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5-(9-Ethyl-9Н-carbazol-3-yl)-substituted 6-(het)aryl[1,2,5]oxadiazolo[3,4-b]pyrazines 
were synthesized by direct transition metal-free С—Н functionalization in the pyrazine ring. 
Their photophysical and sensory properties with respect to nitrobenzene and 2,4-dinitrotoluene 
vapors were studied using a Nitroscan portable detector of nitro-explosive substances 
(Ekaterinburg, Russia). 
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The development of new chemosensors for determina-
tion of nitro-containing aliphatic and aromatic compounds 
as dangerous ecotoxicants and explosives is an actual trend 
in analytical and organic chemistry in connection with the 
growing ecological problems and the terrorist threat.1—5 
Existing methods for detecting nitroaromatic explosives 
are based on the use of living beings as bio-detectors (most 
often dogs, less often rats or pigs, and even rarer bees or 
wasps),6 X-ray devices or other analyzers using such com-
plex methods as chromatography-mass spectrometry, ion 
mobility spectrometry in an alternating electric fi eld, 
detection of microscopic particles by infrared radiation.7,8 
All of them are not readily available and require substan-
tial preparation of the sample being analyzed. 

The method based on fl uorescence quenching is one 
of the simplest and highly sensitive for detection of nitro 
compounds. In this case, the main working elements are 
f luorophores, planar polyaromatic electron-donating 
structures capable of reversibly forming π-complexes with 
nitroaromatic compounds. In the literature, there are many 
examples of highly effi  cient fl uorophores on the basis of 
both electron-rich conjugated polymers9 and "small" 
molecules.10 Nevertheless, when polymers are compared 
with small conjugated molecules, the latter have signifi cant 
advantages due to their easier synthesis and purifi cation, 
as well as a clearly determined individual structure and 
reproducibility of properties from batch to batch.6,10 

Fluorescent organic molecules and polymers contain-
ing a conjugated carbazole moiety are successfully used as 
promising chemosensors of nitroaromatic com-

pounds.10—12 In addition, the push-pull systems with an 
acceptor fragment represented by an azaheterocycle (e.g., 
pyridine13,14 or pyrimidine15—19 derivatives) are very 
promising sensory materials for determination of various 
nitroaromatic compounds using the principle of fl uores-
cence quenching. 

Thus, the search for new sensors for determination of 
nitroaromatic compounds based on the push-pull D—π—
A-type systems with an azine acceptor fragment is an 
actual synthetic problem. 

The purpose of the present study is the synthesis of 
new push-pull systems based on 6-(het)aryl-[1,2,5]-
oxadiazolo[3,4-b]pyrazines with 9-ethyl-9Н-carbazole 
substituent as a donor fragment and also the study of the 
photophysical and sensory properties of these compounds 
for the detection of nitroaromatic substances in the vapor 
phase. The choice of [1,2,5]oxadiazolo[3,4-b]pyrazine 
derivatives as objects of investigation is due to the presence 
of pronounced fl uorescence in the solid state, which is 
a necessary condition for the detection of vapors of nitro 
compounds.20 

The target fl uorophores were synthesized by sequences 
of reaction given in Scheme 1. Acetоphenones 1a—c or 
2-acetylthiophene (1d) were oxidized with selenium(IV) 
oxide to the corresponding (het)arylglyoxals 2a—d, which 
underwent condensation with 3,4-diaminofurazan (3) to 
give 5-(het)aryl-[1,2,5]oxadiazolo[3,4-b]pyrazines 4a—d 
in up to 75% yields. In the last step, furazanopyrazines 
4a—d were involved into the transition-metal free oxidative 
coupling with 9-ethyl-9Н-carbazole (5). This reaction is 
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an example of nucleophilic substitution of hydrogen (SN
H) 

in the π-deficient pyrazine ring under the action 
of C-nucleophilic N-ethylcarbazole as an analog of 
N,N-disubstituted aniline.21,22 The yield of the target 
9-ethyl-3-{6-(het)aryl-[1,2,5]oxadiazolo[3,4-b]pyrazin-
5-yl}-9H-carbazoles (6a—d) in the last step ranged within 
42—68%. The structure of the products was confi rmed by 
1Н and 13C NMR spectra, as well as by X-ray diff raction 
data on the example of 9-ethyl-3-[6-(4-hexyloxyphe-
nyl-[1,2,5]oxadiazolo[3,4-b]pyrazin-5-yl}-9H-carbazole 
(6b) (Fig. 1). 

We studied the photophysical properties of fl uorophores 
6a—d (Figs 2 and 3, Table 1). All pyrazines 6a—d have 

absorption maxima in the "blue" region (435—466 nm) of 
visible spectrum, which is due to the intramolecular charge 
transfer in the excited state from the electron-donating 
fragment (carbazole) to the electron-withdrawing pyrazine 
ring. Compounds 6a—d visually have fl uorescence in 
acetonitrile solution, but the relative fl uorescence quantum 
yields of these compounds are below 1.00% (quinine sul-
fate solution in 0.1 N sulfuric acid, for which Ф = 0.55, 
was used as the standard). The sharp increase in the fl uo-
rescence intensity of a solution of compound 6b having a 
long alkyl substituent, in comparison with other fl uoro-
phores 6a,c,d, is apparently due to a decrease in the 
contribution of aggregation processes facilitating fl uores-
cence quenching as a result of nonradiative intermolecu-
lar transitions from the excited state. 

Nitrobenzene (NB) and 2,4-dinitrotoluene (DNT) 
were chosen as model nitroaromatic explosives. Since 
compounds 6a—d weakly fl uoresce in acetonitrile solution, 
fl uorescent titration for nitroaromatic compounds and 

Scheme 1 

Ar =  (a),  (b),  (c),  (d)

Reagents and conditions: i. SeO2, refl ux, 1,4-dioxane; ii. refl ux, 1 h, EtOH—AcOH (1 : 1); iii. 1) BF3•Et2O, MeCN, 2) oxidation in air. 
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Fig. 2. UV spectra of fl uorophores 6a—d in CH3CN (С =
= 10–5 mol L–1). 
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Fig. 1. Geometry of compound 6b in crystal. 
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determination of their detection limits in solutions failed. 
However, we carried out the tests for the detection of ni-
trobenzene and 2,4-dinitrotoluene saturated vapors using 
an original portable detector of nitro-explosives (Nitro-
scan23 produced by the Intermolecular Security Systems 
research-and-production association, Ekaterinburg, 
Russia). The nitroaromatic compound (50 g) was left in 
a sealed glovebox (0.8 m×0.6 m×0.4 m) for one day (DNT 
was used instead of TNT because of the high risk of using 
large amounts of the latter). After that, a Nitrosсan port-
able detector of nitro-explosives with a sensor on the basis 
of each of the fl uorophores 6a—d was placed in the glove-
box containing saturated vapors of the nitro compounds. 
The maximum decrease in the sensor fl uorescence inten-
sity took place within 50 s, after which the Nitroscan 
detector was removed from the glovebox and purged with 
air. The detection process was repeated 5—10 times. The 
results are shown in Fig. 4. 

As it is seen from Fig. 4, the luminescence intensity 
decreased with each cycle. However, it should be noted 
that for the fi rst fi ve cycles its value dropped only by 
~1—2%. In addition, there was an irreversible quenching 
with each cycle, which indicates the impossibility to reuse 
the obtained sensors. It also follows from Fig. 4 that the 
most sensitive fl uorophore, for which the fastest fl uores-

cence quenching occurs, is compound 6b having the high-
est fl uorescence in the solid state. Note also that the 
sensitivity of all fl uorophores to DNT was signifi cantly 
higher than to NB. The observed picture correlates with 
the increase in electrostatic interactions between the ana-
lyte and the sensor due to the growth of the electron-de-
fi ciency of the π-system of nitro compounds as the num-
ber of nitro groups increases. 

Thus, we proposed a convenient method for the syn-
thesis of new f luorophores based on carbazolyl-substi-
tuted furazanopyrazines using the SN

H methodology, 
which allows direct transition metal-free oxidative С—С 
cross-coupling of two aryl fragments. It was established 
that the obtained f luorophores have a relatively weak 
response in the form of f luorescence quenching on ni-
trobenzene and dinitrotoluene, but we plan to continue 
to work in this direction with the aim of finding more 
efficient push-pull systems based on the pyrazine core, 
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Fig. 3. Fluorescence spectra of compounds 6a—d in the solid 
state. 

Table 1. Optical properties of compounds 6a—d 

Com- Absorption Fluorescence
pound λmax ε  in the solid state

 /nm /L mol–1 cm–1
 λex λfl 

   nm

6a 453 9200 453 638
6b 435 11000 435 625
6c 466 7900 466 705
6d 455 7900 455 650
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Fig. 4. Fluorescence quenching graph of the sensor based on 
fl uorophores 6a—d in a Nitroscan portable detector of nitro-
explosives when exposed to saturated vapors of NB (a) and DNT (b). 
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which can be used as sensory elements for nitroaromatic 
compounds.

Experimental 

Compounds 6a and 6d were synthesized earlier according to 
a similar procedure in 44 and 56% yields, respectively.19 

1Н and 13C NMR spectra were recorded on a Bruker 
AVANCEIII-500 spectrometer (500 and 126 МHz) in СDCl3 or 
DMSO-d6, using TMS as an internal standard. Elemental 
analysis was carried out on a Perkin–Elmer PE-2400 automated 
analyzer. Melting points were determined on a Boetius hot-stage 
and were not corrected. 

Reaction progress and purity of products were monitored by 
TLC on Sorbfi l plates, visualizing under UV light. 

UV spectra were recorded on a UV-2401 PC spectrometer 
(Shimadzu) for solutions of compounds in acetоnitrile with 
a concentration of 10–5 mol L–1. Excitation and emission spec-
tra were recorded on a Hitachi F-7000 spectrofl uorimeter at room 
temperature. 

To measure emission in the solid state, the sample of the test 
compound (~1 mg) was dissolved in acetone (1 mL). The result-
ing suspension was applied to quartz glass in the form of a thin-
nest fi lm. Then, the sample was placed in a cuvette compartment 
to record the fl uorescence spectrum. 

X-ray diff raction studies were performed on a Xcalibur 3 
automatic four-circle diffractometer with a CCD detector 
using the standard procedure (λMoК, graphite monochromator, 
ω/2θ-scan technique in 1° steps, 295(2) K). The structure was 
solved and refi ned using the SHELXTL24 software package by 
the full-matrix least squares method with respect to F2. 
Nonhydrogen atoms were included in the model in the anisotro-
pic approximation. Hydrogen atoms were localized using the 
electron density distribution maps and included in the refi nement 
in the isotropic approximation by the riding model with depen-
dent thermal parameters. The results of X-ray diff raction studies 
were deposited with the Cambridge Crystallographic Data Center 
as cif-fi les (CCDC 1581898 for compound 6b). These materials 
are available free of charge and can be requested at www.ccdc.
cam.ac.uk/data_request/cif. 

Synthesis of 5-(4-R-phenyl)-[1,2,5]oxadiazolo[3,4-b]-
pyrazines (4b and 4c) (general procedure). A mixture of 4-substi-
tuted acetоphenone 1b (or 1c) (10 mmol) and selenium dioxide 
(1.1 g, 10 mmol) in a solution of 1,4-dioxane (15 mL) and water 
(1 mL) was refl uxed for 12 h. Selenium was fi ltered off , washed 
with 1,4-dioxane (5 mL). The solvent was evaporated at reduced 
pressure. The residue was dissolved in a mixture of ethanol 
(5 mL) and acetic acid (5 mL), 3,4-diaminofurazan (3) (1.0 g, 
10 mmol) was added, and the resulting mixture was refl uxed for 
1 h and cooled to room temperature. A precipitate formed was 
fi ltered, washed with ethanol, and dried  in air. Compounds 4b 
(4c) were obtained as crystalline powders. 

5-(4-Hexyloxyphenyl)-[1,2,5]oxadiazolo[3,4-b]pyrazine (4b). 
The yield was 1.29 g (62%), a yellow powder. M.p. 75 °С. 1H 
NMR (CDCl3), δ: 9.39 (s, 1 H, Hpyrazine); 8.25 (d, 2 H, Harom, 
J = 8.8 Hz); 7.08 (d, 2 H, Harom, J = 8.8 Hz); 4.08 (t, 2 H, CH2, 
J = 6.5 Hz); 1.87—1.82 (m, 2 H, CH2); 1.50—1.36 (m, 2 H, CH2); 
1.37 (d, 4 H, (CH2)2, J = 3.2 Hz); 0.93 (m, 3 H, CH3). 13C NMR 
(DMSO-d6), δ: 163.6, 158.0, 153.0, 152.3, 151.2, 130.7, 126.4, 

115.6, 68.5, 31.5, 29.0, 25.6, 22.6, 14.0. Found (%): C, 64.29; 
H, 6.20; N, 18.63. C16H18N4O2 (298.35). Calculated (%): 
C, 64.41; H, 6.08; N, 18.78.

5-(4-Nitrophenyl)-[1,2,5]oxadiazolo[3,4-b]pyrazine (4c). 
The yield was 1.57 g (75%), a yellow powder. M.p. 151—152 °С. 
1H NMR (DMSO-d6), δ: 9.87 (s, 1 H, Hpyrazine); 8.64 (d, 2 H, 
Harom, J = 8.9 Hz); 8.47 (d, 2 H, Harom, J = 8.9 Hz). 13C NMR 
(DMSO-d6), δ: 158.3, 155.8, 152.2, 151.6, 149.7, 139.8, 130.4, 
124.2. Found (%): C, 49.53; H, 2.04; N, 28.84. C10H5N5O3 
(243.18). Calculated (%): C, 49.39; H, 2.07; N, 28.80. 

Synthesis of 9-ethyl-3-{6-aryl-[1,2,5]oxadiazolo[3,4-b]-
pyrazin-5-yl}-9H-carbazole derivatives (6b,c) (general procedure). 
The reagent BF3•Et2O (62 μL, 0.5 mmol) was added to a mixture 
of 5-aryl-[1,2,5]oxadiazolo[3,4-b]pyrazine (4b or 4c) (0.5 mmol) 
and 9-ethyl-9Н-carbazole (98 mg, 0.5 mmol) in acetоnitrile 
(4 mL) with stirring. The mixture was stirred for 12 h at room 
temperature. The solvent was evaporated at reduced pressure, 
the residue was treated with aqueous Na2CO3, fi ltered, washed 
with Н2О, and dried in air. Recrystallization of the resulting 
powder gave the target SN

H-products 6b or 6c. 
9-Ethyl-3-[6-(4-hexyloxyphenyl-[1,2,5]oxadiazolo[3,4-b]-

pyrazin-5-yl]-9H-carbazole (6b). The yield was 103 mg (42%), 
a red powder. M.p. 155 °С. 1H NMR (DMSO-d6), δ: 8.45 (d, 
1 H, Harom, J = 1.3 Hz); 8.11 (d, 1 H, Harom, J = 7.7 Hz); 7.67 
(d, 1 H, Harom, J = 8.2 Hz); 7.59 (d, 1 H, Harom, J = 8.7 Hz); 
7.51 (dd, 2 H, Harom, J = 11.0 Hz, J = 4.7 Hz); 7.47 (d, 2 H, 
Harom, J = 8.7 Hz); 7.25 (m, 1 H, Harom); 6.91 (d, 2 H, Harom, 
J = 8.8 Hz); 4.47 (q, 2 H, CH2, J = 7.0 Hz); 3.97 (t, 2 H, CH2, 
J = 6.5 Hz); 1.71—1.63 (m, 2 H, CH2); 1.40—1.31 (m, 5 H, 
Haliph); 1.29—1.22 (m, 4 H, (CH2)2); 0.85 (t, 3 H, CH3, J =
= 6.7 Hz). 13C NMR (DMSO-d6), δ: 164.5, 164.0, 161.2, 152.0, 
141.3, 140.6, 132.4, 130.6, 128.7, 128.6, 126.9, 123.4, 122.6, 122.3, 
120.9, 120.2, 114.5, 110.2, 108.9, 68.2, 37.7, 31.4, 28.9, 25.5, 22.4, 
14.3, 14.2. Found (%): C, 73.40; H, 5.99; N, 14.03. C30H29N5O2 
(491.60). Calculated (%): C, 73.30; H, 5.95; N, 14.25. 

9-Ethyl-3-[6-(4-nitrophenyl)-[1,2,5]oxadiazolo[3,4-b]pyr-
azin-5-yl]-9H-carbazole (6c). The yield was 148 mg (68%), 
a dark red powder. M.p. 246—248  °С (decomp.). 1H NMR 
(DMSO-d6), δ: 8.44 (s, 1 H, Harom); 8.25 (d, 2 H, Harom, J =
= 8.5 Hz); 8.11 (d, 1 H, Harom, J = 7.7 Hz); 7.78 (d, 2 H, Harom, 
J = 8.2 Hz); 7.66 (d, 1 H, Harom, J = 8.1 Hz); 7.57 (d, 1 H, Harom, 
J = 8.6 Hz); 7.50 (t, 1 H, Harom, J = 7.6 Hz); 7.44 (d, 1 H, Harom, 
J = 8.4 Hz); 7.24 (t, 1H, Harom, J = 7.4 Hz); 4.44 (q, 2 H,  CH2, 
J = 6.7 Hz); 1.30 (t, 3 H,  CH3, J = 7.0 Hz). 13C NMR 
(DMSO-d6), δ: 163.4, 162.9, 151.8, 151.2, 148.1, 144.3, 140.9, 
140.1, 131.2, 128.3, 127.0, 126.5, 123.3, 123.2, 122.0, 121.9, 120.4, 
119.8, 109.7, 108.6, 37.2, 13.6. Found (%): C, 65.94; H, 3.79; 
N, 19.20. C24H16N6O3 (436.43). Calculated (%): C, 66.05; 
H, 3.70; N, 19.26. 

Preparation of a sensor element based on fl uorophores 6a—d 
for Nitroscan instrument. A dry, undyed, nonwoven industrial 
spunlace fabric (70% wood pulp, 30% polypropylene) manufac-
tured by Kunshan Yichen Clean Material Co. (China) was used as 
a porous substrate for the sensor. A piece of the nonwoven fabric 
(50 mm in diameter) was immersed in a solution of each of the 
fl uorophores 6a—d with a concentration of 1.0•10–3 mol L–1 for 
5 min. Then, the nonwoven fabric with the immobilized fl uoro-
phore was removed from the solution and dried for 30 min at 
70—80 °С. The sensory material thus obtained was placed in a 
cartridge. The assembled sensor was used in the Nitroscan device.23 
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