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IS 4, 7-TEFEEMEIE4,5-c AL A (4) AR 5 SC
kA B A 0 (5~T11) X 7 B v b 9 43 AR 5
SCHk AR

X %% : Bruker Avance Il 500MHz %% = 1k #% wf
PR AL, DSC-25 A 22 75 41 4 & 4 4L, Bruker-SMART
APEX I X-5f £ 50 S A7 A, 4 8l SR B ik L%
4% ACCUPYC II 1345, Thermo Nicolet AVA-TAR
370 £L 4GB, BFH 12 BAM #8 f 8 B2 1, FSKM 10
BAM JEE 48 &% & {X , Vario MICRO cube Elementar

Analyser JTL R 4314
1.2 AB#MR

&Y 5~6: k1L &4 4(0.34 g, 2.0 mmol) % fif
12 NG (10 mL) o, 88 J5 e RS R LG 101 2212 i A
5-7ii 42 KL DU e B, 3%l FE-1, 2, 4- = k-5, fn B, TR
2 50 CHEFE 30 min, B H, Hhu& , JE U D &2 2 E
Ve, TR LA BIAH N0 BT (5~6) . B AL TR
Scheme 1 i/,

REY 7~11 61059 4(0.34 g,2.0 mmol) % i
TECHE 10 mL)) SR JE & IRBE IR [E 221 248 A
AH BB 2 M S W, i EE TR 2 50 C o FE
30 min, ¥ H U8 DEUEH D G R, T8 15 3
R ES T2 (7~11) 0 B P B Scheme 1 7R o

G4 5:(0.49 g AR EA, L3 :82%) . 'H NMR
(500 MHz,DMSO-d,, 25 °C)56:8.60(s,1H),8.23 (s,
1H);"”C NMR(125 MHz,DMSO-d,, 25 °C)§:157.7,
144.5,143.5,142.3,104.7; IR(KBr, v/cm™) : 3428,
356, 1686, 1645, 1544, 1445, 1376, 1340, 1293,
1219,1149,1113,1061,1017,879,802, 741, 685,
663, 630, 584; Anal. Calcd. For C;H,N,,O, (% ) :
C 20.14,H 2.03,N 56.37; Found:C 19.95,H 2.13,
N 55.83.

NH,
NC N
CN NG NH
o N,H,-H,0
NC~COOH 100 AHI:OOSO/CH3COOH z/_( H,H, M ,
C ~0” \o 7 N\O,N
1 0,
Q NH, NH,
1) CH,COOH Ny energetic acids N X\

LCH, Q I 8 (o] II\IH Anion” or 1/2 Anion”
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NH, NH,
4 511
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ON. -
O,N. _ 7 "N o
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HN” N N NN o Y
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NO,
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ON., - O,N
- ~0 N~o N N~
ON-N\_N ,,N%}l/ L N A N
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Scheme 1  Synthetic route of compounds 5-11
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G 6:(0.51 g AR A, L3:81%). "H NMR
(500 MHz, DMSO-d,, 25 °C)&:7.35(br); "C NMR
(125 MHz, DMSO-d,, 25 °C ) é: 157.0, 150.9,
144.5, 142.9, 141.2, 103.8; IR (KBr, »/cm™) :
3650, 3399, 3151, 1697, 1664, 1631, 1547,
1458, 1401, 1381, 1307, 1125, 1078, 1061,
1016, 974, 843, 804, 779; Anal. Calcd. For
C,H,N,,0,(%): C 22.79, H 2.55, N 44.30; Found:
C 22.86, H 2.63, N 44.85,

EY7:(0.48 g AR B A, L% :88%) . "H NMR
(500 MHz, DMSO-d,, 25 °C)8: 8.62(s, 1H), 8.22
(s, TH); C NMR(125 MHz, DMSO-d,, 25 °C)é:
151.7,144.4,143.3,141.9,104.4; IR(KBr,v/cm™) :
3475, 3362, 1664, 1630, 1560, 1483, 1369, 1290,
1259, 1106, 1065, 1016, 843, 796, 729, 625, 564;
Anal. Calcd. For C,,H,,N,,0,,(%) :C 22.07,H 2.22,
N 46.32; Found: C 21.79, H 2.37, N 45.68,

5 8:(0.53 g, B A, K :89%) . '"H NMR
(500 MHz, DMSO-d,, 25 °C)é8: 8.62 (s, 1H) , 8.21
(s, TH); "C NMR (125 MHz, DMSO-d,, 25 °C)8$:
157.8, 144.4,143.5,142.3, 141.7,104.7; IR (KBr,
v/cm™):3354,3296,3168,1653,1621,1567,1509,
1440,1386,1311,1099,1060,1011,986,918,817,
801; Anal. Calcd. For C,,H,,;N,,O,,(% ) : C 24.25,
H 1.70,N 47.13;Found:C 24.70,H 1.92,N 47.21,

A 9:(0.60 g, B AR, K :91%) . "H NMR
(500 MHz, DMSO-d,, 25 °C)é: 8.57(s, 1H),8.19
(s, TH); C NMR(125 MHz, DMSO-d,, 25 °C)$:
175.7,175.1, 144.4, 143.5, 1422, 104.7; IR (KBr,
v/em™) : 3611, 3327, 1653, 1546, 1497, 1451,
1388, 1282,1197,1092,1031,985,962,807,770,
725, 711, 662, 624, 597, 571; Anal. Calcd. For
C,H,N,,O, (% ) : C 21.89, H 2.14, N 46.80;
Found: C 21.84, H 2.15, N 47.41,

& 10:(0.54 g, 16 8 A&, 0K :87%)
"H NMR (500 MHz, DMSO-d,, 25 °C)8: 8.62(s,1H),
8.22(s, TH);"°C NMR(125 MHz,DMSO-d,, 25 °C)
8: 160.0, 152.7, 144.4, 143.3, 141.9, 104.5; IR
(KBr,v/cm™):3438,3296,1679,1644,1564,1528,
1461, 1422, 1395, 1275, 1112, 1047, 1020, 1008,
977,937,879,797,774,689,622,591; Anal. Calcd.
For C,,H,,N,,O,,(%): C 23.16, H 1.62, N 49.51;
Found: C 22.89, H 1.70, N 48.88,
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AP 11:(0.57 g, B2 @ FE R, LK. 89%) .
"H NMR(500MHz,DMSO-d,,25 °C)8:8.63(s, 1H),
8.22(s, TH);"”C NMR (125 MHz, DMSO-d,, 25 °C)
8:155.1,155.0,153.9, 151.2, 144.4, 143.4, 142.0,
104.5; IR (KBr, »/cm™) : 3560, 3298, 1654, 1622,
1558, 1525, 1468, 1445, 1399, 1305, 1111, 1044,
1011, 947, 800, 717, 626, 563; Anal. Calcd. For
C,H,N,O,, (% ) : C 22,58, H 1.58, N 48.27;
Found: C 22.43, H 1.65, N 47.98,
1.3 ZH5Eseni

f# J DMSO-d, 1E R i AGK 5], X k& 95 (5~11)
AT TAZREI L . LA B T KRR FIBCHIL S8 91y
TR0V VR, TE B T G2 4B AR B4 A I A o 1Y B
fho EHL0.241 mmX0.142 mmx0.030 mm #Y #. 5% F
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A1 Bl 1 MoK T4 (A=0.71073 ARl SR U5,
TE150(2) Kl B2 T We 46 B0 0 AT 560 B89 o i AR 4 4
S B RN IR EIE

FI H] DSC-25 #Y 22 75 41 4 2 A & ML & )
(4) Je HoA e £R (5~11) A4 i P43 il B, 78 AUV
T,50~400 °Cilf BE A, BoE FHEEE 2 10 °C-min”'s

2 HE BAM I 3 B o M R IR 4% 1 - 25 i
(30+1) mg, % 5 it /& 2 kg, R IRE 10~35 °C, M X
WA R T 80% , M AL & W) (4~11) 1 4 o S 88 g
PR
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b5 6 5 F i — A~ 0 I S Ak f ) B A PH
TR Al A R Y e B S A, N ONMR
B 1 TR, R B Or ok Ak G 9 6 19 PN AR
ST E AR E RO EE A Y 6 B9 A
550, Hoh A B 2 7 1 N3 FIEN4 1155, Hifk
LIRS S -126.7 F1-132.0. B AN, HE T E N1,
N2, N5/N6 i1k 2% 7 78 43 il 1A J& T -15.4, -3.9 J
-308.4, 1 AT LA W £ 2 B B+ NTO H1 N7, N8, N9 #il
N10# 455 Ao il )&-218.0,-111.1,-201.3
f-26.6,
2.2 BIEEHSH

LAY 9By MR = EIR TE R 1. LS 9 ik
TS AW T K JEF =R R, P-1 25 BB, B A
T & — 0T (Z=1), S 5N a=5.7576(6) A,
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Fig.1 "N NMR spectrum of 6 in DMSO-d,

R ALAEW 9-2H,0 S IR EE Y BUE IR B 2 5L
Table 1 Crystal data and structure refinement details for
compound 9:2H,0

parameters 9-2H,0
empirical formula C,,H.N,,0,,
formula weight 658.45
temperature 150(2)K
wavelength 0.71073 A

crystal system Orthorhombic

space group P-1

a/A 5.7576(6)
b/A 8.3281(9)
c/A 12.7882(14)
a/(°) 91.749(4)
B/(°) 99.353(4)
y /(°) 96.281(4)
volume/A® 600.68(11)
z 1

D./g-cm™ 1.820
F(000) 336

theta range for data collection/(°) 2.463 to 26.357
w/mm™! 0.161

index ranges -7<h<7, -10<k<10, -15<i<15

reflections collected 5363

independent reflections 2422 [R, =0.0362]
data / restraints / parameters 2422/3/214
goodness-of-fit on F2 1.018

final R indices [ 1>2sigma([) |
R indices (all data)

R, = 0.0464, wR, = 0.1002
R, =0.0769, wR, =0.1119

largest diff. peak and hole/ e-A™  0.333/-0.297

b=8.3281(9) A, c=12.7882(14) A,a=91.749(4)°,
B=99.353(4)°,y=96.281(4)°,7£ 150 K F 1Y f 1K %
JE41.820 g-cm™,

BT mE 2a s, 2 A5 W
PRAH B N16—C15 F1 N20— C19 f it 5 K 43 531
1.342(3) A F11.325(3) A, H# M A9 N— C 3 fg
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T
-200 -250 -300 -350

a. molecular structure of 9-2H,0

b. packing diagram of 9-2H,0

B2 fbEY9-2H,0 M MRS 5 & A
Fig.2 Molecular structure and packing diagram of 9-2H,0
(1.34~1.38 A)U g J sl M4, B AL & 4 9 HAT AR5
AL BN o e Ah  HOR X R ST A — A 1
(4 4,7-Z & F kI [4, 5-c] A ALK B ES 5 (4) A
A5, 5T E -3, 3 MR, 2, 4 E R T
PR 7 2y i A AR U T AR T R — 1, HL
ERGAIEN SR O (N7 N IR 20N b B2 N A
TRIBTES T R B R SR AR S SRR R 1 S
FHE I T A A AR . A G4 9-2H,0 1Y i Ak
R A 2b i s (M 2k 3 AU ) |, AR 30 2R
MERR, HLBA PH S ¥ 2 1] 3 o S0 A i 4

o5 4 4 i i 35 (ESP) R T 4N 81 3a BF R, il 2
AR RIS Y40 T N8 R T ALY ESP Y
—48.28 kJ-mol™ fif N7 Jit F- 44k i ESP 2y ~48.27 kJ-mol ™,
AR NS TR b B i R A A R A B fE, U
o X

www.energetic-materials.org.cn



4,7-" A BRI [ 4, 5-c ] S AR A 5 BE B 5 4R 09 A BCR 4 fE

ESP / kJ-mol’

40
20
0
-20
-40
-60

24
22
20
1.8
1.6
LR
1.2
1.0
0.8
0.6

06081012141618202224

C.

B3 (a) thEWanFREFHRSA; (b) AW M Hirshfeld Fifi; (c) 4R 8 (d) JEF Al A0 1A A L

Fig.3
of 9; (d) Pie chart for individual atomic contact percentage of 9
P S s R 5 5 A5, TR I N8 Ab J5
T CH S 1.

N TG W) 9 B9 53 5 [ AR EAE g, i@ 3 Crys-
tal Explorer 17.5 847315, 15 2146 &4 9 1 Hirsh-
feld & 1 43 #7 & (&l 3b) . Hirshfeld & ifi % 21 {4 X
B R 43 1 1] s AH BLAE ), W 0 DXCIRER 7R 5 ) 55
MEAEA S WnlE 3b BT  4E& ¥ 9 1Y Hirshfeld i
S (AR A T 0 XS A A AR A A % L R
WAk W0 9 b BH B 1 5 B BS  [A) A 7 ol 1) S A
Mo TEAeE Y 9 1 — 448 2018 (18] 3¢) Fi 51~ 18] AH B4
FH e (B 3d) 1, H—O0&O—H Al H—N&N—H
AHEAE B R 48.8% , Uk W ST AL A P 9 i ER
CEMEA A HEAEM . AN N—NAHEAEH & ol
9.9% , 2 W13 A1 77 75 55 A0 H AR
23 EEREURBRZMERE

W A R AR ORI EE R RE A R EE
AL P S8, L5 ) (4~11) 11 DSC i 28 dn 151 4 i
Ao HE 4TI LUE LG Y 5 B W) o figg il
181 °C, i T f B vk w28 & 1 4 7 (157 °C) #1 8
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(a) Molecular surface electrostatic potential of 4; (b) Hirshfeld surfaces of 9; (c) 2D fingerprint plot in crystal stacking
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B4 (L5 4~11100 DSC il
Fig.4 DSC curves of compounds 4—11

(155 °C) 06 53 i BE . Fl T e s — e B 5 1
I AR 5 FH BB BUK 5 1Y 43 8 R 43 ) S5,
K1 Ak 5 0 9 B W) i 43 ik il B (204 °C) & T h R4k
“4181 °C).

fE& W (4~11) DL K B2 4 (RDX) Y 1 8 K dis L
#2, 2T LE N LEW(4~11) % (25 °C)
fE£1.730~1.830 g-cm” ISEHE N, b ik &9 5 A1
B % B s Ay 9 1.811 g-cm ™ F11.823 g-cm ™, 1

N XK 20234 H31A& #1148 (1-7)
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BAZE SR B AT, BN, v i, B AL Wk

&2 ALY (4~11)FIRDX (9 16 S BRI BE K
Table 2 Physicochemical and energetic properties for com-
pounds 4-11 and RDX.

Compoundp ] D, P AH, / ] ] T, IS FS
/g-cm™ /m-s”" /GPa kJ-mol™'/kJ-g”" /C /] /N
4 1.738 8171 25.6 386/2.30 181 >40 >360
5 1.811 8816 32.1 744/2.50 181 15 200
6 1.713 8006 25.2 143/0.45 159 40 >360
7 1.736 8500 29.9 1088/2.00 157 36  >360
8 1.753 8489 30.2 1499/2.52 155 20 360
9 1.762 8501 30.1 1117/1.70 204 40 >360
10 1.805 8771 33.0 1736/2.79 178 20 360
1 1.823 8893 34.5 1776/2.78 158 18 360
RDX 28! 1.800 8801 33.6 70.3/0.32 204 7.5 120

Note: p is density measured by a gas pycnometer at 25 °C. D, is calculated
detonation velocity. P is detonation pressure. AH, is enthalpy of forma-
tion in solid state. T, is decomposition temperature (onset). IS is im-

pact sensitivity. FS is friction sensitivity.

TS AEKE 25 RDX B % )% (1.800 g-cm™) , A1k
AW (A~ RS T RDX(S: 7.5 J;FS: 120 N)

J T HFIFACA W (4~11) (I 22 PERE 0t BT 45
N 92 % R vz eR B AE P B3LYP r ik L R
6-311+G(d, p) B XL G (4~11) 4514 #4711k
Jo TR B A A G W A R o T AU S A R
LAY (4~11) A RS ¥ = T RDX. o b6
Y111 B S B9 A e (1776 k)-mol™) o FEHR 3 4=
B K RS2 %5 35 ] Explo5(V6.05.02) F it 815
FME AW (A~ 1) EERE . (LAY 5 HA 051k
ZbERE, O HUR 43 5 8816 m-sT f132.1 GPa, 5
= AENE 25 RDX OB R M fE (8795 m-s™', 34.9 GPa)#f
MO HH(IS: 15 )5 FS: 200 N) 4 i J8E 1 JEE $82 J i
¥IEF RDX(IS: 7.5 )5 FS: 120 N) , HA — % (1 L

3 & it

(DL 4, 7-Z & Hmk g If[4,5-c ALk (4) 5
NTO FIH & & R MG W SO, 153 3] % 6e & 1 4k
S5~11 AL B 3, HCR B = .

)b BP9 SRR T P-1 25 [ BE, db iR 2 B
JBR 3R 2, B PH 5 - D i e SR 3 42 R R P
B AR T HE SR B AL R o A
gh R g HIRE SR .

(3) LAE R B PH B 7 Fi s A BB 7 45 6 i &
BET RN EFE FE T HRETHOME,
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Hfb 5w 5 BABE%E(1.811 g-cm™) flfl =
B EEPERE(D,: 8816 m-s'; P: 32.1 GPa), Hi#i iy
TR EE 482 R R AR (1S: 15 )5 FS: 200 N), A R 4519
N FH 5 o
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Synthesis and Properties of Energetic Salts Based on 4,7-Diaminopyridazino[ 4, 5-c]furoxan

HU Li-jingcao, ZENG Zhi-wei, WEI Xiang-shuai, YU Ru-jing, Huang Wei, TANG Yong-xing’
(School of Chemistry and Chemical Engineering s Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: A series of energetic salts (5=11) were synthesized by reacting polyamino-fused heterocyclic 4, 7-diaminopyridazino
[4,5-c]furoxan (4) with nitrogen-rich energetic acids including NTO or some other high-nitrogen nitroamino derivatives. The
structures of 5=11 were characterized by nuclear magnetic resonance (NMR) spectroscopy, elemental analysis and infrared
spectroscopy. In addition, the "N NMR spectrum of 6 was measured and assignedbased on the quantum calculations. The crys-
tal structure of 9 was also confirmed by single crystal X-ray diffraction. The detonation properties of these compounds (5-11)
were calculated by Explo5 (version 6.05.02) software, and the impact and friction sensitivities were also measured. Among
them, compound 5 exhibits good detonation performances (D,: 8816 m-s™, P: 32.1 GPa) and low sensitivities (1S: 15 ], FS:
200 N).
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