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A B S T R A C T

5,6,7,8-Tetrafluoroquinoxaline (1) and its previously unknown derivatives (2–8) were synthesized from

glyoxal and polyfluorinated 1,2-diaminoarenes (10–17) obtained by reduction of corresponding 2,1,3-

arenothiadiazoles (including new ones 21 and 22). The thiadiazoles were prepared from polyfluorinated

Ar–NH2 via Ar–N55S55N–SiMe3 (34–37) and their fluoride-induced nucleophilic ortho-cyclization. New

approaches to Ar–N55S55N–SiMe3 based on interaction between polyfluorinated Ar–N55SCl2 (32) and

LiN(SiMe3)2, and between ArN(SiMe3)Li and Me3Si–N55S55O, were tried together with our previous

synthetic method based on reaction of Ar–N55S55O with Me3SnLiN(SiMe3)2. New polyfluorinated 2,1,3-

arenoselenadiazoles (26–28) were prepared from corresponding diamines and SeO2 and 26 also from the

diamine and SeCl4. Compounds synthesized were characterized by multinuclear NMR (particularly 1H,
19F, 77Se), compounds 1, 2, 4, 7, 8, 16 (salt with 2 HCl), 19, 26, 28 and 32 by single-crystal X-ray

diffraction, and quinoxalines 1–8, thiadiazole 22 and selenadiazoles 27 and 28 by UV-vis and

fluorescence techniques.
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1. Introduction

Aza-analogs of naphthalene, 10p-electron 6-6-bicyclic aromat-
ic compound, play essentially important roles in many fields of
chemistry, chemical technology and related disciplines. In
particular, quinoxaline (benzopyrazine) and its derivatives repre-
sent one of the most significant groups of aza-aromatics for
fundamental organic chemistry and its applications to biomedicine
and materials science [1]. It is well known that in many cases
hydrogen substitution by fluorine improves properties of both
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materials and pharmaceuticals [2], and preparation of low-
fluorinated quinoxalines attracted considerable attention [3]. In
this context it is rather astonishing that described polyfluorinated
quinoxalines cover only 2,3,5,6,7,8-hexafluoroquinoxaline, 5,6,7,8-
tetrafluoroquinoxaline (1, Chart 1) and a few 2,3-R2 derivatives of
the latter, and their properties are poor studied [4–6].

Polyfluorinated 2,1,3-benzochalcogenadiazoles (chalcogen: S,
Se, Te), 10p-electron 5-6-bicyclic hetero analogs of (octafluoro)
naphthalene, also received very limited attention [7,8] despite of
the fact that the chemistry and numerous applications of their
hydrocarbon congeners are extensively studied [9,10]. Only
recently, persistent radical anions of polyfluorinated 2,1,3-
benzochalcogenadiazoles were recognized as candidate building
blocks for magnetically-active molecule-based functional
materials [10a–c].

It should be noted that quinoxalines and 2,1,3-benzothia(se-
lena)diazoles (structurally connected by mutual substitution of the
C55C bond and S or Se atom) are closely related compounds since
they have very similar p-electronic structure manifesting in
similarity of their UV–vis [11] and HeI PES [12] spectra and spin
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density distribution in triplet state [13]. 2,1,3-Benzotelluradiazoles
also fit the analogy [14].

In this work we report on atom-efficient one-step synthesis of
compound 1 and its congeners 2–8 (Chart 1) from glyoxal and
corresponding 1,2-diaminoarenes (10–17, Chart 1). The latter,
including previously unknown 12–14 and 16, were obtained by
reduction of 4,5,6,7-tetrafluoro-2,1,3-benzothiadiazole [7a] and its
easily accessible derivatives (19–24, Chart 1). The thiadiazoles
were synthesized from polyfluorinated Ar–NH2 via Ar–N55S55N–
SiMe3 (34–37) and their fluoride-induced nucleophilic ortho-
cyclization. Two new approaches to polyfluorinated Ar–N55S55N–
SiMe3 compounds based on interaction between polyfluorinated
Ar–N55SCl2 (32, Chart 1) and LiN(SiMe3)2, and between ArN(Si-
Me3)Li and Me3Si–N55S55O, were tried additionally to our previous
synthetic method based on reaction of Ar–N55S55O with Me3Sn-
LiN(SiMe3)2. Besides quinoxalines, 1,2-diaminoarenes 13, 14 and
17 were converted into polyfluorinated 2,1,3-arenoselenadiazoles
(26–28, Chart 1) in the reaction with selenium dioxide and 13 also
with selenium tetrachloride. Compounds synthesized were
characterized by multinuclear NMR (particularly 1H, 19F, 77Se),
and compounds 1, 2, 4, 7, 8, 16 (salt with 2 HCl), 19, 26, 28 and 31
by single-crystal X-ray diffraction (XRD; Table S1, Supporting
Information). Additionally, fluorescence of quinoxalines 1–8 and
chalcogenadiazoles 22, 27 and 28 was measured to clarify
applicability of optically-detected EPR (OD-EPR) technique to
detecting their radical anions in the future work [15].

In the case of polyfluorinated 5-aminoindane, attempts to carry
out the aforementioned functionalizations were unsuccessful for
the reasons which are not entirely clear. Only N-sulfinylamine 31
Chart 1. Compounds 1–38 (for chemical nam
was synthesized and isomeric thiadiazoles 25a,b were observed in
the reaction mixtures as minor components. Neither quinoxaline 9
nor diamine 18 and compound 38 (Chart 1) were prepared.

2. Results and discussion

In the hydrocarbon series, a classical approach to the synthesis
of quinoxalines is condensation of aromatic 1,2-diamines with 1,2-
diones (the Koerner-Hinsberg reaction) [16]. To the best of our
knowledge, in the fluorocarbon series this approach was used only
twice, namely, for preparing 2,3-R2 derivatives of 1 [5] some of
which are of interest as molecular tweezers.

The present work expands the discussed approach onto the
synthesis of polyfluorinated quinoxalines via reaction between
polyfluorinated 1,2-diaminoarenes and glyoxal. Previously, it was
shown that polyfluorinated 1,2-diaminoarenes are easily accessi-
ble by reduction of corresponding 2,1,3-arenothiadiazoles [7]. The
general synthetic route to those is based on transformation of
fluorinated Ar–NH2 into Ar–N55S55N–SiMe3 and intramolecular
cyclization of the latter by means of nucleophilic substitution of
ortho-F atom under the action of CsF in MeCN [7,17].

In this work, three related approaches (Scheme 1) were used to
convert polyfluorinated Ar–NH2 into compounds Ar–N55S55N–SiMe3

(33–38) based on transformation of the amines into: 1) Ar–N55S55O
(29–31) by the Michaelis reaction followed by their interaction with
Me3SiN(SiMe3)2 (compounds 35 and 36) or LiN(SiMe3)2 (cf. [7a,18]);
2) Ar–N55SCl2 (32; via N55S55O derivative 29) followed by their
reaction with LiN(SiMe3)2 (compound 35); and 3) Ar–N(SiMe3)Li
followed by their reaction with Me3Si–N55S55O (compound 34).
es see Table S2, Supporting Information).
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Previously approaches based on R–N55SCl2 (R55t-Bu, Ar, ArSO2) [19]
and Me3Si–N55S55O [20] derivatives were known only with a few
examples in the hydrocarbon series.

It should be noted that all approaches tried have some
limitations. Particularly, compound 38 was not prepared from
compound 31 and LiN(SiMe3)2 in hexane/THF or Me3SnN(SiMe3)2

in MeCN. Instead, a mixture of corresponding ArNH–SiMe3 and
isomeric thiadiazoles 25a,b was observed (1H and 19F NMR,
GC–MS) in the first case, and a complex mixture (1H and 19F NMR)
of unidentified compounds in the second one. Synthesis of
compound 32 was accompanied by formation of compound 33
(Scheme 1) isolated even in higher yield than the target 32. The
structure of the latter was defined by XRD (Fig. 1; Table S1,
Supporting Information) for the first time for Ar–N55SCl2 deriva-
tives in both fluorocarbon and hydrocarbon series.

Compounds Ar–N55S55N–SiMe3 were converted into corre-
sponding thiadiazoles including previously undescribed deriva-
tives 21 and 22 (Scheme 2) by the action of CsF in MeCN (cf. [7,17]).
Structure of 19 (prepared earlier in the similar way [7a]) was
confirmed by XRD (Fig. 2; Table S1, Supporting Information).

The polyfluorinared 2,1,3-arenothiadiazoles (both known 19,
20, 24 [7] and newly prepared 21 and 22) were reduced into new
1,2-diaminoarenes (Scheme 3). Compound 16 was obtained by
reduction of 4,5,6-trifluoro-2-nitro-1,3-phenylenediamine (39,
Scheme 3) and its structure was confirmed by XRD in the form
of salt with 2 HCl (Fig. 3; Table S1, Supporting Information).

The diamines synthesized together with some known deriva-
tives [7] reacted with glyoxal taken as aqueous solution or solid
hydrate to give polyfluorinated quinoxalines 1–8 (Scheme 4).
Structures of compounds 1, 2, 4, 7 and 8 were confirmed by XRD
(Fig. 4; Fig. S1 and Table S1, Supporting Information).
Fig. 1. XRD molecular structure of compound 32 (displacement ellipsoids at 30%).

Selected bond lengths (Á̊), dihedral and torsion angles (8): C1–N1 1.402(1), N1–S1

1.501(1), S1–Cl1 2.0953(5), S1–Cl2 2.1244(5); C2–C1–N1 121.57(10), C1–N1–S1

129.29(8), N1–S1–Cl1 109.99(4), N1–S1–Cl2 111.59(4), Cl1–S1–Cl2 93.83(2);

C2–C1–N1–S1 �92.72(13), C1–N1–S1–Cl1 �42.91(12), C1–N1–S1–Cl2 59.82(11).
Diamines 13, 14 and 17 were also converted into corresponding
polyfluorinated selenadiazoles 26–28 by reaction with selenium
dioxide which is widely used for this purpose in the hydrocarbon
series. Additionally, selenadiazole 26 was synthesized from
diamine 13 and selenium tetrachloride using approach suggested
in [7a] (Scheme 5). Structure of 26 was confirmed by XRD (Fig. 5;
Table S1, Supporting Information).

3. Conclusions

Conceptually/technically related synthetic protocols for prepa-
ration of new (poly) fluorinated quinoxalines, as well as 2,1,3-
arenothia(selena)diazoles, 1,2-diaminoarenes and some other
derivatives, are elaborated, in all cases with corresponding anilines
as starting materials. The compounds synthesized, including –
N55S55X (X55O, NSiMe3, Cl2) derivatives [22], are of obvious interest
to organofluorine, aromatic and heterocyclic chemistry. For
example, polyfluorinated 1,2-diaminoarenes, besides synthetic
applications, are candidate analytical reagents for the GC-ECD
determination of selenium including environmental [23]. Particu-
larly, redox properties of polyfluorinated 2,1,3-arenothia(selena)-
diazoles and quinoxalines, especially their ability to form long-
lived radical anions (cf. [6,10]) and serve as electron acceptors for
charge-transfer complexes (cf. [24]), are worth of special study.
Fig. 2. XRD molecular structure of compound 19 (displacement ellipsoids at 30%).

Selected bond lengths (Á̊) and bond angles (8) (two crystallographically

independent molecules): N1–S2 1.617(2)/1.614(2), S2–N3 1.620(2)/1.622(2),

N3–C3a 1.346(3)/1.339(3), C3a–C7a 1.432(4)/1.430(4), C7a–N1 1.340(3)/

1.338(3); C7a–N1–S2 106.4(2)/106.6(2), N1–S2–N3 100.9(1)/100.5 (1), S2–N3–

C3a 106.0(2)/106.3(2), N3–C3a–C7a 113.3(2)/113.4(2), C3a–C7a–N1 113.3(2)/

113.3(2).
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Importantly, the chalcogenadiazoles and quinoxalines synthesized
can be functionalized further at the C–F centers via nucleophilic
substitution, and the quinoxalines also at the C–H centers via
electrophilic substitution. N-Oxidation of these compounds is also
of interest [10a].

The XRD structure of compound 32 provides the first example
for Ar–N55SCl2 derivatives in both fluorocarbon and hydrocarbon
series.

Previously, it was shown that bicyclic aromatics and aza-
aromatics with only one polyfluorinated ring create new possibili-
ties for crystal engineering of organic solids [25]. In further work
crystal structures of compounds 1–8, 19, 26 and 28 will be studied
in detail and results will be published elsewhere.

4. Experimental

4.1. General

1H NMR spectra were measured with Bruker AV-300 and Bruker
AV-400 spectrometers at the frequencies of 300.1 and 400.1 MHz,
respectively, and 19F NMR spectra with a Bruker AV-300
spectrometer at the frequency of 282.4 MHz; the standards were
TMS and C6F6 (d19F = �162.9 ppm with respect to CFCl3),
respectively. The 31P NMR spectra were taken with Bruker AV-
300 machine at the frequency of 121.5 MHz, the standard was 85%
H3PO4. The 77Se NMR spectra were recorded with a Bruker AM-400
instrument at the frequency of 76.31 MHz, and a Bruker AV-600 at
the frequency of 114.5 MHz; the standard was Me2Se. The NMR
spectra were obtained for solutions in CDCl3 unless otherwise
indicated.
Fig. 3. XRD molecular (left, displacement ellipsoids at 30%) and crystal (right) structure of

used): C1–N1 1.357(2), C2–N2 1.451(2), C1–C2 1.408(2), C2–C3 1.389(2), N1–C1–C2 121

featuring shortened H. . .Cl distances (Å): H1. . .Cl1 2.46(2), H2. . .Cl1 2.36(1), H3. . .Cl1 2
High-resolution mass-spectra (EI, 70 eV) were taken with a
Thermo Electron Corporation DFS mass-spectrometer. Gas-chro-
matography–mass-spectrometry experiments were performed
with Hewlett-Packard G1800A instrument.

UV–vis and fluorescent (FL) spectra were collected with Varian
Cary 5000 and Varian Cary Eclipse instruments for heptane
solutions, respectively, unless otherwise indicated.

Glioxal (40% aqueous solution and solid hydrate) was received
from Novokhim Co. Ltd., Tomsk, Russia, and (Me3Si)2NH, SOCl2,
BuLi, Me3SiCl and LiN(SiMe3)2 from Aldrich. Starting compounds
Me3SnN(SiMe3)2 [18], Me3Si–N55S55O (0.56 M solution in
(Me3Si)2O [26]), and Ar–NH2 (Ar = 5-C9F9 [27a], 4-HC6F4 [27b,c],
4-F3CC6F4 [27d,e], 2,4-Cl2C6F3 [27f]) were prepared by known
methods.

Tables 1–3 contain physical, analytical and NMR data of the
compounds synthesized. Compounds 1 [4a], 10, 11, 13, 15, 19, 23
[7a], 20 [7c], 24 [7b], 29, 31 and 37 [18] were known before. They
present in the Tables in the cases they were prepared by new/
improved approaches, or/and additionally characterized in this work.

4.2. X-ray diffraction

The XRD data (Table S1, Supporting Information) were collected
on a Bruker Kappa Apex II CCD diffractometer using w,v-scans of
narrow (0.58) frames with Mo Ka (l = 0.71073 Å) radiation with a
graphite monochromator. Absorption corrections were applied
using the empirical multi-scan method with the SADABS program
[28]. The structures were solved by direct methods and refined by
full-matrix least-squares method against all F2 in anisotropic
approximation using the SHELX-97 programs set [29]. For 1, 2, 4, 8
and 19, the H atom positions were calculated with a riding model
and those for NH2 groups in 7 and 16 were located from difference
Fourier maps and refined in isotropic approximation. The obtained
structures were analyzed for exposing shortened contacts between
nonbonded atoms with the programs PLATON [30] and MERCURY

[31]. The bond lengths and bond angles of all compounds are
typical [32].

Atomic coordinates, thermal parameters, bond lengths and
bond angles have been deposited at the Cambridge Crystallo-
graphic Data Center as CCDC – 994919 (1), – 994920 (2), – 994921
(4), –994922 (7), –994923 (8), –994924 (16�2HCl), –994925 (19), –
994926 (26), –996836 (28), –994927 (32). These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/cgi-bin/
catreq.cgi, or from the Cambridge Crystallographic Data Center, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or
deposit@ccdc.cam.ac.uk
 16�2HCl. Selected bond lengths (Á̊) and bond angles (8) (crystallographic numbering

.55(8), C1–C2–N2 120.3(1). Cations and anions are connected by N–H. . .Cl contacts

.30(2). Note, that normal H. . .Cl contact is 2.86 Å [21].

http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi
http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi
mailto:deposit@ccdc.cam.ac.uk
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4.3. Preparations

4.3.1. N-Sulfinylarylamines 29–31 and their precursors

(a) 4-HOC6F4–NO2 [33] was treated with SOCl2 in DMF to give 4-
ClC6F4–NO2 (40) [34], 52%, b. p. 91–92 8C/18 mm, m. p. 33–
34 8C. 19F NMR: 25.7, 16.6. MS, M+ m/z, found (calculated):
228.9552 (228.9554, 35Cl).

(b) A mixture of 5.30 g (23 mmol) of 40, 18.40 g (82 mmol) of
SnCl2�2H2O and 20 ml of concentrated HCl was refluxed for 5 h,
neutralized with saturated solution of Na2CO3 to pH � 8, and
extracted with 5 � 30 ml of methyl-tert-buthyl ether. Organic
layer was dried with MgSO4, solvent distilled off under reduced
pressure, and the residue sublimed at 45 8C/1 mm and
recrystallized from hexane. 4-ClC6F4–NH2 [35] was obtained
in the form of white crystals, 2.99 g (65%), m.p. 55–56 8C (54.3–
55.4 8C [35b]). 1H NMR: 3.94. 19F NMR: 17.9, 0.9. MS, M+ m/z,
found (calculated): 198.9825 (198.9812, 35Cl).

(c) Corresponding Ar–NH2 [27a,f] (25 mmol) was refluxed with
excess of SOCl2 (3 ml) until evaluation of HCl ceased, the
solvent was distilled off, and the residue was distilled under
reduced pressure (29, 31) or crystallized from hexane at �20 8C
(30). Compound 29 [18b] was obtained in the form of yellow
liquid solidified upon cooling to room temperature, crystalli-
zation of the product from hexane gave yellow crystals;
compound 30 was obtained in the form of bright-yellow
crystals and compound 31 in the form of orange-yellow liquid.

4.3.2. 1-Aryl-3-trimethylsilyl-1,3-diaza-2-thiaallenes 34–36,

attempted synthesis of compound 38, and thiadiazoles 25a,b

(a) At �60 8C and under argon, 12 ml of 2.5 M solution of n-BuLi in
hexanes, 3.30 g (30 mmol) of Me3SiCl, the same portion of n-
BuLi, and 8.05 g of 56% solution of Me3SiNSO (30 mmol) in
Fig. 4. XRD molecular structures (displacement ellipsoids at 30%) of compounds 1 and 8 (

(Á̊) and angles (8): 1: N1–C2 1.312(2), C2–C3 1.414(2), C3–N4 1.311(2), N4–C4a 1.365(2),

C3–N4 123.0(1), C3–N4–C4a 115.6(1), N4–C4a–C8a 121.3(1); C4a–C8a–N1 121.6(1). 8
1.412(2), C10b–N1 1.358(2); C10b–N1–C2 116.8(1), N1–C2–C3 122.7(2), C2–C3–N4 12
(Me3Si)2O were subsequently added, with 30-min periods
between them, to a stirred solution of 5.00 g (30 mmol) of 4-
HC6F4–NH2 in 120 ml of Et2O. The reaction mixture was
warmed-up to �25 8C and kept at this temperature for 2 h.
Then 3.30 (30 mmol) of Me3SiCl was added, the reaction
mixture warmed-up to 25 8C, filtered, the solvents were
evaporated, and the residue was distilled under reduced
pressure. Compound 34 [18] was obtained in the form of
orange liquid.

(b) Stirred mixture of 4.86 g (0.015 mol) of Me3SnN(SiMe3)2, 30 ml
of MeCN and 0.015 mol of 29 or 30 was refluxed for 15 min. The
solvent and volatile by-products were distilled off under
reduced pressure, and the residue was distilled in vacuo.
Compounds 35 and 36 were obtained in the form of orange-red
oils.

(c) At �60 8C and under argon, solution of 1.41 g (4.7 mmol) of 32
in 15 ml of Et2O was added dropwise to a stirred solution of
0.80 g (4.8 mmol) of LiN(SiMe3)2 in 30 ml of the same solvent
during 15 min. Reaction mixture was warmed-up to ambient
temperature during 2 h, filtered, the solvent was distilled off
under reduced pressure, and the residue distilled in vacuo.
Compound 35 was obtained in the yield of 0.83 g (56%).

(d) Compound 38 was not synthesized from compound 31 and
LiN(SiMe3)2 in hexane/THF; instead, a mixture of correspond-
ing ArNH–SiMe3 and isomeric thiadiazoles 25a,b was observed
(1H and 19F NMR, GC–MS). The 5: 1 mixture of 25a: 25b was
separated from the ArNH–SiMe3 by column chromatography
(silica/hexane).

19F NMR: 25a: 53.6 (4F), 43.4 (2F), 30.4 (2F); 25b: 55.4 (2F),
54.9 (2F), 33.2 (2F), 29.7 (1F), 17.7 (1F).

Interaction of 31 with Me3SnN(SiMe3)2 under conditions
described above gave a complex mixture (1H and 19F NMR) of
unidentified compounds.

4.3.3. 2,1,3-Arenothiadiazoles 21 and 22

(a) A solution of 3.16 g (0.01 mol) of 29 in 30 ml of MeCN was
added dropwise during 2 h to refluxed and stirred suspension
of 1.52 g (0.01 mol) of freshly calcinated CsF in 200 ml of MeCN.
After additional 0.5 h, the reaction mixture was cooled to 20 8C
and filtered. The solvent was distilled off under reduced
pressure and the residue was chromatographed on alumina
column (hexane – Et2O 3:1) and sublimed in vacuo. Compound
21 was obtained in the form of colorless crystals.
for compounds 2, 4 and 7 see Fig. S1, Supporting Information). Selected bond lengths

 C4a–C8a 1.416(2), C8a–N1 1.361(2); C8a–N1–C2 115.7(1), N1–C2–C3 122.8(1), C2–

: N1–C2 1.320(2), C2–C3 1.403(2), C3–N4 1.315(2), N4–C4a 1.354(2), C4a–C10b

2.0(2), C3–N4–C4a 116.3(2), N4–C4a–C10b 122.3(1); C4a–C10b–N1 119.8(1).
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(b) A solution of 1.36 g (4.1 mmol) of 36 in 30 ml of MeCN was
added dropwise during 2 h to refluxed and stirred suspension
of 0.71 g (4.7 mmol) of freshly calcinated CsF in 200 ml of
MeCN. After additional 0.5 h, the reaction mixture was cooled
to 20 8C and filtered. The solvent was distilled off under
reduced pressure and the residue was extracted with hexane
(5 � 10 ml), the extract was evaporated and the residue
sublimed in vacuo (110 8C/1 mm). Compound 22 was obtained
in the form of light-yellow crystals. UV–vis, lmax, nm, (log e):
216 (4.15, sh.), 232 (4.25), 304 (4.07), 311 (4.05), 317 (3.14),
344 (3.49, sh.). FL, lmax (lexc), nm: 406 (316).

4.3.4. 1,2-Diaminoarenes 12–14, 16 and 17

(a) A mixture of 285 mg (�0.002 mol) of 20, 275 mg (�0.006 mol)
of NaBH4, 78 mg (0.0003 mol) of Co(OAc)2�4H2O and 5 ml of
ethanol was refluxed for 9 h. After cooling to 20 8C, the reaction
mixture was diluted with water, and precipitate was filtered off
and washed with ether. The filtrate was extracted with ether
(4 � 25 ml). The combined ether solution was dried over
MgSO4 and evaporated. Concentrated HCl (0.1 ml) was added
to the residue, and the mixture was extracted with toluene
(3 � 7 ml). Aqueous solution was neutralized with 353 mg of
Na2CO3, evaporated to dryness and the residue sublimed at
75 8C/1 mm. Compound 12 was obtained in the form of
colorless crystals.

(b) Compounds 13 and 14 were prepared by reduction of 21 and 22
by SnCl2/HCl under conditions [35] similar to described above
(item 4.3.1), and purified by sublimation in vacuo and
crystallized from hexane. Compounds 13 and 14 were obtained
in the form of colorless crystals.

(c) A mixture of 840 mg (�4 mmol) of 39 [36], 3.05 g (�14 mmol)
of SnCl2�2H2O and of 4 ml (�50 mmol) of concentrated HCl was
refluxed for 0.5 h. After cooling to room temperature, crystals
of 16�2HCl (0.133 g) were filtered off being suitable to XRD.
Fig. 5. XRD molecular structure (displacement ellipsoids at 30%) of 26 (Cl atoms are 0.60

angles (8): 26: Se2–N1 1.791(6), Se2–N3 1.798(6), N1–C7a 1.327(9), N3–C3a 1.323(9), C3

N1–C7a–C3a 116.0(6), N3–C3a–C7a 116.5(6). 28: Se2–N1 1.788(6), Se2–N3 1.803(7), N1–

C9b 107.1(5), Se2–N3–C3a 107.1(5), N3–C3a–C9b 116.4(7), N1–C9b–C3a 116.4(7).
Free 16 was obtained by treatment of 16�2HCl with aqueous
Na2CO3 followed by extraction with Et2O. The filtrate was
neutralized with 5.27 g of Na2CO3 and extracted with Et2O
(20 � 15 ml). Combined ether extract was dried over MgSO4,
evaporated to dryness and the residue was sublimed at 90 8C/
1 mm. Compound 16 was obtained in the form of colorless
crystals.

(d) (modified procedure [7b]) A mixture of 227 mg (0.0008 mol) of
24, 503 mg (0.008 mol) of Zn dust, 1.5 ml (0.018 mol) of
hydrochloric acid and 2.7 ml of ethanol was refluxed for 4 h.
After cooling to 20 8C, 15 ml of water was added, the precipitate
of was filtered off. The filtrate was evaporated to dryness and
the residue sublimed at 120 8C/1 mm. Combined product was
crystallized from ethanol. Compound 17 was obtained in the
form of white crystals.

4.3.5. Quinoxalines 1–8

(a) A mixture of 250 mg (1.4 mmol) of 10, 116 mg (1.7 mol) of
crystalline glyoxal (a), or 241 mg (1.7 mol) of 40% aqueous
glyoxal (b), and 6 ml of ethanol was refluxed for 4 h. The
solvent was distilled off at reduced pressure, and the residue
was sublimed at 50 8C/1 mm and crystallized from hexane.
Compound 1 [4a] was obtained in the form of colorless crystals
suitable to XRD. UV–vis (EtOH), lmax, nm, (log e): 236 (4.49),
311 (3.58). FL, lmax (lexc), nm: 410 (310).

(b) A mixture of 3.5 mmol of 11 or 12 and 514 mg (3.5 mmol) of
40% aqueous glyoxal in 15 ml of ethanol was refluxed for 5 h,
the solvent was distilled off under reduced pressure, and the
residue sublimed at 80 8C/1 mm.

Compound 2 was obtained in the form of white crystals.
Single crystals suitable to XRD were obtained by crystallization
from ethanol. UV–vis, lmax, nm, (log e): 239 (4.57), 310 (3.42).
FL, lmax (lexc), nm: 388 (310).

Compound 3 was obtained in the form of white crystals.
UV–vis, lmax, nm, (log e): 234 (4.46), 313 (3.60). FL, lmax (lexc),
nm: 409 (310).

(c) A solution of 380 mg (2.6 mmol) of 40% aqueous glyoxal in
10 ml of ethanol was added during 2 h to refluxed solution of
2.6 mmol of 13, or 14, or 15 in 10 ml of the same solvent. The
reaction mixture was refluxed for 3 h, the solvent was distilled
off under reduced pressure, and the residue sublimed at 70 8C/
1 mm and crystallized from hexane.

Compound 4 was obtained in form of yellowish crystals.
UV–vis, lmax, nm, (log e): 242 (4.67), 318 (3.57). FL, lmax (lexc),
nm: 382 (318).
: 0.40(1) disordered over two positions) and 28. Selected bond lengths (Á̊) and bond

a–C7a 1.440(10); N1–Se2–N3 93.4(3), Se2–N1–C7a 107.2(4), Se2–N3–C3a 106.8(5),

C9b 1.322(9), N3–C3a 1.311(11), C3a–C9b 1.431(11); N1–Se2–N3 92.9(3), Se2–N1–



Table 1
Isolated yields, melting (boiling) points and MS data for compounds.

Compound Yield % M. p. 8C, b. p. 8C/mm MS, m/z, found/calc.

1 59 (a), 64 (b) 95–97 8C 202.0145/202.0149

2 89 115–117 184.0239/184.0243

3 74 85–86 166.0335/166.0337

4 77 94–95 217.9857/217.9853

5 84 107–108 233.9552/233.9558

6 88 81–82 252.0114/252.0117

7 35 158–159 199.0355/199.0352

8 66 162–163 288.0115/288.0117

12 44 60–61 144.0493/144.0494

13 86 139–140 196.0018/196.0015, 35Cl

14 90 143–144 211.9718/211.9714

16 39 143–145 177.0504/177.0508

17 65 137–139 –

21 82 36–37 223.9419/223.9423, 35Cl

22 82 59–61 239.9126/239.9122

26 92 (a), 88 (b) 181–182 (sealed capillary) 271.8903/271.8867, 35Cl, 80Se

27 64 178–179 283.8590/283.8593 76Se

28 95 197–198 339.9140/339.9133, 78Se

29 96 52–53, 105–106/20 –

30 80 47–48 –

31 90 103–104/1 –

32 23 41–42 –

33 44 93–94 332.8451/332.8453, 35Cl

34 83 91–93/1 –

35 38 85–86/2 315.9877/315.9880, 35Cl

36 62 80–82/0.2 331.9582/331.9579
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Compound 5 was obtained in form of yellowish crystals.
UV–vis, lmax, nm, (log e): 245 (4.63), 321 (3.71). FL, lmax (lexc),
nm: 393 (320).

Compound 6 was obtained in form of white crystals. UV–vis,
lmax, nm, (log e): 240 (4.60), 289 (3.30), 325 (3.32). FL, lmax

(lexc), nm: 399 (325).
(d) A mixture of 100 mg (�0.5 mmol) of 16 in 1.5 ml of water,

105 mg (�0.6 mmol) of Na2S2O5 in 0.5 ml of water and 79 mg
(�0.5 mmol) of 40% aqueous glyoxal was refluxed for 3 h. After
cooling, the solution was made basic with 20% NaOH and
extracted with chloroform (9 � 7 ml). The combined chloro-
form solution was dried over MgSO4, evaporated to dryness
Table 2
Analytical data for compounds.a,b

Compound Found/calculated %

C H N F

2 52.05/52.19 1.61/1.64 14.97/15.21 30.85/30.96

3 57.87/57.84 2.47/2.43 16.87/16.86 22.80/22.87

4 44.05/43.96 1.03/0.92 12.88/12.82 26.22/26.08

5 41.04/40.88 1.10/0.86 11.68/11.92 16.19/16.17

6 42.43/42.88 0.86/0.80 11.09/11.11 45.32/45.21

7 47.97/48.25 2.07/2.02 20.81/21.10 28.38/28.62

8 50.40/50.02 0.61/0.70 9.71/9.72 39.46/39.56

12 50.09/50.00 4.30/4.20 19.36/19.44 26.28/26.36

13 36.68/36.66 2.07/2.05 13.77/14.25 29.74/29.00

14 34.10/33.83 1.90/1.89 13.05/13.15 17.61/17.84

16 40.41/40.69 3.47/3.41 23.53/23.72 31.88/32.18

21 32.14/32.09 – 12.05/12.47 25.83/25.38

22 30.07/29.90 – 11.26/11.62 15.40/15.76

26 26.50/26.54 – 10.31/10.32 20.94/20.99

27 25.02/25.03 – 9.58/9.73 13.18/13.20

28 34.88/35.21 – 8.21/8.21 33.32/33.42

30 27.88/27.50 – 5.41/5.35 21.90/21.75

32 23.80/23.98 – 4.59/4.66 25.46/25.29

33 21.23/21.52 – 4.34/4.18 22.86/22.69

a S: 29, 13.32/13.06; 32, 10.41/10.67. Cl: 13, 19.72/18.04; 22, 29.00/29.42; 26,

12.92/13.06; 27, 24.40/24.63; 30, 26.62/27.06; 32, 35.09/35.40; 33, 42.06/42.35. Se:

28, 23.40/23.15. P: 33, 9.51/9.25.
b Vacuum distillation gave compound 36 with purity of �92–94% only according

to the data of elemental analysis for C, H, Cl, F and N. The sample was characterized

by MS and NMR (Tables 1 and 3) and used in the synthesis of compound 22.
and the residue sublimed at 75 8C/1 mm. Compound 7 was
obtained in the form of yellow crystals. UV–vis, lmax, nm,
(log e): 262 (4.47), 324 (3.01), 384 (3.21). FL, lmax (lexc), nm:
491 (385).

Crystals suitable to XRD were obtained by crystallization
from 1: 1 mixture of hexane and CH2Cl2.

(e) A mixture of 60 mg (0.2 mmol) of 17, 40 mg (0.3 mmol) of 40%
aqueous glyoxal and 2 ml of ethanol was refluxed for 2 h. After
cooling to 20 8C, the crystalline precipitate was filtered off and
sublimed at 120 8C/1 mm. Compound 8 was obtained in the
form of colorless crystals suitable to XRD. UV–vis (EtOH), lmax,
nm, (log e): 226 (4.60), 269 (4.26), 350 (3.80), 366 (3.82). FL,
lmax (lexc), nm: 409 (365).

4.3.6. 2,1,3-Arenoselenadiazoles 26–28

(a) At 0 8C and under argon, a solution of 0.66 g (3 mmol) of SeCl4

in 5 ml of monoglyme was added to a stirred solution of 0.59 g
(3 mmol) of 13 and 0.95 g (12 mmol) of pyridine in 15 ml of the
same solvent. After additional 1 h at 20 8C, the reaction
mixture was filtered, the solvent distilled off under reduced
pressure, the residue crystallized from EtOH and sublimed in
vacuo. Compound 26 was obtained in the form of yellow
crystals.

(b) Mixture of 0.18 g (0.9 mmol) of 13, 0.11 g (1.0 mmol) SeO2 and
10 ml of EtOH was refluxed for 2 h, evaporated to dryness, and
the residue was sublimed at 90 8C/1 mm and crystallized from
hexane Compound 26 was obtained in the form of yellow
crystals. Crystals suitable for XRD were obtained by crystalli-
zation from EtOH.

(c) Mixture of 139 mg (0.7 mmol) of 14, 99 mg (0.9 mmol)
SeO2 and 20 ml of EtOH was refluxed for 1.5 h, evaporated
to dryness, and crystallized from hexane. Compound 27
was obtained in form of light-yellow crystals. UV–vis,
lmax, nm, (log e): 223 (3.97), 251 (3.64, sh.), 328 (4.14),
334 (4.19), 340 (4.19), 371 (3.41, sh.). FL, lmax (lexc), nm:
370 (334).



Table 3
NMR chemical shifts, d, for compounds.

Compound 1H 19F

1a 8.99 10.0 (4F)

2 8.96, 8.91, 7.42 36.4, 30.9, 7.5

3 8.86, 8.84, 7.87, 7.62 28.5, 11.7

4 8.95, 8.94 34.5, 28.6, 9.7

5 9.02, 8.95 55.1, 39.1

6 9.08, 9.03 105.7, 38.3, 25.9, 10.2

7 8.86, 8.71, 4.6 (NH2) 8.0, 6.0,–3.7

8 9.07 (t), 9.02 (d) 26.1, 21.9 (Jperi = 70.8 Hz), 17.9 (Jperi = 70.8 Hz), 11.4, 11.2, 9.2

12 6.30 (1H), 6.40 (1H), 3.56 (2H) 12.8, 3.5

13 3.45 21.3, 11.5, 0.1

14 3.6 (s, D1/2 240 Hz) 36.0, 26.3

16 3.23 �4.8 (2F), �11.0 (1F)

21 – 40.2, 26.9, 14.1

22 – 52.3, 43.4

26b – 39.5, 20.9, 13.3

27b – 51.6, 44.3

28b – 25.4, 19.4 (Jperi = 71 Hz), 18.2 (Jperi = 71 Hz), 15.8, 11.7, 9.9

29 – 22.9 (2F), 21.9 (2F)

31 – 55.3 (2F), 55.1 (2F), 45.0 (1F), 39.0 (1F), 32.6 (2F), 22.8 (1F)

32 – 22.2, 17.5

33c – Two groups of signals: at 22.3, 17.8 (minor); and at 19.0, 12.6 (major)

34 6.84, 0.18 22.1, 17.4

35 0.20 20.0 (2F), 18.8 (2F)

36 0.20 44.3, 25.0, 20.9

a The 19F NMR spectra are solvent-dependent, and for EtOH solution d1H are 10.5 (2F) and 9.0 (2F) (this work) whereas for acetone solution 15.4 and 13.7 [4a].
b d77Se: 26: 1592; 27: 1550; 28: 1554.
c d31P: Two singlets: at 10.7 (minor), and at �29.9 (major).
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(d) A solution of 111 mg of SeO2 (1.0 mmol) in 0.3 ml of water was
added to refluxing solution of 266 mg of 17 (1.0 mmol) in 6 ml
of EtOH. After 20 min, the reaction mixture was cooled to room
temperature, and the precipitate was filtered off, washed with
EtOH and dried. Compound 28 was obtained in the form of
pale-yellow crystalline powder.

UV–vis (EtOH), lmax, nm, (log e): 224 (4.49), 253 (3.90), 281
(4.05), 331 (3.70), 364 (4.11), 381 (4.07). FL, lmax (lexc), nm:
406 (363).

4.3.7. Reaction of compound 29 with PCl5. Compounds 32 and 33
At ambient temperature, solution of 6.14 g (25 mmol) of 29 in

9 ml of CCl4 was added to a stirred suspension of finely powdered
5.25 g (25 mmol) of PCl5 in 3 ml of the same solvent. Reaction
mixture was heated to 60 8C and kept at this temperature until true
solution formed (�30 min). The solvent was distilled off under
reduced pressure, and the residue washed on a glass filter with 2 ml
of hexane. Compound 33 was obtained in the form of white crystals.

Filtrate was evaporated under reduced pressure and the residue
sublimed at 60 8C/1 mm and crystallized from hexane. Compound
32 was obtained in the form of yellow crystals suitable to XRD.
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