bio-imaging [27]. In this study, we have incorporated a 4-diethylaminocinnamoyl moiety at the
C-3 position of 7-methoxy/7,8-dimethoxy-4-hydroxycoumarin. An enhancement in the fluorescent
intensity for the resulting compounds was observed, compared to the previously synthesized
4-dimethylaminocinnamoyl moiety at C-6/C-8 position of the coumarins [27]. These coumarin
derivatives were used for sensing a nerve gas simulant, DCP, due to the presence of the two
nucleophilic centers (NEt; and OH). Upon treatment with DCP, both compounds exhibit significant
fluorescence quenching. The Stern-Volmer constant and binding constant were calculated for
these coumarins by fluorescence titration with DCP. Proton NMR spectra were recorded with the
incremental amount of DCP in a solution of deuterated chloroform to identify the nucleophilic
center involved in DCP sensing. In addition, these compounds were evaluated by the cellular
uptake study of C-3 substituted cinnamoylcoumarins in HeLa cells by TPF microscopy for TP
bio-imaging. The synthesized coumarin derivatives could be useful for nerve gas agent sensing and
bio-imaging applications.

2. Experimental Section

2.1. Materials

All of the chemicals and reagents were procured from Spectrochem Pvt. Ltd. (India) and
Sigma-Aldrich (India). The organic solvents were dried and distilled prior to their use. Reactions
were monitored by precoated TLC plates (silica gel 60F254, Merck, India); the spots were visualized
either by UV light, or by spraying with 5% alcoholic FeClz solution. Silica gel (100-200 mesh) was
used for column chromatography.

2.2. Instruments

Melting points were measured with a M-560 instrument (Buchi, Switzerland) and are
uncorrected. Infrared spectra were recorded using a model 9 FT-IR spectrometer (Perkin-Elmer,
Switzerland). 'H-NMR and '>C-NMR spectra (400 MHz and 100.5 MHz, respectively) were
recorded employing a Jeol-400 spectrometer (Japan) using tetramethylsilane as the internal standard.
The chemical shift values are on a 6 scale and the coupling constant values (J) are in Hertz. The HRMS
data were recorded on an Agilent-6530 Q-TOF LCMS (CA, USA). UV-Visible absorption spectra were
recorded using a Cary Eclipse UV-Vis spectrophotometer (CA, USA). Photoluminescence spectra
were recorded using a Fluorescence spectrophotometer (Cary 300) with both excitation and emission
slit widths set at 2.5 nm (compounds 7,8,13) and 5 nm (11,12). A quartz cuvette of 1 cm path-length
was used to record the absorption and fluorescence spectra.
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2.3. Quantum Efficiency Measurement

For quantum efficiency measurements, the compounds were dissolved in DMSO (1 mg/mL)
and diluted further to get the required concentration for optical studies. Commercially available
rhodamine (RhB) dye was used as reference. Solutions with similar optical density were prepared.
The relative quantum efficiency was measured using the following equation:

D = Py x (Fe/Fy) x (ne/ny)?

where ®. = quantum efficiency of the 3-cinnamoyl coumarin, ®; = quantum efficiency of the
reference, F. = integrated fluorescence intensity of the 3-cinnamoyl coumarin, F; = integrated
fluorescence intensity of the reference, n. =refractive index of the 3-cinnamoyl coumarin,
n, = refractive index of the reference.

2.4. TPF Measurement

A mode-locked Ti:Sapphire laser (Quantronix, East Setauket, NY, USA) operated at 800 nm with
a pulse width of 100 femto-second and a repetition rate of 1 kHz was used as the excitation source
for the TPF study. The near-infrared (NIR) laser pulses were passed through the sample cuvette
and the fluorescence signal was collected at 90° with respect to the laser beam using a CCD and a
monochromator. A short-pass optical filter at 750 nm was placed in front of the monochromator to
eliminate the excitation radiation. A short focal length (4.5 cm) lens was employed to collect the
TPF signal.

2.5. TPA Cross Section Measurement

The TPA cross-sections were determined using RhB in DMSO as a reference. The TPA
cross-sections were calculated using the following formula:

& = O (Fc/Fr) (‘Dr/CDC) (Cr/CC)

where Fs are the integrated TPF intensities; Cs are the concentrations; subscript ¢ and r stand for the
3-cinnamoyl coumarin and the reference molecule, respectively [28].

2.6. Stern-Volmer Constant (Ksv), Binding Constant (K) and Number of Binding Sites (n) Measurements

The Stern-Volmer constant was calculated from the fluorescence titration data of compounds 7
or 8 (0.02 mM, 3 mL), with increasing concentration of DCP in chloroform and by plotting the relative
fluorescence intensity (I, /I) against the [DCP] (Figure 513) using the following equation:

I,/1 = 1 + Ky x [DCP]

The plot between log[(I, — I)/I] and log[DCP], gives rise to the binding constant (K) and
number of binding sites (n) in compound 7 or 8 for DCP (Figure S14) was determined using the
equation below:

log[(Io —I)/I] = logK + n x log[DCP]

where I, and I correspond to emission intensities at 573 nm (7) or 572 nm (8) in the absence
and presence of DCP, respectively. For the absorption spectra measurements, 0.85 mL solution of
compounds 7 or 8 (0.02 mM) was used.
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2.7. Chemistry

2.7.1. 3-Acetyl-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one (6)

Compound 6 was obtained as an off white solid in 88% yield from the reaction of
4-hydroxy-7,8-dimethoxy-2H-chromen-2-one (4) with acetic acid and phosphorus oxychloride.
Melting point: 163-164 °C; IR (KBr) vmax: 2926.40, 1726.24 (OCO), 1604.25 (CO), 1553.39, 1476.12,
1297.03, 1098.71, 1048.65, 993.50, 758.46, 667.85 cm~!; TH-NMR (CDCl3): & 2.75 (s, 3H, COCHj3), 3.97
(d, 3H, ] =1.52 Hz, 7-OCH3), 4.00 (s, 3H, 8-OCH3), 6.93 (d, 1H, ] = 9.16 Hz, H-5), 7.79 (dd, 1H, | = 1.52,
9.16 Hz, H-6); 3C-NMR (CDCl3): § 29.96, 56.51, 61.57, 99.93, 108.62, 109.42, 121.43, 135.73, 148.80,
158.90, 159.82, 178.65, 205.64; HRMS: Calculated for C;3H;30¢ [M + H]* 265.0712, found 265.0717.

2.7.2. (E)-3-[3-(4-(Diethylaminophenyl)acryloyl]-4-hydroxy-7-methoxy-2H-chromen-2-one (7)

Compound 7 was obtained as a red solid in 78% yield from the reaction of
3-acetyl-4-hydroxy-7-methoxy-2H-chromen-2-one (5) with 4-diethylaminobenzaldehyde.
Melting point: 232-233 °C; IR (KBr) vmax: 2926.52, 1713.43 (OCO), 1634.33 (CO), 1592.85, 1521.42,
1457.13, 1288.37, 1194.09, 1098.57, 955.49, 693.02 cm~!; 'H-NMR (CDCl3): § 1.22 (t, 6H, | = 6.48 Hz,
2 x NCH,CH3), 3.44 (q, 4H, ] = 6.88 Hz, 2 x NCH,CH3), 3.89 (s, 3H, OCH3), 6.66 (d, 2H, | = 8.4 Hz,
H-3" & H-5"), 6.72 (d, 1H, ] = 2.32 Hz, H-8), 6.86 (dd, 1H, | = 2.28, 8.4 Hz, H-6), 7.62 (d, 2H,
J=9.16 Hz, H-2" & H-6""), 7.97 (d, 1H, ] = 8.4 Hz, H-5), 8.07 (d, 1H, | = 15.28 Hz, H-2), 8.20 (d,
1H, ] = 15.24 Hz, H-3'); 13C-NMR (CDCl3): 5 12.60, 44.64, 55.88, 98.60, 100.07, 110.67, 111.30, 112.70,
115.22, 122.27, 127.15, 132.39, 148.88, 150.75, 156.62, 160.92, 165.67, 181.82, 190.13; HRMS: Calculated
for Cp3Hp3NOs5 [M + HJ* 394.1654, found 394.1672 and [M + Na]* 416.1474, found 416.1476.

2.7.3. (E)-3-[3-(4-(Diethylaminophenyl)acryloyl]-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one (8)

Compound 8 was obtained as a red solid in 72% yield from the reaction of
3-acetyl-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one  (6) with 4-diethylaminobenzaldehyde.
Melting point: 193-194 °C; IR (KBr) vmax : 2922.26, 1712.17 (OCO), 1582.71 (CO), 1520.13, 1438.03,
1094.38, 814.60 cm™!; 'H- NMR (CDCl3): & 1.22 (t, 6H, | = 6.88 Hz, 2 x NCH,CHj3), 3.4 (q, 4H,
J =6.88 Hz, 2 x NCH,CHj3), 3.98, 3.99 (2s, 6H, 2 x OCH3), 6.66 (d, 2H, | = 7.64 Hz, H-3" & H-5""), 6.89
(d, 1H, ] =9.16 Hz, H-5), 7.61 (d, 2H, | = 8.4 Hz, H-2"" & H-6""), 7.82 (d, 1H, ] = 9.16 Hz, H-6), 8.08 (d,
1H, ] = 15.28 Hz, H-2), 8.21 (d, 1H, ] = 15.28 Hz, H-3'); *C-NMR (CDCl;): 5 12.35, 44.74, 56.41, 61.52,
98.58, 108.21, 111.61, 121.40, 132.24, 135.60, 148.53, 158.33, 160.26, 181.82, 190.04; HRMS: Calculated
for Co4HpsNOg [M + H]* 424.1760, found 424.1770 and [M + Na]* 446.1580, found 446.1587.

2.7.4. (E)-6-[3-(4-Diethylaminophenyl)acryloyl]-7-hydroxy-4-methyl-2H-chromen-2-one (12)

Compound 12 was obtained as a red solid in 78% yield from the reaction of
6-acetyl-7-hydroxy-2H-chromen-2-one (9) with 4-diethylaminobenzaldehyde. Melting point: 244-245
°C; IR (KBr) vmax: 3434.64 (OH), 2926.45, 1716.98 (OCO), 1632.08 (CO), 1521.64, 1303.88, 1182.45,
1151.44, 1088.49, 884.61 cm~!; 'H-NMR (CDCl3): 5§ 1.15 (t, 6H, | = 6.88 Hz, 2 x NCH,CH3), 2.40 (s,
3H, C-4 CH3), 3.41 (q, 4H, ] = 6.88 Hz, 2 x NCH,CH3), 6.09 (s, 1H, H-3), 6.60 (d, 2H, | = 9.16 Hz, H-3"
& H-5"), 6.78 (s, 1H, H-8), 7.26 (d, 1H, | = 14.52 Hz, H-2/), 7.49 (d, 2H, ] = 9.16 Hz, H-2" & H-6"),
7.88 (d, 1H, | = 15.24 Hz, H-3'), 8.02 (s, 1H, H-5), 13.75 (s, 1H, OH); 13C-NMR (CDCls): 5 12.55, 18.67,
44.63,105.29,111.28,112.25,112.47,117.80, 121.11, 126.42, 131.56, 147.88, 150.43, 152.00, 158.15, 160.29,
166.55, 192.06; HRMS: Calculated for Co3Hp3NO4 [M + H]* 378.1705, found 378.1706.

2.7.5. (E)-6-[3-(4-Diethylaminophenyl)acryloyl]-7-methoxy-4-methyl-2H-chromen-2-one (13)

Compound 13 was obtained as a yellow solid in 90% yield from the reaction of
(E)-6-[3-(4-diethyl-aminophenyl)acryloyl]-7-hydroxy-4-methyl-2H-chromen-2-one (12) with methyl
iodide. Melting point: 208-209 °C; IR (KBr) vmax: 2926.64, 1720.49 (OCO), 1609.44 (CO), 1559.14,
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1363.70, 1278.58, 1160.45, 1083.93, 984.66, 812.14 cm~!; TH-NMR (CDCl3): 5 1.20 (t, 6H, | = 6.88 Hz,
2 x NCH,CHs),2.42 (s, 3H, C-4 CH3), 3.41 (q, 4H, ] = 6.88 Hz, 2 x NCH,CH3), 3.95 (s, 3H, OCH3), 6.17
(s, 1H, H-3), 6.64 (d, 2H, ] = 9.16 Hz, H-3"" & H-5""), 6.88 (s, 1H, H-8), 7.13 (d, 1H, ] = 15.24 Hz, H-2'),
7.46 (d, 2H, ] = 9.16 Hz, H-2" & H-6""), 7.59 (d, 1H, | = 16.04 Hz, H-3'), 7.85 (s, 1H, H-5); 13C-NMR
(CDCl3): 5 12.54,18.71, 44.48, 56.24, 99.64, 111.21, 112.49, 113.30, 120.77, 121.55, 127.02, 127.10, 130.84,
145.66, 149.73, 152.79, 156.58, 160.69, 191.04; HRMS: Calculated for Cp4Hy5NO,4 [M + HJ* 392.1862,
found 392.1861.

3. Results and Discussion

3.1. Synthesis

Compounds 4-hydroxy-7-methoxy-2H-chromen-2-one (3) and 4-hydroxy-7,8-methoxy-2H-
chromen-2-one (4) were synthesized by the reaction of 4-methoxy-2-hydroxyacetophenone (1) and
3,4-dimethoxy-2-hydroxyacetophenone (2), respectively, with diethyl carbonate in the presence of
sodium hydride [29], and were then subjected to acetylation with acetic acid and phosphorus
oxychloride to yield respective acetylated compounds 5 and 6 [30].

3-(4-Diethylaminocinnamoyl) coumarins 7,8 were synthesized by piperidine catalyzed Claisen-
Schmidt condensation of 4-diethylaminobenzaldehyde with 3-acetyl-4-hydroxy-7-methoxy-2H-
chromen-2-one (5) or 3-acetyl-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one (6) (Scheme 1).
The compounds 6-8 are novel and were synthesized for the first time. They were fully characterized
by 'H-, ®*C-NMR and mass spectroscopy (see Figures $1-S6 in the Supporting Information (SI)).

R R R
/O\CC:; i /O\CROZrO i -0 00
_ =
I O OH O
1/2 R = H/OCH, 3/4 R = H/OCH, 5/6 R = H/OCH,

iii

7/8 R = H/OCH,

Scheme 1. Synthesis of compounds 5-8. Reagents and conditions: i. NaH, diethyl carbonate; ii. acetic
acid, phosphorus oxychloride, reflux; iii. 4-diethylaminobenzaldehyde, two drops of piperidine,
ethanol, reflux.

The C-6 substituted 4-dialkylaminocinnamoylcoumarins 11 and 12 were synthesized by Claisen-
Schmidt condensation of 4-dialkylaminobenzaldehyde with 6-acetyl-7-hydroxy-3-alkyl-4-methyl
coumarins 9, 10. Compound 13 was synthesized by carrying O-methylation of compound 12 using
methyl iodide (Scheme 2). The compounds 12 and 13 are novel and synthesized for the first time.
They were fully characterized by 'H, "> C-NMR and mass spectroscopy (Figures S7-510).
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HO 0._0
R
o
9/10 R = H/C,H; 11 R = C,Hg; R! = H; R? = CH;

[ 12R=H;R'=H; R*=C,H;s
13 R =H; R! = CH;; R? = C,H;

Scheme 2. Synthesis of compounds 11-13. Reagents and conditions: i. 4-dialkylamino-benzaldehyde,
two drops of piperidine, ethanol, reflux; ii. CH3l, dimethylformamide, K,COs3, 30 °C.

3.2. One-Photon and TP Activity of 3-Cinnamoylcoumarins

UV-Vis absorption and fluorescence spectra of 3-(4-diethylaminocinnamoyl) coumarins 7 and 8
were recorded by dissolving the compounds in DMSO. These compounds exhibit strong absorption
maxima at 521 and 523 nm, respectively. Upon exciting at their absorption maxima range, they emit
strong fluorescence with Amax at 608 and 610 nm, respectively (Figure S11). Stokes shift of 87 nm was
observed for these compounds. The solvatochromism effect of these compounds was also studied
and shown in Figure S12, Table S1. The quantum yields (®) of the compounds were measured using
RhB as a reference in DMSO having quantum efficiency of 96% [31]. The quantum yields of these
compounds were determined and summarized in Table 1.

Table 1. Optical properties of the 3-(4-diethylaminocinnamoyl) coumarins in DMSO.

Compd. App (nm)  Agy, (nm)  Stokes Shift (nm) P (%) A (GM)

7 521 608 87 11.01 59
8 523 610 87 17.60 85

The TPF spectra of these compounds were recorded by exciting them with the NIR femtosecond
laser pulses in dilute DMSO solution. Figure 1 shows the intensity dependent TPF spectra for
compounds 7 and 8. In both of the cases, an increase in the TPF intensity with the increase of the
exciting laser power was observed. The quadratic behavior of the TPF was confirmed by plotting
log[peak TPF intensity] vs log[laser power] as shown in Figure 2. A slope close to two in the plot
was determined, indicating that the fluorescence from the 3-(4-diethylaminocinnamoyl) coumarins 7
or 8 is indeed a TP phenomenon. The TPA cross-sections of 7 and 8 were then calculated, using the
RhB as a reference having TPA cross-section of 28 GM at 800 nm [32]. The TPA cross-sections of the
compounds studied (Table 1) were found to be comparable to the dyes used as biomarkers [33].

T T T C é 7 T T T T
ompoun 30000 | Compound 8
30000 a ——25mW b —=—25mW
—e— 50 mW —e— 50 mW
—A—75mW 25000 | —a—75 mW
o 25000 ——100mwW 4 Z —v—100 mW
€ —— 125 mW £ ——125mW
g S 20000
g 20000 g
z g
2 <ol 2 15000
S 2
-~ =
] =
= 10000 = 10000
5 &
& =
5000 5000
0 * 0 »wuy

550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 1. TPF spectra (a) for compound 7 and (b) for compound 8.
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Figure 2. Quadratic dependence of TPF (a) for compound 7 and (b) for compound 8.

A correlation of quantum efficiency and TPA cross-sections with the chemical structures of
the coumarins was observed. An enhancement in quantum efficiency and TPA cross-section was
observed on substituting the C-8 position of 3-(4-diethylaminocinnamoyl) coumarins with a methoxy
group. A similar effect of electron donating group on & value of same conjugated system was
observed byLi ef al. [24]. Higher TPA cross-section and quantum yield for coumarin derivative 8
were measured as compared to those for coumarin derivative 7. This observation could be helpful
for the future design and development of the coumarin based TP fluorophores.

3.3. TPF Imaging

TPF microscopy confirmed the cellular uptake of these 3-cinnamoylcoumarins in HelLa cells,
revealing the potentials of these coumarins as TP probes. For compounds 7 and 8, TP confocal
imaging was carried out using a 710 Laser Scanning Microscope (Zeiss, Jena, Germany). HeLa cells
were grown in DMEM containing 10% fetal bovine serum at 37 °C. Cinnamoyl -coumarins (2 pg/mL)
were incubated for 30 minutes in dish (P35G-1.5-10-C, MatTek Corporation, Ashland, MA, USA), and
the uptake was directly analyzed under the microscope. Figure 3 shows the TPF confocal images
of the uptake of the 3-cinnamoylcoumarin molecules in HeLa cells. The cellular uptake results
suggest that the synthesized coumarin compounds could be used as potential fluorescent probes for
TP imaging.

FL DIC
| --
| --
)

Figure 3. TP confocal images of HeLa cells (a) with compound 7 and (b) compound 8. FL: coumarin

MERGE

fluorescence images; DIC: (differential interference contrast images); and MERGE: Fluorescence
images merged with DIC.
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3.4. DCP Sensing Study

To study the DCP sensing capability of 3-cinnamoylcoumarins 7 and 8, the absorption and
the fluorescence spectra of the compounds was recorded in chloroform with the addition of
different concentrations of DCP. The solutions of compounds 7 and 8 in chloroform absorb strongly
around 506 and 505 nm, and emit bright orange fluorescence with Amax at 573 and 572 nm upon
excitation, respectively. The fluorescence quenching of both compounds 7 and 8 with DCP in the
chloroform solutions were observed (Figure 4). Both solutions turned colorless upon addition of DCP.
The absorption peaks at 506 and 505 nm for compounds 7 and 8 kept decreasing with the appearance
of a new absorption band at 372 nm. Figure 5 presents the absorption spectra of compounds 7 and
8 upon titrating with DCP (0.85-7.68 mM). A blue shift in the absorption maxima of compounds 7
and 8 was determined to be about 133 nm on the incremental addition of DCP. This change in UV
absorption that accompanies DCP binding i.e., one peak goes down and the other goes up may be
useful for ratiometric measurements.

UV light

—T7 |—=—8

—e— 0.85 mM DCP —— 0.85mM DCP
—4— 1.68 mM DCP —+— 1.68 mM DCP
0.8 +—~— 250mmDCP
329 mMDCP
L« 4.07mMDCP
4.82mM DCP ‘

&

0.8 4 —v— 2.50 mM DCP
3.29 mM DCP
~<— 4.07 mM DCP
4.82 mM DCP

0.64 —e— 5.56 mM DCP ] 0.6 4—+— 5.56 mM DCP

[—*— 6.29 mM DCP
|—e— 7.00 MM DCP
J—— 768mMDCP J

—+— 6.29 mM DCP
—e— 7.00 mM DCP
—— 768 MM DCP |

0.4 4

Absorbance
Absorbance
o
»

0.2 4

0.0 4

0.0 4

I T T L) % L) > L}
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 5. UV-Vis absorption spectra upon titration of compounds 7 (a) and 8 (b) with DCP.

Upon addition of DCP to chloroform solution of cinnamoylcoumarins 7 and 8, the fluorescence
intensities at 573 and 572 nm decreased as shown in Figure 6. The corresponding Stern-Volmer plots
are shown in Figure 513 and the Stern-Volmer constant (Ksv), the binding constant (K) and number
of binding sites (n) (Figure S14) were calculated and are listed in Table 2. It has been observed
that the substitution of the methoxy group at the C-8 position of the coumarin increases the value
of the Stern-Volmer constant and the binding constant. This may be due to the electron donating
effect of methoxy group which enriched the nucleophilic attack of compound on phosphorous atom
of DCP. The Ksv values for both compounds 7 and 8 were found to be higher than the value
reported for the DCP sensor based on poly(fluorene-quinoxaline) [34]. To confirm if the fluorescence
quenching is a selective phenomenon for the cinnamoylcoumarins 7 and 8, we have synthesized
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three structural analogues (11—-13) of compounds 7 and 8 (Scheme 2). The TPA activity of compound
11 was previously reported by our group, but the DCP sensing application has not been explored
earlier [27]. For these analogues (11—13), although a similar tendency of fluorescence quenching
has been observed on incremental addition of DCP (Figures S15-517 in SI) as for the compounds
7 and 8. However, the measured Stern-Volmer constants revealed that these analogues of 7 and 8
exhibit weaker quenching responses with DCP as described in Table S2. The binding constants for
the synthesized compounds are comparable with the value reported for rhodamine-based sensors for
DCP [35].
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Figure 6. Fluorescence spectra upon titration of compounds 7 (a) and 8 (b) with DCP.

Table 2. The Stern-Volmer constants, binding constants, and number of binding sites of the
3-(4-diethylaminocinnamoyl)coumarins with DCP in chloroform.

Compd. App. (nm)  Agy (nm)  Ksv M™1) KM n
7 506 573 791 8.235 X 102 1.011
8 505 572 1070 1.410 X 103 1.054

In order to evaluate the selectivity of compounds 7 and 8 for different organophosphorous
compounds, we studied the change in the fluorescence intensity of compound 7 towards two
more organophosphorous compounds, i.e., orthophosphoric acid and dimethyl methylphosphonate.
Quite interestingly, no significant change in the emission spectra of compound 7 was observed with
the addition of any of the two compounds (Figure S518) even with addition of 30 times higher amount
of orthophosphoric acid/dimethyl methylphosphonate in comparison to DCP (9.23 mM). This result
clearly showed that compounds 7 and 8 are highly selective towards sensing the DCP.

3.5. NMR Study and the Sensing Mechanism

A "H-NMR titration study was performed to find the nucleophilic center (NEt, or OH) involved
in the binding of DCP. Interestingly, it was noticed that the continuous addition of DCP (04 eq.) to
compound 8 resulted in a deshielding of the protons ortho (H-3"" & H-5"") to the NEt, group (Figure 7).
A downfield shift in the peak signal of the methylene protons [N(CH>CH3),] as well as meta-protons
(H-2"" & H-6'") was observed on addition of DCP (Figure S19), while the benzenoid protons of the
coumarin skeleton ring (H-5 & H-6) did not exhibit any significant change in 4 value, this may be due
to the safe distance from the reactive nucleophilic center involved with DCP interaction. These facts
suggest that the participation of NEt; group in nucleophilic attack on phosphorous atom of DCP.
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Figure 7. 'H-NMR spectra of compound 8 in CDCl; showed shifts in aromatic protons on the addition
of DCP (04 eq.).

This downfield shift of H-3"" & H-5" on DCP addition is attributed to change from the +R to
—R effect of NEt, group after reacting with DCP. The protonation of nitrogen leads to withdraw of
electron density from the 3’ proton, resulting in the increase in § value of this proton and upfield shift
of 2/ proton. A similar effect on chemical shift values was observed in the "H-NMR of compound 7
on DCP addition (Figure S20), the proton NMR of compound 7 was recorded on addition of DCP
(4 equivalent) at the time interval of 24 and 48 h (Figure 521). Even after 48 h, no significant shift was
observed in the protons of coumarin moiety (H-5, H-6, and H-8). Based on this observation, a possible
mechanism of DCP binding that triggers the quenching of the fluorescence intensity of compound 8
was postulated and shown in Scheme 3.

Scheme 3. Interaction of DCP with compound 8.

4. Conclusions

Two novel 3-(4-diethylaminocinnamoyl)coumarins 7,8 were synthesized by Claisen-
Schmidt condensation of 4-diethylaminobenzaldehyde with 3-acetyl-4-hydroxy-7-methoxy-2H-
chromen-2-one or 3-acetyl-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one. These coumarins exhibited
significant Stokes shifts, moderate fluorescence quantum efficiencies and TPA cross-sections.
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A correlation of the chemical structure and TPF was established. The TPF confocal microscopic
investigation confirmed the internalization of these 3-cinnamoyl coumarins by HeLa cell lines. These
compounds showed large fluorescence quenching upon addition of DCP. The Ksv values obtained
for the compounds 7 and 8 by the fluorescence titration method were found to be 791 and 1070 M1,
respectively. These values are comparable or even higher than those reported for other nerve gas
sensors. Thus, we have successfully developed a reagent that exhibit good selectivity to interact
with DCP in comparison to its structural analogues DMMP and orthophosphoric acid. Our research
findings could be useful for future design of coumarin based biological imaging probes and nerve
gas sensors.

Acknowledgments: Financial support from the DU-DST Purse Grant II and University of Delhi, is gratefully
acknowledged. The author PY is thankful to Council of Scientific and Industrial Research (CSIR, New Delhi) for
the award of Junior/Senior Research Fellowships. The author KC is thankful to Erasmas NAMASTE consortium
grant (unique number: NAMASTE_20130125) for the award of postdoctoral fellowship. We would like to thank
Dr. Venkat Giri Magupalli at the Boston Childern’s Hospital for the TP confocal imaging investigation.

Author Contributions: The synthesis, characterization of probes and DCP sensing application part was carried
out by PY. and K.C. under the supervision of S.K.S. at University of Delhi. The TPF study was carried out
by H.S.G. and L.L. under the supervision of J.K. at University of Massachusetts Lowell, USA. P.Y. and S.K.S.
prepared the manuscript and H.S.G., L.L., and J.K. assisted in editing and finalizing manuscript. All the authors
have read and approved the manuscript for submission.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Marrs, T.C. Organophosphate poisoning. Pharmacol. Ther. 1993, 58, 51-66.

2. Sidell, ER,; Borak, J. Chemical warfare agents: II. Nerve agents. Ann. Emerg. Med. 1992, 21, 865-871.
[CrossRef]

3. Gehauf, B.; Goldenson, J. Detection and estimation of nerve gases by fluorescence reaction. Anal. Chem.
1957, 29, 276-278. [CrossRef]

4. Kim, K;; Tsay, O.G.; Atwood, D.A.; Churchill, D.G. Destruction and detection of chemical warfare agents.
Chem. Rev. 2011, 111, 5345-5403. [CrossRef] [PubMed]

5. Zhang, SW.; Swager, TM. Fluorescent detection of chemical warfare agents: functional group specific
ratiometric chemosensors. J. Am. Chem. Soc. 2003, 125, 3420-3421. [CrossRef] [PubMed]

6. Dale, TJ.; Rebek, J. Fluorescent sensors for organophosphorous nerve agent mimics. Jr. J. Am. Chem. Soc.
2006, 128, 4500-4501. [CrossRef] [PubMed]

7. Wallace, K.J.; Fagbemi, RI; Folmer-Andersen, EJ.; Morey, J.; Lynch, VM.; Anslyn, E.V. Detection of
Chemical warfare simulants by phosphorylation of a coumarin oximate. Chern. Commun. 2006, 3886—-3888.
[CrossRef] [PubMed]

8.  Menzel, ER,; Menzel, LW.; Schwierking, J.R. Rapid fluorophosphates nerve agent detection with
lanthanides. Talanta 2005, 67, 383-387. [CrossRef] [PubMed]

9. Dale, TJ.; Rebek, ]. Hydroxy oximes as organophosphorus nerve agent sensor. Angew. Chem. Int. Ed. 2009,
48,7850-7852. [CrossRef] [PubMed]

10. Wu, W,; Dong, J.; Wang, X,; Li, J.; Sui, S.; Chen, G.; Liu, J.; Zhang, M. Fluorogenic and chromogenic probe
for rapid detection of a nerve agent simulant DCP. Analyst 2012, 137, 3224-3226. [CrossRef] [PubMed]

11.  Royo, S.; Costero, A.M.; Parra, M.; Gil, S.; Martinez-Manez, R.; Sancenén, F. Chromogenic, specific detection
of the Nerve-Agent Mimic DCNP (a Tabun Mimic). Chem. Eur. ]. 2011, 17, 6931-6934. [CrossRef] [PubMed]

12.  Costero, A.M,; Gil, S.; Parra, M.; Mancini, PM.E.; Martinez-Ménez, R.; Sancenén, F.; Royo, S. Chromogenic
detection of nerve agent mimics. Chem. Commun. 2008. [CrossRef] [PubMed]

13. Trenor, SR.; Shultz, AR, Love, BJ.; Long, T.E. Coumarins in polymers: From light harvesting to
photo-cross-linkable tissue scaffolds. Chem. Rev. 2004, 104, 3059-3077. [CrossRef] [PubMed]

14. Lin,S.-L.; Kuo, P-Y.; Yang, D.-Y. Design and synthesis of a coumarin-based acidichromic colorant. Molecules
2007, 12, 1316-1324. [CrossRef] [PubMed]

15.  Suresh, M.; Das, A. New coumarin-based sensor molecule for magnesium and calcium ions. Tetrahedron
Lett. 2009, 50, 5808-5812. [CrossRef]

31997


http://dx.doi.org/10.1016/S0196-0644(05)81036-4
http://dx.doi.org/10.1021/ac60122a029
http://dx.doi.org/10.1021/cr100193y
http://www.ncbi.nlm.nih.gov/pubmed/21667946
http://dx.doi.org/10.1021/ja029265z
http://www.ncbi.nlm.nih.gov/pubmed/12643690
http://dx.doi.org/10.1021/ja057449i
http://www.ncbi.nlm.nih.gov/pubmed/16594648
http://dx.doi.org/10.1039/b609861d
http://www.ncbi.nlm.nih.gov/pubmed/17268659
http://dx.doi.org/10.1016/j.talanta.2005.01.043
http://www.ncbi.nlm.nih.gov/pubmed/18970179
http://dx.doi.org/10.1002/anie.200902820
http://www.ncbi.nlm.nih.gov/pubmed/19757467
http://dx.doi.org/10.1039/c2an35428d
http://www.ncbi.nlm.nih.gov/pubmed/22624148
http://dx.doi.org/10.1002/chem.201100602
http://www.ncbi.nlm.nih.gov/pubmed/21557360
http://dx.doi.org/10.1039/B811247A
http://www.ncbi.nlm.nih.gov/pubmed/19030566
http://dx.doi.org/10.1021/cr030037c
http://www.ncbi.nlm.nih.gov/pubmed/15186188
http://dx.doi.org/10.3390/12071316
http://www.ncbi.nlm.nih.gov/pubmed/17909487
http://dx.doi.org/10.1016/j.tetlet.2009.07.141

Sensors 2015, 15, 31987-31998

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Komatsu, K.; Urano, Y.; Kojima, H.; Nagano, T. Development of an Iminocoumarin-based zinc sensor
suitable for ratiometric fluorescence imaging of neuronal zinc. J. Am. Chem. Soc. 2007, 129, 13447-13454.
[CrossRef] [PubMed]

Ray, D.; Bharadwaj, PK. A coumarin-derived fluorescence probe selective for magnesium. Inorg. Chem.
2008, 47, 2252-2254. [CrossRef] [PubMed]

Lim, N.C.; Bruckner, C. DPA-substituted coumarins as chemosensors for Zinc (II): Modulation of the
chemosensory characteristics by variation of the position of the chelate on the coumarin. Chem. Commun.
2004, 1094-1095. [CrossRef] [PubMed]

Hanshaw, R.G.; Hilkert, S.M.; Jiang, H.; Smith, B.D. An indicator displacement system for fluorescent
detection of phosphate oxyanions under physiological conditions. Tetrahedron Lett. 2004, 45, 8721-8724.
[CrossRef]

Denk, W.; Strickler, ].H.; Webb, W.W. Two-photon laser scanning fluorescence microscopy. Science 1990, 248,
73-76. [CrossRef]| [PubMed]

So, PT,; Dong, C.Y.; Masters, B.R,; Berland, KM. Two-photon excitation fluorescence microscopy.
Annu. Rev. Biomed. Eng. 2000, 2, 399-429. [CrossRef] [PubMed]

Diaspro, A.; Chirico, G.; Collini, M. Two-photon fluorescence excitation and related techniques in biological
microscopy. Q. Rev. Biophys. 2005, 38, 97-166. [CrossRef] [PubMed]

Mulligan, S.J.; MacVicar, B.A. Two-photon fluorescence microscopy: Basic principles, advantages and risks.
Mod. Res. Educ. Top. Microsc. 2007, 2, 881-889.

Li, X;; Zhao, Y.X.; Wang, T.; Shi, M.Q.; Wu, EP. Coumarin derivatives with enhanced Two-photon absorption
cross sections. Dyes Pigm. 2007, 74, 108-112. [CrossRef]

Zou, Q.; Fang, Y.; Zhao, Y.; Zhao, H.; Wang, Y.; Gu, Y. Synthesis and in vitro photocytotoxicity of coumarin
derivatives for one- and two-photon excited photodynamic therapy. J. Med. Chem. 2013, 56, 5288-5294.
[CrossRef] [PubMed]

Chand, K.; Shirazi, A.N.; Yadav, P; Tiwari, RK.; Kumari, M.; Parang, K.; Sharma, S.K. Synthesis and
antiproliferative and c-Src kinase inhibitory activities of cinnamoyl- and pyranochromen-2-one derivatives.
Can. J. Chem. 2013, 91, 741-754. [CrossRef]

Yadav, P; Satapathi, S.; Kumari, M.; Chaturvedi, A.; Li, L.; Samuelson, L.A.; Kumar, J.; Sharma, S.K.
Synthesis of two-photon active cinnamoyl coumarins for high-contrast imaging of cancer cells and their
photophysical characterization. J. Photochem. Photobiol. A Chem. 2014, 280, 39-45. [CrossRef]

Albota, M.A.; Xu, C.; Webb, W.W. Two-Photon Fluorescence Excitation Cross Sections of Biomolecular
Probes from 690 to 960 nm. Appl. Opt. 1998, 37, 7352-7356. [CrossRef] [PubMed]

Desai, N.J.; Sethna, S. Synthesis of Some 4-hydroxycoumarin derivatives. J. Org. Chem. 1957, 22, 388-390.
[CrossRef]

Dholakia, V.N.; Parekh, M.G.; Trivedi, K.N. Studies in 4-hydroxy coumarins. Aust. ]. Chem. 1968, 21,
2345-2347. [CrossRef]

Kubin, R.F; Fletcher, A.N. Fluorescence quantum yields of some rhodamine dyes. ]. Lumin. 1982, 27,
455-462. [CrossRef]

Nag, A.; Goswami, D. Solvent effect on two-photon absorption and fluorescence of rhodamine dyes.
J. Photochem. Photobiol. A Chem. 2009, 206, 188-197. [CrossRef] [PubMed]

Jha, PC; Wang, Y, Agren, H. Two-photon absorption cross-sections of reference dyes: A critical
examination. Chem. Phys. Chem. 2008, 9, 111-116.

Jo,S.;Kim, D.; Son, S.-H.; Kim, Y.; Lee, T.S. Conjugated poly(fluorene-quinoxaline) for fluorescence imaging
and chemical detection of nerve agents with its paper-based strip. Appl. Mater. Interfac. 2014, 6, 1330-1336.
[CrossRef] [PubMed]

Weerasinghe, A.].; Schmiesing, C.; Sinn, E. Synthesis, characterization, and evaluation of rhodamine based
sensors for nerve gas mimics. Tetrahedron 2011, 67, 2833-2838. [CrossRef]

® © 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
@ \ access article distributed under the terms and conditions of the Creative Commons by

Attribution (CC-BY) license (http://creativecommons.org/licenses /by /4.0/).

31998


http://dx.doi.org/10.1021/ja072432g
http://www.ncbi.nlm.nih.gov/pubmed/17927174
http://dx.doi.org/10.1021/ic702388z
http://www.ncbi.nlm.nih.gov/pubmed/18330986
http://dx.doi.org/10.1039/b403448a
http://www.ncbi.nlm.nih.gov/pubmed/15116201
http://dx.doi.org/10.1016/j.tetlet.2004.09.133
http://dx.doi.org/10.1126/science.2321027
http://www.ncbi.nlm.nih.gov/pubmed/2321027
http://dx.doi.org/10.1146/annurev.bioeng.2.1.399
http://www.ncbi.nlm.nih.gov/pubmed/11701518
http://dx.doi.org/10.1017/S0033583505004129
http://www.ncbi.nlm.nih.gov/pubmed/16478566
http://dx.doi.org/10.1016/j.dyepig.2006.01.020
http://dx.doi.org/10.1021/jm400025g
http://www.ncbi.nlm.nih.gov/pubmed/23763331
http://dx.doi.org/10.1139/cjc-2013-0053
http://dx.doi.org/10.1016/j.jphotochem.2014.02.005
http://dx.doi.org/10.1364/AO.37.007352
http://www.ncbi.nlm.nih.gov/pubmed/18301569
http://dx.doi.org/10.1021/jo01355a010
http://dx.doi.org/10.1071/CH9682345
http://dx.doi.org/10.1016/0022-2313(82)90045-X
http://dx.doi.org/10.1016/j.jphotochem.2009.06.007
http://www.ncbi.nlm.nih.gov/pubmed/19946642
http://dx.doi.org/10.1021/am405430t
http://www.ncbi.nlm.nih.gov/pubmed/24372409
http://dx.doi.org/10.1016/j.tet.2011.02.041

	Introduction 
	Experimental Section 
	Materials 
	Instruments 
	Quantum Efficiency Measurement 
	TPF Measurement 
	TPA Cross Section Measurement 
	Stern-Volmer Constant (Ksv), Binding Constant (K) and Number of Binding Sites (n) Measurements 
	Chemistry 
	3-Acetyl-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one (6) 
	(E)-3-[3-(4-(Diethylaminophenyl)acryloyl]-4-hydroxy-7-methoxy-2H-chromen-2-one (7) 
	(E)-3-[3-(4-(Diethylaminophenyl)acryloyl]-4-hydroxy-7,8-dimethoxy-2H-chromen-2-one (8) 
	(E)-6-[3-(4-Diethylaminophenyl)acryloyl]-7-hydroxy-4-methyl-2H-chromen-2-one (12) 
	(E)-6-[3-(4-Diethylaminophenyl)acryloyl]-7-methoxy-4-methyl-2H-chromen-2-one (13) 


	Results and Discussion 
	Synthesis 
	One-Photon and TP Activity of 3-Cinnamoylcoumarins 
	TPF Imaging 
	DCP Sensing Study 
	NMR Study and the Sensing Mechanism 

	Conclusions 

