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Abstract: The objective of this work was to prepare benzofuroxan derivatives 
as new, dense, potentially energetic materials and to investigate their properties, 
with the main focus being on 5,6-dinitrobenzofuroxan (5,6-DNBF). 5,6-DNBF 
was prepared by a 3-step reaction sequence: a) 1-azido-3-nitrobenzene was 
synthesized by diazotation of 3-nitroaniline with sodium nitrite and subsequent 
reaction with sodium azide in acetic/sulfuric mixed acids; b) it was nitrated with 
HNO3/H2SO4 to 1-azido-2,4,5-trinitrobenzene; c) thermal cyclization of the latter 
compound in a polar solvent gave the desired 5,6-DNBF (m.p. 177 °C). It was fully 
characterized by UV/VIS, FT-IR and NMR spectroscopy, mass spectrometry and 
single crystal X-ray diffraction. The density of the compound (X-ray) was found to 
be  comparatively high (1.88 g/cm3), and to be superior to the previously known, 
isomeric energetic material − 4,6-dinitrobenzofuroxan (4,6-DNBF) (1.76 g/cm3). 
Furthermore, the synthesis of some other benzofuroxan derivatives, potentially 
interesting as high energy, density materials (HEDMs), has been carried out. The 
densities of the compounds obtained were calculated using ACD Labs software 
(version 4.0). Based on the results obtained, it could be concluded that 5,6-DNBF 
is one of the densest nitro derivatives of the benzofuroxan series, comparable to 
CL-14, CL-17, CL-18, and thus could have potential applications as an HEDM. 

Keywords: heterocyclic nitro compounds, X-ray diffraction, structure 
analysis, density, HEDM, 5,6-DNBF 
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Introduction

Since the beginning of the era of benzofuroxan chemistry, the structure of 
this compound and its intriguing chemistry has been a considerable challenge 
to organic chemists [1, 2].

At first benzofuroxans were thought to have the dioxime peroxide structure 
[3, 4], then that of an o-dinitroso-system [2], and only in 1912 were they given 
the correct structure by Green and Rowe [5].

Benzofuroxan derivatives can exist as a pair of positional isomers. NMR 
spectroscopy and X-ray crystallography have proved unequivocally that the 
compounds have the basic structure of benzo[1,2-c]1,2,5-oxadiazole N-oxide 
[6, 7]. The controversy over furoxan and benzofuroxan structures and their 
reactivity has been exhaustively reviewed [8-10].

A number of nitro-furoxan and -benzofuroxan derivatives attracted attention 
as high-energy materials in the early 1980s when some primary explosives e.g. 
potassium [11] and hydroxylamine [12] salts of 4,6-dinitrobenzofuroxan (DNBF) 
and the potassium salt of hydroxynitrobenzodifuroxan [13]), as well as some 
secondary nitro-substituted explosives e.g. 4-amino-5,7-dinitrobenzofuroxan 
(ADNBF), 4,6-diamino-5,7-dinitrobenzofuroxan (CL-14), 4-amino-5,6,7-
trinitrobenzofuroxan (CL-17), aminonitrodibenzofuroxan, (CL-18) (‘CL’ 
is the assignation for Naval Air Weapons Station, China Lake, USA) and 
benzotrifuroxan (BTF) were developed [11, 14-16]. The largest part of the work 
in this field has been carried out in the USA, the USSR, Australia and China. 
We have previously assessed the physico-chemical parameters of benzofuroxan 
compounds and examined their biochemical, biomedicinal, electrochemical 
and ecotoxicological properties [17-21]. Herein is reported an investigation 
of the structural peculiarities and densities of nitro-substituted benzofuroxan 
derivatives as HEDMs, with particular attention being paid to 5,6-DNBF as 
a potential HEDM. 

Materials and Methods

Chemical reagents and materials
All chemical reagents and solvents were obtained from Sigma-Aldrich, 

Fluka and Merck, and were used as supplied.
Samples of benzofuroxan [5], 4- and 5-nitrobenzofuroxans [22, 23], 4,6- 

and 4,7-dinitrobenzofuroxans [8, 24], amino-/ nitroderivatives of benzofuroxan, 
i.e. CL-14 and CL-17 [25], CL-18 [26] were synthesized and characterized in 
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our laboratory according to the conventional procedures as reported previously 
[17-21]. Benzodifuroxan (BDF), nitrobenzodifuroxan and benzotrifuroxan (BTF) 
were prepared as described in [24, 27, 28].

The preparation of 5,6-dinitrobenzofuroxan (5,6-DNBF), which has still 
received insufficient study, is described in detail in the experimental part of this 
paper. The synthesis of 5,6-DNBF provided below via a 3-step reaction sequence 
is a modification of Bailey and Case’s method [24].

Experimental 

General
The melting points of the compounds synthesized were determined in open 

capillaries. The purity of the compounds was monitored by TLC using silica gel 
60 F254 aluminium plates (Merck). UV-VIS spectra of the compounds were 
recorded using a Perkin-Elmer Lambda 25 UV-VIS spectrophotometer. IR spectra 
were recorded in KBr on a Perkin-Elmer spectrophotometer (FT-IR Spectrum 
BX II). NMR spectra were recorded using a Varian Unity Inova (300 MHz for 1H 
NMR). HRMS spectra were obtained on a mass spectrometer Dual-ESI Q-TOF 
6520 (Agilent Technologies). 

Gas chromatography-mass-spectrometry (GC-MS) analyses were performed 
using a gas chromatograph (Agilent 6890N; Agilent technologies, CA, USA) 
and a mass spectrometer (Autospec Premier; Waters-Micromass technologies, 
USA) equipped with a MS detector (HRMS Autospec Premier). The temperature-
programmable gas chromatograph, suitable for split-less injection, was equipped 
with a 30 m × 0.25 mm fused-silica capillary column (J&W Scientific DB-5MS), 
with 0.25 μm coating thickness and helium as the carrier gas at a flow rate of 
1 ml/s. The column temperature was set at 100 °C for 1 min, then increased at 
5 °C/min to 220 °C and held for 4 min. The sample injection temperature was set 
at 220 °C. During the full-scan acquisition, the mass spectra were collected over 
a scanning mass range  40 to 500 amu every 1 s or less, using 70 volts (nominal) 
electron energy in the electron impact ionization mode.

For X-ray analysis a ‘Bruker-Nonius’ diffractometer with a ‘KappaCCD’ 
detector was used. In the crystal structure hydrogen atoms were located 
and refined.

Chemical software ACD Labs (Toronto) (version 4.0, 2000) was used for 
the calculation of the molecular properties and densities of 4-nitrobenzofuroxan, 
5-nitrobenzofuroxan, and 4,7-dinitrobenzofuroxan, for which experimental 
densities were not available.
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CAUTION! 1-Azido-3-nitrobenzene and 1-azido-2,4,5-trinitrobenzene are 
dangerous energetic materials with increased sensitivities towards various 
stimuli. Extra safety precautions should be taken, especially when 1-azido-2,4,5-
trinitroderivative is prepared on a large scale.

Synthesis

Synthesis of 1-azido-3-nitrobenzene
3-Nitroaniline (10.00 g, 71 mmol) was added in portions to a vigorously 

stirred mixture of acetic acid (99%) (80 ml) and H2SO4 (98%) (40 ml) at 10-15 °C. 
Stirring was continued until all of the solids had completely dissolved.

Any insoluble material was filtered off and the resultant clear, yellow solution 
was cooled in an ice-water bath to 0 °C. NaNO2 (5.65 g, 81.65 mmol) dissolved in 
H2O (15 ml) was then added with stirring at 4-6 °C during 30 min. A solution of 
urea (0.63 g, 10 mmol) in H2O (2 ml) was added. The reaction mixture was then 
stirred again for an additional 30 min. Subsequently a solution of NaN3 (5.2 g, 
80 mmol) in H2O (27 ml) was added drop-wise and stirring was continued for 
another l h at 6-9 °C. The yellowish solid produced was filtered off on a porous 
glass filter and dried in the dark. The product, 1-azido-3-nitrobenzene, which 
consisted of yellowish, lustrous crystals in the form of needles, had m.p. 53-54 °C 
(yield: 11.35 g, 97%). 

FT-IR (KBr tablet, ν/cm-1) 2124 (s, br, asym, N3), 1529 (s, br, asym, NO2),  
1350 (s, br, sym, NO2).

1H NMR (300 MHz, CDCl3, δ, ppm): 8.00-7.96 (m,1H), 7.88 (t, J= 2.1Hz, 
1H), 7.52 (t, J= 8.0 Hz, 1H), 7.33 (dd, J=1.8, 7.6 Hz, 1H); 

Synthesis of 1-azido-2,4,5-trinitrobenzene 
1-Azido-3-nitrobenzene (10 g, 61 mmol) was carefully added in small 

portions and dissolved with stirring in HNO3 (98%) (150 ml) which was cooled 
to 3-5 °C in an ice-water bath. H2SO4 (98%)(200 ml) was added portion-wise 
to the resultant solution at 0-5 °C and the mixture was stirred and cooled for an 
additional 3 h. It was then poured onto crushed ice (750 g) and the resultant solid 
was collected and washed with cold water. The 1-azido-2,4,5-trinitrobenzene 
obtained was re-crystallized from methanol to yield yellow crystals (12.9 g, 
83%), m.p. 74 °C, which can be used in the next step without further purification. 

FT-IR (KBr tablet, ν/cm-1): 2147 (s, br, asym, N3), 1553 (s, br, asym, NO2),  
1376 (s, br, sym, NO2).
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Synthesis of 5,6-dinitrobenzofuroxan (5,6-DNBF)
1-Azido-2,4,5-trinitrobenzene (3 g, 11.81 mmol) was dissolved in acetic 

acid (30 ml) and heated (3 h) at 105-115 °C. The yellow solution  obtained was 
concentrated in vacuo (80-85 °C) until the first crop of crystals started to separate, 
and then allowed to cool to room temperature. Repeated recrystallization of 
the product from acetic acid gave 5,6-dinitrobenzofuroxan (5,6-DNBF) (yield 
2.08 g, 78%, m.p. 177 °C). 

Spectral characteristics: 
UV-VIS: λmax = 202 nm (ε202 = 4980 M-1 cm-1); λmax = 260 nm (ε260 = 14500 M-1 cm-1); 

λmax = 382 nm (ε382 = 21700 M-1 cm-1).
FT-IR (KBr tablet, ν/cm-1): 1783w, 1624s (br), 1607s, 1541s,1528s (br, asym, 

NO2), 1471m, 1407w, 1349s (s, br, sym, NO2), 1224w, 1192m, 1102w, 1026m, 
898s, 856s, 815w, 780s, 747s, 722w, 684m, 657m, 651m, 608w. 

1H NMR spectrum (300 MHz, CDCl3): singlet at 8.29 ppm (H4 and H7). 
EI MS m/z: (relative abundance, %): 228, (12.5), (227) (8.1), 226 (76.3), 

212 (13.8), 210 (65.6), 196 (29.7), 166 (3.9), 136 (7.5), 118 (16.3), 106 (15), 89 
(10), 88 (78,1), 87 (38.8), 76 (56.9), 75 (29.4), 74 (41.3), 73 (21.2), 68 (10), 67 
(11.3), 64 (11.6), 63 (30), 62 (100), 61 (87.7), 53 (29.9), 52 (16.9), 51 (18.1), 
50 (18.7), 46 (21.9).

Results and Discussion

Synthesis of benzofuroxan compounds
The preparation of benzofuroxan and many of its nitro derivatives has 

been extensively described in previous papers and reviewed by Katritzky and 
Gordeev (1993) [29].

However 5,6-dinitrobenzofuroxan (5,6-DNBF) is a very uncommon 
substance in the scientific literature. A number of incorrect structures for this 
compound were suggested prior to the modern era of NMR spectroscopy 
[1, 30]. Previous authors had actually obtained not 5,6- but the isomeric 
4,6-dinitrobenzofuroxan (it must be noted that the melting points of these two 
isomers differ by only 5 degrees: 172 °C (for 4,6-DNBF) [31] and 177 °C (for 
5,6-DNBF). For this reason, 5,6-DNBF was synthesized and its structure re-
investigated by mass-spectrometry and X-ray diffraction methods. The synthesis 
of 5,6-DNBF described here is a modification of the method of Bailey et al. [24].

Synthesis of 5,6-DNBF
The starting compound 1-azido-3-nitrobenzene was prepared by the reaction 
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of 3-nitroaniline with NaNO2 in a cold mixture of acetic and sulfuric acids to 
yield the diazonium salt. The diazonium salt was then reacted with NaN3 to 
yield 1-azido-3-nitrobenzene. The reaction product was isolated as a yellow 
solid, which after recrystallization from ethanol, gave crystals in the form of 
pale yellow, thin needles (which subsequently darkened and turned brown on 
prolonged exposure to daylight). 

The 1-azido-3-nitrobenzene was nitrated with mixed acid (HNO3/H2SO4) 
at 0-5 °C to give 1-azido-2,4,5-trinitrobenzene (Scheme 1).
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Scheme 1.	 Synthesis of 5,6-DNBF.

The latter product was recrystallized from methanol and dried in a vacuum 
desiccator in the dark. 1-Azido-2,4,5-trinitrobenzene was thermally cyclized 
in boiling acetic acid until no further N2 gas evolution was observed (normally 
about 3.5-4 h). 5,6-DNBF was obtained as a yellow solid, m.p. 177 °C.

Spectroscopic investigation
As shown in Figure 1, the UV-VIS absorbance spectrum of 5,6-DNBF in 

acetonitrile was characterized by absorbance maxima at 202, 260 and 382 nm, 
and molar extinction coefficients (ε), (obtained from the linear dependence of 
the absorbance of the compound at various  concentrations), equal to 4.98×103, 
1.45×104, and 2.17×104 M-1 cm-1 respectively. The UV-VIS spectrum of the 
meta-isomer, 4,6-DNBF recorded under the same conditions, was different, i.e. 
characterized by absorbance maxima at 210, 257, 277 and 418 nm with ε values 
of 6.33×103, 9.73×103, 9.56×103 and 1.58×104 respectively. 
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Figure 1.	 (A)UV-VIS absorbance spectra of 60 µM 5,6-DNBF (black) and 
4,6-DNBF (gray). (B) The dependence of absorbance of 4,6-DNBF 
(black) and 5,6-DNBF (gray) upon concentration, as measured at 
the absorbance maxima 418 nm and 382 nm as characteristic for 
4,6- and 5,6-DNBF respectively.

Figure 2.	 FT-IR spectrum of 5,6-DNBF in KBr tablet (4000-600 cm-1).
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The FT-IR spectrum of 5,6-DNBF recorded in the range of 4000-600 cm-1 
as a KBr tablet is shown in Figure 2.

The FT-IR spectra of the two dinitrobenzofuroxan isomers investigated 
also contain significant differences between the typical characteristic peaks (the 
characteristic peaks of both spectra are compared below in Table 1).

Table 1.	 The characteristic vibration peaks of the FT-IR spectra of 5,6- and 
4,6-DNBF

Dinitrobenzofuroxan ν (cm-1)

5,6-DNBF
3112m, 3052m, 1783w, 1624s, 1607s, 1541s, 1528s, 
1471m, 1407w, 1389s, 1349s, 1224w, 1192m, 1102w, 
1026m, 898s, 856s, 815w, 780s, 747s, 722w, 684m, 

657m, 651m, 608w.

4,6-DNBF
3090m, 1806w, 1629s, 1611s, 1562s, 1538s, 1490w, 

1457m, 1415w, 1393w, 1345s, 1329s, 1278w, 1220w, 
1193w, 1092w, 1067m, 1035w, 987w, 931w, 906w, 

847w, 817w, 791w, 764w, 733m, 697m, 652w. 

As can be seen from Table 1, the main differences are in the regions of the 
vibration peaks of the aromatic protons, i.e. two separate peaks at 3112 and 
3052 cm-1 (Ar-H) for 5,6-DNBF and only one broader peak for 4,6-DNBF at 
3090 cm-1. The two pairs of bands of the stretching vibrations of the nitro groups 
also differs substantially, i.e. 1541s, 1528s  and 1389s, 1349s for 5,6-DNBF, and 
1562s, 1538s and 1345s, 1329s cm-1 for 4,6-DNBF.

The 1H NMR spectrum of 5,6-DNBF (300MHz, CDCl3, δ , ppm) showed that 
the compound contains only one singlet peak at 8.29 ppm (H4 and H7), while the 
spectrum of 4,6-DNBF, recorded under the same conditions was characterized 
by peaks at 9.17 (H5) and 8.87 ppm (H7), with coupling constant 4J5/7 = 1.8 Hz.

Different crystal fractions of the synthesized 5,6-DNBF were investigated 
by scanning electron microscopy (SEM). 

Figures 3a and 3b demonstrate the SEM investigation of two samples of 
the product obtained .
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Figure 3a.	 SEM image of 5,6-DNBF crystals obtained directly from the 
thermolysis reaction medium (magnification ×400).

Figure 3b.	 SEM image of 5,6-DNBF crystals obtained from the third 
recrystallization from acetic acid (magnification ×2500).

The SEM images obtained (Figures 3a and 3b) clearly demonstrate the typical 
crystallization habit of 5,6-DNBF, as massive, dense, prismatic crystal chunks. 
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The final sample (shown in Figure 3b) was re-crystallized from acetic acid and 
yellow, well-ordered crystals (prisms), suitable for X-ray analysis, were obtained. 
Separate crystals were selected under a microscope at a magnification ×40.

Identification of nitrobenzofuroxans by GC-MS spectrometry
In order to confirm the structures of benzofuroxan and its isomeric nitro-

substituted derivatives, including 5,6-DNBF (Figure 4), high-resolution GC-MS 
was applied. The spectra obtained are presented in Figures 5-9. 
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Figure 4.	 Formulae of selected benzofuroxans analyzed by mass-spectrometry.

(Assignations: BF (benzofuroxan), 4-NBF (4-nitrobenzofuroxan), 5-NBF 
(5-nitrobenzofuroxan), 4,6-DNBF (4,6-dinitrobenzofuroxan) and 5,6-DNBF 
(5,6-dinitrobenzofuroxan)).

Figure 5.	 EI mass spectrum of benzofuroxan (BF) (M+=136).
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Figure 6.	 EI mass spectrum of 4-nitrobenzofuroxan (4-NBF) (M+=181).

Figure 7.	 EI mass spectrum of 5-Nitrobenzofuroxan (5-NBF) (M+=181). 
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Figure 8.	 EI mass-spectrum of 4,6-dinitrobenzofuroxan (4,6-DNBF) 
([M+H]+=227).

Figure 9.	 EI mass-spectrum of 5,6-dinitrobenzofuroxan (5,6-DNBF) 
(M+=226).
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Benzofuroxan was included in the set of materials tested as the parent 
compound. Its fragmentation scheme is typical and was previously investigated 
and described in detail by Dyal [32]. However, the author obtained the 
mass spectrum under conditions which were different from those used in 
our experiments.

After electron ionization, the fragmentation of the benzofuroxan molecular 
ion M+ follows a general pathway i.e. N-oxide moiety in position N(1) readily loses 
oxygen (M+ -16) yielding benzofurazan. The fragmentation of benzofuroxans is 
concurrent with the elimination of the full fragment (-2NO) of the furoxan moiety 
(M+-60). Other possible fragment species are shown in Scheme 2.
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Scheme 2.	 Typical GC-MS benzofuroxan EI fragmentation and possible 
fragment species involved. 

In general, all of the 5 benzofuroxans investigated follow the proposed 
fragmentation scheme. However, every mass spectrum is unique and it was 
observed that the peaks generated, registered under identical experimental 
conditions, were very specific for each compound investigated (Figures 5-9). The 
mass spectra obtained for the two pairs of isomers: 4- and 5-nitro- benzofuroxans 
and 4,6- and 5,6-dinitrobenzofuroxans, demonstrate significant differences in 
their fragmentation patterns as can be seen from the data in Table 2.
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The base peak in the mass-spectrum of 5-nitrobenzofuroxan is the molecular 
ion (M+▪, mass 181), whilst in the case of the isomeric 4-nitrobenzofuroxan, it 
is the benzyne [C6H3] fragment with mass 75, which is derived from the parent 
molecular ion by loss of (NO2+2NO).

In the case of 4,6-dinitrobenzofuroxan, which is a well-known super-
electrophilic nitrocompound [33, 34], there are numerous adduct ions, [M+H]+ 
(as the base peak, mass: 227) and the less abundant [M+2H]+. Both of these ions 
fragmented further in the ordinary way by losing O, NO and NO2 respectively, 
together with typical fragments such as [M-2NO]+, [M-(NO+NO2)]+, etc. Similar 
adduct ions can also be seen with 5,6-DNBF. However, in this case their intensity 
is much lower. Marked differences in the fragmentation patterns of EI GS-MS 
spectra could be used to easily distinguish one isomer from another.

 
X-Ray analysis of 5,6-DNBF

A sample of 5,6-DNBF was re-crystallized three times from acetic acid. The 
last crystallization was carried out with a slow solution temperature gradient 
and the crystal suitable for crystallographic analysis was carefully selected by 
microscopic examination (under magn. ×40). The structure is shown in Figure 10 
and selected structural parameters are given in Table 3.

Figure 10.	 Molecular structure of 5,6-DNBF. Thermal ellipsoids in structure 
depiction are drawn with 50% probability.
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Table 3.	 5,6-DNBF X-ray structure determination: selected data and 
parameters

Formula C6H2N4O6

Form. weight [g mol-1] 226.103
Crystal system orthorhombic
Space group P b c 21
Color/ Shape yellow prisms
Size [mm] 0.24 x 0.19 x 0.12
a [Å] 5.4751(2)
b [Å] 10.9799(4)
c [Å] 13.2925(5)
α [°] 90.00
β [°] 90.00
γ [°] 90.00
V [Å3] 799.09(5)
Z 4
ρ calc.[g/cm3] 1.880
μ [mm-1] 0.172
F(000) 456
λMoKα [Å]  0.71073
T [K] 153(2)
Θ Min-Max [°] 3 , 30
Dataset -7:7;  -15:15; -18:18
Reflections collected 2134
Independent reflections 2019
Parameters 152
R1(obs) 0.0154
wR2 (all data) 0.0769
GooF 1.038
Device type ‘Bruker-Nonius KappaCCD’
Solution SHELXS-97
Refinement SHELXL-97
Absorption correction none

* More extended results of the X-ray diffraction analysis will be published elsewhere.

The 5,6-DNBF crystal system is orthorhombic; space group – P b c 21; with 
a cell volume of 799.09(5) Å3. The crystal size used for the determination was 
[mm]: 0.24 × 0.19 × 0.12; color and shape: yellow prisms; density: 1.880 g/cm3. 
According to literature data [35], the isomeric 4,6-DNBF crystal system was 
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monoclinic, space group – P21 and it consisted of yellow-brown crystals with 
a density of 1.761 g/cm3. 

In the 4,6-DNBF molecule, the 6-nitro group is almost coplanar with the 
ring, whilst in the 5,6-DNBF molecule, both nitro groups are at different angles 
to the ring plane: 29.7° for 5-NO2 and 46.5° for 6-NO2. 

Interestingly, the nitro groups in the molecular structure of the fairly similar 
1,2-dinitrobenzene, are at almost the same angle, i.e. 41.5 and 41.4° to the 
benzene ring, but the density of this material is much lower – only 1.573 g/cm3 
[36]. This fact allows us to conclude that the influence of the furoxan fragment 
on the total density of 5,6-DNBF is very significant.

Experimental and calculated physico-chemical characteristics of 
benzofuroxans 

All of the data concerning the main characteristics of the benzofuroxan 
compounds were collected for comparison and analysis in Table 4. The densities 
of 4-nitrobenzofuroxan, 5-nitrobenzofuroxan and 4,7-dinitrobenzofuroxan, 
which are absent from the databases, were calculated using ACD Labs (Toronto) 
(vers. 4.0) software and are marked as ‘calc.’:

Table 4.	 The main properties of benzofuroxans 

No. Compound Formula Mol.
weight

Melt. 
point, °С

Density (g/cm3), 
(crystal properties) 

[lit. refs]

1 Benzofuroxan C6H4N2O2 136.11 71
1.55*(exp.)

(triclinic, SG***: 
P1) [37]

2 4-Nitrobenzo-
furoxan C6H3N3O4 181.11 143 1.62 (calc.)

3 5-Nitrobenzo-
furoxan C6H3N3O4 181.11 73 1.65 (calc.)

4 4,6-Dinitrobenzo-
furoxan C6H2N4O6 226.10 173 

1.76*(exp.) 
(monoclinic, SG: 

P21) [35]

5 5,6-Dinitrobenzo-
furoxan C6H2N4O6 226.10 177

1.88** (exp.) 
(1,91(calc.)

(orthorhombic,
SG: P b c 21)

6 4,7-Dinitrobenzo-
furoxan C6H2N4O6 226.10

182 
(with 

dec. [7])
1.72 (calc.)
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7
4-Amino-5,7-

dinitrobenzofuroxan 
(ADNBF)

C6H3N5O6 241.12 270 1.90* (exp.)
 [38]

8
4,6-Diamino-5,7-

dinitrobenzo-furoxan 
(CL-14)

C6H4N6O6 256.13
289-294 

(with 
dec.)

1.95* (exp.)
[39]

9
5-Amino-4,6,7-
trinitrobenzo-

furoxan (CL-17)
C6H2N6O8 286.12

175
(with 
dec.)

1.94* (exp.) 
[9]

10
4-Amino-5-

nitrobenzodifuroxan
(CL-18)

C6H2N6O6 254.12 205
1.932* (exp.) 

(orthorhombic, 
SG: P212121) [26]

11

Benzodifuroxan 
(benzo[1,2-c;3,4-c’]
bis[1,2,5]oxadi-azole 

1(or 3),6-dioxide) 
(BDF)

C6H2N4O4 194.11 95 1.76* (exp.)
 [8]

12 4-Nitrobenzodi-
furoxan (NBDF) C6HN5O6 239.10 158 1.840*( SG: 

Pna21) [28]

13 Benzotrifuroxan 
(BTF) C6H6O6 252.10 198-200

1.901* (SG: 
Pna21) [27] 
1.912* (SG: 

P1121/a) [40]
*Density values were taken from the literature sources.
**Density value for 5,6-DNBF was obtained from the experimental X-ray data in the present work.
***SG – assigned crystal space group.

The density of an energetic material is one of the most important 
characteristics of a high-performance explosive and is closely related to the 
velocity and pressure of detonation, as is well-known from the literature [39]. 

The densities of the nitro-substituted benzofuroxans investigated varied 
from 1.62 (4-nitrobenzofuroxan) to 1.88 g/cm3 (5,6-DNBF), whilst amino/
nitro- derivatives were found to possess slightly higher densities, i.e. from 1.90 
(ADNBF) to 1.95 g/cm3 (CL-14). In comparison, the density of HMX, a classical 
HEDM, is 1.90 g/cm3 [25].

Conclusions

Previously studied nitroaromatic compounds, which can be used as energetic 
materials, differ widely in density, from 1.65 g/cm3 for TNT to 2.0 g/cm3 for 
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HNB (hexanitrobenzene) [28].
Theoretical calculation of density allows us to select the very uncommon 

dinitrobenzofuroxan isomer, 5,6-DNBF, as a potentially interesting compound 
for our further in-depth study. 

The following conclusions can be drawn from this experimental study:
5,6-DNBF (5,6-dinitrobenzofuroxan or 5,6-dinitrobenzofurazan-N-oxide, 

molecular formula - C6H2N4O6) has been synthesized in 78% yield by thermolysis 
of 1-azido-2,4,5-trinitrobenzene. The GC-mass-spectra of isomeric mono- and 
dinitrobenzofuroxans possess marked differences in fragmentation and are very 
useful for the rapid-analysis of these substances and for isomer characterization.

The crystal structure of 5,6-DNBF was determined, and a high experimental 
density (1.880 g/cm3) and a comparatively high melting point (177 °C) were 
observed, demonstrating great potential for a more detailed investigation of this 
substance as an HEDM.

A comparison of the crystal properties and experimental densities of 
two similar molecular structures, both ortho-dinitro benzene derivatives viz. 
1,2-dinitrobenzene and 5,6- DNBF, supports the theory that the positive influence 
of the furoxan fragment on the total density of 5,6-DNBF is very significant 
(density: 1,2-DNB 1.573 g/cm3 [36], 5,6-DNBF 1.880 g/cm3). 

It can also be concluded that the denser isomer 5,6-DNBF could be superior, 
in terms of energetic properties, to the well-known 4,6-DNBF.

Moreover, the data obtained in the present work can be useful for the design 
of further new HEDMs. 

Acknowledgments
The investigation was partially supported by the Scientific Council of 

Lithuania (Project No. MIP-080/2011 Heterocyclic N-Oxides (HNO): synthesis, 
cytotoxicity and interaction with drug targets). The authors would like to thank 
Dr. Sergey Belyakov from the Latvian University (Riga) for performing the 
X-ray analysis and Dr. Simas Šakirzanovas from the Chemical Faculty of Vilnius 
University for the scanning-electron microscopy (SEM) images.

References

	 [1]	 Drost P., Nitro-derivatives of Orthodinitrosobenzene, Justus Liebigs Ann. Chem., 
1899, 307, 49-69.

	 [2]	 Drost P., Zincke T., Orthodinitrosobenzene, Justus Liebigs Ann. Chem., 1900, 313, 
309-325.



384 J. Šarlauskas, Ž. Anusevičius, A. Misiūnas

	 [3]	 Koreff R., Ueber Einige Abkömmlinge des ß–naphtochinons, Ber. Dtsch. Chem. 
Ges., 1886, 19, 176-184.

	 [4]	 Iljinski M.,  Ueber das Dinitrosonaphtalin, Ber. Dtsch. Chem. Ges., 1886, 19, 349-
351.

	 [5]	 Green A.G., Rowe F.M., Existence of Quinoid Salts of o-Nitroamines and Their  
Conversion into Oxadiazole Oxides, J. Chem. Soc., 1912, 101, 2452-2459.

	 [6]	 Harris R.K., Katritzky A.R., Oksne S., Bailey A.S., Pateson W.G., N-Oxides 
and Related Compounds. XIX. Proton Resonance Spectra and the Structure of 
Benzofuroxan and Its Nitro Derivatives. II, J. Chem. Soc., 1963, 197-203. 

	 [7]	 Guntram R., Jarzecki A.A., Pulay P., Density Functional Based Vibrational Study of 
Conformational Isomers: Molecular Rearrangement of Benzofuroxan, J. Comput. 
Chem., 1997, 18(4), 489-500.

	 [8]	 Khmelnitskii L.I., Novikov S.S., Godovikova T.I., Chemistry of Furoxans: Structure 
and Synthesis, Vol. 1, Nauka, Moscow, 1996 (in Russian).

	 [9]	 Khmelnitskii L.I., Novikov S.S., Godovikova T.I., Chemistry of Furoxans: 
Reactions and Applications, Vol. 2, Nauka, Moscow, 1996 (in Russian). 

	[10]	 Sheremetev A.B., Makhova N.N., Friedrichsen W., Monocyclic Furazans and 
Furoxans, Adv. Heterocycl. Chem., 2001, 78, 65-188.

	[11]	 Fronabarger J.W., Williams M.D., Sanborn W.B., Parrish D.A., Bichay M. , KDNP 
– A Lead Free Replacement for Lead Styphnate, Propellants Explos. Pyrotech., 
2011, 36(5), 459-470.

	[12]	 Norris W.P., A Primary Explosive, US 4529801, 1985.
	[13]	 Fronabarger J.W., Sitzman M.E., Nitrobenzodifuroxan Compounds, Including Their 

Salts, and Methods Thereof, US 7271267B1, 2007.
	[14]	 Norris W. P., Spear R.I., Read R.W., Explosive Meisenheimer Complexes Formed by 

Addition of Nucleophilic Reagents to 4,6-Dinitrofurazan 1-Oxide, Aust. J. Chem., 
1983, 36(2), 297-309.

	[15]	 Norris W.P., Chafin A., Spear R.J., Read R.W., Synthesis and Thermal Rearrangement 
of 5-chloro-4,6-dinitrobenzofuroxan, Heterocycles, 1984, 22(2), 271-274.

	[16]	 Buncel E., Chuaqui-Offermanns N., Norris W.P., The Normal and the Retro-Boulton-
Katritzky Rearrangement of Hydroxy- and Nitro- Substituted Benzofuroxans, Can. 
J. Chem., 1979, 57, 2512-2515.

	[17]	 Šarlauskas J., Synthesis of Some New Heterocyclic Derivatives of Benzofuroxan, 
Materials of Lithuanian Chemical Conference, Vilnius, VU, 2005, 104-104.

	[18]	 Nemeikaitė-Čėnienė A., Šarlauskas J., Misevičienė L., Anusevičius Ž., Marozienė 
A., Čėnas N., Enzymatic Redox Reactions of the Explosive 4,6-Dinitrobenzofuroxan 
(DNBF): Implications for Its Toxic Action, Acta Biochim. Pol., 2004, 51(4), 1081-
1086.

	[19]	 Miliukienė V., Nemeikaitė-Čėnienė A., Šarlauskas J., Anusevičius Ž., Nivinskas 
H., Čėnas N., Immunotoxicity of Nitroaromatic Explosives in vitro: Quantitative 
Structure-activity Relationships, New Trends Res. Energ. Mater., Proc. Semin., 
10th, Pardubice, 2007, 802-804.

	[20]	 Šarlauskas J., Miliukienė V., Anusevičius Ž., Misevičienė L., Krikštopaitis K., 



385Benzofuroxan (Benzo[1,2-c]1,2,5-oxadiazole N-oxide) Derivatives...

Nemeikaitė-Čėnienė A., Vitėnienė I., Čėnas N., Redox Properties and Prooxidant 
Cytotoxicity of Benzofuroxans: A Comparison with Nitrobenzenes, Chemija 
(Chemistry, Vilnius), 2009, 20(2), 109-115.

	[21]	 Šarlauskas J., Krikštopaitis K., Sekmokas K., Čėnas N., Voltammetric Redox 
Behavior of High Energy Aromatic and N-Heterocyclic Nitrocompounds, New 
Trends Res. Energ. Mater., Proc. Semin., 12th, Pardubice, 2009, 849-860.

	[22]	 Ghosh P.B., Preparation and Study of Some 5- and 7-Substituted 4-Nitro-
benzofurazans and Their N-oxides: a Retro-Boulton-Katritzky Rearrangement, 
J. Chem. Soc. B, 1968, 334-338.

	[23]	 Ghosh, Whitehouse M.W., Potential Antileukemic and Immunosuppressive Drugs. 
Preparation and in vitro Pharmacological Activity of Some Benzo-2,1,3-oxadiazoles 
(Benzofurazans) and Their N-oxides (Benzofuroxans), J. Med. Chem., 1968, 11, 
305-311.

	[24]	 Bailey A.S., Case J.R., 4:6-Dinitrobenzofuroxan, Nitrobenzodifuroxan and 
Benzotrifuroxan: A New Series of Complex-forming Reagents for Aromatic 
Hydrocarbons, Tetrahedron, 1958, 3(2), 113-131.

	[25]	 Norris W.P., 7-Amino-4,6-dinitrobenzofuroxan, an Insensitive High Explosive, 
Naval Weapons Center Report, 1984, No. NWC-TP-6522, 1-15 (Unclassified).

	[26]	 Ammon H.L., Bhattacharjee S.K., Crystallographic Studies of High-density Organic 
Compounds: 4-Amino-5-nitrobenzo[1,2-c:3,4-c’]bis[1,2,5]oxadiazole 3,8-dioxide, 
Acta Cryst., 1982, 38B, 2498-2502.

	[27]	 Cady H.H., Larson A.C., Cromer D.T., Crystal Structure of Benzotrifuroxan 
(‘hexanitrosobenzene’), Acta Cryst., 1966, 20, 336-341.

	[28]	 Kurbatov S., Goumont R., Lakhdar S., Marrot J., Terrier F., 4-Nitrobenzodifuroxan: 
A Highly Reactive Nitroolefin in Diels-Alder Reactions, Tetrahedron, 2005, 61, 
8167-8176.

	[29]	 Katritzky A.R., Gordeev M.F., Heterocyclic Rearrangements of Benzofuroxans 
and Related Compounds, Heterocycles, 1993, 35, 483-518.

	[30]	 American Cyanamid Co., Nouveaux agents dépolarisants pour piles sèches, FR 
1395886, 1965.

	[31]	 Reddy G.O., Murali B.K.M., Chatterjee A.K., Thermal Study on Picryl 
Azide (2-Azido-1,3,5-trinitrobenzene) Decomposition Using Simultaneous 
Thermogravimetry and Differential Scanning Calorimetry, Propellants Explos. 
Pyrotech., 1983, 8, 29-33.

	[32]	 Dyall L.K., Mass Spectral Fragmentation of Benzofurazan-1-oxide, Org. Mass 
Spectrom., 1987, 22, 519-522.

	[33]	 Terrier F., Chatrousse A.P., Soudais Y., Hlaibi M., Methanol Attack on Highly 
Electrophilic 4,6-Dinitrobenzofurazan and 4,6-Dinitrobenzofuroxan Derivatives. 
A Kinetic Study, J. Org. Chem., 1984, 49(22), 4176-4181.

	[34]	 Buncel E., Terrier F., Assessing the Superelectrophilic Dimension through Sigma-
Complexation, SNAr and Diels-Alder Reactivity, Org. Biomol. Chem., 2010, 8(10), 
2285-2308.

	[35]	 Prout C.K., Hodder O.J.R., Viterbo D., The Crystal and Molecular Structure of 



386 J. Šarlauskas, Ž. Anusevičius, A. Misiūnas

4,6-Dinitrobenzfuroxan, Acta Cryst., 1972, B28, 1523-1526.
	[36]	 Herbstein F.H., Kapon M., Structure of 1,2-Dinitrobenzene, Acta Cryst., 1990, 

B46, 567-572.
	[37]	 Ng S.W., Low-temperature Re-Determination of Benzofurazan 1-Oxide, Acta 

Cryst., 2009, E65, 1275.
	[38]	 Norris W.P., Vanderah D.J., Kramer M.P., Synthesis of 5,7-Diamino-4,6-

dinitrobenzofuroxan, US H1304, 1994.
	[39]	 Norris W.P., Insensitive High Density Explosive, US 5039812, 1991.
	[40]	 Golovina N.I., Titkov A.N., Raevskii A.V., Atovmyan L.O., Kinetics and Mechanism 

of Phase Transitions in the Crystals of 2,4,6-Trinitrotoluene and Benzotrifuroxane, 
J. Solid State Chem., 1994, 113(2), 229-238.


