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DMSO was incompatible with this chemistry. To our delight, 
N-(chloromethyl)-N-methylnitramine 1 and propargyl alcohol 
couple at 60 °C in a good yield (73%) for 0.5 h without any 
promoter or solvent if a considerable excess (10 equiv.) of 
propargyl alcohol is used and the released HCl is blown out with 
dry nitrogen. Here, propargyl alcohol serves both as a solvent 
and a reactant. After the reaction is completed, the excess of 
propargyl alcohol is removed by vacuum distillation; thus, this 
alcohol may be recycled and re-used.

Reactivity of N,N'-bis(chloromethyl)nitramines 3–7 depends 
on which nitraminomethylene bridge links the terminal 
chloromethyl units. Thus, in refluxing 1,2-dichloroethane and a 
moderate excess (3 equiv.) of propargyl alcohol, short nitramine 
3 (n = 1) was consumed within 8 h, and the target diether 8 was 
isolated in 16% yield by flash column chromatography. Under 
similar conditions, attempts to use a longer dinitramine 4 (n = 2) 
resulted in recovery of the starting material. Based on our 
success in constructing simple ether 2 using propargyl alcohol 
as a solvent and a reactant, we employed a similar approach to 
the synthesis of diethers 8–11 (Scheme 2). Reaction of nitramine 
3 (n = 1) with excess (10 equiv.) of propargyl alcohol at 20 °C 
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Scheme  1  Reagents and conditions: i, HOCH2CºCH, different solvents, 
20–100 °C.
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for 8 h led to very low conversion to the product 8. However, 
this reaction at 60 °C is completed in 0.5 h and diether 8 was 
isolated in 58% yield.

Since nitramine 4–7 and products 9–12 formed from them 
are solids, a greater excess of propargyl alcohol (20 equiv.) is 
required to provide a good reaction medium. Dry nitrogen was 
slowly bubbled through the reaction mixture to supplanting the 
released HCl. The desired product 9 was obtained in 59% yield 
by employing such excess of propargyl alcohol at 60 °C for 1 h. 
At 80 °C, the product yield is reduced to 42%. For a typical 
experiment, after the reaction was completed, the excess of 
propargyl alcohol was removed by vacuum distillation (this 
alcohol was recycled and reused), and the product was isolated 
by silica gel chromatography. An extended reaction time of 
1.5 h was required for the formation of tri- and tetra-nitramine 
ethers 10 and 11 at 60 °C; these products were isolated in 80 
and 81% yields, respectively. When tri-nitramine precursor 5 
was treated with propargyl alcohol at 100 °C, complete 
conversion was observed after 0.5 h, and diether 10 was isolated 
in 84% yield. In  contrast, the reaction of tetra-nitramine 
precursor 6 with propargyl alcohol at 100 °C provided a lower 
yield (60%) of diether 11 as a result of concomitant 
decomposition.

It is important to note that the replacement of CH2- by 
CH2CH2-linkage between nitramino groups, as it occurs during 
the transition from compound 4 to 7, significantly increases the 
reactivity of the initial dichloride 7. While the reaction of CH2-
precursor 4 with propargyl alcohol at 25 °C after 24 h gave 
diether 9 in 26% yield, and the main part of 4 remained 
unchanged, CH2CH2-precursor 7 at 25 °C was consumed in 1 h 
and the target product 12 was isolated in 85% yield. Attempts 
to  synthesize product 12 at 60 °C failed, only decomposition 
processes were observed.

Our results demonstrate that the relative reactivity of the 
starting bis-N,N'-(chloromethyl)nitramines appears to be  
7 > 3 > 4 > 5 > 6.

The above protocol scales well. All dipropargyl ethers of 
N-(hydroxymethyl)nitramines are readily available in decagram 
scale, which makes it possible to begin their practical use. 
Propargyl ethers 2 and 8 are slightly yellow oils, and ethers 9–12 
are colourless solids. Compounds 10 and 12 were found by 
combustion calorimetry to have enthalpies of formation of 
+92.0 ± 5.8 and 43.5 ± 3.7 kJ mol–1, respectively (see Online 
Supplementary Materials). Note that earlier, only calculated 

enthalpies of formation were published for propargyl ethers 
bearing any explosophoric groups.27,28

All compounds are well characterized by IR, 1H, 13C and 
14N NMR spectroscopic data as well as CHN analysis. The 
structures of dipropargyl ethers that contain bridging groups 
with two and three nitramine units, compounds 9 and 10, 
were  unambiguously confirmed by X-ray crystallography† 
(Figures 1 and 2).

Compounds 9 and 10 crystallize in space groups Pca21 and 
P43212 with densities of 1.515 and 1.541 g cm–3 at 298 K, 
respectively (recalculated from 100 K taking into account the 
known dependence29,30) with four molecules per unit cell for 
both samples. According to quantum-chemical calculation (for 
details, see Online Supplementary Materials), experimentally 
observed molecular conformations of compounds 9 and 10 are 
quite similar to the local minimum for isolated molecules. For 9, 
the mutual orientation of the NNO2 groups is such that the 
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Scheme  2  Reagents and conditions: i, HOCH2CºCH, ~60 °C.

†	 Crystallographic data for 9. C9H12N6O6, orthorhombic at 100 K, 
space  group Pca21, a = 17.8238(13), b = 10.4861(7) and  
c = 6.3876(5) Å, V = 1193.86(15) Å3, Z = 4, M = 272.23, 
dcryst = 1.515 g cm–3, wR2 = 0.0705 calculated on F2

hkl for all 2866 
independent reflections with 2q < 56.0°, [GOF = 1.064, R = 0.0292 
calculated on Fhkl for 2528 reflections with I > 2s(I)]. 
	 Crystallographic data for 10. C10H14N6O8, tetragonal at 100 K, space 
group P43212, a = 6.2958(3), b = 6.2958(3) and c = 37.6668(16) Å, 
V = 1493.00(16) Å3, Z = 4, M = 346.27, dcryst = 1.541 g cm–3, 
wR2 = 0.0746 calculated on F2

hkl for all 2030 independent reflections 
with 2q < 58.3°, [GOF = 1.117, R = 0.0276 calculated on Fhkl for 1974 
reflections with I > 2s(I)]. 
	 CCDC 2247550 (9) and 2247549 (10) 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  1  General view of the molecule of 9. Thermal ellipsoids are given 
at 50% probability level. Intermolecular noncovalent contacts obtained as a 
result of topological analysis of the calculated electron density are shown by 
dashed lines. The energies of C(6)–H(6A)∙∙∙O(3) and C(4)–H(4A)∙∙∙O(5) 
contacts are the same and equal to –2.3 kcal mol–1. Energy of 
C(5)–H(5A)∙∙∙C(8) contact is –1.2 kcal mol–1.
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Figure  2  General view of the molecule of 10. Thermal ellipsoids are given 
at 50% probability level. Intermolecular noncovalent contacts as obtained 
from topological analysis of calculated electron density are shown by dashed 
lines. The energies of C(1)–H(1A)∙∙∙O(2A) and C(1A)–H(1AA)∙∙∙O(2) 
contacts are also equal to –2.3 kcal mol–1.
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interplanar angle is equal to 120.1(2)°. For 10, the orientation of 
the side NNO2 groups relative to the central one is close to that 
observed for 9 [interplanar angle is equal to 114.9(2)°]; it is 
stabilized (at least in part) by intramolecular C–H∙∙∙O contacts 
(see Figures 1 and 2) as indicated by the results of the topological 
analysis of the calculated electron density. As a result, the  
C(6)–N(3)(NO2)–C5–N(1)(NO2)–C(4) fragment of 9 and the 
C(2)–N(3)(NO2)–C(1)–N(1)(NO2)–C(1A) fragment of 10 (see 
Online Supplementary Materials, Figure S1) have similar 
geometry. Figures 1 and 2 clearly demonstrate that the mutual 
orientations of the propargyl moieties in structures 9 and 10 
differ significantly. For 9, the C(7)–C(8)ºC(9) moiety is directed 
‘inside’ the molecule, participating in C–H∙∙∙p intramolecular 
contact, while the other propargyl moiety is directed ‘outside’ 
and not involved in intramolecular noncovalent interactions. In 
contrast, for 10, the terminal propargyl moieties are oriented 
‘inside’ the molecule, that is, they are close to each other, and do 
not participate in intramolecular non-covalent interactions.

In conclusion, an efficient catalyst-free approach providing 
dipropargyl ethers containing nitramine-modified bridging units 
in good to excellent yields from readily available N-(chloro
methyl)nitramines has been developed. This solvent-free 
reaction in an excess of propargyl alcohol is fast, operationally 
simple and compatible with substrates bearing some nitramine 
units. The method is reliable for scale up.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.06.008.
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