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of the synthesis of polycyclic nitramine hexanitrohexaazaisowurtzitane
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Main features of the reductive debenzylation of 2,4,6,8,10,12�hexabenzyl�2,4,6,8,10,12�
hexaazaisowurtzitane were studied. This process is the key step of the synthesis of 2,4,6,8,10,12�
hexanitro�2,4,6,8,10,12�hexaazatetracyclo[5.5.0.03,11.05,9]dodecane (hexanitrohexaaza�
isowurtzitane, CL�20), a compound with unique energetic and explosive characteristics. The use
of the latter is restricted so far by the high cost of the two�step process of debenzylation during
which the compound is rapidly deactivated. The expensive Pd/C catalyst is deactivated in the
first step of the process, which limits the use of this polycyclic nitramine. The influence of the
solvent nature; loadings of the reactants, catalyst, and cocatalyst; the hydrogen pressure and
reaction temperature on the general features of the process and the yield of the target precursor
of CL�20 was studied.
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hexaazatetracyclo[5.5.0.03,11.05,9]dodecane, debenzylation, palladium�containing catalyst,
deactivation of Pd/C.

In the recent decades, much attention in the area of
high�energy materials chemistry has been given to inves�
tigation of the properties of 2,4,6,8,10,12�hexanitro�
2,4,6,8,10,12�hexaazatetracyclo[5.5.0.03,11.05,9]dodecane
(hexanitrohexaazaisowurtzitane, CL�20) and search for
efficient methods for the synthesis of this polycyclic nit�
ramine.1,2 The studies of the explosive and detonation
properties of CL�20 and related compositions showed that
presently this compound is the most powerful stable ex�
plosive.3,4 However, due to the absence of an economical
industrial method of the synthesis of CL�20 its wide use is
limited.1

The best known method for the synthesis of CL�20 is
presented in Scheme 1. Based on this protocol, in 1990
the Thiokol corporation (USA) made a pilot unit for the
synthesis of CL�20.5 The first step of the synthesis is the
construction of the hexaazaisowurtzitane framework us�
ing the condensation of glyoxal 1 with benzylamine, and
the second step is the substitution of the benzyl groups at
the nitrogen atom for the nitro group. The direct nitration
of 2,4,6,8,10,12�hexabenzyl�2,4,6,8,10,12�hexaazatetra�
cyclo[5.5.0.03,11.05,9]dodecane (2) does not afford CL�20,
because the hexaazaisowurtzitane framework desintegrates
by nitrozative debenzylation. Therefore, the intermediate
step of the synthesis of precursors of nitramine CL�20 is
necessary. This step is effected by means of the simulta�
neous hydrodebenzylation—acetylation process during
which the C—N bonds are hydrogenolyzed on the palla�
dium catalysts followed by the acetylation of the forming
amines with acetic anhydride (2 → 3). The benzyl groups

Scheme 1

Reagents, conditions, and yield: i. PhCH2NH2, MeCN, H+, 80%;
ii. Pd/C, H2, Ac2O; iii. Pd/C, H2, HCOOH; iv. HNO3,
NH4NO3.
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at the nitrogen atoms of the six�membered ring (N(4) and
N(10)) are more stable in this process, and the second
step of hydrodebenzylation is carried out to substitute
them under more severe conditions (3 → 4). The subse�
quent nitration of the synthesized 4,10�diformyl�2,6,8,12�
t e t r a a c e t y l � 2 , 4 , 6 , 8 , 1 0 , 1 2 � h e x a a z a t e t r a c y c �
lo[5.5.0.03,11.05,9]dodecane (4) affords CL�20 in high
yield.6 At present the methods for the synthesis of the
polycyclic framework7,8 and nitration of the polyacetyl
hexaazaisowurtzitane derivatives9 have been studied rather
well and it is not difficult to use them. At the same time,
two catalytic steps of the process 2 → 3 → 4, which are
most complicated and most expensive in the synthesis of
CL�20, are studied to considerably less extent. The main
problem of practical realization of these steps is the fast
deactivation of the Pd/C catalyst.

The purpose of this work is to study the catalytic steps
of the debenzylation process and to search for a possibility
to enhance the yield of compound 4, viz., target precursor
of CL�20, and improve the stability of the Pd/C catalyst.

Experimental

The palladium catalysts for debenzylation were synthesized
by the method of palladium ion adsorption from an aqueous
solution of H2[PdCl4] (1 mol L–1) on the Sibunit carbon sup�
port (granular size 50—100 µm, specific BET surface Ssp(N2) =
320 m2 g–1, pore volume Vs = 0.86 mL g–1, maximum in the size
pore distribution curve at 4 nm) at room temperature followed
by the reduction to metallic palladium with a solution of sodium
formate. The content of the noble metal in the catalyst was ∼4,
∼6, and ∼10 wt.%. The percentage content of the metal on the
carbon support was determined by the X�ray spectral method on
a VRA�30 fluorescence analyzer with the Cr anode of the X�ray
tube. The palladium catalysts were studied by transmission elec�
tron microscopy (TEM) on a JEM�2010 instrument (JEOL,
Japan) with an accelerating voltage of 200 kV and a limiting
resolution by the lattice of 0.14 nm. The average size of the
palladium particles was estimated from the histograms of the
palladium particle size distribution constructed by processing
TEM microphotographs.

Dimethylacetamide (DMA), DMF, and N�methylpyrroli�
done were dried over CaH2 and distilled in vacuo. Acetic an�
hydride was purified collecting the fraction with b.p. 139—140 °C.

The catalytic debenzylation of compound 2 was carried out
in a temperature�controlled (0—100 °C) stainless steel auto�
clave (volume 150 mL) equipped with an electromagnetic stirrer
(800—1000 rpm) and a system of gaseous hydrogen supply. The
volume of the absorbed gas was quantitatively measured using a
Sapfir�22 instrument (ООО "Neotekhnologiya," Russia) and
computation of the experimental data. Catalytic experiments
were performed according to a described procedure.10 The sta�
bility of the catalyst in deactivation processes was studied load�
ing the spent Pd/C catalyst after two debenzylation steps
(2 → 3 → 4) into the next cycle. For this purpose, the spent
catalyst separated from the reaction mixture was successively
washed with formic acid, a 1% solution of Na2CO3, and distilled
water and dried in vacuo, and the catalytic activity was studied
using a standard procedure.

The relative rate of hydrogen absorption (v) was expressed as
the amount of hydrogen absorbed within the first hour of the
process referred to the amount of loaded compound 2.

The composition of the components in the liquid reaction
mixture was determined by GC/MS on a VG�7070 GC/MS
instrument (VG Analytical) on a quartz capillary column
(30 m × 0.2 mm) (Silicone SE�30). The structures of the reac�
tion products were determined by 1H and 13C NMR spectrosco�
py. The spectra were recorded on a Bruker AC�200 instrument
(1H NMR, 200.13 MHz; 13C NMR, 50.32 MHz) in CDCl3 and
DMSO�d6. The chemical shifts are presented in the δ scale
relative to Me4Si.

2,4,6,8,10,12�Hexabenzyl�2,4,6,8,10,12�hexaazatetra�
cyclo[5.5.0.03,11.05,9]dodecane (2) was presented by the Insti�
tute of Problems of Chemical Energetic Technologies, Siberian
Branch of the Russian Academy of Sciences (Biisk, Russia),
m.p. 152—153 °C. 1H NMR (CDCl3), δ: 3.62 (s, 2 H, CH); 4.13
(br.d, 8 H, PhCH2); 4.08 (s, 4 H, PhCH2); 4.20 (s, 4 H, CH);
7.20—7.30 (m, 30 H, Ph). 13С NMR (CDCl3), δ: 56.3, 57.0
(both t, PhCH2 each); 77.0, 80.7 (both d, СН); 126.8, 126.9
(both d, p�CPh); 128.2, 128.3 (both d, m�CPh); 128.7, 129.3
(both d, o�CPh); 140.9 (s, ipso�CPh).

2,6,8,12�Tetraacetyl�4,10�dibenzyl�2,4,6,8,10,12�hexaaza�
tetracyclo[5.5.0.03,11.05,9]dodecane (3) was synthesized
by the reaction of compound 2 (3.4 g) and HCOOH (5 mL) in
DMF (10 mL) and PhBr (0.06 mL) in the presence of the
Pd(10%)/C catalyst (0.34 g) and molecular hydrogen (4 bar).
The yield was 2.12 g (86%), m.p. 318—321 °C. 1H NMR
(DMSO�d6), δ: 2.1 (m, 12 H, Me); 4.12 (s, 4 H, CH2); 5.51
(br.s, 4 H, CH); 6.58 (br.s, 2 H, CH); 7.34—7.44 (m, Ph, 10 H).

2,6,8,12�Tetraacetyl�4,10�diformyl�2,4,6,8,10,12�hexaaza�
tetracyclo[5.5.0.03,11.05,9]dodecane (4) was synthesized by the
reaction of compound 3 (2.12 g) and НСООН (10.6 mL) in the
presence of the Pd(10%)/C catalyst (0.34 g) and molecular hy�
drogen (4 bar). The yield was 1.29 g (84%), m.p. 291—295 °C.
1H NMR (DMSO�d6), δ: 2.1 (m, 12 H, Me); 6.4 (br.d, 4 H,
CH); 6.49 (s, 2 H, CH); 8.34 (s, 2 H, CHO).

Results and Discussion

Identification of the step of the debenzylation process
making the main contribution to the deactivation of the
Pd/C catalyst. The initial substrate of debenzylation (2) is
unstable and decomposes easily at elevated temperatures
in acids and upon the interaction with acetic anhydride.
When crystalline compound 2 is dissolved in acetic anhydride
(or is heated in DMF), the solution darkens rapidly. The
1H NMR analysis of the obtained mixture indicates a
decrease in the intensity of signals at δ 3.5—4.5. This
interval contains the signals of the CH groups character�
istic of the hexaazaisowurtzitane framework. This process
is accelerated upon the addition of the Pd/C catalyst to
the solution; however, the mixture remains colorless, be�
cause the colored products of the destruction of com�
pound 2 are sorbed by the catalyst. In this case, the cata�
lyst stored in a mixture of compound 2 with acetic an�
hydride and DMF for 1 day was completely deactivated.

We carried out separately the reactions 2 → 3 and
3 → 4 on two samples of the same Pd/C catalyst. The
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hexaazaisowurtzitane products obtained after hydrogenol�
ysis were isolated from the reaction mixture, their yield
was calculated, and the samples of the Pd/C catalyst were
washed, dried, and loaded into the reactor to undergo the
repeated cycle of hydrogenolysis. It turned out that the
hydrogenation of compound 3 to compound 4 on the
same catalyst can be carried out at least three times, where�
as the hydrogenation of compound 2 to compound 3 can´t
be repeated (Table 1). Therefore, the main contribution
to the catalyst deactivation is made by the first debenzyla�
tion step. In the second debenzylation step, the destruc�
tion of the hexaazaisowurtzitane framework occurs much
less intensively, because compound 3 is substantially more
stable than compound 2. In fact, the higher stability of the
framework of compound 3 makes it possible to use more
drastic reaction conditions for the replacement of the
benzyl groups by the formyl groups at the N(4) and N(10)
atoms and even to carry out the synthesis of CL�20 by the
nitrozative debenzylation of compound 3 as shown in
Ref. 11.

We studied the composition of the liquid phase of the
reaction mixture after the first hydrodebenzylation step
by GC/MS. Benzylacetamide and several nonidentified
nitrogen�containing admixtures were found in addition to
the residual peaks of the reactants and the group of peaks
of the expected products of debenzylation (toluene, ben�
zene, and acetic acid). Benzylacetamide is formed due to
the hexaazaisowurtzitane framework opening followed by
the acylation of the destruction products.12 It is known
that benzylacetamide can form stable complexes with pal�
ladium, and the leading role of this compound in the
deactivation of the palladium catalyst was repeatedly point�
ed out in the literature.6 The preliminary treatment of the
Pd/C catalyst with benzylacetamide (synthesized by the
counter synthesis) results, in fact, in the complete deacti�
vation of the catalyst (0.34 g of the palladium catalyst was

treated with 0.05 g of benzylacetamide). Nevertheless,
when performing the hydrodebenzylation 2 → 3, we
observed no correlation between the amount of benzylac�
etamide in the reaction mixture (determined by GC/MS)
and the degree of deactivation of the catalyst (estimated
by the depth of the debenzylation process). It is most
likely that benzylacetamide is not the single and strongest
catalytic poison for the Pd/C catalyst formed in the reac�
tion mixture. Earlier12 more than five different nitrous
residues of the hexaazaisowurtzitane framework formed by
hydrogenolysis have been identified. Each of the residues
can deactivate the Pd/C catalyst to this or another extent.

Effect of the solvent nature and metal loadings of the
reactants, cocatalyst, and catalyst on the course of the
process and the yield of the target precursor of CL�20. The
catalytic debenzylation of compound 2 proceeds step�
wise, which was shown13 by the analysis of the reaction
mixture using HPLC and GC. Bromobenzene (PhBr) is
added to the reaction mixture to accelerate the first de�
benzylation step. Bromobenzene is the source of hydro�
gen bromide, which is the cocatalyst of the hydrogenoly�
sis of the C—N bond. The examples of the kinetic curves
of hydrogen absorption by the reaction mixture for the
Pd/C catalysts with different amounts of the active metal
are shown in Fig. 1. The acceleration of the process in the
initial debenzylation step is presumably related to the ac�
cumulation of acids in the reaction mixture. As known,
the acids, namely, HBr and AcOH, promote the hydro�
genolysis of the C—heteroatom bond.14 Then the rate of
hydrogen absorption decreases, because solubility of H2
in DMF decreases with the substitution of the benzyl
groups for the acetyl groups in the hexaazaisowurtzitane
substrate and, hence, the hydrogenolysis rate decreases.
In addition the Pd/C catalyst is gradually deactivated.

Table 1. Determination of the contribution of the debenzylation
steps to the deactivation of the palladium catalyst

Reaction Yield of target product (%)

Fresh First Second

2 → 3 a 82 0 —
3 → 4 b 85 77 75
2 → 3 → 4 c 69 0 —

a Loadings of the reactants: 3.4 g of compound 2, 0.34 g of
Pd(6%)/Sibunit, 5 mL of Ac2O, 0.06 mL of PhBr, and 10 mL of
DMF. The hydrogen pressure of 4 bar, and the temperature was
25 °C.
b Loadings of the reactants: 1.97 g of compound 3, 0.34 g of
Pd(6%)/Sibunit, and 9.8 mL of HCOOH (88%). The hydrogen
pressure of 4 bar, and the temperature was 25 °C.
c Yield of compound 4 synthesized in the two�step cycle of hy�
drodebenzylation with respect to compound 2.

Fig. 1. Kinetic curves of hydrogen absorption by the reaction
mixture during the process on the Pd(6%)/Sibunit (1) and
Pd(10%)/Sibunit (2) catalysts under a hydrogen pressure of 4
bar and a temperature of 25 °C. Composition of the mixture: 3.4
g of compound 2, 0.34 g of the catalyst, 10 mL of DMF, 5 mL of
Ac2O, and 0.06 mL of PhBr.
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Hydrogen can be absorbed by the reaction mixture via
several paths: hydrogenation of acetic anhydride and bro�
mobenzene, hydrogenolysis of internal and external C—N
bonds of the hexaazaisowurtzitane framework, and hy�
drogenation of residues of the framework. The consider�
ation of Scheme 2 shows that an increase in the rate v1 of
the target hydrogenolysis reaction should increase the v1/v2
ratio and, therefore, should decrease the amount of the
destruction products, whose formation is a reason for cat�
alyst deactivation.

We experimentally studied the influence of the con�
centrations of the substrate and acylating agent and the
hydrogen pressure on the course of the process and the
yield of the target product (Table 2). It was found that the
effect of the acetic anhydride concentration is dual: on
the one hand, acylating agent excess accelerates side pro�
cesses and, on the other hand, its deficiency results in a
decrease in the v4 acylation rate of unstable amine 6,
which is also unacceptable. The replacement of acetic

anhydride (Ac2O) by acetyl chloride (AcCl) resulted in
the resinification of the reaction mixture, and the use of
benzoic anhydride ((PhCO)2O) revealed no advantages
in the debenzylation processes. The most productive was
the use of solvents containing the amide groups. The sol�
vents DMF (on the Pd(6%)/C catalyst, the yield of com�
pound 3 was 82%), DMA (80%), and N�methylpyrroli�
done (50%) accelerate the acylation reaction due to the
basicity of the amide nitrogen atom. When ethers and
hydrocarbons are used, the yield of the target precursor of
CL�20 was substantially lower. The results obtained for
the process on the Pd/Sibunit catalyst samples prepared
by us confirm the known published data, according to
which PhBr is the optimum source of HBr and its opti�
mum amount is 1/8 molar fraction with respect to the
substrate.11 The absence of bromobenzene substantially
retards the hydrogenolysis of the C—N bond and prevents
this reaction to occur at room temperature.

From the viewpoint of the yield of the final product
and the reaction rate, a hydrogen pressure of 4 bar is
optumum to perform the debenzylation process. The re�
duction of the hydrogen pressure considerably decreases
the v1 rate of debenzylation. An increase in the hydrogen
pressure increases the contribution of the side pathways of
transformation of the components of the reaction medi�
um, which results in the disappearance of compound 3 in
the reaction products.

We carried out a series of experiments with the varia�
tion of the amount of the Pd(4%)/Sibunit catalyst at the
same concentrations of the reactants and cocatalyst, hy�
drogen pressure, and stirring factor (Fig. 2). The rate of
hydrogen absorption by the reaction mixture increased
with an increase in the catalyst load. The highest rate of
hydrogen absorption was observed when 0.85 g of the
catalyst (per 3.4 g of the substrate, weight ratio catalyst/
substrate = 1/4) was charged; however, the yield of com�
pound 3 decreased, being 71%. For the viewpoint of the

Scheme 2

P are the destruction products of the polycyclic framework of compound 2 (more than five compounds)

Reagents and conditions: i. Pd/C, H2, PhBr, DMF; ii. Ac2O, DMF; iii. Ac2O, acids, H2O.

Table 2. Influence of the loadings of the reactants and cocatalyst
on the rate of hydrogen absorption and the yield of the target
product in the first step of debenzylation*

Volume v Yield of 3
/mL /mole of H2 (%)

Ас2O DMF PhBr
(mole of 2)–1 h–1

5 10 0 0.3 0
5 10 0.06 1.5 82
5 10 0.12 1.7 60
15 0 0 0.2 0
15 0 0.06 1.6 0
8 7 0.06 1.4 54

* Debenzylation was carried out on the Pd(6%)/Sibunit catalyst
under a hydrogen pressure of 4 bar and at a reaction temperature
of 25 °C; m = 3.4 g.
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yield of the target product, the catalyst/substrate loading
in the weight ratio 1/5 was optimum. With larger loadings
of the Pd/C catalyst (larger than the weight ratio 1/5),
the acceleration of the target reaction of C—N bond hy�
drogenolysis is accompanied by an increase in the rates of
the side reactions.

Testing of the hydrogenation catalysts in the debenzy�
lation of compound 2. We tested a series of the hydrogena�
tion catalysts of different nature (Table 3) to find a more
stable catalytic system for the debenzylation of com�
pound 2. Unfortunately, the screening performed revealed
no system comparable in catalytic activity with the Pd/C
samples. The samples with a high content of the noble

metal should be used to accelerate the debenzylation by
the Pd/C catalysts. The use of the Pd(4%)/Sibunit cata�
lyst (loading of the catalyst/substrate in the weight ratio
1/10) did not allow us to obtain the target precursor of
CL�20 in the stepwise reaction. In this case, due to the
deactivation processes, the moment when the debenzyla�
tion rate becomes lower than the rate of irreversible side
processes associated with opening of the framework of
compound 2, preceded the step of formation of com�
pound 3. The 1H NMR study of the reaction mixture
indicates that the process ceases at the step of formation
of the diacetyl hexaazaisowurtzitane products. An increase
in the loading of the Pd(4%)/Sibunit sample to the weight
ratio catalyst/substrate = 1/5 was needed for the complete
transformation of compound 2 into 3.

Temperature dependences of the activity and selectivity
of the debenzylation catalysts. Unlike the earlier known
prototypes of the catalysts, namely, Pd(10%)/C (E101
NE/W, Degussa), Pd(20%)(OH)2/C (Pearlman catalyst),
and Pd(5%)/C (ICT�3�23), the debenzylation process on
the Pd(4—10%)/Sibunit catalyst samples prepared by us
should be carried out at room temperature. Even an insig�
nificant rise of the reaction temperature to 40—50 °C re�
sulted in a substantial decrease in the selectivity of C—N
bond hydrogenolysis and the yield of the target product.
At the same time, the activity of the mentioned proto�
types of catalysts is insufficient for the debenzylation pro�
cess to occur at room temperature. Possibly, the differ�
ence observed in the properties of the catalysts is caused
by differences in the size of the metallic palladium parti�
cles in the catalyst samples prepared by us and in the
known prototypes. According to the TEM data, metal
particles 3 nm in size predominate in the Pd(6%)/Sibunit
catalyst, whereas the 6�nm particles prevail in Pd(10%)/C
(Degussa) (see Table 3). The activity of the Pd/C cata�
lysts increases with a decrease in the average particle size
and, hence, an increase in the active surface area; howev�
er, their selectivity in C—N bond hydrogenolysis decreas�
es. A possibility to perform the process at lower (room)
temperature has several advantages, the main of which is
the partial suppression of destruction processes of the
hexaazaisowurtzitane framework that occur at elevated
temperatures.

Thus, the results of the present study indicate that the
Pd/C catalyst is deactivated during the first step of the
debenzylation process. The dependences of the yield of
the target product on the solvent nature, loadings of the
reactants, catalyst, and cocatalyst, and hydrogen pressure
were found for the reaction on the Pd/Sibunit catalysts.
The optimum conditions were selected for the synthesis
of compound 3. The increase in the dispersity of the metal
particles in the Pd/C catalyst was found to substantially
enhance the catalytic activity, which makes it possible to
perform the process under mild conditions at room tem�
perature.

Fig. 2. Effect of the weight of the loaded Pd(4%)/Sibunit cata�
lyst (m) on the rate of hydrogen absorption v (1) and the yield of
compound 3 (2) under a hydrogen pressure of 4 bar and at
a temperature of 25 °C. The composition of the mixture: 3.4 g of
compound 2, 10 mL of DMF, 5 mL of Ac2O, and 0.06 mL of
PhBr.
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Table 3. Catalytic systems of hydrogenation in the debenzyla�
tion of compound 2 at 25 (I) and 50 °C (II)

Catalysta db v Yield of 3
/nm /(mole of H2) (%)

(mole of 2)–1 h–1

I II I II

Pd(6%)/C, ICT�3�23 c 5 1.0 3.2 56 80
Pd(10%)/C, E101 NE/Wc 6 1.5 3.3 61 80
Pd(4%)/Sibunit 1.0 — 2.8 0 0
Pd(6%)/Sibunit (3 nm) — 1.5 3.7 82 0
Pd(10%)/Sibunit 1.8 — 3.8 86 0

a The catalyst was tested in the hydrodebenzylation of com�
pound 2. Loadings of the reactants: 3.4 g of compound 2, 0.34 g
of Pd/C, 5 mL of Ac2O, 0.06 mL of PhBr, and 10 mL of DMF.
The hydrogen pressure was 4 bar, and the reaction temperature
was 25 °C.
b Average size of the palladium particles.
c Commercially available catalysts.
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