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Abstract

A number of D-n—A-—n— D type dyes based on pyrimidines, bearing various electron-donating
carbazole and triphenylamine fragments, have been studied as sensing fluorophores.
Fluorescence studies demonstrated that the emission of all derivatives in acetonitrile is sensitive
to the presence of a number of nitroaromatic benzenoids, including explosives such as 2,4-
dinitroanisole, picric acid, styphnic acid, 1,3,5-triethoxy-2,4,6-trinitrobenzene, 2,4-dinitrotoluene
and 2,4,6-trinitrotoluene. Detection limits of fluorophores for the explosive compounds were in
the range from 2 mM to 29 uM. A selective fluorescence quenching response, including a sharp
color change under UV, especially for the trinitrophenolics, makes these fluorophores promising
fluorescence sensory materials for nitroaromatic explosives.

Keywords: Pyrimidine, carbazole, triphenylamine, nitroaromatic explosives, fluorescence
quenching

Introduction

During the last decade, fast-reacting and reliable sensors for detection of highly explosive
materials have acquired considerable interest, as effective tools to protect society from terrorism,
and assist in environmental control.'® The most common explosives are nitroaromatic
compounds. Current methods for the detection of nitroaromatic explosives are based on the use
of dogs or sophisticated instruments, neither of which are always easily accessible.””’
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Fluorescence quenching techniques are more simple and sensitive tools. The design and
synthesis of new organic fluorophores with a high emission efficiency for the detection of
nitroaromatic explosives have attracted considerable attention.*'! In this respect, electron rich
conjugated polymers have proved to be excellent candidates for detection of such materials.®
When compared with conjugated polymers, however, small conjugated molecules have
advantages due to their ease of synthesis and purification, in well-defined structures and better
batch-to-batch reproducibility.”'?

Fluorescent organic molecules and polymers bearing m-conjugated triphenylamine or
carbazole fragments have gained the attention of both experimental and theoretical chemists.
Thanks to the presence of highly delocalized m-electronic systems, these molecules have found
wide applications in organic light-emitting diodes (OLEDs), nonlinear optics, dye-sensitized
solar cells and field-effect transistors (FETs).">?® Furthermore, triphenylamine and carbazole-
based compounds are used successfully as sensors for the detection of nitroaromatic
explosives.””™!

Oligothiophenes and their derivatives have also been employed successfully as sensing
elements for detection of explosives. In particular, terthiophene derivatives have been
immobilized in a monolayer on the surface of a glass plate, and the fluorescent films obtained
used for the sensing of nitro-containing explosives both in the vapor phase and in aqueous
media.”*™*

Pyrimidine is a very m-deficient heterocycle, and as a core it can be used as an electron-
withdrawing component in push-pull structures.>~® During the past decade, hundreds of
pyrimidine-bearing chromophores have been designed. In particular, numerous aryl substituted
pyrimidines have been studied as fluorescent dyes.”>** Moreover, it should be noted that
arylvinyl pyrimidines are now considered as well established structures of two-photon absorption
dyes.”**' Also some pyrimidines exhibit second order nonlinear optical properties.*** In
continuation of our previous studies on (hetero)aryl substituted bithiophenes and their analogues,
as photosensitizers for dye-sensitized solar cells,””*** and taking into account the results
reported by other groups on the use of pyrimidine-triphenylamine and pyrimidine-carbazole
dyads in optical materials,”>>® we have focused our attention on donor-m-acceptor organic dyes
bearing the pyrimidine fragment, as chemosensors for nitroaromatic explosives. In this
communication we report the synthesis of pyrimidine-based V-shaped new organic fluorophores
with yellow-green emission, their photophysical properties and sensitivity towards
nitroaromatics.

Results and Discussion

Synthesis
It has already been shown that 5-bromo-2-(hetero)arylpyrimidines react with a variety of

(hetero)aryl-substituted boronic acids under Pd-catalyzed microwave-assisted conditions.***®
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4,5-Bis-(5-bromothien-2-yl)pyrimidine (4) was used as a synthetic intermediate in the
preparation of V-shaped push-pull systems after the model of 4,5-di(hetero)aryl substituted
pyrimidines 6a-c. Compound 4 was obtained by conversion of the readily available 5-bromo-4-
(thien-2-yl)pyrimidine (2) into 4,5-di(thien-2-yl)pyrimidine (3) in THF/H,O (3:4), which is
similar to the microwave-assisted Suzuki cross-coupling reaction, followed by bromination of 3
to 4 (Scheme 1).*’ The target chromophores 6a-c were synthesized in high yields through the
reactions shown in Scheme 2. Pyrimidine 4 was coupled with the corresponding pinacol esters of
4-(diphenylamino)phenylboronic (5a), 9-ethyl-9H-carbazole-3-boronic (5b) and 9H-carbazole-9-
(4-phenyl)boronic acids (5¢) under microwave irradiation in 1,4-dioxane/H,O, in the presence of
K,CO; and Pd(PPhs), as catalyst. These reactions afforded the corresponding D-n-A-n-D dyes
6a-c in 64-75% yields in reaction times not exceeding 20 min (Scheme 2).

a) O
B~ MW, 150°C, 15 min
Br 1) CF,COOH s R , ,
(j/ N OH Pd(PPhy),, K,CO,
2) K;Fe(CN), - KOH/ H,0 k THF - H,0

/ Suzuki cross-coupling
S

SH-reaction 2

Scheme 1. Synthesis of 4,5-bis-(5-bromothien-2-yl)pyrimidine (4).

S+

0...0
B

K,CO,, Pd(PPh,),, MW

1,4-dioxane - H,0
Suzuki cross-coupling

Scheme 2. Molecular structures and synthetic route to the donor-n-acceptor organic dyes on a
pyrimidine scaffold.
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Absorption and emission properties

A characteristic feature of this class of compound is that their absorption and emission
wavelengths can be easily adjusted by suitable design of their structures. To evaluate the effect
of triphenylamine and carbazole moieties on photophysical properties, the fluorescence
excitation and emission spectra of 6a-C were recorded. The spectra are shown in Figure 1 and the
main optical properties are presented in Table 1.

The pyrimidine fluorophores 6a-c show broad absorption maxima in the region of 340-405
nm (¢ 17700-23700 M "-cm '), which can be attributed to intramolecular charge-transfer
excitation from the carbazole or triphenylamine moiety to the pyrimidine ring (Table 1, Fig. 1a).
The second and third absorption maxima were seen at 294-361 and 237-299 nm, respectively.
The effects of molecular structure on the absorption properties are seen in the hypsochromic shift
of the long-wavelength absorption bands, of approximately 63 nm from the triphenylamine
derivative 6a to the 9-phenyl-9H-carbazole compound 6¢ (Table 1). Since the ionization
potential of triphenylamine is lower than that of carbazole, it is reasonable to suppose that
enhancement of the electron-donating ability of the D-fragment of the dye is responsible for the
hypsochromic shift. Such dependence is inherent in the absorption bands which are due to
intramolecular charge transfer.**

Effective channel deactivation of electronic excitation energy for dyes 6a-c is the source of
the fluorescence (Table 1, Figure 1b). The excitation spectra coincided with the absorption bands
(Table 1). The influence of the structure of dyes 6a-C on the fluorescence spectra is similar to
that found for the absorption spectra.

The Stokes shift is an important parameter for a fluorophore, since it provides directly a
measure of the energy gap between the ground and the first excited state of the fluorophore.**
For the fluorophores under consideration, their Stokes shifts to vary from 6497 (6b) to 9881 cm’
(6¢c) (see Table 1). High values of the Stokes shifts may be due to a change in the dipole
moments of dyes in the excited state, resulting from charge transfer from donor to acceptor,
which is accompanied by a compensatory relaxation of solvent molecules.”
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Figure 1. Absorption and emission spectra of fluorophores 6a-c. (a) Absorption spectra of 6a-c
in CH3;CN. (b) Emission spectra of 6a-c in CH3CN.
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Table 1. Photophysical data for fluorophores 6a-C in acetonitrile

Absorption  Fyprescence

Amax (NmM)/g Quantum Stokes shift

(103 /M Excitation Emission yield (®) Avg fem’!

cm™) Amax (NM) Amax (Nm)

403/23.70

6a 361/27.20 403 557 0.01 6861
299/28.90
397/17.70

6b 294/27.70 397 535 0.05 6497
237/38.40
370/53.00
340/71.00

6C 291/77.30 340 512 0.07 9881

234/163.90

Fluorophores

Fluorescence quenching studies in acetonitrile solution

To evaluate the utility of the D-n—A—n— D type dyes 6a-C based on the pyrimidine scaffold for
the detection of nitroaromatic explosives, the corresponding fluorescence measurements of the
fluorophores 6a-c were carried out in acetonitrile solutions containing measured quantities of the
compounds shown in Figure 2, which serve as quenchers of the fluorescence.

OMe OH OH OEt
NO, O,N NO, O,N NO, ON NO,
OH EtO OEt

NO, NO, NO, NO,

2,4-Dinitroanisole Picric acid Styphnic acid 1,3,5-Triethoxy-2,4,6-trinitrobenzene
(DNAN) (PA) (SA) (TETNB)
CH, CH, NO, CH,
@/Noz OzN\©/Noz i t
NO, NO, Nitrobenzene Toluene
2,4-Dinitrotoluene 2,4,6-Trinitrotoluene (NB) (Tol)
(DNT) (TNT)

Figure 2. Structures of used quenchers (green) and interferents (black).
Figures 3, S1 and S2 (see Supplementary Material) show the fluorescence emission spectra

of 6a-c in the presence of different concentrations of the analytes with 385 nm as an excitation
wavelength. All nitroaromatics act as fluorescence quenchers for compounds 6a-c. In this series,
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the most effective quenchers are picric and styphnic acids, while DNT and TNT are the least
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Figure 3. Fluorescence quenching studies for 6a (1.0 x 10> mol/L) recorded in the presence of
various amounts of DNAN (a), PA (b), SA (c), TETNB (d), DNT (e), TNT (f), NB (g) and Tol
(h), for which 385 nm was taken as the excitation wavelength.
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effective (Figure 4). It can be seen that fluorophore 6a exhibits a fast and sensitive response to
PA and SA, and nearly 35-85% and 5-45% of the original emission values are quenched by this
fluorophore when their concentrations reach 1.0 x 10 mol/L.

The most impressive visual changes of color for fluorophores 6a-c solutions with additives
of different quenchers are shown in Figures 4, S3 and S4.

(1) (2) 3) (1) 4 (5

il Pl

(a)

(b)

Figure 4. Solution photographs of compound 6a (¢ = 1.0x10™ M) in acetonitrile (1), solution 6a
in the presence of TETNB (¢ = 1.0x10” M) in acetonitrile (b), solution 6a in the presence of
DNAN (¢ = 1.0x10” M) in acetonitrile (3), solution 6a in the presence of PA (¢ = 1.0x10” M) in
acetonitrile (4), solution 6a in the presence of SA (¢ = 1.0x10” M) in acetonitrile (5): before
irradiation (a — no emission) and during irradiation (b — emission, A= 375 nm) at room
temperature.

The quenching efficiency was calculated by using the formula (/y — 1)/ Iy x 100%, where [
and / are the fluorescence intensities of fluorophores 6a, 6b or 6¢ before and after addition of the
analyte, respectively. Figure 5 shows the quenching efficiency of nitroaromatics and related
compounds.
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Figure 5. The plot of the quenching efficiencies of DNAN, PA, SA, TETNB, DNT, TNT, NB
and Tol to fluorophores 6a (a), 6b (b) and 6¢C (c) at mM level.

Table 2. Quenching constants Kgy and detection limits of DNAN, PA, SA, TETNB, DNT, TNT,
NB and Tol towards fluorophores 6a-c in CH3;CN

Fluoro- Ksv, M/ DL, molxL™
phores  DNAN PA SA TETNB DNT TNT NB TOL
6a 590/ 10667/ 9000/ 769/ 246/ 268/ 781/ 1757/
2.04x10°  6.86x10*  4.94x10°  1.54%10°  535x10*  592x10*  3.77x10°  4.54x10™
6b 2162/ 10500/ 7125/ 3049/ 400/ 324/ 3609/ 1720/
1.96x10*  5.55x10°  7.15x10*  1.22x10*  1.35%10*  1.55x10* 1.56x10*  5.07x10°
o 15565/ 26627/ 18250/ 9636/ 3327/ 2026/ 1779/ 1404/

2.88x10°  4.00x10°  3.70x10°  4.65X10°  2.86X10°  3.04x10°  1.26x10*  1.05x10™

We have tried to suggest quenching mechanism for example of interaction DNAN with a
different fluorophores 6a-c. The linear response of the Stern-Volmer plot (in a range of
concentrations from 0 to 5x10° M) and the lifetime measurements upon addition of DNAN
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suggest the high role of static type of quenching process (Figures S5-10 and Table S1 in
Supplementary Material). In other words, formation of a complex between DNAN and 6a-C may
be the origin of the quenching, a result similar to those reported by others in the studies of
sensing behaviors of conjugated oligothiophenes.*’

Conclusions

In summary, new V-shaped push-pull systems based on 4,5-di(hetero)aryl substituted
pyrimidines have been studied as sensing fluorophores. These dyes show remarkable sensitivity
towards the presence of various nitroaromatic explosives. Selective fluorescence quenching
response, including a sharp color change under UV lamp, especially for PA and SA, makes these
fluorophores to be promising fluorescence sensory materials for nitro-containing explosives with
a detection limit of 10~ mol/L. The present study may be a significant step towards the
development of pyrimidine dyes with thiophene linkers, as a new series of sensing fluorophores.

Experimental Section

General. All reagents and solvents were obtained from commercial sources and dried by using
standard procedures before use. Nitro-containing explosives, including 2,4-dinitroanisole
(DNAN), picric acid (PA), styphnic acid (SA), 1,3,5-triethoxy-2,4,6-trinitrobenzene (TETNB),
2,4-dinitrotoluene (DNT), 2,4,6-trinitrotoluene (TNT) were of analytical grade and used directly
without further purification. (Caution: Most nitro-containing compounds used in the present
study are high explosives and should be handled only in small quantities.) 4,5-Bis[5-
bromo(thien-2-yl)]pyrimidine (4) was prepared according to the earlier reported method.*” The
solvents (1,4-dioxane and H,O) for the microwave-assisted Suzuki cross-coupling reaction were
degassed by bubbling argon for 1 h.

'H and "C NMR spectra were recorded on a AVANCE-500 instruments using MesSi as an
internal standard. Elemental analysis was carried on a Eurovector EA 3000 automated analyzer.
Melting points were determined on Boetius combined heating stages.

Flash column chromatography was carried out using Alfa Aesar silica gel 0.040-0.063 mm (230—
400 mesh), eluting with ethyl acetate-hexane. The progress of reactions and the purity of
compounds were checked by TLC on Sorbfil plates (Russia), in which the spots were visualized
with UV light (A 254 or 365 nm).

Microwave heating were carried out in a Discover unimodal microwave system (CEM, USA)
with a working frequency of 2.45 GHz and the power of microwave radiation ranged from 0 to
300 W. The reactions were carried out in 10 mL reaction tubes with hermetic Teflon seal. The
temperature of the reaction was monitored using an inserted IR sensor by the external surface of
the reaction vessel.

UV-vis spectra were recorded for a 1x10” M acetonitrile solution with Shimadzu UV-2401PC
spectrophotometer. Fluorescence spectra measurements were performed on a Hitachi F-7000
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fluorescence spectrophotometer at room temperature. Quantum yields (@) were estimated with
IN H,S0y solution of quinine bisulfate (@= 0.55) as a reference.”’

The fluorescence quenching studies were conducted in acetonitrile. For each analyte, the typical
test procedure was as follows: a 2.5 mL of the acetonitrile solution of one of the fluorophores
(1.0 x 10~ mol/L) was drawn and placed in a quartz cell with a standard size, and then the
measurement conducted. In the absence of analyte, the fluorescence spectrum of pure
fluorophore was first recorded. Subsequently, different amounts of analyte were respectively
added into the above cell. Each time after fully mixing the analyte with the fluophore, the
fluorescence spectrum was collected at once. The plots of the /y/I values of the quenching
systems as functions of quencher concentrations ([Q]) were well described by the Stern—Volmer
equation, /I = 1+K,,[Q], where I, and [ are the fluorescence intensities in the absence and
presence of an analyte of a system.

General procedure for the synthesis of 4,5-di(hetero)aryl pyrimidine derivatives (6a-c). A
solution of K,CO;3 (173 mg, 1.25 mmol) in 3 mL H,O was added to a mixture of 4,5-bis[5-
bromo(thien-2-yl)]pyrimidine (4) (121 mg, 0.5 mmol), 4-(diphenylamino)phenylboronic (5a)
[9-ethyl-9H-carbazole-3-boronic (5b) or 9H-carbazole-9-(4-phenyl)boronic acids (5¢)] acid (1.25
mmol) and Pd(PPhs)s (58 mg, 10 mol %) in 1,4-dioxane (4 mL). The resulting mixture was
irradiated in a microwave apparatus at 165 °C (200 W) for 20 min. After that solvent was
distilled off in vacuo, and the residue was purified by flash column chromatography
(hexane/ethyl acetate, 1:3) to afford the desired cross-coupling products (6a, 6b and 6c¢).
4,5-Bis{5-[4-(diphenylamino)phenyl](thien-2-yl)}pyrimidine (6a). Yield 245 mg, 67%, dark
yellow powder, mp 113-115 °C. di (500 MHz, DMSO-de) 6.94 (d, 2H, J 8.7 Hz), 6.99 (d, 2H, J
8.7 Hz), 7.03 (d, 1H, J 4.1 Hz), 7.04-7.12 (m, 12H), 7.30 (d, 1H, J 3.7 Hz), 7.31-7.35 (m, 9H),
7.53 (d, 1H,J 3.7 Hz), 7.57 (d, 2H, J 8.7 Hz), 7.60 (d, 2H, J 8.7 Hz), 8.74 (s, 1H, H-6), 9.11 (1H,
s, H-2). oc (126 MHz, DMSO-ds) 122.22, 122.94, 123.23, 123.48, 123.75, 124.06, 124.31,
124.64, 126.36, 126.59, 126.79, 126.95, 129.61, 129.66, 130.23, 132.01, 134.03, 138.67, 145.65,
146.56, 146.74, 147.16, 147.72, 148.36, 156.05, 157.70, 159.03. Calcd. for C4sH34N4S; (730.96):
C 78.87, H 4.69, N 7.66. Found C 78.75, H 4.55, N 7.51%.
4,5-Bis{5-[9-ethyl-9H-carbazole](thien-2-yl)}pyrimidine (6b). Yield 202 mg, 64%, yellow
powder, mp 120-122 °C. dy (500 MHz, DMSO-dc) 1.31 (dt, 6H, J 14.1, 7.1 Hz, CH3), 4.44 (dq,
4H, J 14.4, 7.0 Hz, NCH,), 7.15-7.26 (m, 3H), 7.36 (d, 1H, J 3.6 Hz), 7.43-7.52 (m, 3H), 7.57-
7.68 (m, 4H), 7.70 (d, 1H, J 3.6 Hz), 7.77 (dd, 1H, J 8.6, 1.5 Hz), 7.82 (dd, 1H, J 8.6, 1.5 Hz),
8.21(d, 1H,J 7.7 Hz), 8.27 (d, 1H, J 7.7 Hz), 8.53 (d, 1H, J 1.2 Hz), 8.57 (d, 1H, J 1.2 Hz), 8.80
(s, 1H, H-6), 9.16 (1H, s, H-2). dc (126 MHz, DMSO-ds) 14.13, 14.14, 25.39, 37.54, 109.80,
109.84, 110.17, 110.20, 117.92, 118.24, 119.53, 119.63, 121.17, 121.23, 122.49, 122.54, 123.16,
123.21, 123.51, 123.80, 124.18, 124.21, 124.46, 124.72, 126.65, 126.72, 130.64, 132.60, 134.06,
138.76, 139.77, 140.08, 140.53, 147.84, 150.70, 156.72, 158.14, 159.49. Calcd. for C4H30N4S,
(630.84): C 76.16, H 4.79, N 8.88. Found C 76.14, H 4.87, N 8.80%.
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4,5-Bis{5-[9H-carbazole-9-(4-phenyl)](thien-2-yl)}pyrimidine (6¢). Yield 273 mg, 75%,
yellow powder, mp 265-268 °C. dy (500 MHz, CDCls) 7.23 (d, 1H, J 3.7 Hz), 7.26-7.34 (m, 6H),
7.38-7.49 (m, 8H), 7.50 (d, 1H, J 3.7 Hz), 7.57-7.68 (m, 4H), 7.83-7.93 (m, 4H), 8.15 (t, 4H, J
7.7 Hz), 8.73 (s, 1H, H-6), 9.17 (1H, s, H-2). dc (126 MHz, CDCl3) 109.70, 109.74, 120.19,
120.37, 120.40, 123.53, 124.19, 126.04, 127.22, 127.38, 127.43, 127.55, 129.70, 132.27, 132.56,
132.65, 136.04, 137.50, 137.84, 140.55, 140.58, 140.64, 145.91, 148.39, 157.15, 157.99, 159.20.
Calcd. for C4gH30N4S; (726.93): C 79.31, H4.16, N 7.71. Found C 79.26, H 3.99, N 7.66%.
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