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There is an increasing need for green energetic compounds to 
develop novel explosive materials and propellant formulations.1 
These compounds might offer advantages in terms of either 
performance, safety, or cost over the currently available energetic 
components. Oxygen- and nitrogen-rich dense organic compounds 
are very useful to the purpose.2 The incorporation of conjugated 
nitroenamine structural motif into energetic molecules has had a 
significant impact on the discovery and development of insensitive 
energetic materials. 1,1-Diamino-2,2-dinitroethene 1 (FOX-7) is 
the most widely investigating enamine of this type.3 However, 
despite favorable insensitivity, energetic properties (detonation 
velocity, D; detonation pressure, PCJ) of the compound is inferior 
to those of high explosive benchmark 1,3,5-trinitrohexahydro-
s‑triazine (RDX).

As part of a continuing effort focused on the design of 
insensitive energetic materials, it was of interest to explore the 
effect of replacing one amino group of enamine 1 with a hydroxy
amino group. Based on computational predictions, the product, 
1-amino-1-hydroxyamino-2,2-dinitroethene 2, would possess 
more powerful energetic properties. Herein we report our efforts 
to synthesize and characterize compound 2.

Two synthetic protocols to compound 2 were considered. As 
shown in Scheme 1, the first was based on a reaction of trinitro
acetonitrile 3 with hydroxylamine. It is known that nitriles can be 
condensed with hydroxylamine with formation of amidoximes.4 
On the other hand, when treated with hydroxylamine, the trinitro
methyl group is reduced to a dinitromethyl one.5 We hoped that 
trinitroacetonitrile would be transformed into the desired product 
2 when both reactions were implemented.

The reaction between hydroxylamine and trinitroacetonitrile 
was tried under a variety of conditions. However, none of the 
reactions led to identifiable products. Typically, copious gas 

evolution occurred indicating that the polynitro compound was 
undergoing decomposition.

The second protocol for the synthesis of compound 2 was 
transamination of diamine 1 (Scheme 2). Enamine 1 is a reactive 
compound used for the construction of diverse high-energy 
molecules.6 In particular, the route presented in Scheme 2 is 
based on analogy to the synthesis of 1-amino-1-alkylamino-2,2-
dinitroethylene and 1-amino-1-hydrazino-2,2-dinitroethylene 
(NH2-FOX) from enamine 1 and primary alkylamines and 
hydrazine.7 To our surprise, transamination of compound 1 with 
hydroxylamine has not been explored.

Several literature procedures were tried, with the best being 
one developed by Shreeve8 for the conversion of enamine 1 to 
hydrazine analogue; this procedure involves adding hydrazine 
hydrate (4 equiv.) to a slurry of compound 1 (1 equiv.) and 
KOH (2 equiv.) in absolute ethanol and refluxing for 10 h. In 
our first attempts, even with the best Shreeve’s conditions, only 
a low yield (3–8%) of the desired potassium salt 4 was obtained 
utilizing hydroxylamine instead of hydrazine.

However, we were pleased to discover that using an aqueous 
solution of compound 1 and KOH and solution of hydroxylamine in 
50% MeOH at short reaction time (3 h), the amino group underwent 
efficient replacement with hydroxyamino group (see Scheme 2), 
to give salt 4 in 67% yield. Acidification of the salt with anhydrous 
HCl in THF at 0 to 5 °C afforded the hydroxyamino derivative 2 
in 78% isolated yield as a solid. The solid was essentially pure 
(NMR data). Its further crystallization from diethyl ether furnished 
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synthesized by transamination of 1,1-diamino-2,2-dinitro
ethene (FOX-7) with hydroxylamine. The compound is a 
highly energetic material, its structure being confirmed by 
X-ray crystallography.
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2 as a light yellow crystalline material. N-Hydroxy derivative 2 
is stable in solid state and in a diethyl ether solution, however, 
it decomposes when treated with water. Only gas evolution was 
observed in unsuccessful attempts to synthesize salts of 2 with 
hydroxylamine, hydrazine, and triaminoguanidine. Meantime, by 
treating 2 with guanidine in anhydrous ethanol solution, its 
guanidinium salt can be synthesized.

The new compounds were characterized by elemental analysis, 
IR, 1H and 13C NMR spectroscopy (see Online Supplementary 
Materials). To confirm the proposed structure of N-hydroxy 
derivative 2 and K-salt 4, an X-ray diffraction study was carried 
out.† As expected, the amidoxime moiety of salt 4 possesses 
a  typical geometry, and potassium atom is bonded to oxygen 
atoms of nitro groups and a water molecule (Figure 1). Similar 
bonding pattern was also observed for K-salt FOX-7.8 In both 
K-salts, the C(1)–C(2) bond is elongated and the C(2)–N(3) 
bond is shortened due to the localization of the positive charge 
on the C(1) atom. As a result both anions adopt perpendicular 
structure.

The N-hydroxy derivative 2 represents an amidoxime which can 
exist in multiple tautomeric forms, two of which (most possible 
2 and 2' ) are shown in Scheme 1. For typical amidoximes, 

however, the equilibrium favors the oxime tautomer (likewise 
2' ) exclusively over the enamine, regardless of the nature of 
functional group bound to the moiety. Surprisingly, the X-ray crystal 
structure demonstrates that compound 2 exists in the enamine 
form (Figure 2). That is, compound 2 is a unique example of a 
‘push-pull’ alkene of the nitroenamine type with hydroxyamino 
group at the C=C double bond. The same tautomeric form was 
also observed for NH2-FOX,‡ and it has non-planar geometry.9 
In contrast, both FOX-710 and compound 2 adopt nearly planar 
geometries. Moreover, the C=C bonds of these compounds are 
somewhat shorter than that of NH2-FOX (for details, see Online 
Supplementary Materials).

In the solid state, all three compounds form dense crystal 
packings. In this nitroenamine series, compound 2 has the highest 
packing density (Table 1) that can be rationalized based on 
combination of geometric and energetic approaches.11 The dif
ference in packing motifs for FOX-7, NH2-FOX and compound 
2 is clearly illustrated in Figure 3. As can be seen, compound 2 
forms a 3-D H-bonded network. On the other hand, for FOX and 
NH2-FOX packing motifs are characterized by the formation 
of  a 2-D H-bonded network, while in the third direction only 
NO2···NO2 or van-der-Waals interactions are observed (for details, 
see Online Supplementary Materials).

As can be seen from Table 1, the total percentage of nitrogen 
and oxygen of compound 2 is much higher than that of its 
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Figure  1  General view of monohydrate of K-salt 4. Thermal ellipsoids set 
at 50% probability.

†	 Crystal data for compound 2: C2H4N4O5, orthorhombic, space group 
Pca21, a = 13.330(3), b = 4.8713(10) and c = 17.141(4) Å, V = 1113.0(4)Å3, 
Z = 8, M = 164.09, dcalc = 1.959 g cm–3, wR2 = 0.0778 calculated on F2

hkl 
for all 2432 independent reflections with 2q < 54.0° [GOF = 1.049, 
R = 0.0441 calculated on Fhkl for 1864 reflections with I > 2s(I)].
	 Crystal data for salt 4: C2H4N4O5

–K+·H2O (M = 220.20), triclinic, 
space group P1

–
, a = 4.905(2), b = 7.711(4) and c = 10.591(4) Å, a = 

= 69.924(7)°, b = 81.709(7)°, g = 79.035(7)°, V = 368.0(2) Å3, Z = 2, dcalc = 
= 1.987 g cm–3, wR2 = 0.0842 calculated on F2

hkl for all 3456 independent 
reflections with 2q < 56.03° [GOF = 1.109, R = 0.0317 calculated on Fhkl 
for 3077 reflections with I > 2s(I)].
	 CCDC 1586048 and 1586049 contain the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.
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Figure  2  General view of compound 2, FOX-7 and NH2-FOX. For 2, only 
one independent molecule is shown with thermal ellipsoids set at 50% 
probability.

‡	 The quality of first reported X-ray experiment of NH2-FOX is low and 
its molecular conformation given is probably incorrect.9(a) Recently, this 
compound was correctly reinvestigated9(b) but the cif-file is not yet available 
in CSD (see details in Online Supplementary Materials). Note that according 
to the literature and our recent data, planar NHR–NHR structure is rather 
unfavorable.13
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Figure  3  Crystal packing patterns of compound (a) 2, (b) FOX-7 and 
(c) NH2-FOX.
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analogues and RDX. Wherein, the oxygen coefficient of 2 is 0.83, 
which is significantly better than that of the other compounds 
listed in Table 1. The enthalpy of formation of 2 calculated using 
the additive method is lower than that of FOX-7.

Using the calculated enthalpy of formation and the experi
mental room temperature densities, detonation and combustion 
properties for N-hydroxy derivative 2 and its analogues were 
predicted with the Smirnov’s12 method and are given in Table 1. 
As can be seen compound 2 has higher detonation pressure 
(PCJ = 37.7 GPa) and detonation velocity (D = 8974 m s–1) 
than  those of its analogues and its detonation performance is 
compared to RDX. The specific impulse (Isp) that characterize 
the performance of rocket propellant ingredients (as a mono-
propellant) for compound 2 has the highest value in the family 
of nitro enamines. The impact sensitivities of 2 are measured to 
be 17 J, which is lower than that of TNT (15 J). According to 
differential scanning calorimetric (DSC) and thermogravimetric 
analysis (TGA) measurements (scanning at 5 K min–1), com
pound 2 begins to decompose at 75 °C. Thus, this compound is 
thermally less stable than FOX-7.

In conclusion, we have synthesized a conjugated N-hydroxy 
nitro enamine 2 starting from FOX-7. There is no literature 
precedence for high-nitrogen energetic materials containing en- 
hydroxyamine backbone. Compound 2 displays good oxygen 
balance and density, it is insensitive to impact, and predicted to 
have performance properties similar to RDX, but has low thermal 
stability. The simple and effective synthesis of amino hydroxy
amino-functionalized compound 2 makes it an attractive building 
block worthy of further investigation.

This work was supported by the Russian Science Foundation 
(grant nos. 14-13-01153 to A.B.S. and 16-13-10404 to K.Y.S., 
structural investigation).
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Table  1  Physical and calculated energetic properties of compound 2 compared with some analogues.

Compound Formula Tdecomp 
a/°C a b N + O c (%) d d/g cm–3 DH0

f  e/kJ mol–1 (kJ g–1) D  f/m s–1 PCJ  
g/GPa Isp 

h/s Tad 
i/K

2 C2H4N4O5   75 0.83 82.90 1.900 –175 (–1.07) 8974 37.7 254 3168

FOX-7 1 C2H4N4O4 238 0.67 81.06 1.883 –134 (–0.91) 8795 35.6 240 2788

NH2-FOX C2H5N5O4 124 0.62 82.18 1.820   –21 (–0.13) 8865 35.5 249 2864

RDX C3H6N6O6 204 0.67 81.06 1.82     67 (0.30) 8951 35.5 266 3287

a Extrapolated onset temperature (DSC, 5 K min–1). b The oxygen coefficient is an index of the deficiency or excess amount of oxygen in a compound that is 
required to convert all carbon atoms into CO2 and all hydrogen atoms into H2O. For a compound with the molecular formula of CxHyNwOz, a = z/(2x + y/2). 
A compound with a > 1 is an oxidizer. c Combined nitrogen and oxygen content. d Density recalculated for the transition from 100 to 298 K, d298 K = 
= d100 K /1.035.14 e Calculated enthalpy of the formation for solid state. f Calculated detonation velocity. g Calculated detonation (Chapman–Jouguet) pressure. 
h Calculated specific impulse and adiabatic temperature for isobaric combustion at 7 MPa with equilibrium expansion to 0.1 MPa. i Adiabatic flame temperature 
for combustion at 7 MPa.


