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Direct nitrolysis of 3,7-dinitro-1,3,5,7-tetraazabicyclo[3,3,1]nonane (DPT) is a feasible way to synthesize

HMX, and it has multiple practical applications. In this paper, a new nitrolysis process involving the use of an

N2O5-HNO3 system catalyzed by acidic ionic liquids (AILs) was developed. The results show that [Et3NH]TsO

was the best catalyst among the 28 AILs used and that HMX was formed at a higher yield of 61%, compared

to 45% without any AIL. Moreover, with the addition of N2O5, the yield was further increased to a maximum

value of 69%. The AILs were also efficiently recovered by simple extractions without any apparent loss of

catalytic activity, even after five runs.
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Introduction

1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane (HMX) is

one of the most powerful military explosives,1-3 but its

application is limited because of its high cost. The conv-

entional synthesis of HMX involves nitrolysis of one of the

following: hexamine (HA),4,5 1,3,5,7-tetraacetyl-1,3,5,7-

tetraazacyclooctane (TAT),6 or 1,5-diacetyl-3,7-dinitro-

1,3,5,7-tetraazacyclooctane (DADN).7 TAT and DADN can

be used to achieve high yields; however, they require three

or more steps, and their preparations are neither economical

nor eco-friendly. 

DPT, prepared from nitrourea and/or dinitrourea,4,8-10 can

also synthesize HMX by direct nitrolysis. This process avoids

using excess acetic acid and acetic anhydride, which can

reduce the total cost remarkably. Unfortunately, traditional

nitrolysis of DPT by HNO3-NH4NO3 system only afford-

ed HMX in low yield (45%), even when more than 30 molar

equivalents of HNO3 were used.11 Other HNO3-NH4NO3-

based systems have also been investigated and have resulted

in moderate to low yields (60%, 62% and 39%) when MgO,

P2O5 and SO3 were added, respectively.12-14 It is well known

that better yields can be obtained in a mixture of acetic acid

and acetic anhydride in the presence of HNO3-NH4NO3.
15,16

Unfortunately, these methods inevitably have shown some

drawbacks, such as environmental pollution and tedious

workup.

At present, ionic liquids have attracted significant atten-

tion as eco-friendly solvents or catalysts because they possess

many interesting properties, including a wide liquid range,

negligible vapor pressure, high thermal stability, high design

ability, and good solvating ability for a wide range of sub-

strates and catalysts.17-27 Qiao and co-workers prepared a

silica gel immobilized Brønsted ionic liquid and used it as a

recyclable catalyst in the nitration of aromatic compounds.28

N2O5 has been widely used as a clean, efficient nitrating

agent and has many advantages in comparison to mixed

acids.29 Its advantages include (1) reactions that are con-

siderably faster, less exothermic, easier to control, and

cleaner; (2) higher yields; (3) product isolation that is often

easier; (4) almost no acid waste requiring treatment and

disposal; and (5) the synthesis of high energy materials, such

as nitrated hydroxy-terminated polybutadiene (NHTPB),

poly[NIMMO], poly[GLYN] and ammonium dinitramide

(ADN), that can not be synthesized using conventional

nitrating agents. In fact, N2O5 can perform all of the reac-

tions that conventional nitrating agents can, but it usually

does so more efficiently. For example, TAT and DADN

efficiently transferred to HMX in high yields when a solu-

tion of N2O5 in nitric acid was used as a nitrolyzing system;

however, these same reactions failed when conventional

nitrating agents were applied.1,29 We have also reported that

an N2O5-HNO3 system worked in the nitrolysis of DPT,

affording HMX a yield of 58%.30 With the help of ultrasonic

radiation, DAPT was nitrolyzed efficiently in an N2O5-

HNO3 system to provide HMX at a higher yield of 66.8%.31

Furthermore, CL-20 was synthesized via nitration and

nitrolysis of 2,6,8,12-tetraacetyl-2,4,6,8,10,12-hexaazatetra-

cyclo[5,5,0,03,1105,9]dodecane (TAIW) in a N2O5-HNO3

system to give a yield of 86.1% and purity of 99%.32

Unfortunately, this same attention has not been paid to

nitrolysis with the use of both acidic ionic liquids and N2O5.

From the few research results reported, we have found that

the combined use of ionic liquids and N2O5 in nitrations,

especially in the nitrolysis of amines, has some merits. For

example, Cheng and co-workers investigated the application

of N2O5 and Brønsted acidic ionic liquids in the synthesis of

RDX by direct nitrolysis of urotropine, and the yield was as

high as 84%.33 Additionally, our team reported a new

method to synthesize HMX from DPT in a N2O5-HNO3

system catalyzed by a novel dicationic acidic ionic liquid

PEG200-DAIL.34 The attractive merits of this technique are
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that the yield of HMX was promoted to 64% and the loading

quantity of HNO3 was decreased dramatically.

In this paper, we report a process to prepare HMX by the

nitrolysis of DPT in an N2O5-HNO3 system catalyzed by a

large variety of AIL.

Experimental Section

Materials and Methods. N2O5 was prepared from HNO3

by dehydration with P2O5 and stored at −60 oC before use.

AILs were prepared by reported methods.35-41 DPT was

prepared by a known method from urea with a purity of

more than 99%.4 All other chemicals (AR grade) were

commercially available and used without further purifi-

cation. The purity of HMX was tested by high performance

liquid chromatography (HPLC) with a reverse phase micro

C18 column (Waters Alliance HPLC system), and the eluent

was a mixture of methanol and water (70:30) with a flow

rate of 1 mL/min. Melting points were determined on a

Perkin-Elmer differential scanning calorimeter and are

uncorrected. IR spectra were recorded on a Nicolete spectro-

meter (KBr), and 1H NMRs were recorded on a Bruker

DRX300 (500MHz) spectrometer. The crystal structure of

HMX was recorded on a four-circle single crystal X-ray

diffraction apparatus (CAD4/PC) from Netherlands Enraf

Noius & Enraf Noius Inc.

Typical Nitrolysis Procedure. N2O5 (2.0 g, 0.0158 mol)

was dissolved in 98% nitric acid (11.0 g, 0.1711 mol), and

the solution was cooled to below 0 oC. Next, AIL (0.0088

mol) and ammonium nitrate (1.9 g, 0.0238 mol) were added

in one portion, and DPT (2.0 g, 0.0092 mol) was then added

in parts to keep the temperature below 0 oC. The mixture

was kept at 25 oC for 20 min to ensure the reaction went to

completion. Once complete, the reaction was transferred

into an addition funnel and added dropwise into 0.3 mL of

water over 20 min to keep the temperature between 60-

65 oC. The mixture was stirred for another 20 min and

cooled to 40 oC; additional water (7 mL) was then added.

The reaction mixture was stirred for 10 min, cooled to 20 oC

and let to stand for another 10 min. The solid product was

collected by filtration and rinsed with water. Pure HMX was

obtained by crystallization from ethyl acetate and drying

under vacuum. IR (KBr, cm−1) 3037, 1526, 1261, 759; 1H

NMR (DMSO-d6) δ 6.02 (s, 8H, CH2); mp 274.8-275.1 oC.

Results and Discussion

Characterization of HMX. The high-performance liquid

chromatogram shows a single peak at retention time 2.98

min as HMX with a purity of 99.9% (Figure 1). The IR

spectrum (Figure 2) also exhibits two characteristic peaks at

1526 cm−1 and 1261 cm−1, which are due to the asymmetric

and symmetric stretching vibrations of the nitro group.

Furthermore, the small peak at 3037 cm−1 is representative of

the symmetric vibrations of the methylene groups of HMX.

According to reference,42 β-HMX has only one strong

transmittance peak in the fingerprint area, while α- and γ-

HMXs have three weak transmittance peaks in the finger-

print area. Based on these findings, the strong peak at 759

cm−1 in Figure 2 indicates that the HMX obtained from this

work is of the beta crystal form. Additionally, the 1H NMR

spectrum of HMX (Figure 3) exhibits a single chemical shift

(δ 6.02 pm) for the methylene protons. 

The single crystal of HMX was obtained after very slow

crystallization from ethyl acetate at ambient temperature.

The molecular packing diagram and stereo structure for

Figure 1. High Performance Liquid Chromatogram of β-HMX.

Figure 2. FT-IR spectra of β-HMX.

Figure 3. 1H NMR of β-HMX (DMSO-d6).
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HMX were determined by X-ray crystal structure analysis

(Figures 4 and 5). The bond lengths, bond angles and

dihedral angles defining the exact conformation of HMX are

included in Figure 6 and Table 1. The X-ray diffraction data

obtained for the synthesized HMX using acidic ionic liquid

matches with the literature data.43

Nitrolysis of DPT in AIL-N2O5-HNO3 System. Initial

nitrolysis experiments of DPT to prepare HMX were per-

formed in an N2O5-HNO3 system and in the presence of

[(CH2)4SO3HPy]NO3. The reaction conditions used, such as

the amount of AIL and reaction time, were investigated at

25 oC, and the results are presented in Tables 2 and 3. From

Table 2, it is observed that the yield of HMX increased to

65% when [(CH2)4SO3HPy]NO3 was applied as a catalyst,

while only a yield of 58% was obtained without any AIL.

Furthermore, the yields further decreased with increasing

percentage of AIL used when above 4%. This phenomenon

may have arisen from an acidity created during the nitrolysis

reaction when the loading amount of AIL was above 4%; the

acidity elevated to a level where more by-product 5 (Figure.

7) was produced. With regard to reaction time, a shorter

reaction time of 20 min was required for nitrolysis with

[(CH2)4SO3HPy]NO3; this time gave an increased yield of

67% for HMX. Comparatively, a minimum time of 30 min

Figure 4. Molecular structure of β-HMX.

Figure 5. Molecular packing diagram of β-HMX.

Figure 6. Bond length and bond angle data of β-HMX.

Table 1. Dihedral angle obtained from four-circle single crystal X-
ray diffraction

Atoms
Dihedral 

angle
Atoms

Dihedral 

angle

D(O1 N1 N2 C1) −160.38 D(N2 C2 N3 C1) 102.59

D(O2 N1 N2 C1) 22.3 D(N2 C1 N3 N4) 72.3

D(O1 N1 N2 C2) −1.7 D(N2 C1 N3 C2) −118.75

D(O2 N1 N2 C2) −178.98 D(C2 N3 N4 O3) 11.9

D(N1 N2 C2 N3) −174.84 D(C1 N3 N4 O3) −178.66

D(C1 N2 C2 N3) −17.1 D(C2 N3 N4 O4) −170.63

D(N2 C2 N3 N4) −88.44 D(C1 N3 N4 O4) −1.2

Table 2. The effect of the amount of ionic liquid on nitrolysis of
DPT

Entry IL loading (%) Yield (%)a

1 0 58

2 1 59

3 2 62

4 4 65

5 6 64

6 8 62

a2 g N2O5, 2 g DPT, 1.9 g NH4NO3, 11 g HNO3, 25 oC, and 30 minutes.

Table 3. The effect of the reaction time on nitrolysis of DPT

Entry Reaction time (min) Yield (%)b

1 5 50

2 10 55

3 15 61

4 20 67

5 25 66

6 30 65

7 35 63

b2 g N2O5, 2 g DPT, 1.9 g NH4NO3, 11 g HNO3, 25 oC, and 4% of
[(CH2)4SO3HPy]NO3
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was needed for nitrolysis in an N2O5-HNO3 system (Table

3). The yield decreased with prolonged time, possibly because

of the decomposition of HMX14. Thus, [(CH2)4SO3HPy]NO3

proved to be an efficient catalyst.

A series of acidic ionic liquids were also applied as

catalysts in the nitrolysis of DPT in a N2O5-HNO3 system

(Scheme 1. and Table 4). The yields (58%-69%) achieved

from the AIL-N2O5-HNO3 systems were significantly higher

than the control experiment without any AIL (Table 4, entry

1). It is also obvious from Table 4 that the anions of the ILs

did not show remarkable effects on the catalytic activity for

the nitrolysis of DPT. In contrast, the cations had a relatively

more notable effect on the yields. Specifically, the catalytic

activities of [(CH2)4SO3HPy]TsO and [Et3NH]TsO were

superior to any other AIL.

To explain this phenomenon, it would be better to discuss

the nitrolysis mechanism that prepares HMX. Nitrolysis

of DPT causes two fundamentally different bond breaks

(Figure 7): breaking at a would result in the formation of

products including mainly RDX and N-nitrodihydroxymeth-

ylamine (3) and breaking at b would lead to mainly HMX

and some linear tetranitramines, such as 1,9-dinitroxy-

2,4,6,8-tetranitro-2,4,6,8-tetrazanonane (5). Esterification

(O-nitration) might be a competing side reaction that could

occur during the formation of HMX in the nitrolysis of DPT,

and the bridge C-N bonds might be the weakest points,

which would result in the formation of HMX. The first type

of cleavage (at a) is of very low possibility. As a result, RDX

and N-nitrodihydroxymethylamine (3) are rarely detected.

The second type of breaking (at b) tends to occur with low

acidity and/or with an appropriate nitrating agent at relative-

Scheme 1. Nitrolysis of DPT in AIL-N2O5-HNO3 system.

Figure 7. Main nitrolysis process of DPT.

Table 4. Preparation of HMX from DPT catalyzed by different
acidic ionic liquidsa

Entry IL
Yield (%)c

HNO3 N2O5-HNO3

1 / 45 58

2 [HMim]NO3 54 62

3 [HMim]HSO4 56 64

4 [HMim]CF3COO 54 60

5 [HMim]TsO 55 65

6 [(CH2)4SO3HPy]NO3 59 67

7 [(CH2)4SO3HPy] HSO4 58 66

8 [(CH2)4SO3HPy]CF3COO 58 66

9 [(CH2)4SO3HPy]TsO 59 68

10 [(CH2)4SO3HMim]NO3 55 63

11 [(CH2)4SO3HMim]HSO4 56 64

12 [(CH2)4SO3HMim]CF3COO 55 64

13 [(CH2)4SO3HMim]TsO 56 66

14 [Et3NH]NO3 58 66

15 [Et3NH]HSO4 58 67

16 [Et3NH]CF3COO 59 68

17 [Et3NH]TsO 60 69

18 [Et3N(CH2)4SO3H]NO3 55 63

19 [Et3N(CH2)4SO3H]HSO4 55 66

20 [Et3N(CH2)4SO3H]CF3COO 56 65

21 [Et3N(CH2)4SO3H] TsO 57 67

22 [Caprolactam]NO3 56 64

23 [Caprolactam]HSO4 56 65

24 [Caprolactam]CF3COO 55 63

25 [Caprolactam]TsO 57 65

26 PEG1000-DAIL(NO3)2 54 66

27 PEG1000-DAIL(HSO4)2 54 64

28 PEG1000-DAIL(CF3COO)2 55 64

29 PEG1000-DAIL(TsO)2 56 67

c2 g DPT, 2 g N2O5,1.9 g NH4NO3, 11 g HNO3, 4% of IL, 25 oC/20 min,
then 65-70 oC/20 min.
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ly low temperatures, particularly in the initial step with DPT.

However, when the molar ratio of N2O5/DPT exceeds 2, the

yield decreases. This decrease in yield is likely due to bond

breaking occurring at f (in compound 4) to form the straight

chained by-product, compound 5. However, the tendency

may also depend on the rapidity and completeness of esteri-

fication of the free hydroxyl group. Fortunately, ammonium

nitrate appears to favor the removal of formaldehyde or

hindered esterification, which will favor the formation of

HMX.

Based on the above discussion, we think that the AIL used

in this work might have a similar function to ammonium

nitrate because all of the cations of these ILs were organic

ammoniums. It may be a reasonable explanation for the

higher yields when AILs were used as catalysts, compared to

traditional methods.

Recycling Application of the AIL. After each reaction,

the final mixture was filtered, and the filtrate was extracted

with 50 mL of methylene chloride. All of the AIL were

recovered after the removal of water, and the recovered AILs

were used in the next reaction after charging with fresh

substrates. For example, a simple acidic ionic liquid,

[Et3NH]TsO, was used as a model catalyst, and the results of

the recycling experiments are demonstrated in Figure 8. The

yields of HMX showed almost no change after five runs;

however, they slightly decreased after the fifth run. Never-

theless, a high yield of approximately 65% was still obtained

after ten runs.

Conclusions

An efficient process for the preparation of HMX from

DPT in an N2O5-HNO3 system catalyzed by a series of acidic

ionic liquids was developed. The yield of HMX was as high

as 69%, and the acidic ionic liquids used could be reused.

Specifically, the application of a simple acidic ionic liquid,

[Et3NH]TsO, afforded reproducibly yields of approximately

69% after five runs and 65% after ten runs.

Acknowledgments. We are grateful for the financial

support of the National Natural Science Foundation of China

(No. 21002050), the National Natural Science Foundation of

China-Academy of Engineering Physics (No. 10976014),

the Doctoral Fund of the Ministry of Education of China for

New Teachers (No. 200802881029), the “Zijin Star Project”

and the “Excellence Initiative Project” of NUST.

References

  1. Siele, V. I.; Gilbert, E. E. 1976, US Patent 3,939,148.

  2. Chen, J.; Wang, S. F. Propellants Explosives Pyrotechnics 1984,

9, 58.
  3. Greenfield, M.; Guo, Y. Q.; Bernstein, E. R. Chem. Phys. Lett.

2006, 430, 277.

  4. Radhakrishnan, S.; Talawar, M. B.; Venugopalan, S. J. Hazardous
Materials 2008, 152, 1317.

  5. Bachmann, W. E.; Horton, W. J.; Jenner, E. L. J. Am. Chem. Soc.

1951, 7, 2769.
  6. Castorina, T. C.; Holahan, F. S.; Graybush, R. J. J. Am. Chem.

Soc. 1960, 82, 1617.

  7. Bachmann, W. E.; Sheehan, J. C. J. Am. Chem. Soc. 1949, 71,
1842.

  8. Bachmann, W. E.; Jenner, E. L. J. Am. Chem. Soc. 1951, 73, 2773.

  9. Castorina, T. C.; Autera, J. R. I&E Chemical Process Develop-
ment Res. Dev. 1964, 4, 170.

10. Bachmann, W. E.; Horton, W. J.; Jenner, E. L. J. Am. Chem. Soc.

1951, 73, 2769.
11. Chen, L.; Chen, Z. M.; Chen, X. H. Chinese Journal of Explosives

& Propellants 1986, 3, 1.

12. Li, Q. L.; Chen, J.; Wang, J. L. Chinese Journal of Energetic
Materials 2007, 15, 509.

13. Agrawal, J. P.; Hodgson, R. D. Organic Chemistry of Explosives;

John Wiley & Sons: Chichester, 2007; pp 351-356.

14. Cao, X. M.; Li, F. P. High Energy Explosives of HMX and its
Applications; Weapon Industry press: Beijing, 1993; pp 175-180. 

15. Lyushnina, G. A.; Bryukhanov, A. Y.; Turkina, M. Russian. J.

Org. Chem. 2001, 37, 1030.
16. Siele, V. I.; Warman, M.; Leccacorvi, J. Propellants Explosives

Pyrotechnics 1981, 6, 67.

17. Wasserscheid, P.; Keim, W. Angew. Chem. Int. Ed. 2000, 39, 3772.
18. DuPont, J.; de Souza, R. F.; Suarez, P. A. Z. Chem. Rev. 2002,

102, 3667.

19. Sheldon, R. F. Chem. Comm. 2001, 2399.
20. Poliakoff, M.; Fitzpartrick, J. M. Science 2002, 297, 807.

21. Blanchard, L. A.; Hancu, K. R.; Beckman, E. J. Nature 1999, 399,

28.
22. Rogers, R. D.; Seddon, K. R. Science 2003, 302, 792.

23. Greaves, T. L.; Drummond, C. J. Chem. Rev. 2008, 108, 206.

24. Peter, N.; Ben, T.; Kristof, V. H. Cryst. Growth. Des. 2008, 8,
1353.

25. Parvulescu, V.; Hardacre, I. C. Chem. Rev. 2007, 107, 2615.

26. Lee, S. G. Chem. Comm. 2006, 10, 1049.
27. Fei, Z. F.; Geldbach, T. J.; Zhao, D. B. Chem. Eur. J. 2006, 12,

2122.

28. Qiao, K.; Hagiwara, H.; Yokoyama, C. J. J.Mol. Cata.l A: Chem.
2006, 246, 65.

29. Agrawal, J. P.; Hodgson, R. D. Organic Chemistry of Explosives;

John Wiley & Sons: Chichester, 2007; pp 249-258.
30. He, Z. Y.; Luo, J.; Lv, C. X. Chinese Journal of Explosives Pro-

pellants 2010, 33, 1.

31. Qian, H.; Ye, Z. W.; Lv, C. X. Ultrason Sonochem. 2008, 15, 326.
32. Qian, H.; Ye, Z. W.; Lv, C. X. Chinese Journal of Applied

Chemistry 2008, 25, 378.

33. Cheng, G. B.; Li, X.; Qi, X. F. Theory and Practice of Energetic
Materials 2009, 8, 48.

34. Zhi, H. Z.; Luo, J.; Feng, G. A. Chin. Chem. Let. 2009, 20, 379.

Figure 8. Recycling nitrolysis experiments of [Et3NH]TsO.



2682     Bull. Korean Chem. Soc. 2011, Vol. 32, No. 8 Zhi-yong He et al.

35. Qi, X. F. Study on Nitration (Nitrolysis) in the Presence of
Brønsted Acidic Ionic Liquids; Nanjing University of Science and

Technology: Nanjing, 2008; pp 25-48.

36. Qi, X. F.; Cheng, G. B.; Duan, X. L. Chinese Journal of
Explosives & Propellants 2007, 30, 12.

37. Cole, A. C.; Jensen, J. L.; Ntai, I. L. J. Am. Chem. Soc. 2002, 124,

5962.
38. Qi, X. F.; Cheng, G. B.; Lv, C. X. Chin J. Appl. Chem. 2008, 2,

147.

39. Ganeshpure, P. A.; George, G.; Jagannath, D. J. Mol. Catal A:
Chemical. 2008, 279, 182.

40. Liu, S.; Xie, C.; Yu, S. Catal. Comm. 2008, 9, 1634.

41. Zhi, H. Z.; Luo, J.; Ma, W. Chemical Journal of Chinese Univer-
sities 2008, 29, 2007.

42. Ren, T. S. Nitramine and Nitrate Ester Explosives, Chemistry and

Technology; Weapon Industry Press: Beijng, 1994; pp 163-169.
43. Chio, C. S.; Boutin, H. P. Acta. Cryst. 1970, B26, 1235.


