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It is of current development to construct high—performance energetic compounds by aggregation
of energetic groups with dense arrangement. In this study, a hydrogen-free high-density energetic
3,4-bis(3-nitrofuroxan-4-yl)furoxan (BNTFO-I) was designed and synthesized in a simple, and
straightforward manner. Its isomer, 3,4-bis(4-nitrofuroxan-3-yl)furoxan (BNTFO-IV), was also obtained
. by isomerization. The structures of BNTFO-l and BNTFO-IV were confirmed by single-crystal X-ray analysis
. forthe first time. Surprisingly, BNTFO-I has a remarkable calculated crystal density of 1983 g cm—3
. at296 K, which is distinctly higher than BNTFO-IV (1.936 gcm—3, 296 K), and ranks highest among
azole-based CNO compounds yet reported. It is noteworthy that BNTFO-I exhibits excellent calculated
detonation properties (vp, 9867 ms~1, P, 45.0 GPa). The interesting configuration differences of
BNTFO-1and BNTFO-IV provide insight into the design of new advanced energetic materials.

. Along with the growing demand of military and civilian applications, the design and synthesis new energetic
: materials with high density and excellent performances have been one of the most exciting and challenging tasks
* for chemists and materials researchers worldwide!=>. Density (p) is likely the most important parameter to be
- considered in the design and synthesis of new high density energetic materials (HEDMs)®. Performances includ-
. ing detonation velocity and detonation pressure are highly dependent on the density. The detonation velocity is
. proportional to density and the detonation pressure is proportional to the density squared. Therefore, there is
ongoing research and interest in the design and synthesis of HEDMs with higher density. However, the higher
density of CHON energetic compounds, the more difficult it is to synthesize it arising from their congested and
. unstable molecule structure’-®. Caged compounds are one of the most dense CHON compounds known due to
: their polycyclic structures and they became a hot subject-matter at the end of last century'*'2 Though highly
. nitrated caged compounds can be very dense, such as hexanitrohexaazaisowurtzitane (CL-20, 2.04 gcm ) and
. octanitrocubane (ONC,1.98 gcm—?)", the synthesis is often expensive and includes multiple steps which make
: the industrial scale-up and practical use infeasible.
: In recent decades, nitro-substituted nitrogen-containing heterocycles based on imidazole'*'*, pyrazol'®, tri-
. azole>'”18, tetrazole'?, oxadiazole*"?, tirzine and tetrazine derivatives?~? have successfully fulfilled many require-
© ments in the pursuit of HEDMs. In general, not only the nitrogen atom of heterocycle possesses advantages of
. higher density and better thermal stability over their nonaromatic carbon-substituted analogues, but it also increases
- the heat of formation due to inherently energetic C-N and N-N bonds contained in the molecule. A variety of
. novel CHON energetic materials-based heterocycles have been reported as milestone achievements over the past
several years, such as 4,4'-dinitro-3,3’-bisfuroxan®, 3-trinitromethyl-5-dinitromethyltrizole?, tetrazino-tetrazine
1,3,6,8-tetraoxide (TTTO)?-*, and 2,2’-dinitramino-5,5'-bi(1,3,4-oxadiazole) (ICM-101)*! (Fig. 1).
Aimed at pushing the limits of density and energy in nitrogen-containing heterocycles, we have been inter-
ested in furoxan-based energetic materials that usually have an increased density, oxygen balance and perfor-
: mance of the energetic material in comparison with other five-membered heterocycles****. Examples of these
* kinds of molecules have impressively be demonstrated on 3,4-bis(4-nitro-1,2,5-oxadiazol-3-yl)-1,2,5-oxadiazole
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Figure 1. Comparison of properties of caged and azole-based HEDMs.
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(LLM-137) and 3,4-bis(4-nitro-1,2,5-oxadiazol-3-yl)-1,2,5-oxadiazole-2-oxide (BNFE, Fig. 2)*-%¢. By replacing
a furazan ring with a furoxan ring in LLM-137, the density and detonation velocity of BNFF can be increased by
approximately 0.1 gcm ™ and 700 ms™, respectively. Thus, the promising properties of BNFF attracted our atten-
tion to the dinitro-substituted C-C connected trifuroxan (BNTFO), which are expected to have higher density
and superior detonation properties due to the introduction of trifuroxan as a building block.

Interestingly, dinitro-substituted C-C connected trifuroxan has four isomers according to the connection
mode of the three furoxans, that is BNTFO-I, BNTFO-II, BNTFO-III and BNTFO-IV (Fig. 2). Recently, Jean'ne
M. Shreeve and coworkers have successfully synthesized 3,4-bis(4-nitrofuroxan-3-yl)furoxan (BNTFO-IV)%.
Inexplicably, BNTFO-IV has a measured density of 1.91 gcm™ (gas pycnometer) even lower than BNTF
(1.937 gcm?), which is not in accordance with our assumption. Given BNTFO-IV is the isomer with the lowest
density in the four isomers, we believe BNTFO-I has the highest density due to “inverse” molecule configuration
compared with BNTFO-IV. Herein, we report the synthesis and characterization of BNTFO-I. Its crystal structure
and properties were compared with that of BNTFO-IV. Remarkably, BNTFO-I shows the highest crystal density
among nitro-functionalized azole-based CNO compounds reported thus far and superior explosive performance
compared to CI-20.

Results and Discussion

The synthetic pathway to BNTFO-I is shown in Fig. 3. 3,4-Bis(oximomethyl)furoxan (1) and 3-nito-4-cyanofuroxan
(2) were prepared according to a known procedure®*°, and 2 was then treated with 50% aqueous hydroxy-
lamine in ethanol to give 3-nitro-4-aminoximidofuoxan (3) in moderate yield. Diazotization of 3 with sodium
nitrite and concentrated hydrochloric acid gave 3-nitro-4-chloroximidofuoxan. This product does not need to
be isolated for the following steps. We originally intended to prepare BNTFO-I by treatment of ether solution of
3-nitro-4-chloroximidofuoxan with aqueous Na,COj; or organic weak bases, such as, pyridine and triethylamine,
to undergo a dipolar [2 + 3] cycloaddition reaction. However, BNTFO-I was not obtained from the reaction.
This might be due to alkaline hydrolysis of nitro group in 3-nitro-4-chloroximidofuoxan induced by relatively
strong alkaline Na,COj;, which led us to investigate the use of slightly weaker base. Ag,CO; was selected as the
cycloaddition reagent, as it has the attractive property of being both a silver chloride and a weak base in Sn, elim-
ination reactions. Indeed, treatment of 3-nitro-4-chloroximidofuoxan with Ag,CO; in THF produced BNTFO-I
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Figure 3. Synthesis of BNTFO-I and BNTFO-IV.
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Figure 4. *C NMR spectra of BNTFO-I (a) and BNTFO-1V (b).

in high yields of 84% at room temperature overnight. In an effort to obtain crystals suitable for X-ray diffraction
of BNTFO-I, the isomer, i.e BNTFO-IV, was formed in some solvents such CH;CN, and THF in varying yields.

The structures of BNTFO-I and BNTFO-IV were confirmed by IR and '*C NMR spectroscopy, elemental anal-
ysis, and X-ray diffraction. As expected, the *C NMR spectra of BNTFO-I and BNTFO-IV showed six different
signals for the chemically different carbon atoms of the molecules, respectively. The carbon atoms in these furo-
xan rings commonly appear as two resonances; one occurred at adjacent N-oxide can be found around 100 ppm,
and the other are observed at low-field with a value at around 140 ppm. So the low-field shifted signals appeared
at 137~144 ppm belong to C2, C3 and C5 in BNTFO-I, and the high-field resonance signals belong to carbon
atoms adjacent N-oxide in furoxans (Fig. 4a). Due to the electron withdrawing nature of nitro group, the chem-
ical shifts of C1 and C6 in BNTFO-I were observed at 125.5 and 126.0 ppm, which are clearly shifted downfield
compared with that of C4 (6 =104.4 ppm). The same trend was observable for the carbon atoms of BNTFO-IV
(Fig. 4b). Three resonances of carbon atoms adjacent N-oxide in furoxans (C2, C4 and C5) are observed with
a range at 103~99 ppm, while the down-field shifted signals appeared at 157.22 and 156.95 ppm belong to the
carbon bonded to NO, and at 141.4 ppm belong to the central furoxan carbon. In addition, every carbon signal
was assigned successfully based on GIAO NMR calculation with Gaussian 09*"*2, which are consistent with our
experiment analysis.

Crystals of BNTFO-I and BNTFO-IV, suitable for single-crystal X-ray diffraction, were obtained by slow evap-
oration of CHCI; solutions at room temperature. The crystallographic data and refinement details can be found in
the Supporting Information. The morphology of BNTFO-I is depicted in Fig. 5a. The colorless BNTFO-I crystals
are beautiful octahedron in shape with a mean dimension of roughly 150 pm x 140 pm x 130 pm. BNTFO-I
crystallizes in the orthorhombic space group Aea2 with four formula units in the unit cell (Fig. 5b). The central
furoxan ring is twisted by 53° towards the adjacent ring plane. The nitro group containing N3 is twisted out of
the adjacent ring plane by 14°. Surprisingly, BNTFO-I show a remarkable high density of 1.983 gcm™ at 296 K.
Among the nitro-functionalized azole-based CNO compounds, BNTFO-I displays the highest X-ray density at
ambient temperature to the best of our knowledge. The remarkably high densities can be rationalized in terms
of considerable weak attractive electrostatic interactions. As can be seen from Fig. 5¢, each BNTFO-I molecule
is surrounded by other six molecules via intermolecular short O--O contacts. The distances O3---O6iii are about
2.73nm, which are clearly shorter than the sum of van der Waals radii (r,, (O) + r,, (O) =3.20 A)**. Additional,
the distance O2---O3 is about 2.77 nm within the molecules of BNTFO-I, indicating a strong intramolecular con-
tacts between O2 of the nitro groups and O3 of furoxan rings. The dense 3D network is formed further by the
interactions (Fig. 5d).
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Figure 5. (a) Optical microscopic picture of BNTFO-I. (b) Crystal structure of BNTFO-I. Symmetry operators:
(i) 2 —x, =, 2. ¢). (c) The short contacts around the BNTFO-I molecule. Symmetry operators: (ii) x, y, 1 +z;
(iii) x, y, —1 +z. (d) Packing diagram of BNTFO-I viewed along the c axis.

@ o9y
’
/
03i) 27 ’z.ss
2 2 63 ®oow)
N2 °2 ® ’\.o N @ oz
211 o 283
280 \295
g O8(vii)
04vii)
.OSM)

Figure 6. (a) Optical microscopic picture of BNTFO-IV. (b) Crystal structure of BNTFO-IV. (¢) The
intermolecular short contacts around the BNTFO-IV molecule. Symmetry operators: (i) 2.5 —X, y, 0.5 + z; (ii)
X% 142 (1) 2—%x,1-y,0.54+2 (vi) —0.54+x,1 —y, 2, (v) 0.5+%, 1 —y, z; (vi) 2—X%, 1 —y, —0.5+7; (vi) X, y;
—1—z; (viii) 2.5 —x, 1 —y, —0.5 +z. (d) Packing diagram of BNTFO- IV viewed along the ¢ axis.

The BNTFO-IV crystals are rectangle in shape and packed into a flower-like structure, Fig. 6a. BNTFO-IV
crystallizes in the orthorhombic space group Pca2(1) with four formula units in the unit cell. The calculated den-
sity at 296 K is 1.936 gcm 2, which is notably lower than that of BNTFO-I. Similarly, a series of intramolecular
as well as intermolecular short contacts were observed in the crystal. The intramolecular short contacts occur
between the oxygen atoms (O7) of the nitro groups and nitrogen atoms of the furoxan ring (N5) (Fig. 6b), while
the intermolecular short contacts are only observed between the oxygen atoms (Fig. 6¢). The central furoxan
ring is twisted by 45.5° and 58.3°, respectively, towards the adjacent ring planes. The nitro group containing N3
is twisted out of the adjacent ring plane by 17.2°, and the other nitro group is twisted by 14.8°. The relatively low
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Compd BNTFO-I | BNTFO-IV¥ | TKX-50* | CL-20%
Formula CeNgOy9 | CNsOyo C,HgN 404 | CeHeN 1,01,
M/gmol~! 344 344 236 438
IS/J* 3 3 20 4

FS/N® 35 40 120 48

N+ O0/%¢ 79 79 86 82
0(CO,)/%¢ -9.3 -9.3 -27 —10.9
Tye/°C* 130.7 146.5 221 195
p/gem 1.98 191 1.88 2.04
AH/K] mol~'¢ | 667.8 579.2 446.6 403.2
P/Gpah 45.0 40.8 424 45.2
vp/mshi 9867 9503 9698 9706

Table 1. Physical and energetic properties of BNTFO-I compared with BNTFO-IV, TKX-50, and CL-20.
*Impact sensitivity. “Friction sensitivity. “Nitrogen and oxygen content. Oxygen balance assuming the
formation of CO,. “Thermal decomposition temperature (onset, DSC, 5°C min~). {Gas pycnometer (25 °C).
$Calculated molar enthalpy of formation. "Detonation pressure. ‘Detonation velocity.

0.02

Figure 7. Calculated [B3LYP/6-31+ G(d,p)] electrostatic potential of the compound BNTFO-I and
BNTFO-IV isosurface of electron density is shown between —0.02 hartree (electron-rich regions) and
+0.02 hartree (electron-poor regions).

crystal density of BNTFO-IV compared to BNTFO-I can be explained by lager dihedral angles between furoxan
rings and nitro groups, as well as relatively loose 3D network (Fig. 6d).

The physical and energetic properties of BNTFO-I are summarized in Table 1. The thermal behaviour is
determined by DSC at a heating rate of 5°C min~'. BNTFO-I exhibits a melting point at 129.6°C and a decom-
position temperature of 130.7 °C which is slightly lower than BNTFO-IV. The sensitivities towards impact and
friction were determined experimentally according to BAM method. The impact and friction sensitivities of
BNTFO-I are 3] and 35N, similar with that of BNTFO-IV. BNTFO-I have higher positive heats of formation
(AH=667.8k] mol™!) than BNTFO-IV, although they all possess three furoxan rings. BNTFO-I has a good
oxygen balances of —9.3% that is similar to that of CL-20 (—10.9%), indicating that the chemical energy stored in
the compound can fully be utilized. The detonation properties of BNTFO-I were evaluated by using the EXPLO5
6.04 program. BNTFO-I shows remarkable values (v, =9867 ms™!, P=45 GPa) that are superior to those of
BNTFO-1V (v, =9503ms™!, P=40.8 GPa) and comparable to those of TKX-50 (v, =9698 ms~!, P=42.4Pa)
and Cl-20 (v, =9706 ms™!, P=45.2 Pa). Noteworthy, these performances make it promising as one of highest
azole-based CNO materials.

In order to obtain a better understanding of the relationship between structure and sensitivities, electrostatic
potential (ESP) of compounds BNTFO-I and BNTFO-IV were calculated on the B3LYP/6-31 + g(d,p) level
of theory using the optimized gas-phase structure with the Gaussian09 software*'. The computed ESP which
has recently been reported and extensively used is generally related to the impact sensitivity of the bulk ener-
getic material****. According to Murray and Politzer*>*, the charge distribution of the molecular surface of
impact-sensitive compounds corresponds to electron-poor areas above covalent bonds. The surface extent and
the intensity of these electropositive potential surfaces are coherent with higher impact sensitivities. Figure 7
shows the ESP for the 0.001 electron/bohr? isosurface of the electron density. As can be seen in Fig. 7, large and
strong positive potentials, as well as high charge separation are observed which are in good accord with the
experimental results of relatively high impact sensitivity and friction sensitivity of BNTFO-1 and BNTFO-IV.
Especially it can be clearly seen that a higher charge separation and larger positive region can be found for com-
pound BNTFO-I than that of BNTFO-IV. In addition, the total energies of BNTFO-I, BNTFO-II, BNTFO-III and
BNTFO-IV were calculated at the MP2/6-311 + + G** level, and the values are —1415.1813458, —14151942923,
—14151915227, and —1415.1979171 a.u., respectively.
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Conclusions

In summary, a new CNO compound BNTFO-I has been synthesized and converted to BNTOF-IV by isomeriza-
tion in a simple and straightforward approach. The single-crystal X-ray structures of BNTOF-I and BNTOF-IV
were investigated and compared. Amazingly, BNTFO-I has the super-high crystal density (1.983 g-cm ™2 at 296 K)
relative to other heteroaromatic-based CNO compounds. Its remarkable high densities can be rationalized by
various intra- and intermolecular interactions. The sensitivities and thermal behavior of BNTOF-I are similar to
BNTFO-IV. In addition, BNTOF-I has outstanding energetic properties, which are comparable to CL-20, much
better than those of RDX and HMX, suggesting that this compound has a high potential application in solid
rocket propellants and explosives. The interesting molecular structures based on trifuroxan as the building blocks
provide a new strategy for construction of a new family of HEDMs.

Methods

General information.  Unless otherwise specified, all commercially available reagents were purchased from
chemical suppliers without further purification. 'H and *C NMR spectra were recorded on 500 MHz (Bruker
AVANCE 500) nuclear magnetic resonance spectrometers. The melting and decomposition points (onset) were
obtained on a differential scanning calorimeter (TA Instruments Company, Model DSC-Q200) at a flow rate of
50 mLmin~'. About 0.5 mg of the sample was sealed in aluminum pans for DSC. Infrared spectra were obtained
from KBr pellets on a Nicolet NEXUS870 Infrared spectrometer in the range of 4000-400 cm . Elemental analy-
ses (C, Hand N) were performed on a VARI-EI-3 elementary analysis instrument. The morphology was examined
by field emission scanning electron microscopy (FE-SEM, Ultra-55, Carl Zeiss, Germany). High-resolution mass
spectra (HRMS) were obtained by EI. Column chromatography was performed on silica gel (200-300 mesh).

X-ray crystallography. The single crystal X-ray experiment was performed on a Bruker Apex II CCD dif-
fractometer equipped with graphite-monochromatized Mo Ko radiation (A=0.71073 A) using w and ¢ scan
mode. The structures were solved by the direct method using SHELXTL and refined by means of full-matrix
least-squares procedures on F* with the programs SHELXL-974%. All non-hydrogen atoms were refined with ani-
sotropic displacement parameters. Experimental details of crystal data, data collection parameters and refinement
statistics are summarized in Table S1. The crystal structure has been deposited in the Cambridge Crystallographic
Data Centre with CCDC 1864221 for BNTFO-I and 1864222 for BNTFO-IV. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Synthesisof 1and 2. Compounds 1 and 2 prepared were prepared according to the literature procedure®-4,
Synthesis of 3-Nitro-4-aminoximidofuroxan (3). 3-Nitro-4-cyanofuroxan (3.1g, 20 mmol) was dis-
solved in 80 mL of methanol, to which 1.3 g (20 mmol) of 50% hydroxylamine solution was added dropwise
within 30 min at —15°C. After the solvent was removed under reduced pressure, the resident was dissolved in
30mL of diethyl ether and washed with 100 mL of ice water. The ether solution was dried over magnesium sulfate
and the solvent was removed under reduced pressure to obtain 2 (2.3 g, 62%) as yellow oily liquid.

Synthesis of 3,4-Bis(3-nitrofuroxan-4-yl)furoxan (BNTFO-I). 3-Nitro-4-aminoximidofuroxan (1.9g,
10 mmol) was dissolved in the mixtures of concentrated hydrochloric acid (9mL) and water (16 mL) at room tem-
perature. Sodium nitrite (0.8 g, 11 mmol) in water (4 mL) was added dropwise to the stirred solution of 2 at 0°C.
After stirring for 3 h, diethyl ether (60 mL) was added to the mixture. Then the diethyl ether solution was sepa-
rated and removed under reduced pressure, the residue was dissolved in 20 mL of THF. Ag,CO; (1 g, 3.6 mmol)
was added to the THF reaction mixture at 0 to 5°C while stirring for 2 hours and then the insoluble solid by fil-
tration. The filtrate was concentrated and the residue was subjected to column chromatography on silica gel using
ethyl acetate—pentane (v/v=1: 10) as eluent to isolate the colorless crystals BNTFO-I (1.13 g, 67%).

Synthesis of 3,4-Bis(4-nitrofuroxan-3-yl)furoxan (BNTFO-1V). BNTFO-I (0.5g) was dissolved in
THEF (20mL). After the solution was heated at reflux for 3h, the solvent was removed and the residue was recrys-
tallization from CHCl; to give BNTFO-IV as colorless solid (0.21 g, 42%).

3-Nitro-4-aminoximidofuroxan (3). yellow oily liquid, 62% yield (2.3g), R;=0.38 (petroleum ether/ethyl ace-
tate=4/1). IR (KBr): v v=3489, 3385, 1733, 1647, 1590, 1558, 1536, 1449, 1368, 1321, 1262, 1106, 1020, 855, 821,
753cm™". 'H NMR (CD,CN-df): 6=8.70(s, 1 H, -OH), 5.45(s, 2H, -NH,) ppm. 1*C NMR (CD;CN-d): § = 144.62,
138.10, 124.85. Elemental analysis caled (%) for C;H;N5O5: C 19.06, H 1.60, N 37.04. Found: C 19.15, H 1.71, N 36.84.

3,4-Bis(3-nitrofuroxan-4-yl)furoxan (BNTFO-I).  colorless crystals, 67% yield(1.13 g), R;=0.42 (petroleum
ether/ethyl acetate = 10/1). Ty = 127.6°C, Tyec (onse = 130.7°C. IR (KBr): ¥ v=1657, 1616, 1557, 1527, 1477, 1447,
1381, 1356, 1335, 1275, 1133, 1085, 1030, 984, 950, 860, 831, 792, 761, 744, 712, 692, 646, 592, 511,477 cm~!. 13C
NMR (DMSO-d%): §=143.72, 139.65, 137.27, 126.03, 125.52, 104.44. Elemental analysis calcd (%) for CsNgO,: C
20.94, N 32.56. Found: C 21.09, N 32.33. HRMS (EI, m/z) calcd. for C,N8O,, [M]* 343.9737, found 343.9738.

3,4-Bis(4-nitrofuroxan-3-yl)furoxan (BNTFO-IV). colorless crystals, 42% yield (0.21g), R;=0.40
(petroleum ether/ethyl acetate = 10/1). T,,.; = 145.4 °C, Ty (onsery = 146.5 °C. IR (KBr): ¥ v= 1661, 1636, 1617,
1566, 1544, 1488, 1453, 1425, 1414, 1335, 1302, 1244, 1202, 1102, 1081, 1052, 983, 950, 834, 797, 767, 753, 740,
701, 673, 637, 537, 476, 455cm~!. 1*C NMR (DMSO-d°%): § =157.22, 156.95, 141.41, 102.12, 100.05, 99.11.
Elemental analysis calcd (%) for C(NgO,: C 20.94, N 32.56. Found: C 21.05, N 32.41. HRMS (EI, m/z) calcd. for
C.N8O,, [M]* 343.9737, found 343.9741.
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Data Availability

The data that support the findings of this study are available from the corresponding authors on request.

References

1.
2.

3.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Gao, H. & Shreeve, J. M. Azole-based energetic salts. Chem. Rev. 111, 7377-7436 (2011).

Li, S. et al. 3D energetic metal-organic frameworks: synthesis and properties of high energy materials. Angew. Chem. Int. Ed. 52,
14031-14035 (2013).

Dippold, A. A. & Klapétke, T. M. A study of dinitro-bis-1,2,4-triazole-1,1’-diol and derivatives: design of high-performance
insensitive energetic materials by the introduction of N-oxides. J. Am. Chem. Soc. 135,9931-9938 (2013).

. Zhang, Q. & Shreeve, J. M. Ionic liquid propellants: future fuels for space propulsion. Chem. Eur. J. 19, 15446-15451 (2013).
. Klapétke, T. M. & Witkowski, T. G. Nitrogen-rich energetic 1,2,5-oxadiazole-tetrazole-based energetic materials. Propellants,

Explosives, Pyrotechnics. 40, 366373 (2015).

. Zhai, L. et al. A new synthetic route for 3,3’-bis(fluorodinitromethyl)difurazanyl ether (FOF-13) and its energetic properties. Journal

of Energetic Materials. 34, 92-102 (2016).

. Vishnevskiy, Y. V. et al. Tetranitromethane - a nightmare of molecular flexibility in the gaseous and solid states. Angew. Chem. Int.

Ed. 56,9619-9623 (2017).

. Yu, Q. et al. Pushing the limits of oxygen balance in 1,3,4-oxadiazoles. J. Am. Chem. Soc. 139, 8816-8819 (2017).
. Cui, K. et al. Synthesis and characterization of a thermally and hydrolytically stable energetic material based on N-Nitrourea.

Propellants, Explosives, Pyrotechnics. 39, 662-669 (2014).

Lukin, K. A. et al. Synthesis and chemistry of 1,3,5,7-tetranitrocubane including measurement of its acidity, formation of o-nitro
anions, and the first preparations of pentanitrocubane and hexanitrocubane. J. Am. Chem. Soc. 119, 9591-9602 (1997).

Nielsen, A. T. et al. Polyazapolycyclics by condensation of aldehydes with amines. 2. Formation of 2,4,6,8,10,12-hexabenzyl-
2,4,6,8,10,12-hexaazatetracyclo[5.5.0.05.9.03,11]dodecanes from glyoxal and benzylamines. J. Org. Chem. 55, 1459-1466 (1990).
Zhang, M., Eaton, P. E. & Gilardi, R. Hepta- and octanitrocubanes. Angew. Chem. Int. Ed. 39, 401-404 (2000).

Pagoria, P. E, Lee, G. S., Mitchell, A. R. & Schmidt, R. D. A review of energetic materials synthesis. Thermochim. Acta 384, 187-204
(2002).

Xu, Y. et al. 1-Nitro-2-trinitromethyl substituted imidazoles: a new family of high performance energetic materials. Journal of
Materials Chemistry A. 4, 17791-17800 (2016).

Paraskos, A. J., Cooke, E. D. & Caflin, K. C. Bishydrazinium and Diammonium Salts of 4,4’,5,5'-Tetranitro-2,2’-biimidazolate
(TNBI): Synthesis and Properties. Propellants, Explosives, Pyrotechnics. 40, 46-49 (2015).

Zhang, Y., Parrish, D. A. & Shreeve, ]. M. Synthesis and properties of 3,4,5-trinitropyrazole-1-ol and its energetic salts. J. Mater.
Chem. 22, 12659-12665 (2012).

Tang, Y., He, C., Imler, G. H,, Parrish, D. A. & Shreeve, ]. M. Design and synthesis of N-methylene-C linked tetrazole and nitramino-
1,2,4-triazole: an approach to promising energetic materials. Journal of Materials Chemistry A. 4, 13923-13929 (2016).

Klapétke, T. M., Leroux, M., Schmid, P. C. & Stierstorfer, J. Energetic materials based on 5,5’-diamino-4,4’-dinitramino-3,3’-bi-
1,2,4-triazole. Chem. Asian J. 11, 844-851 (2016).

He, P. et al. Energetic Salts Based on Tetrazole N-Oxide. Chem. Eur. J. 22, 7670-7685 (2016).

Fischer, D., Klapotke, T. M. & Stierstorfer, J. 1,5-Di(nitramino)tetrazole: high sensitivity and superior explosive performance. Angew.
Chem. Int. Ed. 54, 10299-10302 (2015).

Wei, H., He, C., Zhang, J. & Shreeve, J. M. Combination of 1,2,4-oxadiazole and 1,2,5-oxadiazole moieties for the generation of high-
performance energetic materials. Angew. Chem. Int. Ed. 54, 9367-9371 (2015).

Tang, Y., Gao, H., Mitchell, L. A., Parrish, D. A. & Shreeve, J. M. Syntheses and promising properties of dense energetic
5,5'-dinitramino-3,3’-azo-1,2,4-oxadiazole and Its salts. Angew. Chem. Int. Ed. 55, 32003203 (2016).

Piercey, D. G., Chavez, D. E,, Scott, B. L., Imler, G. H. & Parrish, D. A. An energetic triazolo-1,2,4-triazine and its N-Oxide. Angew.
Chem. Int. Ed. 55, 15315-15544 (2016).

Chavez, D. E., Parrish, D. A. & Mitchell, L. Energetic trinitro- and fluorodinitroethyl ethers of 1,2,4,5-tetrazines. Angew. Chem. Int.
Ed. 55, 8666-8669 (2016).

Wei, H., Gao, H. & Shreeve, J. M. N-Oxide 1,2,4,5-tetrazine-based high-performance energetic materials. Chem. Eur. J. 20,
16943-16952 (2014).

Fischer, D., Klapotke, T. M. & Stierstorfer, J. Synthesis and characterization of diaminobisfuroxane. Eur. J. Inorg. Chem. 2014,
5808-5811 (2014).

Dharavath, S., Zhang, J., Imler, G. H., Parrish, D. A. & Shreeve, J. M. 5-(Dinitromethyl)-3-(trinitromethyl)-1,2,4-triazole and its
derivatives: a new application of oxidative nitration towards gem-trinitro-based energetic materials. Journal of Materials Chemistry
A. 5,4785-4790 (2017).

Klenov, M. S. et al. Synthesis of tetrazino-tetrazine 1,3,6,8-tetraoxide (TTTO). Angew. Chem. Int. Ed. 55, 11472-11475 (2016).
Politzer, P., Lane, P. & Murray, J. S. Computational characterization of two di-1,2,3,4-tetrazine tetraoxides, DTTO and iso-DTTO, as
potential energeticcompounds. Cent. Eur. J. Energ. Mater. 10, 37-52 (2013).

Mendoza-Cortes, J. L., An, Q, Goddard, W. A., Ye, C. & Zybin, S. Prediction of the crystal packing of di-tetrazine-tetroxide (DTTO)
energetic material. J. Comput. Chem. 37, 163-167 (2016).

Zhang, W. et al. A promising high-energy-density material. Nature Communications. 8, 181 (2017).

Zhai, L. et al. High energy density materials incorporating 4,5-bis(dinitromethyl)-furoxanate and 4,5-bis(dinitromethyl)-3- oxy-
furoxanate. Chempluschem. 81, 1156-1159 (2016).

Fershtat, L. L. et al. Assembly of nitrofurazan and nitrofuroxan frameworks for high-performance energetic materials.
Chempluschem. 82, 1315-1319 (2017).

Tsyshevsky, R. et al. Searching for low-sensitivity cast-melt high-energy-density materials: synthesis, characterization, and
decomposition Kinetics of 3,4-bis(4-nitro-1,2,5-oxadiazol-3-yl)-1,2,5-oxadiazole-2-oxide. The Journal of Physical Chemistry C. 119,
3509-3521 (2015).

Zhang, Y. et al. Synthesis and characteristics of bis(nitrofurazano)furazan (BNFF), an insensitive material with high energy-density.
Propellants, Explosives, Pyrotechnics. 39, 809-814 (2014).

Kim, T. K., Choe, J. H., Lee, B. W. & Chung, K. H. Synthesis and characterization of BNFF analogues. Bull. Korean Chem. Soc. 33,
2765-2768 (2012).

He, C., Gao, H., Imler, G. H., Parrish, D. A. & Shreeve, ]. M. Boosting energetic performance by trimerizing furoxan. Journal of
Materials Chemistry A. 6, 9391-9396 (2018).

Klapotke, T. M., Piercey, D. G. & Stierstorfer, J. The facile synthesis and energetic properties of an energetic furoxan lacking
traditional explosophore moieties: (E, E)-3,4-bis(oximomethyl)furoxan (DPX1). Propellants, Explosives, Pyrotechnics. 36, 160-167
(2011).

Rakitin, O. A., Khaibullina, E. A., Godovikova, T. I, Ogurtsov, V. A. & Khimel'nitskii, L. I. Synthesis of furaxanenitrolic acids. Cherm.
Heterocycl. Compd. 29, 952-954 (1993).

Rakitin, O. A., Ogurtsov, V. A, Khaibullina, E. A., Godovikova, T. I. & Khmel'nitskii, L. I. Reaction of furoxanenitrolic acids with
nitrogen tetroxide. Chem. Heterocycl. Compd. 29, 1099-1103 (1993).

SCIENTIFIC REPORTS |

(2019) 9:4321 | https://doi.org/10.1038/s41598-019-39723-z 7


https://doi.org/10.1038/s41598-019-39723-z

www.nature.com/scientificreports/

41.
42.

43.
44.

45.

46.

47.

48.
49.

Frisch, M. J. et al. Gaussian 09, Revision. A. 02 (Gaussian Inc., 2009).

He, C. & Shreeve, J. M. Potassium 4,5-bis(dinitromethyl)furoxanate: a green primary explosive with a positive oxygen balance.
Angew. Chem. Int. Ed. 55,772-775 (2016).

Bondi, A. van der Waals Volumes and Radii. The Journal of Physical Chemistry. 68, 441-451 (1964).

Fischer, N., Fischer, D., Klapétke, T. M., Piercey, D. G. & Stierstorfer, J. Pushing the limits of energetic materials — the synthesis and
characterization of dihydroxylammonium 5,50-bistetrazole-1,10-diolate. J. Mater. Chem. 22, 20418-20422 (2012).

Klapétke, T. M., Nordheider, A. & Stierstorfer, J. Synthesis and reactivity of an unexpected highly sensitive 1-carboxymethyl-3-
diazonio-5-nitrimino-1,2,4-triazole. New J. Chem. 36, 1463-1468 (2012).

Murray, J. S., Concha, M. C. & Politzer, P. Links between surface electrostatic potentials of energetic molecules, impact sensitivities
and C-NO,/N-NO, bond dissociation energies. Mol. Phys. 107, 89-97 (2009).

Murray, J. S., Lane, P. & Politzer, P. Relationships between impact sensitivities and molecular surface electrostatic potentials of
nitroaromatic and nitroheterocyclic molecules. Mol. Phys. 85, 1-8 (1995).

Sheldrick G. M. SHELX97. Programs for crystal structure analysis. University of Gottingen, Germany (1997).

Wang, Y. et al. A comparative study of the structure, energetic performance and stability of nitro-NNO-azoxy substituted explosives.
Journal of Materials Chemistry A. 2, 2080620813 (2014).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant No. 21805224).

Author Contributions
B.W. conceived the experiment(s); L.Z. and Y.L. conducted the experiment(s); L.Z. and E.B. analysed the results
and wrote the paper. N.-W. and J.Z. revised and edited the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39723-z.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:4321 | https://doi.org/10.1038/s41598-019-39723-z 8


https://doi.org/10.1038/s41598-019-39723-z
https://doi.org/10.1038/s41598-019-39723-z
http://creativecommons.org/licenses/by/4.0/

	New Strategy for Enhancing Energetic Properties by Regulating Trifuroxan Configuration: 3,4-Bis(3-nitrofuroxan-4-yl)furoxan ...
	Results and Discussion

	Conclusions

	Methods

	General information. 
	X-ray crystallography. 
	Synthesis of 1 and 2. 
	Synthesis of 3-Nitro-4-aminoximidofuroxan (3). 
	Synthesis of 3,4-Bis(3-nitrofuroxan-4-yl)furoxan (BNTFO-I). 
	Synthesis of 3,4-Bis(4-nitrofuroxan-3-yl)furoxan (BNTFO-IV). 
	3-Nitro-4-aminoximidofuroxan (3). 
	3,4-Bis(3-nitrofuroxan-4-yl)furoxan (BNTFO-I). 
	3,4-Bis(4-nitrofuroxan-3-yl)furoxan (BNTFO-IV). 

	Acknowledgements

	Figure 1 Comparison of properties of caged and azole-based HEDMs.
	Figure 2 The trends in density with the increase in number of furoxan rings.
	Figure 3 Synthesis of BNTFO-I and BNTFO-IV.
	Figure 4 13C NMR spectra of BNTFO-I (a) and BNTFO-IV (b).
	Figure 5 (a) Optical microscopic picture of BNTFO-I.
	Figure 6 (a) Optical microscopic picture of BNTFO-IV.
	Figure 7 Calculated [B3LYP/6–31 + G(d,p)] electrostatic potential of the compound BNTFO-I and BNTFO-IV isosurface of electron density is shown between −0.
	Table 1 Physical and energetic properties of BNTFO-I compared with BNTFO-IV, TKX-50, and CL-20.




