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Abstract
Despite intensive research for possible replacements, RDX (1,3,5-trinitro-
1,3,5-triazinane) is still considered to be one of the most important energetic
materials because of its versatile application. Due to the high demand for
RDX, optimization of synthesis and development of new methods are of great
interest to both academia and industry. Therefore, in this work, the synthesis
of RDX via the intermediate TRAT (1,3,5-triacetycl-1,3,5-triazinane) was in-
vestigated as a possible alternative industrial production method. In addition
to the synthesis of TRAT starting from 1,3,5 trioxane, various feasible nitra-
tion methods from TRAT to RDX were investigated. Moreover, the suitability
for large-scale production, the comparison of already established methods and
the feasibility of a new flow process were discussed.
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1 | INTRODUCTION

In the context of its main application as military ex-
plosive, it is surprising that RDX was developed and pa-
tented as a urinary antiseptic. In 1899, Henning first syn-
thesized RDX by the reaction of nitric acid with the
previously known urinary antiseptic hexamine [1]. Its
explosive properties and structure were not recognized
until more than two decades later and arouse the inter-
est of the military research establishments of several na-
tions in the 1930s. With the start of World War II re-
search in its production proliferated and the compound
received various trivial names [2]. In the United King-
dom it was referred to as RDX, in the USA as cyclonite,
in Germany as Hexogen and in Italy as T4 [3,4]. Doc-
umentation reveals, that in 1941 the British began the

large-scale production of RDX to meet the demand for a
more powerful explosive than TNT (2,4,6-trini-
trotoluene) on the battlefield [5]. For this the Woolwich
method was applied, which is based on the treatment of
hexamine with concentrated nitric acid [6]. Later that
year, the USA started the industrial production utilizing
the same method and proceeded the research in more ef-
ficient methods [5]. The following year, the Bachmann
process was introduced, substantially reducing the re-
quired nitric acid and increasing the quantity of pro-
duced RDX content [7,8]. Through this synthesis route
the higher homologue 1,3,5,7-tetranitro-1,3,5,7-tetraaza-
cyclooctane (high melting explosive, HMX) was first re-
ceived [3,9]. The Bachmann process, in contrast to the
Woolwich process, always yields a mixture of RDX with
up to 19% of HMX [10,11]. Octogen (HMX) exhibits a
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higher density, melting point and detonation
performance than Hexogen (RDX) [12]. However, due to
its lower production cost, RDX is used predominantly.
With regard to the global RDX market, its market size
value in 2021 was reported to be 12.1 billion USD and it
is predicted to reach 15.4 billion USD by 2030 [13]. The
RDX market can be segmented among others by applica-
tion or by type of use as shown in Figure 1 [14].

The areas of application are divided into the civilian
and military sectors, whereby the military sector domi-
nates with a proportion of approximately 80% [13,14]. In
the civil sector, RDX is mainly used in the construction
and mining industries [13, 14]. Whereas in the military
sector RDX is used for various applications, e. g. in its
phlegmatized form in war heads and bombs or in propel-
lant formulations (e. g. EX-99) [3, 15,16]. Moreover, to
reduce the risk of accidental detonation, RDX is often
used in combination with a binder in plastic-bonded ex-
plosives (PBX) or with TNT as a less sensitive explosive,
in an effort to desensitize the explosive charge. Examples
of such explosive formulations are Composition A
(RDX/Wax), Composition B (RDX/TNT/Wax) or the
popular formulation Composition C4 (RDX/poly-
isobutylene) [3]. Dividing the RDX market by type of
use, it can be split into explosives, fireworks and others
[17]. However, all these sectors are ongoingly increasing
due to the growth of the defence, industrial and con-
struction industries [13, 14].

Due to the high demand of RDX, synthesis opti-
mization and the development of novel methods are of

great interest by the scientific community and industry.
Nowadays, there are various synthesis routes towards
RDX known, [18,19] Figure 2 shows the Bachmann and
the Woolwich process, which are still used for industrial
RDX synthesis in a continuous process with CSTR (con-
tinuous-stirred tank reactor) [20] systems.

In this work, the synthesis of RDX via the inter-
mediate TRAT (1,3,5-triacetycl-1,3,5-triazinane) was in-
vestigated as a possible alternative industrial production
method. This is of particular interest since in the liter-
ature this reaction pathway has been proposed as a con-
tinuous flow synthesis [21]. Due to the advantages in
terms of safety and efficiency, the use of a continuous
processes for the potential production of HEDMs (high
energy dense material) is always preferable and there-
fore this possible new process attracted considerable in-
terest in academia and industry [20,22].

2 | EXPERIMENTAL SECTION

All chemicals and solvents were employed as received.
1H NMR spectra were recorded with neat solids as sam-
ples at ambient temperature using a Bruker TR 400 in-
strument. The chemical shifts quoted in ppm in the text
refer to typical standards such as tetramethylsilane (1H).
All NMR spectra were analyzed with the software Mes-
trenova from Mestrelab Research S. L. Atom labelling
and nomenclature are not in correspondence with IU-
PAC.

CAUTION! All investigated compounds and mix-
tures are potentially explosive energetic materials, which
show partly increased sensitivities towards various stim-
uli (e. g. elevated temperatures, impact, friction, or elec-
trostatic discharge). Therefore, proper security pre-
cautions (safety glass, face shield, earthed equipment
and shoes, leather coat, Kevlar gloves, Kevlar sleeves,
and ear plugs) have to be applied while synthesizing and
handling the described compounds.

2.1 | Synthesis of
1,3,5-Triacetycl-1,3,5-triazinane (TRAT)

TRAT was synthesized according to a modified literature
procedure [23]. Ten drops of conc. sulphuric acid where
added to acetonitrile (7.90 mL) and the mixture was
heated to 50 °C. Trioxane (2.70 g, 30.0 mmol) was added
slowly to the warm reaction mixture. Following 30 s of
stirring, when a precipitate was visible, the reaction was
rapidly cooled down with an ice bath mixed with NaCl.
The reaction mixture was stirred for 30 min at 0 °C and
NaOH (2 M, 5.00 mL) was added resulting in a large

F I G U R E 1 Different ways of RDX market segmentation.

F I G U R E 2 Industrial used processes for RDX synthesis.
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amount of colourless precipitate. The precipitate was
isolated by filtration and was washed with ethyl acetate
(100 mL). 1,3,5-Triacetycl-1,3,5-triazinane (3.20 g,
15.0 mmol, 50%) was obtained as a colourless solid.

1,3,5-Triacetyl-1,3,5-triazinane (TRAT)
1H NMR (400 MHz, DMSO-D6, ppm) δ=5.21 (s, 6H,

� CH2� ), 2.12 (s, 9H, � CH3).

1,3,5,7-Tetraacetyl-1,3,5,7-tetrazocinane (TAT)
1H NMR (400 MHz, DMSO-D6, ppm) δ=4.99 (s, 8H,

� CH2� ), 2.14 (s, 12H, � CH3).

2.2 | Nitration attempts

Nitration of TRAT with HNO3

TRAT (250 mg, 1.17 mmol) was added gradually
while ice cooling to fuming nitric acid (15 mL,
360 mmol, 300 eq.). Following the complete addition, the
ice bath was removed and stirred for 1 h at room tem-
perature. The nitration mixture was then quenched on
ice. No precipitation was observed and no product was
obtained.

Nitration of TRAT with mixed acid (H2SO4/HNO3)
Fuming nitric acid (9 mL, 215 mmol) was added

gradually to concentrated sulfuric acid (6 mL, 112 mmol)
while ice cooling. TRAT (250 mg, 1.17 mmol) was added
slowly under cooling. Following the complete addition,
the ice bath was removed and stirred for 1 h at room
temperature. The nitration mixture was then quenched
on ice. No precipitation was observed and no product
was obtained.

Nitration of TRAT with N2O5

N2O5 (380 mg, 3.51 mmol, 3.00 eq.) was weighted un-
der nitrogen and immediately dissolved in MeCN
(10 mL). Parallel TRAT (250 mg, 1.17 mmol) was pre-
dissolved in MeCN (10 mL) and added under cooling.
Following the complete addition, the ice bath was re-
moved. The reaction mixture was stirred for 1 h at room
temperature, poured into a crystallization dish and al-
lowed to evaporate overnight. A mixture of RDX and
DANT as colorless oil was obtained.

1,3,5-Trinitro-1,3,5–triazinane (RDX)
1H NMR (400 MHz, DMSO-D6, ppm) δ=6.14 (s, 6H,

� CH2� ).

1,3-Diacetyl-5-nitro-1,3,5-triazinane (DANT)
1H NMR (400 MHz, DMSO-D6, ppm) δ=5.64 (s, 4H,

� CH2� ), 5.22 (s, 2H, � CH2� ), 2.12 (s, 6H, � CH3).

Nitration of TRAT with TFAA & HNO3

TRAT (1.4 g, 4.61 mmol) was dissolved in TFAA
(15.5 g, 73.80 mmol) then fuming nitric acid (3.0 g,
2.0 mL) was added dropwise while cooling with a water
bath (with a bit of ice). The water bath was removed and
it was stirred for 1 h at room temperature. After that, the
reaction mixture was quenched on ice water and the pre-
cipitation was filtrated. A mixture of RDX and ADNT
was obtained as a colorless solid.

1,3,5-Trinitro-1,3,5–triazinane (RDX)
1H NMR (400 MHz, DMSO-D6, ppm) δ=6.13 (s, 6H,

� CH2� ).

5-Acetyl-1,3-dinitro-1,3,5-triazinane (ADNT)
1H NMR (400 MHz, DMSO-D6, ppm) δ=6.10 (s, 2H,

� CH2� ), 5.63 (s, 4H, � CH2� ), 2.17 (s, 3H, � CH3).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis

TRAT was synthesized according to a minimally modi-
fied method of Meng et al. (Scheme 1) [23].

The mechanism of this reaction is also known from
the literature [24]. Trioxane first undergoes a tautomeric
reaction to form formaldehyde. The presence of acid
then protonates formaldehyde to form its oxonium cati-
on, which is in equilibrium with its carbocation. This re-
acts then with acetonitrile in a condensation reaction
and after cyclization, TRAT is formed. However, not
only the six-membered ring derivative was obtained, but
also traces of the eight-membered ring compound TAT
(1,3,5,7-tetraacetycl-1,3,5,7-tetrazocinane) were detected.
TRAT could easily be isolated in 50% yield by filtration
and washing with a large amount of EtOAc. Purification
by simple washing is possible because TAT and TRAT
have different solubilities in EtOAc [21].

In the effort to find suitable nitration methods for the
nitrolysis of TRAT to RDX, four typical nitration proto-
cols were investigated (Scheme 2). The first implemented
protocol was the nitration with nitric acid (100%) from
which no product could be obtained, this was also the
case for the nitration trial with mixed acid (40% H2SO4/

S C H EME 1 Synthesis route towards TRAT and TAT starting
from trioxane.
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60% HNO3). In the third protocol, N2O5 in MeCN was
used as a nitration agent and a mixture of RDX and the
mononitrated 1,3-diacetyl-5-nitro-1,3,5-triazinane
(DANT) could be obtained. The received DANT con-
tained about 5% of RDX. So, it can be stated that the ni-
trolysis by N2O5 under the examined conditions was not
suited for the synthesis of RDX and DANT can be con-
sidered the main product of this reaction. Additionally,
the presence of ammonium was observed in the NMR
spectrum which was suspected to be a decomposition
product stemming from the cleavage of the ring. The
fourth implemented protocol with nitration using fum-
ing nitric acid and trifluoroacetic acid anhydride (TFAA)
resulted in a mixture of RDX and 5-acetyl-1,3-dinitroo-
1,3,5-triazinane (ADNT). In this case 29% RDX content
was obtained which is better than in the third nitration
trials but also not good enough for industrial application.

In summary, it can be concluded that no optimal, in-
expensive and simple way for the nitration of TRAT to
RDX could be found. It can be seen that under almost
anhydrous conditions, as in protocols 3 and 4, product
can be obtained, but in both cases complete conversion
into the desired product is not possible. Even tests with
longer reaction times or higher reaction temperatures
could not improve this result.

3.2 | NMR characterization

The compounds were characterized by 1H NMR spectro-
scopy. All compounds were measured in deuterated
dimethyl sulfoxide (DMSO-D6).

TRAT and TAT were identified in the crude 1H NMR,
see Figure 3. The singlet resonance at 5.21 ppm and
2.11 ppm can be assigned to the methylene (� CH2) and
methyl (� CH3) groups TRAT. The remaining two singlet
resonances at 4.99 ppm and 2.14 ppm can be assigned to
the methylene (� CH2) and methyl (� CH3) groups of
TAT. The amount of two signals per compound indicates
the symmetrical property resulting in the magnetic

equivalence of the -CH2 and -CH3 groups in both
compounds. The ratio of compound TRAT to TAT can
be determined by an equation (1) derived from the for-
mula used to determine purities by q-NMR [25].

%m TRAT ¼
NMR integralTRAT

number of protonsTRAT
� MTRAT

NMR integralTRAT

number of protonsTRAT
� MTRATþ

NMR integralTAT

number of protonsTAT
� MTAT

(1)

The obtained crude product contained 93% of TRAT
and 7% of TAT. Following washing with EtOAc, pure
TRAT is visible in the measured 1H NMR spectra.

The NMR spectra after the nitration trial with N2O5

shows different signals, see Figure 4. The singlet signal
at 6.14 ppm can be assigned to the methylene group of

S C H EME 2 Different nitration attempts of TRAT towards
RDX.

F I G U R E 3 NMR spectra of TRAT and TAT.

F I G U R E 4 NMR spectra after the nitration trials 3 and 4.
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RDX. While the singlet signal at 5.64 ppm can be
assigned to the protons of the methylene groups in the
alpha position to the nitro group of DANT. The singlet
signal at 2.11 ppm can be assigned to the methyl groups
of the acetyl moiety and the last singlet signal at
5.22 ppm is that of the protons from the methylene
group in the alpha position to the carbonyl carbons. A
ratio of 5 to 95 can be determined for RDX to DANT by a
similar calculation like in equation 1 derived from the
formula used to determine purities by q-NMR [25]. The
triplet signal at 7.13 ppm can be identified as ammonium
which indicates decomposition.

After the nitration trial with TFAA and nitric acid,
the NMR spectrum shows two compounds. The singlet
signal at 6.13 ppm shows again RDX. While the other
signals show the presence of ADNT. The singlet at
6.10 ppm can be assigned to the methylene group be-
tween the two nitro groups, and the singlet at 5.63 ppm
belongs to the remaining two methylene groups from the
trioxane ring between the acetyl and the nitro group.
The last singlet at 2.17 ppm is from the methyl group of
the acetyl moiety. Through the calculation of the ratio
using the q-NMR formula a ratio of 71% ADNT to 9%
RDX can be determined [25].

3.3 | Crystal structures

For the first time, the single crystal X-ray structure of
TRAT tetrahydrate, DANT, and ADNT could be meas-
ured at low temperatures. The parameters of the crystal
structures are shown in Table 1.

TRAT tetrahydrate crystallizes in the trigonal space
group R-3, with six molecules in its unit cell and a re-
calculated density of 1.24 gcm� 3 at room temperature.
The crystal structure of TRAT is shown in Figure 5.

Figure 6 shows the three-dimensional structure of
TRAT tetrahydrate. It is noticeable that the crystal water
is tightly bound between the ring planes as well as be-
tween the acetyl groups.

DANT crystallizes in the monoclinic space group P21/
c, with four independent molecules in the asymmetric
unit and a recalculated density of 1.40 gcm� 3 at room
temperature. The crystal structure of DANT is shown in
Figure 7 on the left side while on its right side, the chair
configuration of the triazine ring from DANT is high-
lighted in green. Here it can be seen that the three-ring
substituted groups are arranged all in the same direction
viewed from the ring plane.

The same arrangement of the substituted groups on
the triazine ring can also be seen in the ADNT crystal
structure, as shown in Figure 8 highlighted in green on
the right. ADNT crystallizes in the monoclinic space
group P21/n, with four molecules in its unit cell and a
recalculated density of 1.67 gcm� 3 at room temperature.
The crystal structure of ADNT is shown in Figure 8 on
the left side.

F I G U R E 5 Molecular structure of TRAT tetrahydrat.

F I G U R E 6 Three-dimensional structure of TRAT tetrahydrat
along the c axis.

F I G U R E 7 Molecular structure of DANT (left) in the crystal
structure and chair configuration of its triazinane ring (right).

F I G U R E 8 Molecular structure of ADNT (left) in the crystal
structure and chair configuration of its triazinane ring (right).
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3.4 | Energetic properties

The energetic properties were calculated using the EX-
PLO5 code version 6.06.01 [26] and can be found in
Table 2. The EXPLO5 calculations are based on the X-
ray density recalculated to room temperature, as well as
the enthalpy of formation calculated on CBS-4 M level
using the Gaussian software. [27]

Comparing the energetic parameters of the three
compounds, it can be seen that, as expected, the calcu-
lated detonation velocity decreases from RDX via ADNT
to DANT. ADNT with a velocity of detonation of

7518 ms� 1 still has a moderate performance which is
better than that of TNT (6793 ms� 1) at a comparable
density [12]. In contrast, the value for the mono-nitro
derivative DANT with 5879 ms� 1 is clearly too low for
use as an energetic material.

4 | CONCLUSIONS

The objective of this work was to assess the synthesis of
RDX via the intermediate TRAT (1,3,5-triacetyl-1,3,5-tri-
azinane) as a potential alternative industrial production

T A B L E 1 Crystallographic data of TRAT tetrahydrat, DANTand ADNT.

TRAT · 4 H2O DANT ADNT

Formula C9H15N3O3 · 4 H2O C7H12N4O4 C5H9N5O5

FW [gmol� 1] 285.30 216.20 219.17

Crystal system trigonal monoclinic monoclinic

Space group R-3 P21/c P21/n

Color/Habit colorless block colorless block colorless plate

Size [mm] 1.00×0.50×0.50 0.08×0.09×0.15 0.50×0.50×0.10

a [Å] 12.0327(13) 7.8404(4) 8.6532(17)

b [Å] 12.0327(13) 8.4558(5) 10.036(3)

c [Å] 17.709(2) 15.1713(8) 9.8564(12)

α [°] 90 90 90

β [°] 90 91.688(2) 99.349(15)

γ [°] 120 90 90

V [Å3] 2220.5(6) 1005.37(9) 844.6(3)

Z 6 4 4

ρcalc [g cm� 3] 1.280 1.428 1.724

μ [mm� 1] 0.109 0.118 0.153

F (000) 924 456 456

λMoKα [Å] 0.71073 0.71073 0.71073

T [K] 96 173 92

θ Min-Max [°] 3.0, 26.4 2.8, 27.5 2.9, 26.4

Dataset � 9 : 14; � 14 :6; � 22 :11 � 10 :9; � 10 : 10; � 19 :19 � 10 :10; � 12 :8; � 10 :12

Reflections coll. 1461 16834 3765

Independent refl. 999 2296 1734

Rint 0.011 0.047 0.060

Parameters 90 184 148

R1 (obs)[a] 0.0359 0.0390 0.0679

wR2 (all data)[b] 0.0978 0.1017 0.1555

Resd. Dens. [e Å� 3] � 0.17, 0.31 � 0.19, 0.20 � 0.24, 0.33

Device type Xcalibur, Sapphire 3 D8 Venture Xcalibur, Sapphire 3

Solution SHELXT 2018/2 SHELXT 2018/2 SHELXT 2018/2

Refinement ShelXL 2018/3 ShelXL 2018/3 ShelXL 2018/3

CCDC 2241832 2241833 2241834

Absorption corr. multi-scan multi-scan multi-scan

[a] R1=Σ j jF0 j � jFc j j /Σ jF0 j
[b] wR2= [Σ[w(F02� Fc2)2]/Σ[w(F0)2]]1/2; w= [σc2(F02)+ (xP)2+yP]� 1 and P= (F02+2Fc2)/3.

6 of 8

Wiley VCH Dienstag, 27.06.2023

2307 / 300805 [S. 20/22] 1

 15214087, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prep.202300062, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



method. This route was stated to be a promising method
for the production of pure RDX (without HMX im-
purities) under industrial conditions [21]. Therefore, this
work was made in an effort, to evaluate the synthesis
route with regard to its efficiency, to identify suitable ni-
tration methods, and to estimate its potential.

This method has various advantages, including cheap
starting materials and reactants as well as easy separa-
tion of TAT (1,3,5,7-Tetraacetyl-1,3,5,7-tetrazocinane)
and TRAT by solubility differences. Due to the similar
chemical and physical properties of RDX and HMX the
isolation of both is very hard, so it would be favorable to
separate the precursor TAT and TRAT from each other
to obtain pure RDX in the next step. This aspect was
successfully confirmed in this work where no trace of
TAT was detected in TRAT following washing with ethyl
acetate. However, for the synthesis of TRAT in this work
only a moderate yield of 50% was obtained. This pres-
ents a serious obstacle and suggests the need for further
optimization or a change in the reaction and the re-
actants.

The main challenge of this work was the search for a
feasible nitration method from TRAT to RDX, in the
evaluation process this was identified as the main chal-
lenge of this method. Every tested method of nitration
either gives no nitration product or merely leads to

incomplete nitration with a low percentage of RDX.
Further optimization of the reaction conditions and oth-
er methods could increase the ratio of RDX but for this
process to be viable solely RDX has to be obtained. Oth-
erwise, the main objective to yield pure RDX is missed.
The option to develop a purification method to isolate
RDX from the incompletely nitrated by-products would
run the risk of making the process too complicated and
therefore inferior to the well-established methods of the
Bachmann and Woolwich processes.

However, from an academic standpoint, this work re-
sulted not only in the determination of the undefined
crystal structure of TRAT tetrahydrate, but also in the
first-ever recorded synthesis of DANT and the determi-
nation of its crystal structure as well as the low-temper-
ature measured crystal structure of ADNT. This may ad-
vance the understanding of this process and promote its
improvement to make it a feasible alternative.

In conclusion, the production of RDX via TRAT
holds great potential but is not yet a viable method for
industrial application.
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T A B L E 2 Energetic properties of compounds DANT, ADNT and RDX.

DANT ADNT RDX [12]

Formula C7H12N4O4 C5H9N5O5 C3H6N6O6

FW [gmol� 1] 216.19 219.16 222.12

ρcalc. (298 K) [gcm� 3] [a] 1.40 1.67 1.80

Tmelt. [°C][b] 85 143 188

Tdec. [°C][c] 177 228 209

ΔfH° [kJmol� 1][d] � 412.9 � 165.8 70.3

EXPLO5 V6.06.01

PCJ [GPa][e] 11.7 20.9 33.6

Vdet [ms� 1][f] 5879 7518 8794

–ΔexU° [kJkg� 1][g] 2158 3982 5717

Tdet [K][h] 1741 2689 3734

V0 [m3kg� 1][i] 775 798 784
[a] X-ray density converted to RT
[b] melting point indicated by endothermic event according to DTA (onset temperatures at a heating rate of 5 °Cmin� 1)
[c] temperature of decomposition indicated by exothermic event according to DTA (onset temperatures at a heating rate of 5 °Cmin� 1)
[d] calculated (CBS-4 M) heat of formation converted to the solid state HOF
[e] detonation pressure
[f] detonation velocity
[g] Energy of explosion
[h] Explosion temperature
[i] Assuming only gaseous products.

7 of 8

Wiley VCH Dienstag, 27.06.2023

2307 / 300805 [S. 21/22] 1

 15214087, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prep.202300062, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DATA AVAILABILITY STATEMENT
Data may be requested via the authors.

ORCID
Thomas M. Klapötkehttp://www.hedm.cup.uni-muen-
chen.dehttp://www.emto.eu http://orcid.org/0000-
0003-3276-1157
Jasmin T. Lechner http://orcid.org/0000-0002-8391-
8604
Jörg Stierstorfer http://orcid.org/0000-0002-2105-1275

REFERENCES
1. G. F. Henning, German Patent DE104280, The representation

of a nitro body made of hexamethylenetetramine by entering
nitric acid hexamethylenetetramine into cold smoke Nitric
acid, Berlin, Germany, 1899.

2. J. T. Edward, J. Chem. Educ. 1987, 64, 599–603.
3. T. M. Klapötke, Chemistry of High-Energy Materials, 6th ed., DE

GRUYTER, Berlin/Boston, 2022.
4. J. P. Agrawal; R. D. Hodgson, Organic Chemistry of Explosives,

John Wiley & Sons, Hodgson, 2007.
5. C. F. Baxter, The Secret History of RDX: The Super-Explosive
that Helped Win World War II, University Press of Kentucky,
USA, 2018.

6. J. P. Baxter, Scientists against time, M. I. T. Press, Cambridge,
United Kingdom, 1968

7. W. E. Bachmann, J. C. Sheehan, J. Am. Chem. Soc. 1949, 71,
1842–1845.

8. a) W. E. Bachmann, US2680671, Method of treating cyclonite
mixtures, United States, Secretary of WAR, USA, 1954;
b) W. E. Bachmann, US2798870, Method for preparing ex-
plosives, United States, Secretary of WAR, USA, 1957.

9. Z. Matys, D. Powala, A. Orzechowski, A. Maranda, Chemik
2012, 66, 58–63.

10. NATO, Explosives specification for RDX (Hexogene), STANAG
4022, draft 6th edition 4, June 2009.

11. Detail Specification – RDX (Cyclotrimethylene-trinitramine),
MIL–DTL 398D, Dec. 1966.

12. T. M. Klapötke, Energetic Materials Encyclopedia, 2nd ed., DE
GRUYTER, Berlin/Boston, 2021.

13. Acumen Research and Consulting, Research Department Ex-
plosive (RDX) Market Size - Global Industry, Share, Analysis,
Trends and Forecast 2022–2030, Pune, India, Nov. 2022.

14. S. Abhay, M. Sonia, Allied Market Research, Research Depart-
ment Explosive (RDX) Market by Type (Explosives, Py-
rotechnics, and Others), Application (Military and Civilian),
and Sales Channel (Domestics and International): Global Op-
portunity Analysis and Industry Forecast, 2021–2030, USA,
Oct. 2021.

15. J. P. Agrawal, High energy materials: propellants, explosives and
pyrotechnics, 1st ed., John Wiley & Sons, Hoboken, 2010.

16. J. Köhler, R. Meyer, A. Homburg, Explosivstoffe, 10th ed., Wi-
ley-VCH, Weinheim, 2008.

17. J A Conkling, C. J. Mocella, Chemistry of Pyrotechnics, 3rd ed.,
CRC press, 2019, Boca Raton, Fl., 222–223.

18. W. de. C. Crater, Ind. Eng. Chem. 1948, 40, 1627–1635.
19. F. J. Brockman, D. C. Downing, G. F. Wright, Canad. J. of Re-

search 1949, 27b, 469–474.
20. E. Commission, J. R. Centre, D. Kyprianou, G. Rarata, G.

Emma, G. Diaconu, M. Vahčič, D. Anderson, in Flow chemistry
and the synthesis of energetic materials, Publications Office of
the European Union, 2022.

21. D. O. J. Pöhlmann, S. Glante, New Continuos Process For The
Production Of RDX/HMX, 51st International Annual Confer-
ence of the Fraunhofer ICT, Karlsruhe, Germany June 28–July
1, 2022.

22. D. Kyprianou, M. Berglund, G. Emma, G. Rarata, D. Ander-
son, G. Diaconu, V. Exarchou, Molecules 2020, 25, 3586–3601.

23. L. Wang, Z. Xu, P. Wang, L. Wang, Z. Lin, Z. Meng, J. Chem.
Eng. Data 2013, 58, 737–740.

24. J. Yang, Q. Yu, F. Zhao, J. Lu, Z. Ge, Synth. Commun. 2011, 41,
3455–3461.

25. S. Mahajan, I. P. Singh, Magn. Reson. Chem. 2013, 51, 76–81.
26. M. Sućeska, Explo5 V6.06.01, Zagreb, Croatia, 2021.
27. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci,
G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratch-
ian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishi-
da, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A.
Montgomery Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J.
Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobaya-
shi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M.
Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jar-
amillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Moro-
kuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannen-
berg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman,
J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian 09 A.02, Gaussian
Inc., Wallingford, USA, 2009.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Klapötke T. M., Lechner
J. T., Stanislawski L. W. B., Stierstorfer J.,
Mühlemann M. & Lemarchand G. (2023).
Investigation of a new promising process for the
RDX synthesis via 1,3,5-triacetyl-1,3,5-triazinane
(TRAT). Propellants, Explosives, Pyrotechnics, 48,
e202300062. https://doi.org/10.1002/
prep.202300062

8 of 8

Wiley VCH Dienstag, 27.06.2023

2307 / 300805 [S. 22/22] 1

 15214087, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prep.202300062, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://orcid.org/0000-0003-3276-1157
http://orcid.org/0000-0003-3276-1157
http://orcid.org/0000-0003-3276-1157
http://orcid.org/0000-0002-8391-8604
http://orcid.org/0000-0002-8391-8604
http://orcid.org/0000-0002-8391-8604
http://orcid.org/0000-0002-2105-1275
http://orcid.org/0000-0002-2105-1275
https://doi.org/10.1002/prep.202300062
https://doi.org/10.1002/prep.202300062

