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2.1 RAFEMEE

W73, 4- AR A A AT Al IR R A
B A 5 MR ER TR . 85% K A WF L ZUK (50% F2 e K ¥ W
¥y o0 4y A 4l [ 24 4 AR 2F R R A BR S A SR LN
FLFR A8 Ry oy Mt 16 27 s bR A AR AT BRZA

1L %% : Bruker APEXIICCD X 5 28 8 5 47 S ; Bt
1 Mettler Toledo 2% #l 22 7% # if f #-#4 F B¢ T AX
(TG/DSC3+) ; Fit + Bruker /A &) 500MHZ ¥ g 4R AL
FSKM 10 BAM FEHZRE AL s BFH 12 BAM f# i AL
2.2 XIgFE

DL 3, 4- 50 5wk np RN R SRy TR 28 B e 4 A
NP A T [, 2,58 M [3,4-b Mt -5,
6-(1H,3H)-ZH& (1), Jf 3 — 2> 58l s & i T iz
BRI Th 2~5, BRI I scheme 1,

H
NH N N__O
O,NI 2 HOOCCOOH O,NINIO Base _(f I'I M

H H

NH,
1 2-5

M= NH,  NeNH, NHOH Na

2 3 4 5
Scheme 1 Synthetic route of compounds 1-5
2222 AAEE
2.2.2.1 [1,2,5]6E Z1¥[3,4-b]MtEE-5,6-(1H,3H)-—FR

(1) K&K

] 50 mL = H &KL H A 15.0 mL 10% A HCI
KW PBEFEI A 10.00 g(100 mmol) % & uk nfy
13.86 g(110 mmol) Z/K & RLER , 7E 100 °C [l i = /)
I A HRRAH U, TR A a A 12.60 g,
2% 81.8%. 'H NMR(500 MHz,DMSO-d,,5):12.85;
“C NMR (125 MHz,DMSO-d,,8) : 154.32, 144.65;
IR (KBr, v/cm™) : 3514, 3082, 2902, 2750, 1688,
1651, 1592, 1520, 1392, 1362, 1334, 1015, 912,
881,837,826,799,749,731,678,579,568,561.
2.2.2.2 REREHQ)WER

$0.31 g(2 mmol)fb & ¥ 1 Jm A 20.0 mL H i
FrL A 0.5 mL(4 mmol) @K, SR FHFES N5 h,
Zead U Ve, TR A AR 0.27 g, /"% 78.9%,
'"H NMR (500 MHz, DMSO-d,, 8) : 8.02; "C NMR
(125 MHz, DMSO-d,,8) : 159.23, 149.35; IR(KBr,
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v/cm™):3517,3082,2750,1688,1657,1592,1520,
1392,1362,1334,1249,1015, 837,826,799, 749,
731,678,602,590,568.,
2.2.23 HMEHB)IMWEK
GRS EY 205 EEM LED1
H5AKEBREERLIL N 1:2, B3 A AR 0.29 g, 77
F77.9%. '"H NMR(500 MHz, DMSO-d,,8):7.07,
3.16; °C NMR (125 MHz, DMSO-d,, 8) : 159.31,
149.15; IR (KBr, »/cm™) : 3517, 3082, 2902, 2750,
1688, 1657, 1592, 1520, 1392, 1362, 1249, 1015,
913,837,799,749,678,602,579,568,
2224 ERE#H(4)HER
GRS EY 208 MR LEW1
H5AEMAMMWERL 12, BRI AGEKOS2 g,
FZ3R 85.5%, '"H NMR(500 MHz,DMSO-d,,5):4.16;
BC NMR (125 MHz, DMSO-d,,8) : 156.67,146.99;
IR (KBr, »/cm™) : 3517, 3082, 2750, 1688, 1657,
1592, 1520, 1392, 1362, 1334, 1249, 1015, 837,
826,799,749,678,590,568,561.
2,225 $HER(5)HEM
GRS EY 205 R LEW1
H5KEBEERL 12, HEIHARIKO0.25 g, "
F71.0%. “C NMR(500 MHz,DMSO-d,,5):162.42,
151.58; IR (KBr, »/cm™) : 3517, 3082, 2750, 1688,
1657, 1592, 1520, 1392, 1362, 1334, 1249, 1015,
837,826,799,749,731,678,602,590;579,561,

3 HR5ITR

30 BEEFRSEHSN

B1,2,5 0 k[ 3,4-b]ME¥E-5,6-(1H,3H)-—
MR (1) Je HoBg 18k 2~4 53 5 T BRI W, =08 T 22
Bk MR IEREMCAE Y 5G9 5 A As .

PEHCAE R SF1,2,5 0 k[ 3,4-b AL -5,
6-(1H,3H)-ZHd (1) X AR (5) 1Y B i & T X-9F 46
AT EH b R 24 A SR R R Ak 9 MoKa 5
2 (A=0.71073 A)VVE R X BRI, L o 314 7 X AE—
SE 1Y 690 FE WSCAR SR AT SRR o A5 R G W 0 46 e i
SHELX-97 &7 H e i 15, xf e 7 A &5 7 A7 45
] S PR IE | TR I 32 4 B f /N TRk EA TB IR, B
WS FE . AW FE Y5 RIS &
JEL HE R 1] 1 R 2 TR 0 R B A KR 4 5 %k 2
M3,

N XK 2022 % H 304 %34 (236-241)
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Table 1 Crystallographic data for compounds 1 and 5

compound 1

compound 5

CCDC

empirical formula
formula weight
temperature/K
crystal system
space group

a/A

b/A

c/A

a/(°)

B/(°)

y/(°)

volume/A®

V4

p/grem™
w/mm™!

F(000)

crystal size/mm’

26 range for data collection
index ranges

reflections collected
independent reflections
data/restraints/parameters
GOF on F

final R indexes[ I>=20(1) ]

final R indexes [all data]

2097011
C,H,N,O,

498.32

170

monoclinic

P2,/c

19.258(6)
5.4797(17)
19.454(6)

90

112.019(9)

90

1903.3(10)

4

1.739

0.155

1016.0

0.11 x 0.06 X 0.03
4.228 to 50.322
-22<h<23,-6<k<6,-23<[<22

15878
3378[R,=0.1217,R =0.1022]
3378/4/332

1.033

R,=0.0594, wR,=0.1173
R,=0.1388, wR,=0.1519

2097010
C,HN,NaO,
194.09

170

monoclinic

P2,/c

4.0443(8)
9.316(2)
17.509(4)

90

91.701(7)

90

659.4(2)

4

1.955

0.226

392.0

0.16 X 0.11 X 0.08
4.654 to 52.866
-4<h<5,-11<k<11,-21<1<21

7088
1344[ R =0.0585,R =0.0402]
1344/0/130

1.047

R,=0.0366, wR,=0.0877
R,=0.0485, wR,=0.0960

a. crystal structure

1 ALE YR RS R R B AR M 2 308 43 7 1) S HE AR T D)

Fig.1 Crystal structure and packing map of compond 1(Dashed lines indicate intermolecular hydrogen-bond interaction)
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a. crystal structure of 5

b. packing map

2 ALE Y5 R AR (M 237 20 1 Al S REVE AT D)
Fig.2 Crystal structure and packing map of compound 5(Dash-

ed lines indicate intermolecular hydrogen-bond interaction)

R2 LB YRR A

Table 2 Selected bond lengths and angles of compound 1

. angle
bond length /A bond
/(°)
O(7)—C(7) 1.218(5) N(11)—O(8)—N(12) 111.1(3)
0(9)—C(12) 1.220(5)  N(7)—C(7)—C(8) 118.6(4)

O(10)—C(11)  1.213(5) O(10)—C(11)—C(12) 124.0(4)

N(2)—C(3) 1.307(6)  N(10)—C(11)—C(12) 118.4(4)
N(1)—C(4) 1.297(6)  N(4)—C(4)—C(3) 121.3(4)
N(3)—C(3) 1.378(5)  N(1)—C(4)—N(4) 128.6(4)
N(4)—C(1) 1.353(5)  N(1)—C(4)—C(3) 110.1(4)
C(1)—C(2) 1.538(6)  O(5)—N(5)—C(5) 103.2(3)
C(3)—C(4) 1.414(6)  N(8)—C(5)—C(6) 121.7(4)

BIHLEE i N(2)—0(3)—N(1)—C(4) .O(3)—N(1)—
C(4)—C(3)¥ K 0°,C(3)—N(3)—C(2)—0O(2) A
C(1)—N(4)—C(4)—C(3)5 5N 178.9°F1~1.3°, 4L
B AL A5 90 1 43 1 vk i 34 g 8 36 LT 4b F W] — F
1o FH AR HE AL b AR 3l Ak AW 1 R R
Y SRS, R A OB A 1 A AR RRUE TR I IR
HRPE

M 2a fiZ& 4 A7 51, A5 9 5 H i C—N B 4
TIEH C=N AU (K R 1.27 A)FI C—N B (f K
N 1.47 A)Z ] s C—C Bt 4 T 1E % B9 C—C P4 (g
KR 1.54 A) Rl C—=C Uk (K R 1.34 A) 2z 1], 51k
HEW1 — R B LB A R T AT R
511 C(1)—N(4)—C(3)—0(2) \N(4)—C(1)—C(2)—N(1)

®3 ASW R A
Table 3 Hydrogen bond distances(nm)and bond angles for

compound 1

D(D—H) D(D--H) D(D---A) 2(DHA)

D—H-A
/nm /nm /nm /(°)

N(3)—H(3)---N(11) 0.8800 2.1000 2.974(5) 169.00
N(4)—H(4)---O(6) 0.8800 2.0400 2.919(5) 176.00
O(4)—H(4A)---O(1)  0.89(5) 1.90(6) 2.735(5) 157(5)
O(4)—H(4B)---O(10) 0.88(5) 1.93(5) 2.789(4) 165(7)
N(7)—H(7)---O(9) 0.8800 2.0800 2.889(4) 153.00
N(7)—H(7)---O(10) 0.8800 2.4200 3.069(5) 131.00
N(8)—H(8)--O(4) 0.8800 1.7700 2.646(5) 170.00
N(9)—H(9)--O(6) 0.8800 2.3700 3.100(5) 140.00
N(9)—H(9)---O(7) 0.8800 2.0100 2.738(5) 139.00
N(10)—H(10)---O(11) 0.8800 1.8800 2.753(5) 170.00
O(11)—H(11A)---O(2) 0.8800 1.97(3) 2.835(4) 170(5)
O(1)—H(11B)--O(1) 0.87(3) 2.04(4) 2.863(5) 156(5)
O(11)—H(11B)---O(2) 0.88(4) 2.60(5) 3.259(5) 133(5)

R4 LB 5 Mo HACOR R £
Table 4 Selected bond lengths and angles of compound 5

bond length /A bond angle/ (°)

mE Tk 20 WAESEW 1 N(2)—C(3),
N(1)—C(4) N(3)—C(3) N(4)—C(1) gy 5351
H1.307(6).1.297(6) .1.378(5) .1.353(5) A, A+ F
TEH C=N XU (5 KR 1.27 A) R C—N Bk (B Ky
1.47 A)Z ] ;C(1)—C(2) .C(3)—C(4) By K 7 5l
1.538(6).1.414(6) , W4 T 1EH ) C—C i (5
KN 1.54 A) Rl C—=C WUk (B R 1.34 A) Z Ja] , s i
Y 1k M BRI R B 22 A1 L 0 B 3 24 . A& 1 vk
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Na(1)—Na(1') 4.0443(8) Na(1')—Na(1)—Na(1?)180.0
Na(1)—Na(1%) 4.0443(8) O(1*)—Na(1)—N(1°) 141.82(5)

Na(1)—N(1°) 2.8513(19) O(2)—Na(1)—O0(3) 103.86(6)

N(1)—C(2)  1.305(2)  N(1)—O0(4)—N(2) 111.00(12)
N(2)—C(1)  1.293(2)  C(3)—O0(2)—Na(1)  138.09(12)
N(3)—C(4)  1.336(2)  C(3)—N(4)—C(1) 118.73(15)
N(4)—C(1) 1.375(2) C(1)—N(2)—0(4) 104.09(14)
C(1)—C(2%)  1.425(2)  C(2)—N(1)—Na(1®)  121.16(13)
O(4)—N(2)  1.406(2)  O(2)—C(3)—C(4) 118.94(16)
O(4)—N(1)  1.396(2)  N(3)—C(2)—C(1) 125.47(16)
& Be A A 2022 4 H 304K H 38 (236-241)
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(AL 1 23 B 179.90°F1-179.66°, 1t B H: A 25 1
JUF R g, BB e . i E 2b & i ik
FRUE AN 5 v 1, Ak &4 5 T A7 6 3 R SR
DA AT 5 0 f A S R R HE A, R Y AR W 2% 45 4 LA
B )25 2R HERR T U6 B T4 & R 0 B M TR
AL G P 1 B

®5 AEY S5 Y SURE R HE ANHE A
Table 5
compound 5

Hydrogen bond distances(nm)and bond angles for

D(D—H) D(D---H) D(D---A) 24(DHA)

/nm /nm /nm /(°)

D—H--A

O(3)—H(3A)---N(3) 0.81(3)  2.25(3) 3.031(2) 161(3)
O(3)—H(3B)-*N(3) 0.80(3)  2.09(3) 2.884(2) 170(2)
N(4)—H(4)---O(1) 0.86(3) 2.02(2) 2.799(2) 152(3)
N(4)—H(4)---O(2) 0.86(3) 2.41(3) 3.067(2) 134(2)

3.2 MAZSW

Fe 1 22 75 i B $Ok (DSO) XA Ry (1,2, 5 ] 1
T3, 4-b]MLE-5, 6-(1H,3H)-_[ } — & 5| & 1
B RAT AT T BESE R I SE I AR N, AU
rR L I R BE Y Bl 30~400 °C, FHRE F N 5 °C-min”',
MK 3R, [1,2,5]0 k[ 3, 4-b]akHE-5,6-(1H,
3H) - B AR U6 A3 A R E Ry 289 °C LT BEER 2~5 4
SAE 302,218,293,317 CH IR/ . o il 25
F 200 °C, e B R . Kb ha Y5 0o i iR
FEdc s, 317 °Co B G 3 Z24b, Hfh 2 +#h iy 43
it L B X v AR S W, BRI A R iR S T AR R AR
SETERE] T — R R T

4 exo
2| 3171{/]» S
% 293 °C
-~ ~ 4
=
z zmpe [\
g 302 3
= (A 5

~/
289 TN\
: 1

50 100 150 200 250 300 350 400
temperature / °C

B3 5C-min LAY 1~5 DSCHhZk
Fig.3 DSC curves of compounds 1=5(5 C-min™" )
33 HESREMER

iz ] Gaussian09 2 /5", X4k & ¥ 1-5 09 A5 vfE JEE
IR A RS HEAT A, BE— 22 R EXPLOS (v. 6.01) 12
U LR S R AR AT T WO L S5 R LR 6. 7E 25 °C
(2 3525 PF T L R BAM $8 ol JEUEE £SCRT BAM JBE 452 UK
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B IR AS , XF 1~5 B 4 o Jak R R JBE 88 R A7 AR, 4%
WL 6, [FEPK TNT A RDX HE EERES TR 6
DAL gt

&6 TNT.RDXHHARA YIS B b vEfE
Table 6 Physiochemical properties and detonation proper-
ties of TNT, RDX and compounds 1-5

. »”’ AHY DY P 1s” FS7)
cOmpd- e eiem™ emol” Jmes /GPa /) /N
1 289 1.74 -28.9 7327 205 27 280
2 302 1.72 143.8 8015 24.7 >40 360
3 218 1.77 270.2 8555 28.5 >40 360
4 293 1.78 198.2 8475 30.0 >40 360
5 317 1.95 92.0 8465 30.6 7 120
TNT 295 1.65 -55.5 6881 19.5 15 353
RDX 204 1.81 70.3 8795 349 7.4 120
Note: 1) Decomposition temperature from DSC (heating rate of 5 °C-min™).

2)Densities of Compound 1 and 5 are single crystal densities(170 K),
densities of Compound 2—4 are measured powder densities 3) Enthal-
py of formation. 4) Detonation pressure. 5) Detonation velocity. 6)Im-

pact Sensitivity. 7)Friction sensitivity.

HZ 6 al LA, A H s b & 90 % B DL
T M TR 2 s T TNT, Horb A& W 3 0 48 3k
{1, 48555 m-s™', 5 RDXAHY s fL-&54) 5 W8 de s , 0
30.0 GPa, S Efba9 1 M L, Hoxd Ry i 274k 2~4
(25 PR RE AR 2 T — @ R LT . BRILG 4 5 1L
PR EEPE T 5 RDXAH Y L&) 2~4 i fi R ¥ T
40 ), BEAE 4R 360 N, LB T TNT,

4 %t

(T LA 3, 4~ 5 FE ke nfy A8 i o kL 22 46 6 IR L
AT 1,250 =Mk [3,4-b Mt HE-5,6-(1H,3H)-—.
B (1), i i R G T 4R S RE R TRl
FE LB T1,2, 58 —w[3, 4-b] k-5, 6-
(1H,3H) - (1) B HAahE: (5) 15 dh A1 R skt
B3, P2, /A [AE, AR B 1.739 g-em ik G 5
HERHRFR L P2, /c A AIRE, AR 1.955 g-em

() LB 1 IR S f T N 289 °C, B T3k 2~5
B4 T B A 218~317 CZ ], W3R G A9 2,4, 5 YA
Oy Y = T A 1 R E A B T AR T

GBIt EAEE R 7327 mesT R R
20.5 GPa, H e b kSR R Mk B R i O AR o 7
8015~8555 m-s™' Z [i] , i+ 5 M k7 24.7~30.6 GPaZ
], B0 T TNT. Hoh 52 etk 4 1942 3l 8555 m-s™,
N Lk
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SE

(1]

[2]

YANG Feng, ZHANG Pan, ZHOU Xinli, et al. Combination
of polynitropyrazole and 5-amino-1, 2, 4-oxadiazole deriva-
tives: an approach to high performance energetic materials[]].
Crystal Growth & Design, 2020,20(6): 3737-3746.

BEEE UK, R, WAL 5, 5T 4, 4T 3,
3U-Bk-1,2,4- = = BURE ER (TAGAT) Y i 7 5 Ky e 43 58
fEL)]. rhEM R, 2020,28(7): 638-643.

XUE Yu-bing, CHENG Guang-bin, YANG Hong-wei. Crystal
structure and detonation performance of 5, 5'-diamino-4, 4'-
dinitroamino-3, 3'-bi-1, 2, 4-triazole triaminoguanidinium salt
(TAGAT)[]J]. Chinese Journal of Energetic Materials (Hanneng
Cailiao) , 2020, 28(7): 638-643.

Zhang Q H, Shreeve ] M. Energetic ionic liquids as explosives
and propellant fuels: A new journey of ionic liquid chemistry[J].
Chemical Review, 2014, 114 (20): 10527-10574.

Xu C, Bi F Q, Zhang M, et al. Synthesis, structural character-
ization and properties of bis(1,5-diamino-1H-tetraazolium) 3,
3’-bis(nitramino)-4,4'-azofurazan()]. Chinese Journal of Stru-
cure Chemistry, 2015, 34(9): 1341-1346.
JHIZESE VLW, EAKIGE  GF L B IR IR T RE R TR ST R ()],
FREM AL, 2018,26(11): 967-982.

ZHOU Yi-fei, WANG Tao, WANG Qiu-xiao, et al. Research
progress in synthesis of energetic salts[J]. Chinese Journal of En-
ergetic Materials(tHanneng Cailiao),2018,26(11):967-982.
Wang R H, Guo Y, Zeng Z, et al. Furazan-functionalized tet-
razolate-based salts: A new family of insensitive energetic ma-
terials [J]. Chemistry A European Journal, 2009, 15 (11) :

(7]

[12]

2625-2634.

LEl Cai-jin, YANG Hong-wei, CHENG Guang-bin. New pyr-
azole energetic materials and their energetic salts: Combining
the dinitromethyl group with nitropyrazole [J]. Dalton Trans,
2020, 49(5): 1660-1667.

Yu Q, Yin P, Zhang J, et al. Pushing the limits of oxygen bal-
ance in 1,3, 4-oxadiazoles[)]. Journal of the American Chemi-
cal Society, 2017, 139 (26): 8816-8819.

Zhang J, Zhang Q, Vo T T, et al. Energetic salts with m-tack-
ing and hydrogen-bonding interactions lead the way to future
energetic materials[J]. Journal of the American Chemical Soci-
ety, 2015, 137 (4): 1697-1704.

X EAATE AL S AH, 8H-RUIR [ 3,4-b: 37, 4"-e |l W
A A R SAPERED) ], K254, 2014, 37(1): 12=T6.

Zhang J, Shreeve J. M. 3, 3’-Dinitroamino-4, 4’-azoxyfurazan
and its derivatives: An assembly of diverse N— O building
blocks for high-performance energetic materials[)]. Journal of
the American Chemical Society, 2014, 136(11): 4437-4445.
Gasco A, Rua G, Menziani E, et al. Studies in the chemistry
of 1,2, 5-oxadiazole. I. synthesis of some eurazanopyrazines
from 3, 4-diamino-1, 2, 5-oxadiazole [J]. J. Heterocyclic
Chem, 1969(6): 769-770.

Frisch M J, Trucks G W, Schlegel H B, et al. Gaussian09, Re
vision D.01, Gaussian[ CP/DK]. Inc., Wallingford CT, 2009.
Su¢eska M. Evaluation of detonation energy from EXPLOS5
computer code results[J]. Propellants, Explosives, Pyrotech-
nics, 1999, 24(5): 280-285.

Xu Z, Cheng G B, Yang H W, et al. A facile and versatile syn-
thesis of energetic Furazan functionalized 5 nitroimino 1,2, 4
triazoles[]]. Angewandte Chemie International Edition, 2017,
56(21): 5877-5881.

Synthesis and Performance of [1,2,5] Oxadiazolo [3,4-b] Pyrazine-5,6-(1H,3H)-dione and its Energetic
Salts

XIAO You-you, LEI Cai-jin, YANG Hong-wei, CHENG Guang-bin
(School of Chemistry and Chemical Engineering » Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: [1,2,5] oxadiazole [3,4-b] pyrazine-5,6-(1H,3H)-dione(1) was synthesized directly from 3, 4-diaminofurazan and
oxalic acid by one-step amide condensation reaction, and the corresponding ionic salts 2—5 were further synthesized by reaction
with base. The structures of compounds 1-5 were characterized by infrared spectrum (IR), TH and 13C nuclear magnetic reso-
nance(NMR). The structures of compounds 1 and 5 were further characterized by X-ray single crystal diffraction. The thermal be-
haviors of compounds 1-5 were investigated based on differential scanning calorimetry (DSC) measurement. The thermal de-
composition temperatures of compounds 1-5 ranged from 210.5 °C to 313.5 °C. The physicochemical properties and detonation
performances of compounds 1-5 were estimated by Gaussian 09 program and Explo 5(v. 6.01). The calculated detonation veloc-
ities of compounds 1-5 ranged from 7327 m-s™ to 8555 m+s™', and the detonation pressures ranged from 20.5 GPa to 30.6 GPa.
The impact and friction sensitivities were determined by using BAM technology. The impact sensitivity of compound 1 is 27 J and
the friction sensitivity is 280 N. The impact sensitivities of compounds 2—4 are all greater than 40 J and the friction sensitivities of
2-4 are 360 N. The impact sensitivity of sodium salt is 7 J and the friction sensitivity is 120 N. Among them, energetic salts 3 and
4 are expected to be new energetic materials with high energy and low sensitivity.

Key words: [ 1,2,5]Oxadiazolo[ 3,4-b]pyrazine-5,6(1H,3H)-dione;energetic salts;synthesis;thermal properties;

crystal structure
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