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Scheme 1 Synthetic route of compound 5"’
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Scheme 3 Synthetic route of compound 12"
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Table 1 Physicochemical and energetic properties of compounds 4-26
Comp. plgem™ D/m-s p/ GPa T,/ °C 1S /) FS/N AH /K-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
4 2.03 7973 ¢ 28.6 ¢ 175 2 40 158.9 [16]
5 1.79 8777 ¢ 33.6°¢ 179 3 60 285.9 [16]
9 1.93 9250 43.1° 89 3.2 31 117.1 [18]
12 1.83° 851268 32.4% 226 17 252 -166.1 [19]
21 1.79 8396 ¢ 29.4°¢ 186 >50 >360 417.8 [24]
22 1.84 8695 ¢ 32.9°¢ 175 36 >360 368.7 [24]
26 1.85 9802 " 447" - - - 423.0 [27]
Note: p is experimental density, the ‘c’ means it was measured by single-crystal X-ray diffraction. D is detonation velocity, the ‘e’ means it was calculated by EXP-

Chinese Journal of Energetic Materials, Vol.31, No.4, 2023 (374—410)

LOS5 (version 6.01),
6.02),

the ‘f’ means it was calculated by Shock and Detonation program (Version 4.5),

the ‘g’ means it was calculated by EXPLOS5 (version

the “h’ means it was calculated by VLW method. p is detonation pressure. T is decomposition temperature. IS is impact sensitivity. FS is friction sen-

sitivity. AH is heat of formation. TNT is 2, 4, 6-Trinitrotoluene. RDX is 1, 3, 5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1, 3,5, 7-Tetranitro-1, 3, 5, 7-tet-

raazacyclooctane.

‘=’ means no data in this literature.
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Scheme 5 Synthetic route of compounds 21 to 23"
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Tt 45 ) KR R BE AR T =15 °C L, 2R 100% fils 2 F vk B
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A 30 9 it i K ok A kA B A5 B A Y
31-afl131-b, ML RFEN LG 31-afi31-bf
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Shreeve % Wit A T — MM & = A& Refk &
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Scheme 8 Synthetic route of compound 31""
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Tt 250 T
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Scheme 9  Synthetic route of compound 33"

A R R K g A RN AR R 5, 6- Sk IR (3,
4-b]ME % (10), bl 5 15 = & BB SN AR B 5, 6- 501K
MHIF03,4-bIMEmE(11) . SR FIEMER 2 5 E R
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www.energetic-materials.org.cn



I T W E S5 B 22 BF 5 RE T W A R O B R

379

T 5-E SR -6- A4, 6- A -[1,2, 5 REZ 37,475,
6]MLRE4,3-d][1,2,3] =18 8-5A LW (36) , H 4 i
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1 2 KL N AN BE A AL, i B R R S i A
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N=N"=O i) N*, fie J5 EH A3 2 H AR b & 9 (36) .
STy 45 R W) B N 1.86 geom ™, i i O O
40 ), FEAE IR T 360 N AW, Z A S WAE NS
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D Y R
BRAA G =B A0, DLk IE Sy 25 0 5050 1 R G DU 2R
BT, Sheremetev 2554 3 T 25 %5 15 %) ik v 3 nik g2
GEAERIT W T 2 A IR 2R SRR A 5,
TO-BL( =56 B JE) -k [ 3, 4-e] —([1,2,4 ] =M 3f)
[4,3-a:3",4"-c]MLz (41) FHFAL ISP ED 5, 10-8
TREIEE ) -3, 4-e] ([ 1,2,4] =mkIF) [ 4,
3-a:3',4"-c]Mt ¥ (43), Scheme 11 #1445 Hi1L &9 41
A3 A ML . 5,6-—FWKMAIF[3,4-b]MEEE(11)
551k K A A R, A5 B kAR A Y 37, A i R AR
T e IR N AR S 3-C A -3 W N R &

CN
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~0”
34 35
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HN 0,
r\_ N Y
—> N NS \
I =0
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0

Scheme 10 Synthetic route of compound 36"
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Table 2 Physicochemical and energetic properties of compounds 31-43

Comp. p/gcm™ D/m-s" p/ GPa T,/°C 1S /) FS /N AH / kJmol Ref.

TNT 1.65 6881 19.5 295 15 240 -67 [19]

RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]

HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]

31-a 1.75 892168 32.8°8 208 2 42 558.6 [31]

31-b 1.78 93788 36.08 189 1 24 882.8 [31]

33 1.85 8532 32.4" 281 32 - 597.0 [32]

36 1.86 78537 24,51 329 >40 >360 494.1 [33]

4 - 9010 * 35.0* 128 11 130 704.0 [34]

42 1.67 80308 25.6% 211 10 160 - [35]

43 - 8590 ¢ 33.0* 157 14 190 376.0 [34]

Note: p is experimental density. D is detonation velocity, the ‘g’ means it was calculated by EXPLOS5 (version 6.02), the i’ means it was calculated by EXPLOS
(version 5.05), the ‘j” means it was calculated by EXPLO5 (version 6.05), the “k’ means it was calculated by literature. p is detonation pressure. T, is de-
composition temperature. IS is impact sensitivity. FS is friction sensitivity. A;H is heat of formation. ‘=’ means no data in this literature. TNT is 2,4, 6-Trinitro-

toluene. RDX is 1,3,5-Trinitro-1,3,5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane.
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Scheme 12 Different connection modes between polycyclic
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Table 3 Physicochemical and energetic properties of compounds 50-68

Comp. p/g-cm™ D/m-s" p/ GPa T,/°C 1S/) FS /N AH/k)-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 349 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
50 1.68 7493 © 20.4 ¢ 246 40 360 185.3 [40]
51 1.77 8227°¢ 28.0° 132 15 120 238.2 [40]
52 1.72 8381° 27.9° 237 25 240 342.2 [40]
54 1.66 74717 20.99/ 183 20 160 651.3 [41]
55 1.75 8290/ 28.58) 158 20 360 705.2 [41]
57 1.71 8118°¢ 27.7°¢ 200 >60 >360 295.1 [42]
58 1.78 8602 °¢ 32.8° 172 - - 412.7 [42]
59 1.65 7810°¢ 24.1° 159 37.8 360 355.8 [42]
63 1.74 - - 289 - - - [43]
66 1.91 - - 261 - - 687 [43]
68 1.94 - - 295 - - 891 [43]
Note: p is experimental density. D is detonation velocity, the ‘e’ means it was calculated by EXPLO5 (version 6.01), the ‘j’ means it was calculated by EXPLO5

(version 6.05). p is detonation pressure. T, is decomposition temperature. IS is impact sensitivity. FS is friction sensitivity. A;H is heat of formation.

means no data in this literature. TNT is 2, 4, 6-Trinitrotoluene. RDX is 1, 3, 5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1, 3,5, 7-Tetranitro-1, 3, 5, 7-tet-

raazacyclooctane.
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Table 4 Physicochemical and energetic properties of compounds 69-83

Comp. p/g-cm” D/m-s" p/ GPa T,/°C 1S /) FS/N AH / kJrmol” Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
69 1.92 9185 ° 37.5¢ 100 16 240 - [45]
70 1.90 9062° 37.2¢ 187 - - - [45]
71 1.93 9550°¢ 41.9°¢ 151 4.5 120 - [45]
74 1.84 8665 ° 32.4°¢ 272 35 >360 648.0 [46]
75 1.85 9067 ¢ 36.3¢ 172 18 200 773.0 [46]
77 1.87 9094 ¢ 36.6¢ 265 24 300 707.0 [46]
78 1.84 8609° 32.2°¢ 215 28 320 636.0 [46]
82 1.77 8331 % 30.5" 245 36 >360 738.9 [47]
83 1.80 8786 " 33.3% 163 18 220 710.1 [47]

Note: p is experimental density. D is detonation velocity, the ‘e’ means it was calculated by EXPLO5 (version 6.01), the ‘k’ means it was calculated by literature.

«_>

p is detonation pressure. T, is decomposition temperature. IS is impact sensitivity. FS is friction sensitivity. A;H is heat of formation. ‘=" means no data in this

literature. TNT is 2,4, 6-Trinitrotoluene. RDX is 1,3,5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1, 3,5, 7-tetraazacyclooctane.
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Scheme 19 Synthetic route of compounds 86 to 89'**
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Scheme 20 Synthetic route of compounds 93 and 96'*
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R5 LB 85~102 1y AL~ 1 ST R BE ik R 1

Table 5 Physicochemical and energetic properties of compounds 85-102

Comp. p/g-cm™ D/m-s"! p/ GPa T,/ °C IS /) FS/N AH /K-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
85 1.59 6846 © 19.3¢ 302 >40 >360 404.0 [48]
87 1.86 9152°¢ 37.1°¢ 191 23 300 499.9 L4s]
88 1.90 9087 ¢ 38.1°¢ 168 8 220 451.4 L4s]
89 1.93 9355°¢ 40.1°¢ 91 3 120 649.0 L8]
93 1.89 9278°¢ 39.0° 67 4.4 60 549.4 149
96 1.85 9005 ¢ 36.3¢ 91 8.7 100 537.4 [49]
100 1.94 9083° 36.3¢ 112 15.5 240 986.6 s0)
101 1.84 8642° 30.4°¢ 179 22 240 1567.9 s0)
102 1.87 8784° 33.1°¢ 298 17.4 360 948.3 [s0)

Note: p is experimental density. D is detonation velocity, the ‘e’ means it was calculated by EXPLOS5 (version 6.01). p is detonation pressure. T, is decomposition

temperature. IS is impact sensitivity. FS is friction sensitivity. A H is heat of formation. TNT is 2,4, 6-Trinitrotoluene. RDX is 1,3, 5-Trinitro-1, 3, 5-triazacyclo-

hexane. HMX is 1,3,5,7-Tetranitro-1, 3,5, 7-tetraazacyclooctane.

OH
NaNO, / HCI N HoN

NH,OH HCI \ PbO
NC CN —2——> HN NHy ——2>
~ reflux 2 >__2‘ ?Z CH,COOH ;/ \(
]\ AN

N
CN \ / /
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N/ \N / \N NH4+

N N
/
Y NS

N~ NG

N N
\O/ O 0
1 103 104 (88%)
NaNO,
HCl
OH OH
N
v N NNy
\ \ HCI(g) /
HoN cl NaNs HoN Ny MO N N
A\ 24h /\ 0°C~RT. 8h T \OH
N N N N
NS N
9 o~ o~
2 (78%) 105 (80%) 106 (90%)

Scheme 22  Synthetic route of compounds 104 and 106"~/
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AL 9000 mesT, bk AN B E R m
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Scheme 23 Synthetic route of compounds 108 to 111%7°*
R6 ALY 104~111 (94 BEAL~F 1 5 A0 e o 4 vk
Table 6 Physicochemical and energetic properties of compounds 104-111
Comp. p/g-cm™ D/m-s™ p/GPa T,/ °C 1S /) FS/N AH/K-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
104 1.62 8075 " 22.9' 289 - - 411.5 [51]
106 1.79 8601 © 30.0¢ - 37 >360 441.3 [52]
108 1.87 9040 ™ 37.7™ - 2.2 116 - [53]
109 1.93 9109° 38.3° 106 4.5 100 848.4 [54]
110 1.94 9156 °¢ 38.9° 203 16.3 240 719.7 [54]
111 1.95 9600 ° 42.8° 119 3.5 100 1194.2 [54]
Note: p is experimental density. D is detonation velocity, the ‘e’ means it was calculated by EXPLO5 (version 6.01), the ‘I’ means it was calculated by Chapman

- Jouget thermodynamic detonation theory, the “m’ means it was calculated by Cheetah thermodynamic code. p is detonation pressure. T, is decomposition

temperature. IS is impact sensitivity. FS is friction sensitivity. A;H is heat of formation. ‘=" means no data in this literature. TNT is 2,4, 6-Trinitrotoluene. RDX

is 1,3,5-Trinitro-1,3, 5-triazacyc|ohexane. HMX is 1,3,5,7-Tetranitro-1,3,5, 7-letraazacyc|ooctane.
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Table 7 Physicochemical and energetic properties of compounds 117 and 118

Comp. plg-cm™ D/m-s™ p/ GPa T,/ °C IS/} FS/N AH / kJmol™ Ref.

TNT 1.65 6881 19.5 295 15 240 -67 [19]

RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]

HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]

117 1.77 ¢ 8071 " 28.6" 245 13 252 424.7 [60]

118 1.81°¢ 8592" 329" 225 10 240 469.8 [60]

Note: p is experimental density, the ‘c’ means it was measured by single-crystal X-ray diffraction. D is detonation velocity, the ‘n’ means it was calculated by Ka-

mlet-Jacobs formulations. p is detonation pressure. T is decomposition temperature. IS is impact sensitivity. FS is friction sensitivity. A;H is heat of formation.

TNT is 2,4, 6-Trinitrotoluene. RDX is 1,3, 5-Trinitro-1,3, 5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane.
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Scheme 27 Synthetic route of compounds 119 to 121
Chinese Journal of Energetic Materials, Vol.31, No.4, 2023 (374—410) & He A A www.energetic-materials.org.cn



I T W E S5 B 22 BF 5 RE T W A R O B R

393

CO(NHy),  HaN NH,
0 NH,OH-HCI >———<
102-108 °C N N
NA
0
6
N02 02N

N N=N N
N/ \N N/ \N
\O/ \O/

122 (96%)
Scheme 28 Synthetic route of compounds 122 and 123'%
WY 123, 1 T AR e PERE & REAT R AL T
— PRI EE A N D RE AL SR, O 4R v RE B RHRE B K T

AT B
51 AAE A FE AR O F REAL B W RE KR
A BT . Shreeve Z5E104 050 (i — Rl 3 I JE g Ak

ME B4, O o AR B R IE R B A T 4,470
(R SR L) -3, 3/ A Wi (129) . W1 Scheme 29
FiR 3-8 3k -4- 5 vk (34) S Ak A U A AL B
124, FTEMKEBRR VAR AR, RELEAL.
SR A BAR RS 5 AR IE (125) o B 100% i R
M =4 2 B BF (CF,CO),0 1y & 2 i 1k 15 2 b 8] {4
126 Fifl J 0 L0 i A6 WY v O FH KA BRA 21 7 ) 4

o)

100% HNO, /

5C1h

NH, HO

__NaClO >——< >——< N02

4 (84%)
NO,

ON
OzN\ \)<N02
N=N N NO,

N \N N/ \N
\O/ \O/
123 (90%)
47 AR (TR ) -3, 3 AR (127), 127 5

T-5 H -4 -980-1, 4-F /AL 36 2.2. 2 S e (Y SR )
RN, ATAR B A A 128, AW 127 &0t
ER IR IR AL U A AL A 129, LA 127 B3 e
KB T 2.039 g-em” SRR EE N 229 °C. MHILILS
Y127 A6GH 128,129 (A 8RHE RS2 T80
R 129 4R K 8936 m-s™ 1 E K 34.6 GPa, It
A DLAR AE R PR BRI S B RE AR A AL S R BT
o e AL TR LT 5T T JiE AE PH 205 o R e
RGBT 2 AL B W) IZWE AR S
NSNS s £ i S 1
Scheme 30 fl Scheme 31 fiz~ , IR G MR KL, &

NN
HoN CN o1 >\_/< 50% NH,0H >_$7 100% HNO;
N0, __NaNOp/HOI (CF5C0O)0
N < —_ N=N CN = =N
I\ Ne T ocan N‘g__< RT. 2h
N~
0 i \N
\O/
34 124 125
(61%)
_ o _
N\/ \/N
Cl. NO,
O N=N NO, K/ CH3OH
ON T
/A
\O/N
- - 127
126 (33%)
Selectflour™ HCI
25 °C 5h 25°C1h
F NO,
ON N=N O,N N=N NOZ
ON F ON
N/ N I\
\o/ N\ /N
128 0 129
(58%) (83%)
Scheme 29 Synthetic route of compounds 127 to 129"~
CHINESE JOURNAL OF ENERGETIC MATERIALS A A AL 2023 4% F 314 H 448 (374-410)



394

LT N SERI VS

R8 LAY 122~129 (4 Bk 24V RN i R

Table 8 Physicochemical and energetic properties of compounds 122 to 129

Comp. p/gcm™ D/m-s"! p/ GPa T,/ °C IS /) FS/N AH/kJ-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
122 1.82 8900 " 35.4" 230 7.4 111 781.0 [63]
123 1.87 9486 " 40.8" 159 3.5 70 1259.5 [63]
127 2.04 8138 ° 30.1° 229 2 20 110.1 [63]
128 1.87 8492° 30.5° 166 5 120 175.8 [65]
129 1.81 8936° 34.6° 140 2 40 526.2 [65]
Note: p is experimental density. D is detonation velocity, the ‘e’ means it was calculated by EXPLOS5 (version 6.01), the ‘n’ means it was calculated by Kamlet-

Jacobs formulations. p is detonation pressure. T, is decomposition temperature. IS is impact sensitivity. FS is friction sensitivity. A H is heat of formation. TNT

is 2,4, 6-Trinitrotoluene. RDX is 1,3,5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane.
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Scheme 30 Synthetic route of azofurazan derivatives'®”
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Scheme 31 Synthetic route of azofurazan derivatives' "
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Table 9 Physicochemical and energetic properties of compounds 136 to 150

Comp. p/gcm™ D/m-s" p/ GPa T,/ °C 1S/) FS /N AH/KJ-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [28]
136 1.68 77748 22.48 241 >80 252 769.9 [66]
137 1.68 76858 22.78 259 12.5 >360 832.9 [66]
138 1.85 84458 28.3% 267 >80 >360 711.2 [66]
139 2.12 1011458 46.1% 317 6 80 1038 [66]
140 1.75 77818 22.6% 271 >80 80 696.5 [66]
141 1.94 66028 24.3% 240 >80 >360 -488.6 [66]
142 1.57 - - - >80 120 - [66]
143 1.62 76408 21.88 234 7.5 360 933.9 [66]
145 1.79 84588 26.28 309 40 >360 920.8 [66]
147 1.83 83238 27.38% 233 >80 >360 684.1 [66]
149 1.81 84828 26.4% 350 40 80 864.3 [66]
150 1.69 84778 28.0% 258 4.7 96 1224.3 [66]

Note: p is experimental density. D is detonation velocity, the ‘g’ means it was calculated by EXPLOS5 (version 6.02). p is detonation pressure. T, is decomposition

temperature. IS is impact sensitivity. FS is friction sensitivity. A H is heat of formation. ‘=" means no data in this literature. TNT is 2,4, 6-Trinitrotoluene. RDX

is 1,3,5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane.
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(9144 m-s™), A= M B 3X 1253.2 k)-mol™, I e i 5
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AR 4RI EL B (172) 6 s 2
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Scheme 32  Synthetic route of compounds 151 to 158"
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Table 10 Physicochemical and energetic properties of compounds 151-174
y g prop p
Comp. p/gcm™ D/m-s" p/ GPa T,/ C 1S /) FS/N AH/kJ-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
151 1.74 8332 ° 27.7°¢ 196 35 360 467.52 [67]
152 1.87 8973°¢ 349° 174 28 280 1274.4 [67]
157 1.70 8125°¢ 26.0° 196 31 300 1206.2 [67]
158 1.70 8079 °¢ 249° 197 >40 >360 449.0 [67]
164 1.90 9354° 39.2°¢ 144 4.9 160 1253.2 [68]
169 1.63 7938° 24.7°¢ 165 18 240 511.7 [69]
170 1.76 8363° 29.2°¢ 120 5 80 904.9 [69]
172 1.88 95418 40.58 120 2 10 1623.4 [72]
174 1.82 8000 ™ 25.0™ 271 3.7 245 1464 [75]

Note: p is experimental density. D is detonation velocity, the ‘e’ means it was calculated by EXPLOS (version 6.01), the ‘g’ means it was calculated by EXPLOS5
(version 6.02), the “m’ means it was calculated by Cheetah thermodynamic code. p is detonation pressure. T, is decomposition temperature. IS is impact
sensitivity. FS is friction sensitivity. AHis heat of formation. TNT is 2,4, 6-Trinitrotoluene. RDX is 1,3, 5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1,3,5,

7-Tetranitro-1,3,5,7-tetraazacyclooctane.
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Scheme 37 Compounds of furazanyl ether and synthetic route of FOF-13!
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Scheme 39 Synthetic route of compound 193"
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FLAR A B 2 02 th 3-% 3k -4 -8 G 5k vk Y 7 B TR 1Y
KO W R TN O R 3R O B 75 3 52 B -1-(4-
1,2, 5- B8 M3 KL )1 H-1,2,3-=-4-J15 (190) .
e R T ALE Y 190 & 2E Dimroth 1 HE2 K b 18] 4
191, R J5 JU AL 5 NaN, & A& P50 i B2 0 % B Dy s 34
Y H G Zead TR A0 P E B NI B2 19 75 IO e 2R 1 22 30
PR 192, i JE R A R E AR O A R L 1R B ) 193,
w25 ) O3 BT R WA 5+ KRB T 2548, B R B4
ik 8.85°, HE BN 1.8 g-em™, kAL T
RDX, M & MERE I T TATB, U T % 6/ F 193 7 &
REAL B B — s N W ) .

2009 4E , Chavez %" & 3l 3, 6-X (3, 5- 1 J
ME-1-3E)-1,2,4,5-TU(194) 5 DAF(6) fig s 7 & AL 4l
YER R % AR BUR R, U Scheme 40 iR, R4 &8
194 F1 DAF WYL LU ASTR], 435 DA 122 124 DL S 201 13 5]
W LB AL A9 195,196 #1197 . Shreeve 22 %}
A9 196 43l K FH 100% A R Al = il 5 £ BE R A7 AT
A AR B S E e Ak 7 198 il =S 5L O B E B 1L
P 199, XL A 1199 I 100% il iR E — 45 il & 1k
345 200, HRHESL I A5 R LG W) 200 % Gk
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189
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NN
Hi05/HiS0s H \ N/H
_ NaWo, N
>_§ TRT. 4h ?_Y/ )\ 7
NN N
\O/ \N/
H
192 193
(67%) (57%)

F T 1.92 g-em™, [Al B AT 08 5 00 48 22 P fg , JOAR R
59548 m-s™' R IAE] T 42.1 GPa, I H i 5 B ¥
h10 ), BERRE 240 N, WA KA I BL R 2 1 . Jtt
¥ 5% 2 B B B6 L0k I 2 A 551 5 BB 48, D I R Tk
TE SR M R A 1 & BE AL A A 1T 4 SR
IH- 75 S 45O D8 0 18 I = R g% B A A 2R A K i 3R

3 N R AR I R N-(6-(4-fil 4 %51, 2,58
ME-3-%E)-1,2,4-=M[4,3-b]-1,2,4,5-PUBE-3-3L ) i
LM (204) (Scheme 41) . H13,6-8(3,5-F 3Lt
ME-1-E)-1,2,4,5-PU B (194) FI7K A BE I, L 93%
[ = A9 5 3-(3,5- " HI SEnkme -1 -8 ) -6-JF 56-1,2,4,
5-PUI%E(201) ﬁ'ﬁ/ﬁkfhfif“?éﬂ 52 Py g I
) 2R 4544 (202) . 4hE Ry 202 5 DAF(6)1Eﬁ5/
KA JE Nﬁi‘%ﬂ’]@i”ﬁﬂ%ﬂlﬂ@%ﬁ e i 2R
FI46A ) 203, BEED 5 100%HNO, 2 v 15 3 i 2 16 &
) 204, HEEERUE Y 203 FrAT R LS,
SR R it B TR T HEAR . FE 253 KT B R
1.642 g-cm™, LG 204 % 3 0 1.87 g-em™, 2E kG
k1 846.9 kJ-mol™, T34 UM R 3 OE T TNT, Al
PR A T RDX HIHMX

TR0 A5 22 i B U A 2R IR 4R X DAF(6)
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Scheme 40 Synthetic route of compounds 196 to 200!
/
N \ /O\N /O\N
\ N/ \ N/ \ NG N
N N
)\ N BrCN N DAF NH, NHNO,
| ) Ha )\ Na \H 100% HNO; "
—_—
"~ Y ) )\ e )\
\\/ H h “ l, N7 SN X
N 7 Vs I | I |
N \\/ )/ 2 N N " N N
\ / NHNH, N—N X ) 2 \\/ NN,
N— N—N
194 201 202 203 (63%) 204 (71%)

Scheme 41 Synthetic route of compound 204"
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N
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206 >_<
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(45%)
cl NO,
HoN HN NO,
N\O/N N;/ \:N /o \
207 o7 N\O/N
K,CO4/EtOH 90 °C 11
(48%)
Scheme 42  Synthetic route of compounds 208 to 211
FT 11 LB 185~211 (W B AL 2% Pk B BE i b
Table 11 Physicochemical and energetic properties of compounds 185-211
Comp. plg-cm™ D/m-s" p/ GPa T,/ °C IS/} FS/N AH/K-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 (19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 (9]
HMX 1.90 9193 37.8 275 7.4 120 74.8 (29]
185 1.91 8497 ° - 120 14 64 - (7]
189 2.09 ¢ 8431 33.4 222 2 <1 -8.4 (78]
193 1.80 8501 31.21 236 25 128 824.0 Lso]
198 1.85 9087 ° 36.2°¢ 149 16 160 1104 L1l
199 1.86 9042°¢ 37.0¢ 204 21 360 1280 Lo2]
200 1.92 9548° 42.1° 144 10 240 1492 t2]
204 1.87 8041°¢ 25.1°¢ 125 10 150 846.9 L83
208 1.65 ¢ 6719 P 19.2° <200 7.9 - - Lo4]
209 1.76 ¢ 7467° 24.8° 205 17.6 - - Lo4]
210 1.86 7878° 28.4° 262 >23.5 - - L84]
211 1.82¢ 6959° 21.8° 252 4.5 - - L4]
Note: p is experimental density, the ‘c’ means it was measured by single-crystal X-ray diffraction, the ‘d’ means it was the theoretically predicted crystal density.

Chinese Journal of Energetic Materials, Vol.31, No.4, 2023 (374—410)

D is detonation velocity, the ‘e’ means it was calculated by EXPLOS5 (version 6.01), the i

i

means it was calculated by EXPLO5 (version 5.05) , the ‘o’

means it was investigated by GJB772A-97 702.1, the ‘p’ means it was calculated by the modified nitrogen equivalent (MNE) equations. p is detonation

pressure. T, is decomposition temperature. IS is impact sensitivity. FS is friction sensitivity. A H is heat of formation. ‘=" means no data in this literature. TNT

is 2,4, 6-Trinitrotoluene. RDX is 1,3,5-Trinitro-1, 3, 5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane.

Sttt

www.energetic-materials.org.cn



A Bk

I T W E S5 B 22 BF 5 RE T W A R O B R

405

QI O SR A P — Bl R A R R E
PR 1Y & BEAL S A RO % o

BR T A% B ARG 3l o ot R R IR R ME R BT A
Refb & e — R HOR AR . BEITAE B0 N-Be B R
HRORIAEE I 5] A B A SR, e & WA AP0
FIRE L A UL Scheme 43, L) DAF(6) R 50K,
7E SV R B A BRI A 1R 6 0 0 NN &b BT 59 8 e 2k
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mol™' F11045.3 kj-mol™, [FHHb &% 213 A7 K1 (1
FPEAE, R H 9018 m-s™ 4k Jy 34.5 GPa, %k &
Wyl AR 2 0 1 A T

5 e 1 4500V R NS SE R IR IR IR A 1L B A
1,2, 4 W8 o Ry e 38, i — 20 5 LRI IR G )
P2 SR R T EL A A TR JER B2 1 37 8 1 RE A R AL T

T EZ A EE . U Scheme 44 JiF 75, FE 284 40 480 3L
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Scheme 43  Synthetic route of compounds 212 and 213"
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Scheme 44 Synthetic route of compounds 224 and 225"
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AR B R WA e (214) P g a4, 55 HY I K %8 R B g A
W B EE (215) o e e A AR AR BN, N -
FE-NL NGB 3-( B BE-NNO-B (58U 3E ) mk np -4-3E
H e (216) o 3 — i BUAC Y Wk oA w1k 4-(1, 2,
4T -3 ) Wk -3-20 2 (132) F 37 % 11 HY 7K %%
WAL B LS A B AR B | = 217, GRS
216 A1 [A] B il 4k 25 145 3 N, N/ -SF 32 00 (N-(4-(1,
2,48 w33 )-1, 2, 5-M k335 4 ) (218) .
M 76 5 5 R FH 30% H,O, ik B iR 1 1R & 9 %A1k 132
135 3-fi FE-4-(1,2, 4-WE M3 -36) 0k (219) , R 5

12 LB 212~225 (Y PR AL 24 VE BT FBE 2 5k

5 & T 453 220, [FFEHL, 220 200 54615 24
AW 221, HE1,2,4-08 MR 5 KSRV 2 5 IF
A5 30 i A A O 2038 ) BRI i kv e &
22201223, HJE AR ST & H A AL G, A4S g e
B Y R IS 2R 224 F1 225 3 4 e JE R 6 D e B A
ML) 224 1225 B RAF 268 1L &9 224
17 8874 m-s™ R IR ik #] 33.86 GPa, fb & 225
M4 8589 m-s™ MK 4 30.51 GPa, WL FE R M 1
U, 4350 224(11 1,96 N),225(17 ), 144N) . %12
BT A RAE Y S KT R A

Table 12 Physicochemical and energetic properties of compounds 212-225

Comp. p/g-cm™ D/m-s" p/ GPa T,/ °C 1S /) FS/N AH/K-mol™  Ref.
TNT 1.65 6881 19.5 295 15 240 -67 [19]
RDX 1.80 8795 34.9 210 7.4 120 92.6 [19]
HMX 1.90 9193 37.8 275 7.4 120 74.8 [29]
212 1.64 ¢ 7885 © 23.2°¢ 178 4 50 963.4 [85]
213 1.78¢ 9018°¢ 34.5°¢ 151 2 10 1045.3 [85]
218 1.77 8182° 27.7°¢ 149 27 240 586.2 [87]
221 1.75 8185°¢ 27.9°¢ 175 31 240 785.8 [87]
222 1.64 8126° 25.3°¢ 138 >40 >360 810.7 [87]
223 1.60 7914°¢ 23.3°¢ 145 >40 >360 797.6 [87]
224 1.82 8874° 33.9°¢ 149 11 96 1249.4 [87]
225 1.77 8589 ° 30.5°¢ 163 17 144 1239.8 [87]

Note: p is experimental density, the ‘c’ means it was measured by single-crystal X-ray diffraction. D is detonation velocity, the ‘e’ means it was calculated by EXPLO5

(version 6.01). p is detonation pressure. T, is decomposition temperature. IS is impact sensitivity. FS is friction sensitivity. A;H is heat of formation. ‘=’ means no

data in this literature. TNT is 2,4, 6-Trinitrotoluene. RDX is 1,3,5-Trinitro-1,3,5-triazacyclohexane. HMX is 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane.
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Synthetic Progress of Furazan based Polycyclic Energetic Compounds
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(1. School of Chemistry and Chemical Engineering , Southwest Petroleum University , Chengdu 610500, China; 2. Institute of Chemical Materials, China Academy
of Engineering Physics, Mianyang 621999, China)

Abstract: Polycyclic structures with high nitrogen content exhibit great potential in balancing the contradiction between energy
and safety of energetic compounds. As an important structural unit for the design of high nitrogen content polycyclic energetic
molecules, furazan has the characteristics of good stability, high nitrogen content, high positive enthalpy of formation and good
oxygen balance tendency. The design and synthesis of polycyclic energetic compounds containing furazan unit have become a
focus that has been studied extensively and deeply in the research field of energetic materials. This review article summarized
and evaluated the molecular structures, synthetic methods, physicochemical properties of furazan based polycyclic energetic
compounds. Meanwhile, the potential applications of these compounds in high energy and low sensitivity explosives,
heat-resistant explosives and primary explosives were also prospected, providing a reference for the design and synthesis of new
polycyclic energetic compounds.
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