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ez N T ARt SRR PR L R R A
& E-AHERL G & 7, 20224F, Zhang
VNIRRT —F L 4,47 ,5,5 - PG HE-2, 27X -1 H-B
e K A4 (TNBI-2H,0) #l 2,4, 6-= 44 H&-5-fiff & w5
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G & B3 5 (TNBI-TANPDO) |, J 4 [ 20 2 fff TNBI
A TANPDO Z [H)JE Wi A 5 £, ZeBR4h K, R H:
BRI AW LK o TR T A RORNS . 2023 48,
Jiang SE 06 4 Bl E AR A 4L S AR i B 413
Hil& T 4aF S G, R m AR E 75 AT
DLAE &5 2 R AL & W 0 4601 A, DA 2 s HE e = Mg,
4, 7- 8= [ 4, 5-d] mE R i AR L R A B
AIELAHM RO KRB L &R SR A .
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1 SCIG#ER4y

1.1 KF5EE

A 7-8 F-6-(2H-PY me-5-3 ) -k s 5[ 1, 5-a]
WEBE , 7-50 H-6-(2H-PY ME-5-3E )-[1, 2, 4] = mk If:
[1,5-almsnE, 2, 7- & H-6-(2H-PUme-5-3£)-[1,2,4]
SRIRL, 5-alWERE, SEEE [ il AR, 4 ki, i
HBREE T T AL A 7

R < 22 7% 45 i AR K Y, STA449F5, 1
FE] T 3t A 25 1) 3 A PR S D 5 L e R e 21 AR O A
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TENSOR II , 78 [ Bruker 23w ; #  #% #4348 9 15 4%,
AVANCE 600 MHz, i [& Bruker A # ; 7€ & /0 #11%,
Vario EL CUBE, f [#l JC % /3 #T R 42 /A A ;BFH 12 4 5
JEREE A CFSKM 10 B 82 8 A, 56 [ 2% i 38 L (b o)

PHE A BRA ]
1.2 HREKE
i Scheme 1 975 , i iof 3 B 19 11 412 07 3 ) & 1k
%% 1 ~3c
i N—NH
/l/k [N
ﬁ - oHoo, — Py W
NH,
=N CIO
1
[>]—NH [;]—'NH
N= N H N
AL N o NI%N
N N
=y NH, \:N NH,
S2 2
1>1~NH o —NH
N - N
H, =N H, -
HZN HN Clo,
S3 3
Scheme 1 Synthesis of compounds 1-3

1.3 &I’
1.3.1 ZIHABESI~SIWAEK

7-5 $-6-(2H-PU me-5-3L ) -mt g 3 [1, 5-a W% B
(S1),7-FH-6-(2H-PUmE-5-3%)-[1,2,4] =mkIf-[ 1,5-a]
WEIE(S2) 1 2, 7- 4 FE-6-(2H-PUME-5-3£)-[1,2,4] =
M1, 5-a] BENE (S3) A& UK 2 2% SCk[23-24 ]
1.3.2 7-2 E-6-(2H-TH Me-5-5 )-Mt & F [ 1, 5-a] B

EESEBRH(1HEK

7E 25 mLBEM AL G S1(1 g, 4.94 mmoD) %
F 20 mLBCE 41 55% 2247 W m AR b, 3 i T =
60 °C, 3+ 1 h 5t ik B AR A 2= R, E —
BERFIE) A SR BT, 2k uE R K e, TR ENR S
Ak 0.92 g, %K 61.20%.

DSC(10 °C-min™"):184 °C(dec.);IR(ATR,v/cm™):
3350(m),3281(m),3175(m),3063(m),2936(w),
1631(vs),1505(m),1417(m),1284(m),1223(m),
1191(m), 1057(vs), 1022(vs), 913(m), 833(s),
742 (s), 668(s), 622 (vs); 'H NMR (600 MHz,
DMSO-d,, 25 °C)8:10.2(br, TH,NH) , 9.4 (br, 1H,
NH),8.9(s, 1TH, CH),8.42(d,/=2.2 Hz,1H,CH),
8.0(br, 2H, NH,),6.73(d, /=2.2 Hz, 1H, CH);
S Xt
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“C NMR (150 MHz, DMSO -d,, 25 °C ) §: 153.0,

148.8,147.3,144.0,141.8, 94.5, 88.4; Anal. calcd

for C,H,N,ClO,:C 24.67;H 2.18;N 40.89;0 20.76;

found: C 24.41, H 2.23, N 40.74, O 20.79,

1.3.3 7-2 E-6-(2H-1H M-5-5 )-[1, 2, 4] = M 3
[1,5-a]lBIEE R (2) WE K

15 25 mLBEM 5L 54 S2(1 g, 4.92 mmol)
T 20 mLBCE 19 55% Ao A7 W AR b, 2 i R &
60 °C, k1T h 5l i, I8V H AR A B & R, Wi e —
Bem ], A A ARAT L v R KPR, TR AT 2R ¥
MK 0.84 g, 1% 56.42%.

DSC(10 °C-min™"):223 °C(dec.);IR(ATR,v/cm™):
3347(m),3208(m), 1674(s), 1625(s), 1517(m),
1435(w),1342(m),1293(m), 1054 (vs),1020(vs),
924(w),860(m),748(m),686(s),619(vs);'H NMR
(600 MHz, DMSO-d,, 25 °C)8:13.8(br, TH, NH),
9.7 (br, TH,NH) ,9.0(s, TH,CH) ,8.9(s, TH,CH) ;
C NMR (150 MHz, DMSO-d,, 25 °C )é: 153.5,
153.4, 153.2, 152.6, 147.8, 91.7; Anal. calcd for
C,HN,ClO,: C 23.74; H 1.99; N 41.52; O 21.08;
found: C 23.43, H 2.10, N 41.07, O 21.48,

134 2,7-Z“ S E-6-(2H-TM-5-5)-[1,2,4] = 1
Fi1,5-alBES 8B (3)NEK

1E 25 mLBEMRH R &4 S3(1 g,4.58 mmoD % T
20 mLBC #4719 55% A4 s AR Y, B R &
60 C, I+ 1T hjG bk B AR R E =R, e —
Brnsfe] A AR BT L 2L U8 R OK VRS, TR EIR A
ik 0.77 g, L% 52.84%.

DSC(10 °C-min™"):260 °C(dec.);IR(ATR,v/cm™):
3458(m), 3358(m),3118(m),1621(vs),1519(s),
1405(s),1347(m),1297(m), 1054 (vs),1020(vs),
812(m),758(m),703(m),685(m), 609(vs); '"H NMR
(600 MHz, DMSO-d,, 25 °C) §: 8.8 (s, TH, CH);
C NMR (150 MHz, DMSO-d,, 25 °C )é: 160.5,
152.5, 150.5, 150.2, 146.0, 93.6; Anal. calcd for
C,HN,ClO,: C 22.62; H 2.21; N 43.96; O 20.08;
found: C 21.86, H 2.85, N 43.08, O 21.14,

1.4 BREHNE

SFFAEH) 1~ 3 EEHUE0.22 mmx0.20 mmXx0.18 mm
AT X PR AT S 20, SRS A4 B AR P SHELXS97
M SHELXL97 B #2704 248 Fourier & W3k
AR 1o AR R T AR AR K 2% 1] S AR
SR A B e/ TR R B I BB .
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1.5 EgENHK

il FRR A 25 2 R 29 0.6 mg IURE &L L 7R RS
S, TR A 10 °C-min', E X ] 35~500 °C
1 4% 44~ FILH DSC-TG XL G 90 1~3 19 #4547 Ry itk
FTI

2 B BAM 7 B, 7E IR B IRLEE 25 °CL, 25 4
930 mg, ¥ HRIT i 2 kg5 kg, MM IR 0<80% RH HY
MRS AE T WA A9 1~3 fild o s i BE 43R

FI Bl Gaussian 09 2 F¢!20 F %5 #E oy #2 , 3% T
Born-Haber fE & 9§ TR AL B2 B AL 590 1~3 19 2 i
fo AR AL B W 1~3 1Y A2 UK R L i2 A EXPLOS
V6.05.02 B R A W 1 ~3 I R R

2 GRS

2.1 BEEHRREN

BT A5 3 A4 iR By CCDC % 43 %I K+ 2322043,
2322045,2322044. F£ 1 HLEW 1~3 195 5 i &
SRR 2 2 Ak A W S B A B .

R4 1 1 53 F 25 K R B HE B G 1 1 i,
OyHLEE RO WL 2 K 3. AR T AR R,
P1 23 (A B, S i 240 a=8.0440(16) A, b=8.186(2) A,
€=9.154(2) A, ®=105.216(9)°,3=94.845(9)°,y=

F1 LG ~3 ME S R R

Table 1 Selected crystal parameters of compounds 1-3
parameters 1 2 3

formula C,H,N,ClO, CHN, IO, CH,N CIO,
CCDC number 2322043 2322045 2322044
formula weight 302.66 303.65 318.67
temperature / K 298 298 200

crystal system triclinic monoclinic  monoclinic
Z 2 4 4
p/g-cm™ 1.863 1.753 1.829
space group P1 P2./n Cc

alA 8.0440(16) 9.0976(1) 12.2971(5)
b/A 8.186(2) 10.9541(1) 9.0178(4)
c/A 9.154(2) 11.5557(1)  10.955(4)
a/(°) 105.216(9) 90 90

B/ 94.845(9)  92.226(1)  107.748(1)
y /() 109.242(8) 90 90

F(000) 308 616 648

GOF on F 1.060 1.067 1.090

R, (all date) 0.0441 0.0379 0.0389

wR, (all date) 0.1187 0.1100 0.1022
packing coefficient/ % 76.0 69.3 72.6

At A A 2024 % £ 32% % e6# (591-600)
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Table 2 Selected dihedral angle data of compounds 1-3

compound 1 compound 2 compound 3

dihedral angle angle / A dihedral angle angle / A dihedral angle angle / A
C(2)—N(1)—N(2)—C(7) -0.1(3) N(2)—N(1)—C(1)—N(4) -0.3(2) C(2)—N(3)—C(1)—N(1) 179.2(5)
N(1)—N(2)—C(3)—C(4) -177.9(2) N(2)—N(3)—N(4)—C(1) 0.0(2) C(1)—N(3)—C(2)—N(5) 177.1(5)
N(5)—N(4)—C(5)—C(4) -178.8(2) C(5)—N(5)—C(4)—C(2) 0.2(3) C(5)—N(4)—C(2)—N(3) 176.2(4)
N(6)—N(7)—C(5)—N(4) 0.1(3) C(11)— —C(5)—N(5) -177.4(2) N(2)—N(4)—C(5)—C(4) 177.0(4)
N(2)—N(1)—C(2)—C(1) 0.1(3) C(11)—N(7)—N(8)—C(3) 177.6(17) | C(2)—N(3)—C(1)—N(2) -0.4(6)
C(7)—N(2)—C(3)—N(3) 179.9(3) )—N(8)—C(3)—N(9) 3.5(3) N(2)—N(4)—C(2)—N(3) 0.8(5)
N(1)—N(2)—C(7)—C(1) 0.1(3) N(2)—N(1)—C(1)—N(4) -0.8(2) C(2)—N(4)—C(5)—N(6) -177.7(4)
N(6)—N(7)—C(5)—C(4) 178.6(2) N(7)—N(8)—C(5)—N(6) -1.5(2) C(3)—N(5)—C(2)—N(4) 0.3(7)
C(7)—N(8)—C(6)—C(4) 0.7(4) N(1)—C(1)—C(2)—C(3) -12.1(3) C(2)—N(5)—C(3)—C(4) -0.1(7)
C(7)—C(1)—C(2)—N(1) 0.0(4) N(4)—C(1)—C(2)—C(4) -12.5(3) N(9)—N(10)—C(6)—N(7) 0.1(6)
N(2)—C(3)—C(4)—C(5) 177.3(2) C(4)—C(2)—C(3)—N(8) 0.6(2) N(5)—C(3)—C(4)—C(6) -178.4(5)
C(5)—C(4)—C(6)—N(8) -178.3(3) C(3)—C(2)—C(4)—N(5) -0.4(3) N(9)—N(10)—C(6)—C(4) 179.4(5)

o) 750(4)

o oo
?‘\,
Qﬂk

a. molecular structure of compound 1

i S I 15
ST T T -

c. fuel backbone of compound 1
B (LA ik
Fig.1 Crystal structure of compound 1
109.242(8)°, V=539.4(2) nm’. HAF il b & 47 2
MEEW T T A E SR . TE 298 K, S K% B
1.863 g-cm™, WA Taflin , AR FR A ITTAL & — A i
TALHY ST A —A> SR AR 2 1~ nL sk I 15 W 4 25 15 7Y
W ER LT Ak F R — - 1, N(6)—N(7)—C(5)—C(4),
N(2)—N(1)—C(2)—C(1),C(7)—N(8)—C(6)—C(4)
F1C(5)—C(4)—C(6)—N(8) HHLE% ff1 5355 0.1(3)°,
0.1(3)°,0.7(4)°H1=178.3(3)°. i [& 1b iy e FE 7]
LAY 1 a1 R TN T AR AR, AR Z A A A
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d. layer structure contained in compound 1

SR EAER L R MEE R 3.28 AL thAh, B TR 1R
S1 0] L[] s B AR (IR AN A2 0, TR, 7 S AR P A T
KA 1 4 F PRy F D) SR Ay T 9 S AL S
N(3)—H(3A)N(1)(2.42 A),N(3)—H(3B)---N(4)
(2.15 A)FIC(6)—H(6A)---N(7)(2.54 A). WK 1d
s TRl — 2 S1 45 i SR AR B 1 22 [ 4o i &0 5 i
A KT ETE 2.18~2.47 A2, MERE
SRR B T, R T ST 2 A 20 %5 A X A i, 77

TE— Sz i A WA (B 1) . Bk, S AR
A A AL www.energetic—materials.org.cn
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®3 AW P
Table 3 Hydrogen bonds of compound 1

x4 LEW 2 ERIEN
Table 4 Hydrogen bonds of compound 2

d(D—H) d(H---A) d(D---A) £(DHA)

d(D—H) d(H---A) d(D---A) 2(DHA)

prA /A /A /A /() DA /A /A /A /(%)
(intra)N(3)—H(3A)--:N(1) 0.86 2.42 2.756(3) 104 N(2)—H(2)---O(1) 0.94(3) 2.45(3) 3.081(2) 125(2)
(intra)N(3)—H(3B)-:*N(4) 0.86 2.15 2.792(4) 131 N(2)—H(2)---O(4) 0.94(3) 1.99(3) 2.918(2) 173(3)
(intra)C(6)—H(6A)--*N(7) 0.93 2.54 2.879(4) 102 N(5)—H(5)---O(3) 0.86 2.60 3.104(2) 119
N(3)—H(3A)---O(1) 0.86 2.29 3.047(3) 146 N(5)—H(5)---N(6) 0.86 2.12 2.939(2) 160
N(6)—H(6)---O(1) 0.91(4) 2.43(4) 3.009(4) 122(3) N(9)—H(9A)---O(1) 0.85(2) 2.05(2) 2.855(2) 158(2)
N(6)—H(6):--N(1) 0.91(4) 2.47(4) 3.180(3) 135(3) (intra)N(9)—H(9A)--*N(7)  0.85(2) 2.48(3) 2.769(2) 101(19)
N(6)—H(6):---O(3) 0.91(4) 2.29(4) 2.894(3) 123(3) (intra)N(9)—H(9B)--*N(1)  0.84(3) 2.18(2) 2.801(2) 131(2)
N(8)—H(8)---O(3) 0.86 2.18 2.855(3) 135 N(9)—H(9B):--N(3) 0.84(3) 2.62(2) 3.239(2) 132(19)
N(8)—H(8)---O(4) 0.86 2.35 2.925(3) 125 C(4)—H(4)---0O(3) 0.93 2.45 3.064(2) 124
C(1)—H(1)---0O(2) 0.93 2.47 3.154(3) 130 C(4)—H(4)---0O(4) 0.93 2.52 3.437(2) 170
C(6)—H(6A)---O(4) 0.93 2.41 2.981(4) 120 (intra)C(4)—H(4)---N(4) 0.93 2.58 2.909(2) 101
C(11)—H(11)---0(3) 0.93 2.47 3.027(3) 119

REFX T F ) B MPURE 2 EEEM, &
HERLREH 76.0%

AW 2 (1 43 F 25 K4 R B HE B Gn 18] 2 i o, 3B
Oy B ECYE L 2 K 4. ZAIRE T AL
F, P2./n 75 A BE, 52 80N a=9.0976 (1) A, b=
10.9541(1) A,c=11.5557(1) A,a=90°,8=92.226(1)°,
y=90°,V=1150.726(19) nm’, A G d &4 44k
BYHT RS ROK. LAY 20 R R S A
AN, R 69.3%, FEOLREEE/NFAAEW, N
1.753 g-em™, L&Y 205 45 W iE 2a fir s, Hop

c. fuel backbone of compound 2

B2 AW 20k

Fig.2 Crystal structure of compound 2

CHINESE JOURNAL OF ENERGETIC MATERIALS

=M T E B R 0 T A R F LT AL TR OF 1
C(11)—N(7)—N(8)—C(3),C(5)—N(5)—C(4)—C(2),
N(7)—N(8)—C(5)—N(6) 45 f1 5351k 177.6(17)°,
0.2(3)°F1—1.5(2)°; i 5 8 BFAH 3% A 0w — 5 19 4
B M -12.5(3)°, Z I E R ZIAE 4y F 1)
SUHEE R WA SN 2D MR (K 20) . &HF
W HB A2 MY i SRR AR B 7 Bl A B & b, 5 OR
B4 B HB ™ 4% (& 2d) , N—H---O {5 78
1.99~2.62 AZ A (£ 4) . |7z By A5 M 4% A m-m A

3.13A

d. layer structure contained in compound 2

o
Il

At 2024 % F 324 # o6 (591-600)
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AR REAE S Y 28 B PR " A HERL JZMIEE B fE — AW AN, C(2) —N(4) —C(5) —N(6) ,

H3.13 A( 2b).

b6 W 3 19 53 T 45 K9 i i 3 AR A 181 3 R,
Oy HLEG AR WL 2 R 5. KRR TR
F,CcEmHE. AP EA 4 MEEWH 1. ik
WL RECN 72.6%,200 KT Ah RS B 1.829 g-cm ™,

AR FR BT & — BT AR S3 20 Al — A e R
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Table 5 Hydrogen bonds of compound 3

d(D—H) d(H--A) d(D--A) ~£(DHA)
D—H---A

/A /A /A /()
N(1)—H(1A)-O(3)  0.88 2.22 3.095(6) 172
N(1)—H(1B)--O(1) 0.88 2.26 3.122(6) 166
N(5)—H(5)--O(4) 0.81(7) 2.33(7) 3.019(6) 145(7)

N(5)—H(5)--N(2) 0.81(7) 2.45(7) 3.058(6) 133(7)
(intra)N(6)—H(6A)---N(2)  0.88 2.46 2.785(5) 103
N(6)—H(6A)---N(3) 0.88 2.26 3.081(6) 155
(intra)N(6)—H(6B)---N(7)  0.88 2.21 2.854(7) 130
N(6)—H(6B)--O(1) 0.88 2.54 2.944(6) 109
N(9)—H(9)--0(2) 0.87(6) 1.99(6) 2.851(6) 176(8)
(intra)C(3)—H(3)---N(10)  0.95 2.50 2.842(6) 101
C(3)—H(3)-*N(7) 0.95 2.41 3.279(7) 151
C(3)—H(3)--N(8) 0.95 2.35 3.140(8) 141
N(1)
N(@3)

a. molecular structure of compound 3
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b. layer structure contained in compound 3
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c. lacking diagrams of compound 3
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Fig.3 Crystal structure of compound 3
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a. hirshfeld surface of compound 1

b. 2D fingerprint spectrum of compound 1

c. the ratio of different interaction to the total interaction in
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g. hirshfeld surface of compound 3

h. 2D fingerprint spectrum of compound 3

i. the ratio of different interaction to the total interaction in
the crystals of compound 3
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Fig.4 Hirshfeld surfaces, 2D fingerprint plot in crystal stacking and individual atomic contact percentage of compounds 1-3
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F6 LAY 1~3 TINT 5 RDX W ELAL S E

Table 6 Physiochemical properties of compounds 1-3, TNT and RDX

compound T,/ °C p/g-cm™ 0., 1% AH'/K)smol™ IS/ ) FS/N v/m-s p/ GPa
1 184.0 1.86 -74.01 359.6 >40.0 216 7570 22.8

2 222.5 1.75 -57.96 392.3 4.0 144 7343 211

3 259.5 1.79 -57.74 341.8 25.0 240 7519 22.0
TNT 295.0 1.65 -73.97 -67.0 15.0 353 6881 19.5
RDX** 204.0 1.81 -21.61 7.4 120 8795 34.9

Note: T,is decomposition temperature (onset) ; p is single crystal density (298 K) ; £

co2

is oxygen balance assuming the formation of CO,; A H’ "is the calculated

heat of formation; v is the calculated detonation velocity; p is the calculated detonation pressure; IS is impact sensitivity; FS is friction sensitivity.

FS=216 N),lH BT RDX,

(3) fb & W 1~3 3 B % 8w /Y IE R RS

(341.8~392.3 kJ-mol™) Al K & i 48 % 1k 8 (v.
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Synthesis, Crystal Structures and Properties of Tetrazole Based Polycyclic Self-assembled Energetic
Compounds

YANG Ya-lin', QIN Yi-feng', XIA Jiang-lu', DU Hui-ying', LI Xin-yu’, WU Bo', MA Cong-ming’

(1. State Key Laboratory of Environment-friendly Energy Materials, Southwest University of Science and Technology, Mianyang 621010, China; 2. School of
life science and engineering, Southwest University of Science and Technology, Mianyang 621010, China; 3. College of Safety Science and Engineering ,
Nanjing Tech University , Nanjing 211800, China)

Abstract: Polycyclic energetic compounds with high nitrogen content have attracted much attention owing to their distinctive ad-
vantages in constructing novel energetic molecules with low mechanical sensitivity, good thermal stability and high density. The
construction of polycyclic skeletons involves the incorporation of tetrazole into fused heterocycle, serving as high-energy organic
fuel and hydrogen bond donors. Three self-assembled non-hydrated energetic compounds, namely 7-ami-
no-6-(2H-tetrazol-5-yl)-pyrazolo[ 1, 5-alpyrimidine (1), 7-diamino-6-(2H-tetrazol-5-yl)-[1,2,4 Jtriazolo[ 1,5-alpyrimidine per-
chlorate (2), and 2, 7-diamino-6-(2H-tetrazol-5-yl)-[ 1, 2, 4] triazolo [ 1, 5-a] pyrimidine perchlorate (3), were synthesized
through noncovalent self-assembly of polycyclic skeleton with the oxidizing structural unit HCIO, rich in hydrogen bond accep-
tors. The structural characterization employed nuclear magnetic resonance (NMR) spectroscopy and single crystal X-ray diffrac-
tion, while thermal behaviors and mechanical sensitivities were determined by differential  scanning
calorimetry-thermogravimetry and BAM methods. Detonation performances were predicted utilizing the Gaussian 09 program
and EXPLO5 V6.05.02. The results show that three compounds exhibit high crystal densities (p: 1.75-1.86 g-cm™), good ther-
mal stabilities (decomposition temperature (onset) : 184-260 °C ), and good detonation performances (detonation velocity:
7343-7570 m-s™'; detonation pressure: 21.1-22.8 GPa), surpassing those of traditional explosives trinitrotoluene (TNT). Both
compound 1 (impact sensitivity (1S) >40 J, friction sensitivity (FS)=216 N) and compound 3 (15=25 J, FS=240 N) exhibit low
mechanical sensitivity.

Key words: self-assembly energetic compounds;polycyclic structures;tetrazoles; perchlorate; thermal stability
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