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Abstract: The synthesis of 2,6,8,12-tetraacetyl-4,10-dibenzyl-2,4,6,8,10,12-
hexaazaisowurtzitane (TADB), from 2,4,6,8,10,12-hexabenzyl-2,4,6,8,10,12-
hexaazaisowurtzitane(HBIW) is a  key step in the preparation of 
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW or CL-20).  
In this study, a novel highly efficient nano catalyst based on Pd@SiO2 was used 
for the reductive debenzylation of HBIW.  It is notable that an orthogonal array 
design OA9 was applied as a statistical optimization method for the synthesis 
of TADB.  The current application of the Taguchi method in optimizing the 
experimental parameters of the TADB synthetic procedure was successful.  TADB 
was synthesized by investigating the effect of the reaction conditions, such as 
catalyst percentage, time (h) and temperature (°C).  The effects of these factors 
on the yield of TADB were evaluated quantitavely by the analysis of variance 
(ANOVA).  The Pd@SiO2 nano catalyst, consisting of a  palladium core with 
SiO2 monolayer shells, was synthesized and characterized by SEM, TEM and IR 
spectroscopy.  The optimum condition indicated that the use of fresh Pd@SiO2 
nano catalyst provides a high yield (90%).  The use of Pd@SiO2 nano catalyst 
after recovery gave a yield of 65%.  
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1	 Introduction 

Palladium-based heterogeneous catalysts are one of the most interesting groups of 
catalysts due to their ability to catalyze a variety of important chemical reactions 
and the advantages of easy recovery and regeneration [1-6].  A critical aspect 
in an investigation of heterogeneous catalysis is multifunctionality in various 
reactions.  The architectural design of a catalyst is aimed at increasing its activity 
and selectivity.  One of the promising properties is porosity in the support 
material, to act as a molecular transport pathway to the active catalyst surface 
and to improve the total reaction rate and product selectivity.  In order to prepare 
heterogeneous catalysts with metallic nanoparticles, including Pd, or to prevent 
nanoparticles from coalescing, various types of inorganic shells, such as silica 
[7-9], carbon and metal oxides around the nanoparticles, may be used [10-13]. 

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW, 
CL-20) was first synthesized by Nielsen in 1987 [14].  All known 
methods of producing CL-20 are based on the same starting material, 
2,4,6,8,10,12-hexabenzyl-2,4,6,8,10,12-hexaazaisowurtzitane (HBIW), 
which is first reductively acylated to form 2,6,8,12-tetraacetyl-4,10-dibenzyl-
2,4,6,8,10,12-hexaazaisowurtzitane (TADB).  The remaining benzyl groups can 
then be removed by reductive or oxidative methods.  The synthesis of HNIW from 
2,6,8,12-tetraacetylhexaazaisowurtzitane (TAIW) is a favorable method, both in 
terms of economy and product purity.  Cerium ammonium nitrate (CAN) has been 
reported as an oxidizing reagent for the oxidative debenzylation of TADB [15].  
The reported methods for the reductive debenzylation of HBIW and TADB are 
very expensive and are limited to the application of catalysts such as palladium 
hydroxide on activated carbon (Pearlman’s catalyst) [15, 16]. 

One of the well-known methods for the optimization of the reaction 
conditions is experimental design.  The Taguchi method is a technique developed 
for experimental design.  It is a powerful tool in the design of experiments because 
it can provide a simple, efficient, and systematic approach for optimizing the 
performance, quality, and cost [17-22].  It is notable that the Taguchi method 
can determine and separate the effects of different parameters with the aid of 
data obtained via performing experiments according to a proposed orthogonal 
array [23-25].  Therefore, many academic research groups have used Taguchi 
as a robust method for statistical optimization [26-28]. 

In the continuation of our study of the synthesis of HNIW and its precursors 
[29, 30], the application of statistical optimization and a consideration of all of the 
problems encountered with previous procedures for the reductive debenzylation 
of HBIW, such as low yield and high cost, our previous experience and the fact 
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that Pd@SiO2 can catalyzed debenzylation, it was decided to explore the use of 
the latter catalyst for the reductive debenzylation of HBIW (Scheme 1). 
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Scheme 1.	 Reductive debenzylation of HBIW with Pd@SiO2 nano catalyst 

2	 Experimental 

2.1	 Chemicals and materials 
Commercially available solvents and reagents as supplied by Merck were used 
without further purification.  HBIW was prepared according to a  published 
procedure [29].  Melting points were determined in an open capillary.  IR spectra 
were recorded on a Perkin-Elmer infrared spectrometer using a KBr matrix.  
1H NMR was recorded on a Bruker 300 MHz instrument model WG-300 and 
δ values were referred to tetramethylsilane as an internal standard.  Scanning 
electron microscopy (SEM) was utilized to evaluate the surface topology of the 
catalyst.  SEM images were obtained on a Hitachi S4160 instrument. 

2.2	 Pd@SiO2 nano catalyst preparation 
For the preparation of Pd@SiO2 nano catalyst, the first step involved the 
preparation of SiO2 spheres by mixing ethanol (43.7  mL, 0.75  mol), water 
(5.6 mL), tetraethylorthosilicate (2.23 mL, 0.01 mol) and aqueous ammonia 
(9.3 mL, 0.04 mol) in a 250 mL beaker and stirring magnetically for 30 min at 
room temperature.  The formation of a cream suspension indicated the termination 
of the first step.  In the second step, for the preparation of the Pd@SiO2 nano 
catalyst, a solution of Na2PdCl4 (0.1 g PdCl2 in 20 mL 20% NaOH) was added 
dropwise to the cream suspension and stirred magnetically for 3 h at room 
temperature.  Finally, the precipitated cream Pd@SiO2 nano catalyst was filtered 
off and dried overnight in an oven at 50 °C. 

2.3	 Optimized procedure for the synthesis of TADB 
The catalytic debenzylation of HBIW was carried out in a pressure reactor with 
a mixture of HBIW (6 g, 8.5 mmol) in dimethylformamide (DMF; 60 mL) and 
freshly prepared Pd@SiO2 catalyst (0.25  g, 0.1-0.3  wt.%, of total Pd@SiO2 
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relative to the HBIW).  In order to provide a  source of hydrogen bromide, 
bromobenzene (0.45  mL, 4.28  mmol) was added to the reaction mixture as 
a co-catalyst.  The hydrogenolysis of the C−N bond can be accelerated in the 
presence of C6H5Br.  Thereafter, acetic anhydride (Ac2O; 9 mL, 95.5 mmol) 
as the acetylating agent was added to the mixture.  During the reaction, the 
hydrogen pressure and reaction temperature were maintained at 4 atm and 40 °C, 
respectively.  The hydrogenolysis was performed over a 4 h period.  At the end 
of the experiment, the catalyst and the product TADB were filtered off (sinter 
porosity 4).  The precipitated TADB was dissolved in a mixture of chloroform 
(20 mL) and acetic acid (30 mL), and the remaining Pd@SiO2 catalyst was 
filtered off.  Water (50 mL) was added to the solution of TADB in chloroform/
acetic acid, the TADB was precipitated, and was filtered off. 

3	 Results and Discussion 

3.1	 Optimization of the reaction parameters for the synthesis of 
TADB by experimental design 

In order to choose suitable operation conditions for the synthesis of TADB by 
the reductive debenzylation of HBIW, the experimental design approach was 
adopted.  Initially, in order to identify the factors and levels for the experimental 
design, some preliminary experiments were performed.  As shown in Table 1, 
three experimental parameters of the reaction, namely catalyst per cent, time (h) 
and temperature (°C), were studied at three different levels by the L9 orthogonal 
array proposed by the Taguchi robust design.  The investigated parameters and 
levels in each experiment are shown in Table 1.  The upper and lower levels for 
all of the factors investigated and just logical ranges chosen for the experimental 
design.  The last column of Table 1, gives the yield of the reaction under the 
operational conditions of each experiment. 

The Taguchi Statistical Optimization consists of three steps as follows: 
(1) identification of the optimal operation conditions of the reaction; (2) evaluation 
of the individual effects of any studied variable in the response, which in the 
present study was the yield of the reaction; and (3) determination of the response 
to the process under the identified optimum conditions.  Figure 1 presents the 
curves obtained, corresponding to the effect of each parameter on the yield of 
the reaction.  The graphs of Figure 1 show the variations in reaction yield caused 
by the level changes in the investigated variables. 
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Table 1.	 Assignment of the factors and levels of the experiments using an 
OA9 (33) matrix and yield of reaction as the response 

Entry Time 
[h]

Catalyst 
(Pd@SiO2)

[%]
Temperature 

[°C]
Yield 
[%]

1 2 0.1 30 40
2 2 0.2 40 55
3 2 0.3 50 65
4 4 0.1 40 62
5 4 0.2 50 80
6 4 0.3 30 87
7 6 0.1 50 50
8 6 0.2 30 60
9 6 0.3 40 83

  
Figure 1.	 Effects of level variation for the studied parameters on the synthesis 

of TADB: (a) Temperature, °C; (b) Catalyst % (Pd@SiO2 wt.%, of 
total Pd@SiO2 relative to the HBIW); (c) Time, h 

Analysis of variance (ANOVA) was performed for the experimental data 
obtained (reaction yield of TADB synthesis by the reductive debenzylation of 
HBIW).  Table 2 presents the ANOVA results for the effects of the investigated 
parameters.  As may be seen from this table, at a confidence level of 90%, except 
for temperature, the other variables, reaction time and catalyst percentage, have 
significant effects upon the yield of the reaction. 

The ANOVA analysis indicated that the reaction temperature has no 
significant effect at the investigated levels for controlling the yield of the reaction.  
However, the catalyst per cent has the most important effect on the yield, and of 
the studied levels (0.1%, 0.2% and 0.3%), 0.3% showed the best efficiency.  For 
the other studied parameter, time, the best level for this factor was 4 h. 
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Table 2.	 ANOVA results for procedure optimization for the synthesis of 
TADB by OA9 (33) matrix 

Factor DOFa Sa Va pa

Time [h] 2 796.2 398.1 38.6
Catalyst [%] 2 1157.5 578.7 56.8
Temperature [°C] 2 10.9 5.4 0
Error 2 26.9 13.4 4.6

a DOF: degree of freedom; S: standard deviation; 
  V: variance; p: participation of each factor in the result 

As proposed by ANOVA and considering the average effect of each parameter 
(Figure 3), the optimum conditions for the synthesis of TADB are: temperature 
40 °C, catalyst 0.3% and time 4 h.  The yield of TADB may be estimated using 
the following expression [33]:  
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where T/N is the average yield of the reaction for all 9 experiments + contributions 
of Fsol, SNature and SURtype, for the level which produced the maximum yield 
calculated from the average effect of each factor (Figure 3); T is the overall value 
of the reaction yield in all runs of Table 1, N is total number of experiments, Yopt is 
the yield under optimum conditions, P, Fsol, SNature and SURtype are the calculated 
average yield of the reaction at the optimum levels of time, catalyst per cent 
and temperature, respectively.  The results of the estimation of the reaction 
yield for the reductive synthesis of TADB, at 90% confidence level, indicate 
that the reaction yield under the optimum conditions will have an average of 
91%.  In the next stage of this work, TADB was synthesized under the optimum 
conditions suggested by ANOVA.  The average yield of TADB obtained under 
these optimum conditions was about 90%. 

3.1.1	Catalyst characterization 
An SEM image of the Pd@SiO2 nano catalyst is shown in Figure 2.  As may be 
seen in Figure 2, the Pd@SiO2 nano catalyst particles are sphericaland uniform.  
The average size of the Pd@SiO2 nano catalyst was measured as having a mean 
diameter of 50 nm to 75 nm.  A Transmission electron microscopy image of 
Pd@SiO2 nano catalyst is shown in Figure 3.  The TEM image confirms that the 
catalyst particles have an average of less than 100 nm. 
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Figure 2.	 SEM image of Pd@SiO2 nano catalyst 

Figure 3.	 TEM image of Pd@SiO2 nano catalyst 

In order to investigate the final SiO2 core cell, FT-IR analysis was performed 
on the Pd@SiO2 nano catalyst.  The FT-IR spectrum of Pd@SiO2 nano catalyst is 
shown in Figure 4; it exhibits peaks at: 434 cm−1, 819 cm−1, 1250 cm−1, 3500 cm−1.  
The 434 cm−1 peak was assigned to Si–O–Si out-of-plane bending, the 819 cm−1 
peak to Si–O–Si symmetric stretching vibrations, the 1250 cm−1 peak is related 
to Si–O–C, and the 3500 cm−1 peak is related to OH: Si–OH.  These are in 
agreement with literature values [31].  
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Figure 4.	 FT-IR spectrum of Pd@SiO2 nano catalyst 

3.1.2	Characterization of the synthesized TADB 
TADB is one of most significant precursor for the synthesis of HNIW.  A facile 
and economic method for the preparation of TADB is limited.  In this study, using 
a novel application of the Pd@SiO2 nano catalyst, one obstacle to the synthesis 
of HNIW was removed.  The reaction yield was about 90%.  TLC analysis (ethyl 
acetate : n-hexane 2:8) revealed that the TADB prepared under these experimental 
conditions was absolutely pure.  The TADB sample prepared under these 
experimental conditions was used for 1H NMR and FT-IR analysis.  The 1H NMR 
and FT-IR spectra of TADB are presented in Figures 5 and 6 respectively.  1H NMR 
(400 MHz, DMSO, δ): 1.87-2.11 (s, 12H), 4-4.32 (s, 4H), 5.11-5.74 (d, 4H). 6.58 
(d, 2H), 7.34-7.44 (m, 10H). FT-IR (KBr, cm–1): 3050-3150 (s), 2000-1667(vs), 
1640-1670 (vs), 1475(vs), 1465(s), 1000~1350 (w), 690~900 (w). 

Figure 5.	 1H NMR spectrum of TADB 
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Figure 6.	 FT-IR spectrum of TADB 

3.2	 Catalyst performance in a second cycle 
One of the most important deficiencies of catalysts used for the reductive 
debenzylation of HBIW is the failure of their catalytic activity after first use 
under the reaction conditions.  The Pd@SiO2 nano catalyst retains its catalytic 
performance in a second cycle.  The application of Pd@SiO2 nano catalyst after 
recovery gave a yield of 65% on re-use.  

4	 Conclusions 

In summary, a new nano catalyst Pd@SiO2 was developed for the reductive 
debenzylation of HBIW with good yield.  Pd@SiO2 nano catalyst is an efficient, 
easily prepared, sustainable and environmentally friendly catalyst for the 
debenzylation of HBIW to TADB.  The Taguchi robust design method was 
used to optimize the reaction parameters of TADB synthesis for obtaining the 
product in high yield during a relatively short reaction period.  Various factors 
affecting the yield of the synthesis were analyzed and optimized.  As a result, 
catalyst per cent and time required for the reaction had significant effects on 
the yield of TABD.  Under optimal conditions of the reaction, TADB could be 
prepared in about 90% yield and absolute purity.  One advantage of the Pd@SiO2 
nano catalyst application is its capacity for re-use; the results of the reductive 
debenzylation demonstrated that the application of Pd@SiO2 nano catalyst after 
recovery gave a yield of 65%. 



993Statistical Optimization of a Novel Approach for the Reductive Debenzylation...

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland

References 

	 [1]	 a) Yamaguchi, K.; Yamaguchi,  J.; Studerb, A.; Itami, K.  Hindered Biaryls by 
C–H Coupling: Bisoxazoline-Pd Catalysis Leading to Enantioselective C–H 
Coupling. Chem. Sci. 2012, 3: 2165-2169.; b) Pan, F.; Shen, P-X.; Zhang, L-S.; 
Wang, X.; Shi, Z-J.  Direct Arylation of Primary and Secondary sp3 C–H Bonds with 
Diarylhyperiodonium Salts via Pd Catalysis. Org. Lett. 2013, 15(18): 4758-4761. 

	 [2]	 Deraedt, C.; Salmon, L.; Etienne, L.; Ruiza, J.; Astruc, D.  “Click” Dendrimers 
as Efficient Nanoreactors in Aqueous Solvent: Pd Nanoparticle Stabilization for 
Sub-ppm Pd Catalysis of Suzuki-Miyaura Reactions of Aryl Bromides. Chem. 
Commun. 2013, 49: 8169-8171. 

	 [3]	 Tsui, G. C.; Tsoung,  J.; Dougan, P.; Lautens, M.  One-Pot Synthesis of Chiral 
Dihydrobenzofuran Framework via Rh/Pd Catalysis. Org. Lett. 2012, 14(21): 
5542-5545. 

	 [4]	 Stevens, P. D.; Fan, J.; Gardimalla, H. M. R.; Yen, M.; Gao, Y.  Superparamagnetic 
Nanoparticle-supported Catalysis of Suzuki Cross-coupling Reactions. Org. Lett. 
2005, 7(11): 2085-2088. 

	 [5]	 Mazumder, V.; Sun, S.  Oleylamine-mediated Synthesis of Pd Nanoparticles for 
Catalytic Formic Acid Oxidation. J. Am. Chem. Soc. 2009, 131(13): 4588-4. 

	 [6]	 Ge,  J.; Zhang,  Q.; Zhang, T.; Yin, Y.  Core-satellite Nanocomposite Catalysts 
Protected by a Porous Silica Shell: Controllable Reactivity, High Stability, and 
Magnetic Recyclability Angew. Chem., Int. Ed. 2008, 47: 8924. 

	 [7]	 Joo, S. H.; Park, J. Y.; Tsung, C.; Yamada, Y.; Yang, P.; Somorjai, G. A.  Thermally 
Stable Pt/Mesoporous Silica Core-shell Nanocatalysts for High-temperature 
Reactions. Nat. Mater. 2009, 8: 126. 

	 [8]	 Shokouhimehr,  M.; Piao, Y.; Kim,  J.; Jang, Y.; Hyeon,   T.  A  Magnetically 
Recyclable Nanocomposite Catalyst for Olefin Epoxidation. Angew. Chem., Int. 
Ed. 2007, 46(37): 7039. 

	 [9]	 Yang,  P.; Zhao,  D.; Margolese,  D.  I.; Chmelka,  B.  F.; Stucky,  G.  D.  Block 
Copolymer Templating Syntheses of Mesoporous Metal Oxides with Large 
Ordering Lengths and Semicrystalline Framework. Chem. Mater. 1999, 11: 2813-
2826. 

	[10]	 Jun,  S.; Joo,  S.  H.; Ryoo,  R.; Kruk,  M.; Jaroniec,  M.; Liu,  Z.; Ohsuna, T.; 
Terasaki, O.  Synthesis of New, Nanoporous Carbon with Hexagonally Ordered 
Mesostructure. J. Am. Chem. Soc. 2000, 122: 10712-10713. 

	[11]	 Xu, X.; Li, Y.; Gong, Y.; Zhang, P.; Li, H.; Wang, Y.  Synthesis of Palladium 
Nanoparticles Supported on Mesoporous N-Doped Carbon and Their Catalytic 
Ability for Biofuel Upgrade. J. Am. Chem. Soc. 2012, 134(41): 16987-16990. 

	[12]	 Ebitani, K.; Fujie, Y.; Kaneda, K.  Immobilization of a Ligand-preserved Giant 
Palladium Cluster on a Metal Oxide Surface and its Nobel Heterogeneous Catalysis 
for Oxidation of Allylic Alcohols in the Presence of Molecular Oxygen. Langmuir 
1999, 15(10): 3557-3562. 

	[13]	 Nielsen, A. T.  Patent US Application No. 253,106,30 September 1988; Patent US 



994 M. Zarandi,  Y. Bayat, A. Zebardasti, A.A. Khayrabadi

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland

5,693,794. 
	[14]	 Gore, G. M.; Sivabalan, R.; Nair, U. R.; Saikia, A.; Venugopalan, S.; Gandhe, B. R.  

Synthesis of CL-20: by Oxidative Debenzylation with Cerium(IV) Ammonium 
Nitrate (CAN). Ind. J. Chem. 2007, 46(3): 505-508. 

	[15]	 Nair, U.; Sivabalan, R. R.; Gore, G. M.; Geetha, M.; Asthana, S. N.; Singh, H.  
Hexanitrohexaazaisowurtzitane (CL-20) and CL-20-based Formulations (Review). 
Combust., Explos. Shock Wave 2005, 41(2): 121-132. 

	[16]	 Hvalec,  M.; Gorsek, A.; Glavic,  P.  Experimental Design of Crystallization 
Processes. Acta Chim. Slov. 2004, 51: 245-256. 

	[17]	 Box, G.; Hunter, W. G.  Statistics for Experimenters: an Introduction to Design, 
Data Analysis and Model Building. John Wiley & Sons, New York 1978, pp. 75-
100; ISBN 978-0471093152. 

	[18]	 Roy, K. R.  A Primer on Taguchi Method. Van Nostrand Reinhold, New York 1990, 
pp. 50-105; ISBN 04422372949780442237295. 

	[19]	 Ross, P. J.  Taguchi  Techniques for Quality Engineering. McGraw-Hill, New York 
1988; ISBN 978-0070539587. 

	[20]	 Montgomery, D. C.  Design and Analysis of Experiments. 3rd ed., John Wiley & 
Sons, New York 1991; ISBN 978-1-119-32093-7. 

	[21]	 Roy, R. K.  Design of Experiments Using the Taguchi Approach. John Wiley & 
Sons, New York 2001; ISBN 978-0471361015.  

	[22]	 Hsiao, Y.  F.; Tarng, Y.  S.; Huang, W.  Optimization of Plasma Arc Welding 
Parameters by Using the Taguchi Method with the Grey Relational Analysis. 
J. Mater. Manuf. Process 2008, 23(1): 51-58. 

	[23]	 Pourmortazavi, S. M.; Hajimirsadeghi, S. S.; Kohsari, I.; Hosseini, S. G.  Orthogonal 
Array Design for the Optimization of Supercritical Carbon Dioxide Extraction of 
Different Metals from a Solid Matrix with Cyanex 301 as a Ligand. J. Chem. Eng. 
Data 2004, 49(6): 1530-1534. 

	[24]	 Carino, C.  Structural Layout Assessment by Orthogonal Array Based Simulation. 
Mech. Res. Commun. 2006, 33(3): 292-301. 

	[25]	 Zhou, J.; Wu, D.; Guo, D.  Optimization of the Production of Thiocarbohydrazide 
Using the Taguchi Method. J. Chem. Technol. Biotechnol. 2010, 85(10): 1402-1406.  

	[26]	 Ghammamy, S.; Baghy, M.  Using of Taguchi Method for Experimental Design of 
Crystallization Processes of an Oxidant: Tetraethylammonium Chlorochromate(VI). 
J. Chem. Crystallogr. 2008, 38(12): 907-912.  

	[27]	 Matin Tehrani, K.; Bastani, D.; Kazemian, H.  Applying the Taguchi Method to 
Develop an Optimized Synthesis Procedure for Nanocrystals of T-Type Zeolite. 
Chem. Eng. Technol. 2009, 32(7): 1042-1048. 

	[28]	 Bayat, Y.; Malmir, S.; Hajighasemalie, F.; Dehghani, H.  Reductive Debenzylation of 
Hexabenzylhexaazaisowurtzitane using Multi-walled Carbon Nanotube-supported 
Palladium Catalysts: an Optimization Approach. Cent. Eur. J. Energ. Mater. 2015, 
12(3): 439-458. 

	[29]	 Bayat, Y.; Zarandi, M.; Khadiv-parsi, P.; Salimi-beni, A.  Statistical Optimization 
of the Preparation of HNIW Nanoparticles via Oil in Water Microemulsions. Cent. 



995Statistical Optimization of a Novel Approach for the Reductive Debenzylation...

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland

Eur. J. Energ. Mater. 2015, 12(3): 459-472. 
	[30]	 Azimi, S.; Sadeghi Moghadam, M. R.  Synthesis and Characterization of the Pd/

SiO2 Nanocomposite by the Sol-Gel Method. Nanosci. Nanoeng. 2013, 1(2): 94-97. 


