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[ABSTRACT] Malononitrile is an important raw material for organic synthesis. The reactivity characteristics of methy-
lene and cyan groups in malononitrile molecule were introduced. Reactivity of cyan group can be used to construct the nitro-
gen-heterocyclic parent skeleton, which can be further energized to design and synthesize a variety of energetic compounds
with excellent properties. Malononitrile can be used as raw material to synthesize new energetic materials such as 3 ,4-dini-
trofurazanfuroxan ( DNTF) and dihydroxyl ammonium 5,5’-bistetrazole-1, 1’-diolate (HATO). The synthetic methods for
constructing nitrogen-containing energetic compounds such as furazan, tetrazole, isofurazan, azo-bridged and ether-bridged
compounds were systematically reviewed. The physical and chemical properties of typical energetic compounds, such as

detonation properties, were introduced emphatically. The synthesis ideas and methods of malononitrile-based energetic com-

pounds were summarized and suggestions were made, which will provide reference for the future design and synthesis of new

energetic materials with independent intellectual property rights and excellent performance.

[ KEYWORDS ]

0 5

[l

N i — M E R R A LG R, Y AT
FEYIEAR 2 R YRt R iz,
S A < 2 WP VAT K o A NP =y 3 W S I W VA )
HARS GRS 5., 7635 REATRHI S P IR T2

PN 53 A TR A — S R,

* Wfm B #A:2023-02-02
ELWAE . 15K ARBESL4 (22175139)

malononitrile; energetic material ; synthesis; reaction mechanism; detonation performance

TSR RS, 765 RS RE e & W& b
SR, PN REE R W L 7 PR o, (453 15 2 18 1R R
WP RS EA R R RRYE, R, N R
FLlk oy T e 0 1, 2 LR A 35 U 3 PP A 5
Yy, v AEAT SR NSRS B A i 1
MIERER], WAL C=N HL 2 ] B B R SR
RIS T , A0 e L TR A A
SR

E—1EE  EARE(1998 - ) W05 A, FE NS BEAELS BUSE . E-mail :1025622085@ qq. com:;
BIEEE RIE(1977 - ), 5, 0500 S, FEMAF SR RGN L2015 . E-mail :hmt13042298016@ 163. com



22 T I )

552 B 4 1

FEF NG 537 b W 35 5 50 1Y s g 3
A DL A L 7R ) 5 RE 45 M BRLOT W DA AT Rk iy
TR B W T A RN T M, TT DL A R
mpt SRknf SRR A AL BT BT i N S A
SR 5 e Al A 3-R 4 FIAE LA T R
LB BTG, AT DA E A R kAT S Ay
REBefLaw.

PIN 06  JEOBERT LA 13 ,4- (37 - A BE K T -
43 F AW (DNTF) 730 1, - 35 5=y
mp R (HATO) 4B PERE L S O S REA KL, 1A
YRS T HTIN G &Rl 5w R &
BUSER , 5 Ja et A Uk RE DL S 8T 2 5 RE R
5%,

1 KRIBESREULEY

WA BB AL A W ATN i M JROREA B 32
EERAAY . ©O A KA A AL IE S5 1 8 R
BAR SR B AR Y 1E AR iUk, W] 3 4
e KR 25 Rk S 2 S A R TR K RE T
HTl, C 2 7 2 38 T Uk A S5 # i & BEA R
1.1 3-2E4-5EKME

3~ H-4 U IE H A MR B R 5 BRSS A ER
TGo MG R 0 R N s, AT G
WEZFPEREIE R 0 E REAL G . WRIAER I 1
PR U3 5 2R A0 1) R I 3 M R R 7, AT 57K
B RN B R B- I B RN, B
sEREA S etk et

W1 AR, S AT U A Ok,
T A AL A Ak B R 45 ) SR R (1), R )5
IR ERARAE 50K P 4 A% o i 2 3-8 k4 - i g ik ke
WH(2) , BJETE LR PbO, A48 3] T 3-2
B4 FAEEIA (3) , 0N 71% . Pagoria % 4%
3-GA B4 -t 5 B ik A (2) ¥ AR T HCL KIS
i H AL S U, 5 ) 32 R4 U
WA (4)  3-ZFk-4-fk 505 36 ok R 2 il 4% 2 P 1 g
PRI v (A BN, B R B R AR
SPEBER A BEM L DNTF!® R i A=t |
1.2 4-5E3-5ESLKE

4 -5 -3 - U A AL R I EL A B () S ARk
RESSF BT, WA 2 FT7R , Andrianov' ™ DATH —fiE K
JEOR}, 38 Ao S A A T B g A5 380 B g A (5 )
SRIG K IR A B 4- 3-3-F Ak (6) , 5
FRE S A5 B 4-50 3B e Ml kAL R (7))
He 513l i AR 3 L DR R 4 57 &3, 7
PEAT R R N, 45 B ik G SE A (9) |, 7E 2 ik
BB, TR 8 3% 1Y K,CO, KIETRTE 0 C
TR, AT AR R = bk R R (10) , 16
B 10 10y 2 5558 5 T i 43 48 1% 19 HCL 7E 40
C I 8.0 h ke 155 3 ,4-— (4-F HA LIk
MH-3°-2%) S ALK A (11)  4-28 FE-3 -5 5L A Ak np
SR LA B A S AR A S AR S S, AT
RS S R B R RE T B, Dl AT, O IR
TACE I K RN m AR AR RS
1.3 =EKRBESELEY

HREE =R — R R A R AR L Ak

_OH
N°
_OH N AN
NC. H NaNO,, HCI N NH,0H o N Noon B/
(o7 | O
NG H 10°C, 1.0h NC~Nen | 15°C:25h NH, NH, 15h
1 (84%)
PbO, AcOH HN CN
20~25°C,1.5h I/
N__N
HON
H,N NH, 3(71%)
/ N\
N__N HON
o H,N cl
2(711%) NaNO,, HCI I\
N, N
2~4°C,2.0 h o)
4 (76%)

1 3-S5 A- U R E S AT A W) 5 A

Fig. 1 Synthesis of 3-amino-4-cyanofurazan and its derivatives



2023 48 H ETFHN G ERAEN &Rt T, 5 -3
HON NOH
NC  H NaNO,,AcOH s NH,OH-HCl, C,HsOH PbO ,, AcOH
)|\ ; NC NH, -
NC° H 10~20°C, 4.0 h NC CN [, 5.0 h =i, 40h
5 (68%)
HN CN HoA o~
>_< HN NH,
oW NH,OH NaNO,, HCl  HoN €l
\O/ \O / \
N\o/N‘o N/ \N
6 (61%) . ~o” "o
HsC OCH
HON 3 \N—g/ 3 H;C_ HON HsC, HON
BN NH: e’ ocH, N—C=N NH, N—G=N cl
I H /R NaNOy, HCI € /R
_—
LN o\*0  CH;CN,%i, 30 min N\O/N‘o 0~10°C, 2.0 h N\o/N‘ 5
7 8 (77%) 9 (86%)
00
/O\ ’O O\ /o\ O o (WL
N /N N /N N\ /N N\ /N
3% KoCO; HC, g \ CH; 11% HCl
- N—C=N T N:I%—Ni —  HN NH,
LB, 0°C, 80h ¢ 0~N. _N CH; 40°C, 8.0 h o~N_ N
o o
10 (67%) 11 (55%)

B2 4-2 -3 TR A R A B AT AR W A 5 U A

Fig.2 Synthesis of 4-amino-

TE 7 e 2% B 5 fiE AT R (HDEMs ) (97 & 5 3 1
A, BERSHFFTIE B, — > 0k 3k A O — A
T, AT LA BEAL S WU % 4255 0. 06 ~0. 08 g/
em’ , MR BORSE SR B 300 m/s LA EPY ) R, B
AL C—C BEERE I =R A YRR AR
TS R ARRE M S BRI A A RO R

WK 3 s, 3-F A4 - BN HE K IETE 2 ~4 C
T, 5 Na,CO, IR N2 L&Y 12, Al G
P A=A (13) 2 JE 2K & i R R
Atk &9 12,445 DNTF, Stepanov Ll Bl 7 NG
Hiik DNTF 5 NaN, J2 7, 75 3 & A2 LB =9 14,
ZAL G Y B A 5 (51~ 52 °C) Fil i e sE T
Sl AT TR 0625 . A kG 13 &
ST LAAS 206 I 19 A S & 0 15, 4K 22 5 NaN,
RV A EMGE Y 16, SCHR[24 ] HARGE T B EUC Y
516, He %100 K8, fifi L AU R A AR R AL
&9 11, A4 HOF - CH,CN A 884 1L&4 11 &
SR AY 17 (CFE 1.914 g/cm®  JE% 9 503 m/
s, k1% 40.8 GPa) , B 1Y% i HAESEVEREREIR CL-
20( 2. 031 g/cm’  J4H 9 380 m/s)

DNTF">' (25 1. 937 g/em’®, #5550 110

3-cyanofuroxan and its derivatives

CHE N 8 930 m/s, AL (5 ¢ #E i, 100
°C,40 h) B 1. 09 mlL, 2 8 6 = kg v g ELAL
FHMERILSY, CarELbrh 32N, HA %
FEv BB R RS T E PRI AERE AL, B
/KPS CL20 A4 5|4 (HMX) (2
KA (RDX) FITELHR (NC) 254 B A9 28, v]
Iz T 22 Fop B i g D AR 24 AR AL
FEAT— OHE 25 ST B ok A% B % e v RL I B
R,

I IE A 2 BRARL ) 7 BE 45 # FRT, 1 AU A0 8K
KB 40% IAEE R b 1) SRR TR AL T ST T B
TR O B R E T AR, TS5 T X
PRUE T BB e TR W XS i
kS et & WA UL 5 R R Re M A
PRAb 2R

2 MERZRENEY
PR R AL AR TR AL A, WAILS

Wy TT S 2 & REATRHIUSAT S AL, TFR S
RE AL B W L2075 16 i AR A o R AR R A



4 T I )

552 B 4 1

NOH
N
Cl
/N
N_ N
(0]

N/O\N/O N/O\N
\ N/
Ne— N SnCl,, MeOH, HC1 N— N
/ NH, \ > / NH, \
o_ ~ %, SO o, ~ NP

Na2C03
_
< 2~10°C, 3.0h
N gN N N gN N
12 (73%) 13 (73%)
0 0
o8 Yy
H,0,, H,S0, NaN;, MeCN
N= = N=— —N N— —N
0/ 2 \o O/ ~ ON & b 0/ Ny \0
X, 60°C,2.0h & - 40°C, 40h P X,
NN N N No, N N Ny, N
12 (73%) DNTF (85%) 14 (70%)
_0
N\ \N N/O\ N~ \N
/ |, L
N - H,S0,,H,0, N NalN;, MeCN N<
O\ _ HZN 2 — > 0 OzN NOZ - o4 O\ 02N ]\I3
\ —
N N 30~35°C,1.0h N~ 30°C, 1.0h N \
N[ /N ! ’ N
\O N\O/ N\O/
13 15(93%) 16(63%)
00
O+ O 0. 20 o
N N N N NN
N \ /] HOF-CH,CN N/ \ /
———
BN I\ NH, CH;CN, 0°C, 1 min 02N>_S/_\8_<N02
o~ \O/ OkN\O/N
17 (75%)

11 (55%)

B3 LB 14 16 BT 4R
Fig.3  Synthesis of compounds 14, 16 and 17

JE IR BT N AR S AP R X T R A R
SRV P 5 BV e R AL RS A2 M A e A
SR AR R

FERRPE ST, S A R L A i 1, 31 A%
IINBLR B BT DUMEER 33 2 ) PO Mk 75 B4k
YR EE T,
2.1 HFERmms

G W AN RS T 64T 1, 3-8 AR R
BN , A BT BR PU M 5 BEAL S

Chand %57 338 1 J5 38 0 HF 35 57 196 %) 00 1 g
(18) IR IV FH AT EC A AL O s (19) LA 2-f5 3
P A R a1, 3 - R B i sl S oz A5 51 A7 Bk
UM (18) , FRZ K G BRI 2146 59 19, 26
T RONCR LT M 100% |, DWLE 4, X PR gL
GYERERE, 7R 5 R 69. 6% I
77.8% , HEA A M FE PEFIABUSEE . Chand
ARV IRIRIE T X SRR I PUBRATT A A R L,

BB 19b BT LA E] 9 050 m/s, B i B N
35 ), RIM ISR BEE R MR e, IR
T [ AR TR 24 T AT — 22 A5

Zhao %5500 D) 2Rl FHE TN U BB SR R JEURE, 3
B TR RN IR SR A T R 3 3
BRI PTmE B R IO A s 1y AT AR SR ) 2 B
BT Eh, DR iy B PRI KT 240 N, A AR
RS REM RS BN
2.2 HATO W& R

HATO ELA g RS AR EE S5 A5, J2 DU e 2k
FREE T PR BACE MR T REA KLY HATO
WS S S4B E AR P RO RS
e

Zhao %5 R AL HY K G EAM AE T
HBUR B R B b b A5 2k & 9022 , B M
1k & 22 bl AR, AT LA O R B B P £h23
ML A 9022 5 55 e K 7% W 8 7T LA AS ETHATO



2023 4F 8 H BTN G &R G A Rk AR 4 5
_OH NN
N/OH | H RO N | I%
ZnCly, H,0 N N .
P +ONaN; U2 YK( o, N'\W/KW‘N
Eﬁ 6]1 N\ \ ,N ﬁ \ 7;
NC”CN = N-NH N~y ERR 120 \-NH N-y
18(81.5%) 19(99%)
2 2
LB LB
on 2\ N
" N AN
N N Nx L
S ; N | N
N, LN Sy
N/g N-N N o N
18 19
® @ @ ® @ @
W o= NH N,H; NH;0H W = NH N,Hs NH;0H
18a , 18b X 18c 19a 19b 19¢
NH.
® NH, s NH.
HN/NHZ /g(a HZNYN H2N I\i 2
I R e T, °
H2N NH2 = \N® N- 7 2
HN~ "N~ "NH, E@
18d 18¢ 18f 19d

B4 ALEW 18,19 R M & itk iz
Fig.4 Synthesis of compounds 18 and 19 and their salts

RILT e B 2 3/ b B 4205 C—C BRI 24 |
I 2 i B DA K Tt I 4 T i A 1 F AR IE A A, W] LA
SEELLAN i A RORHS B HATO, i 25 5 56109 0] g
M HLERANE 5 B . BPE SR AF T, Fe i b a2
(IO 1 s Bt ), Horp, — S PO IR |
B SR A5 2 FL -, I 000 — A DU BRI 9 flk S5
5 VO ER b A ik B 5 5 B IR Z [ ) C—C
HEWTZY 2 G 3 19 B F BB I A W HATO K wl ™=
Y., BIFEPIAERGE  TE K R, AR P 4 S R
—43F CO, TEM T B2 e 094 FH A T 1k
F LT T4 E ALY F T R

HATO %% 4 1.879 g/cm’  J#H 4 9 430 m/s,
BLASEEEE (5 g FENL, 100 °C 48 h) S & 1. 50
mL, fE /K F-5 CL-20 A1, A 2EPEL T RDX, A
BT — 25 U AR 58 & Re AR A
2.3 ME-KRIERLESELED

DU g R ELA R R R IR AR RS TR IR L
2 1 1) B o 2 FE RIS AR T P 4k
AL — AP e R A SRR S E
B

WE 6 i, Wang %5 5@ 13- k4 - Lk
M BRI A S 7, A5 5] T 3-50 34-( 1TH-PYmE-5-3E )
WEIA(24) WG R 90 % ., FERRPESRAE T, KMnO,
FAEA Y 24, 7T LA I ARIA (25) (1. 691
g/em’ R 8 477 m/s) s H,0, FAbfb &9 24 15

FREFELI (26) (HE 1. 673 g/cm’  JEHES 257 m/
) R A 24 b VUmsIE A iR 1550 T 3
P B e B 8L B ATTRT DU T HEE R o i 5 B
Wy, FETHPUGEALHLER, DL 4-8 5E-3-F L E Mk
WEIE S JERE, T DAAS 3] Y w4 Ak ik i 2 1L 7 g Ak
%%[37-38] .

VU e PR AR 1Y) 5 BT B 3 BUTE 80% LA 1 i
B mshty , B 5 B, W TRy AR R ]
PURAE Z AP ESN B BR3P R IR e I
TR, AR R T K I AT LURE B R
A, IXSERE AR DU B AL B AT T S

BIERE.
3 FRBERZENEY

SERIE (1,2, 4-W8 01 1,3, 4-T5 — 0 ) ({4 i
PAR TR {H B B AR, 32 A1 503 33 £ P
o TETREALA W rh o] A S Wk nE B 5T AR Ay s A ik
, LUE 3B 1A 22 2 BRI & U | i REAE
R EZRE

T 2z ey 6 R TR AT A 20 A Tk 5k v LA s vy A 4%
1,2, 4-BEZ A5 o OB LEEA - E B 25 1
T Wb g B bR SR LA SRAZ I IO Y
PRIERRF T, B C—O 8, SR G T 785, bk 5
2 WG i i e MO B I R —



<6 O A M 552 BB 4 W
N’OH N,OH N,OH
NG | N NaNO,/HCl e NaN;,,EtOH .
HO OH HO X ~OH HO X ~ " “OH
NH, NH, 0~5°C,12.0h cl Cl #JH,12.0h N; N;
1(84%) 20(80%) 21(90%)
_OH + -OH  HONH,*
HCI, Et,0 N N, NH,0H/H,0 N N
N, \ N 5 N, J \ N
EH,100h N-N N-N E¥,6.0 h N-N N-N
22(90%)
NH;, MeOH
= ,120h
&
+ _OH HONH; o,
NH,0 N o NH,* 7
b N N-
N AN N s N
, N I />—< I
N;\ / \ //I\I N\N N/N
N-N N-N -
23(95%) HONH;"
HATO (85%)
i
HONH; 9 N0 o HONH;' HONH;*. N/OH. OH . HONH39'
N AN HELOH Y N/ o HONHs N N- OH OH
: \ e N AN NS IS
Nl e S A L
N N N-N N-N <
HONH;'
OH OH H0

N ———> 2NH,0H + CO

K5 HATO 43 12
Fig.5 Synthesis of HATO

IK IR 1,2 40 e e
3.1 #FBEL1,2,4- BT

VNG PSR AT D3 Ao 2 e fin i 1k
R G 3 JF 20 SRS SO, A AT R
1,2 4-BE M Refb 59,

WE 7 FiR, Cao 250 38 1 Y il 5 FR I 0 55
KR, A BT W 35 — H ke s (28) , 1B & 4 28
5 =A G RON, A B ] 7= ) 29, P28 &Y
FEHAC, BRI &Y 30, B N0, 1E M1k
e = A e R TR A SO, A SIS RE FRe ik A
Y31, FIHALE Y 31 IR, & T — RN EF R
FEh(32a~32f)

3.2 1,2 4B M RIERLSBELEY

1,2, 4-WE e SR B2 IC Tk E B, R ot ke
& REAL SRS IA 1,2, 4-18 —mk 0] D) AR 55 fiE
LGP HIREE

WK 8 frn, L 2,4,6-=H 3Lnkne M, 1k
B2 FIEFR — O BRA K L5 2L &9 33 ;4%

J&i , Tsyshevsky 2 JE— 5Btk 59 33 Ak, 153
3,30 (3-fif FE L I 4-3E) 5,501, 2, 4-IE —
(LLM-200) , LLM-200 BJHIS% A 1. 942 g/cm’,
HE g 8 780 m/s, FEAE T ¥4 i B Hyy ol 62 em, J&—
Fofr e B BER T AV 25 ) A 5 RDX (¥ 1. 820 ¢/
em’ R 8 720 m/s) AH MY R AF R E R R g SR
PERE .
3.3 1,3 4-E_M-kIgL SR EY

1,3,4-08 ik 5 1,2 408 Kbl AENKIA A
et BTl 1,3, 4-I8 s 7] LRI 5 RE AL
B YIRIRE

WE 9 JizR, LA 3-8 F4-FHE0E 0 Ry JFoRE, 28
KA AL AR TS BB Bk Tl 34, fk-G9 34 FiI
BrCN 45 A3 EIfL A9 3510 1,3 48— |
2 AT, BT MBS 35 Zemifb)a HAgfs 2
MY, W — SRR R, AT — &R
G BE B T-4E (36a~361) , ENf I E N 1.617 ~
1.813 g/cm’ , FHIRARE N 7 493 ~8 711 m/s,



2023 4£8 A TR GRS A R R IR TR, 55 -7

N” N(N\\/
\
HN N—= NH
KMnO,, HCl
- - > I\ [\
=, 30 min N_ N_ N
) o
25 (86%)
N
N/N\\N N/ \\N
NN s Nl ‘ Q2N NH
>/_\< — BN e s’ 2 M= H:N-NH
N_ N i, 20 min /R CH,S0,H, 0~5°C, 1.0h 8" o
N o \O/ 28 ’
o)
26 (75%
24 (90%) (75%) NHNH,
N/N\\N H,NHN"* "NHNH,
/ 27b >
1) Ba(OH), H2N>_8*1:I
NH NH
2) MpSO,4 B MSO4 /R M .
N HN" N NH,
0 H
27 2% .
Fe6 kAW 25.26 127 M)A AR
Fig. 6 Synthesis of compounds 25, 26 and 27
N N. N N
. NHOHHQ HOTS Y UOH  checoyo | ChC—¢ T Y H-CCi
NC N "%®, 1200 NH, NH, 105C,3.5h ON N
28(95%) 29(92%)

BICN

HN03/H2804E?‘ 02N N02
NH;, CH;0H ~ HN—¢ 7/\( }zNHz HNO3/(CF3C0),0 N\( \Rﬁ( }/N

5 °C, 40 min 0N NO,
30(73%)
NOs, | Zifd,
CHCl | 120h
@
2Cation
N
o \( 7/\( >/N e M. \( 7/\( N
2 N0 2 %@,30h N© N-g ©NO,
31(71%)
o 32
® ® S H®
® ® NH NH, 2 N/N
cation® = NHy , NHNH, )U . L N, N, | H—NH,
ation ? ’ » 2NN SN, N N 2 NH °
H,N° NH, H 2 H H H,N
32a 32b 32¢ 32d 32e 30f

K7 Ae&w 32 RHERM A R
Fig. 7 Synthesis of compound 32 and its salts



8- B R M 55 52 56 4 W]
0
OEt
/OH EtO/UW( ,
N 0 N—O O—N
\ H,N
HN NH, FKERE 2)\/& />—<\ \ N TFA-MeNO,,
= N N )
2,4,6-= FFEN 90% H,0
/ \ - $§ H:uﬁ N / | | \N 0 2-2
- 150°C, 3.5h -N Ne / 50°C,18 h
0 (0]
2 33 (78%)
N—O O—N
OZM //‘ \/\ \ e
N N
N/ | | \N
NN N/
(0] ~0
LLM-200 (73%)
K8 LLM-200 )4 iz
Fig.8 Synthesis of LLM-200
HN CN H,N COOH H,N cocl 0
: \/ \/ H0H" ? SOCI, DMF 2 NH, HN NHNH,
N/ \N - / N\ - [\ - /IR
\0/ \O/ \O/ N\ /N
o)
34
N N X EN=N HN-N
M= NHy , MNH , NBOH , N-NH,? || p—NH
s/ 2”1l : BrCN,
36a 36b 36¢ N L
36d 3;1 KHCOs3,
4NH2 © EtOH
| ON-NH,, ) N-NH
HN</ ?7 HN~/ 27
36f 36g _N N
- N Y NN
N R o,N-N o HN S
/l S—NH, 5 N S—NH HNO,
2 o / \ M / \
BN~ N N N_ N
2 H N /N N A
36h 36 36 35
K9 k&Y 36 RIEELM A EEE
Fig.9  Synthesis of compound 36 and its salts

SR I ERE G I 20 14 [ 23 S A 1 AT 21
RAT R PIAAE] R U R AR R ) P A
SEREPE . DXOBITE T, SRR IAPR Y A VIR Tk IF 3
PR, S R I 2R AR BEAR B Tk I PR 2 22— 2

[, SRR REARG , 368 6 A D i g Sk AT,

Brab

SRR IR B S RS WA, (R R
FRES BRI

4 BREELED

HEPFPOR B R TR N=N H, {f:
AN EYLERZ TR, N=N #AS A

BRI A AT B0 X 5 B 8 2B LR 1
EYRAEE AR, I B X IRE S0 &
e WM TTER
4.1 KEERSELED

wWE 10 FoR, 2T 3-2 H4- AR v 2
(9 B A, R R PR B, KMnO, 4k, 15 )
3,3 - AR (37) Y (B 1,622 &/
em® , RO FRIRBE 234 °C HE 7 640 m/s K 21.8
GPa) LA W37 E L] DLt —25 5] A & Be 3L A
(G ms 2 BE ) R les B e MBI PERE L LUAL G
P)37 M JER}, Tang 250 38 1 fin ik &AL w4k A

WIEB, &M T =4S RE SR A LA S40 B2

fiet

T



2023 48 H ETFHN G ERAEN &Rt T, 5 *9-
o 0
N( 7N N N
HN  ON B >_< o \
>/_\< KMnO, HCL NG N—N  CN ) 509; Ni,OH, %, 30min  HON N—N NOH
N. N~ ™
o 50°C, 40h /R 2) NaNO,, HCL 0°C,2.0h /\ d
N A \O/
37(92%) 38 (61%)
N/O\N /0\
TFAA NO b -
> Cl 2 N N
100% HNOs N=N . % KI N N o,
_— +
0°C,20h S N CH;O0H K oK
N\O/N N\O/N
55 40 (33%)

K10 fbaw 40 BE AR
Fig. 10 Synthesis of compound 40

— PR AR AR KLY A B i AR e
FRE LR BE (HMRIRE 220 °C B # 8 138 m/s, 1
JE30.1 GPa, fE BN 2 ), BERREE N 20 N)

BEAh, Qu 2 LIdk &9 37 g JrURE, 8 it B
AR R RS T =S hefb o, Saw
37 ML Z A G W AR E T RUR S MR —
TR A 2 (VMR 309 °C 33 8 458 m/s, 13
J£26.2 GPa) .
4.2 SHKBEEBIISELEY

BN A B S TR R A B A AR M 22, 7R B SK
HARA R AR I = kA Y SR i A
W B¢ S B Z2 R B 1) BRI 2 R TR I B ek
Y — 48 1%, YR =R S R S TR
B, 8 T KA 7,825 T SRtk 5w
R

WE 1 s, D&% 13 S EREFTFIE &
I, FEE A = 5 5 SRR (TCICA ) REA R i#E
FEALEEE | kA 13 B850k
MEED 41 )5, SRE0F5% T A 12 IR
N, BRIAERBIZMT , - Y i e R 0 A
W FERRTEAT 6 /N BH S (R0 HEI AL 5 42 Fn 42
ARAY, He R TALA Y 11 5 TCICA Y
FE AR TACE S 11 12 5 TCICA B A= ik
W A E Y 11 SR BOE BT 2 F NI A
M A58 T = A ARR I IT 1, 2 ARG W 43
(AR IR 161 °C, 1R 9 417 mv/s, J 1K 39. 6
GPa) .

ARSI R T & Re b &9 F s ififs
M EEREAMEHR R I 2 ) KR EE T A EE

[ayay

PRSI, 8 KPR = 1 A3
WGP RIRERE BN T 0135 U AR A
TR & BEAL S W P U OISR TR RE

5 MRIEBESRENLSY

T L kAT 2 A WA AT R O R I T
(O RE B B SO, N BE AL B P 1S
FAPE.
5.1 -2 E4-5EMBERRSELED

WK 12 Fr7s, Youssif 25050 D 3-8 4 -EHE
WEA R AR SRR, 78 i SRR IR 2% 18 ARk, A5 31 3-fiF
FAFEIRIY (44) , TERRPESME T LG 44 &
A oINS Y AR A Y 3, 3- R kR
Bk (FOF-2) , % h 90% , FOF-2 f1E 5k 69 °C
BIEHR 1,642 g/em’  IAMRTLIE KT 250 C,Hy K
T125.9 em, BEIA 2 — Fh AR 47 9 a5 g 3 9
A AR A 2E E BB L A ) )4

Wang SN FOF2 R, et &k H A
1k \N,O, 1k KI if JFA XeF, Sk 5 0, A i
T 3,37 RCCHR A L ) R ARk (FOF-13) . FOF-13
M2 R ik 1,971 g/em’ P8 RAFHARCENE, 5
TR KRR E A KCETHESE R ) R 2O 6 F
RAF IR ZE Bt — R e 1Y) 2 RE S 28541
5.2 BKEREMESERLEY

WE13 7R, 78 Na, CO, 1 25 1 W B Bt 10 B
PERREE R, J8 2 /K 45 3 5 DNTF (9 4 1 N Bk Ak I
N, A3 3 T A P45 (B REL. 866 g/em’ , FA)fifk il
JE 92 °C, 18 256 m/s , Hyy N57.5 cm) , E& A

EL
X fi



<10 -

T

) E52EHE4 M
N/O\N
o-N \ / N—qo
[\ 72N
PN N~ N
N
TCICA(L.8 4 &) N N
N~ ) A \
/ NH \ 0
P 2/ O MeCN;, 25 °C
N HN N NZ SN
. \
13 o—N / \ N-O
N\O/N
41
SN
o— -0
[\ 72
0. 0 N~ —~N
N\ /N
TCICA(1.8 4 &) N N
= ) oA h
/ NH \ .
3 5 \N/O MeCN, 25 °C )
N B N N
LN [/ \
12 O—N N—O
N\O/N\O
42 4
00
NN NN 0~y My 9
\ \ / Q d 0 Cly A€l
TCICA(1.8 %4 %) N 3 2L
H,N 7\ NH2 0/ == = A\ (0] N (6]
0=N. N MeCN, 25 °C \ — - a
© NN TCICA
11 (55%) 43(64%)
Bl 11 fL&W 41 42 F143 14 BERZ
Fig. 11  Synthesis of compounds 41, 42 and 43
H,N CN ON CN NC 5 CN
N H,0,, H,S0,4 > < Na,;CO3 > \§ ?/ \<
N. N N_ N N_. N N_ N
~o” 15°C, 2.0 h o~ 78°C,6.0 h ~o” o~
44 (71%) FOF-2 (90%)
0.
N O, -
R NOZ R +N—O R /L{:N_O
/A - I\ AN
N\O/N N /N \6/
o)
O +
R Lg 5
AT
N7 | | N — / / N\
O/N N\O N\O/N N\O/N

12 FOF-2 45 iU 4%
Fig. 12 Synthesis of FOF-2



2023 4£ 8 H ETFH RS a I E Rt T, % S11 -
a 0~
\ \ /)
H,0,, H
N N 202, HS0 4 N— =z Na,CO;
/ N /T T 4 \ON | —
o ~ O  60°C,20h N~ XN O 80°C,4.0h
N” gN~ N N° No, N
12 DNTF (85%)
0] o)
O~N""N NN
\ \
N N R = Z. B N— —N
/ \ e / \
o NPe) 80 °C, 18.0 h o_ N O
N7 o7 W 07 W
45 (84%) 46 (83%)

K13 fbaw 46 G R
Fig. 13 Synthesis of compound 46

DT IS B RR = LR R A 45, it — 4
BT ACE Y 46 (% 1. 935 g/em’, P43 fifk T
76.5 °C,JE# 8 646 m/s, Hy N 72. 4 em) , IR
83% . IXPHRNIK A FREE 5 RE AL A W) B AT IS A Ak Ik
JEA BB 525 B S O RE L A B TR 2 P YR
FHEAAKEZGH 53

TE PR IETRE 25 BB AL 40 v, vk nf 45 449 B[] FH ik
i 4 W38N 7 o F IR . WRIAERI T T 1k
BV R RE R B BT T AL B ik
PERRAERE A, R, WE IR R A5 0w AT AR G 5
FEZ I TRAH AR A m] A S Hfiath 390 o i 15 e S )

6 it

1) TN ZHE 5 A UL R Y 21 B, A0
R R 5 2 3 A 3 AT DA HEA T % L
BN, FEEA G AT DL A SEAZ N, BT AF
FEZA RGOS, & A S B & n & i
R,

2) AN G R RHA & se b & i) £ 2L
FKAVEWRIAR T RE G W, WE IR PR IG5 M R | 1k
2R E e G E R A S R PR Re LR
Refhr , A SCHMME . B an, vRI2E S Refk &
{3 DNTF C&45 8] T 1Z BN A

3) TN G, o] DLA A DY m R 6 4
DU S RE AL A W B S R SR MR B (R
15, FE SR R A — 2 B [l S J N, U
o A] DA AR Ry Sk A S5 H B 1,2 4T kR 1,3,
4-WE SR BE LG RE BRI, SR /DN
AR IR ABEE A 5 1A R e a2 S RE AR b

4) FT N NG R SRR L A 3-E 54

FALMRA 7 rh i 2k T LAHEA T S A IR A A £
AR S REL G, T LA AL i 3 — 20 A
Oy T IR BRSO, A KA BE AL 54, 7 T i REfL
GR/LIESIUS

5) H TN G B RSG5 T DNTF Al
HATO 2535 50 & REATRE, i 2 1 2R i) R R 5
SR, AR5 R BE G 57 37 2 5 RE AT R 42 3t
2%,

2 % X #

(1] WIS SRS RATE[)]. K4tk T, 1994, 11
(2).3841.

HU X S. Study on the synthesis of propanedinitrile [ J].
Fine Chemicals, 1994, 11(2) . 38-41.

(2] #w, B, oA, % A& eSS L

LA A BT e [T ] AL et ) 5 i 21
#RE, 2013, 11(3) : 15-22.
HUO H, WANG B Z, WANG X J, et al. Research pro-
gress in synthesis of furazan energetic compounds and
reactionof their derivatives [ J]. Chemical Propellants &
Polymeric Materials, 2013, 11(3) . 15-22.

[3] HUANG W, TANG Y X, IMLER G H, et al. Nitrogen-
rich tetrazolo [ 1, 5-b] pyridazine: promising building
block for advanced energetic materials [ J]. Journal of the
American Chemical Society, 2020, 142(7) : 3652-3657.

[4] VORONIN A A, FEDYANIN IV, CHURAKOV A M, et
al. 4H-[1, 2, 3| Triazolo[ 4, 5-c][1, 2, 5] oxadiazole
5-oxide and its salts: promising multipurpose energetic
materials [ J]. ACS Applied Energy Materials, 2020, 3
(9) : 9401-9407.

(5] ZYOF, 4%, £AMH, % 3, 3- 260054, 4-HAE
ARG RS RAELT]. FREREL, 2010, 18(5) :



<12 -

T

)

552 B 4 1

(6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

538-540.

LUO Y F, MA L, WANG B Z, et al. Synthesis and
characterization of 3, 3’-dicyano4, 4’-azofuroxan [ ] ].
Chinese Journal of Energetic Materials, 2010, 18 (5):
538-540.

LI H, YU Q Q, ZHAO F Q, et al. Crystal structure and
thermal behavior of oxy-bridged bis ( 1H-tetrazol-5-yl )
furazan [ J]. Journal of Analytical and Applied Pyrolysis,
2014, 110 333-337.

JEAR, A, R, 55 3, 4-00(4-fH -
3058 EALIEH A L RAE SPERERT ST (1], fb2E2
iz, 2011, 69(14) ; 1673-1680.

ZHOU Y S, WANG B Z, LI J K, et al. Study on synthe-
sis, characterization and properties of 3, 4-bis (4 -nitro-
furazano-3’-yl ) furoxan [ J]. Acta Chimica Sinica, 2011,
69(14) : 1673-1680.

ARECF, BXRGES, SKET, 4%, DNTF W HEARBIIE#E e
[J]. MEREEsht, 2019, 48(4) . 11-16, 22.

ZHOU Z P, ZHAO F Q, ZHANG M, et al. Research
progress of 3, 4-dinitrofurazanfuroxan performances and

its applications [ J]. Explosive Materials, 2019, 48(4) .

11-16, 22.
B, B S AEURE e HATO[)].

EHERIRL, 2014, 22(4) . 434435,
JAEK, ZHRE, BOBME, 5. 3,4-30(4-EEEK N
BL30) AR I A R S PERE L) ], KR 2 540
2007, 30(1) : 54-56.
ZHOU Y S, LI J K, HUANG X P, et al. Synthesis and
properties of 3, 4-bis ( 4’-aminofurazano-3") furoxan
[1].
2007, 30(1): 54-56.
ANDRIANOV V G, EREMEEV A V. Synthesis and

Chinese Journal of Explosives & Propellants,

properties of 4-amino-3-cyanofurazan [ J]. Chemistry of
Heterocyclic Compounds, 1994, 30(5) ; 608-611.
VASILEV L S, SHEREMETEV A B, KHOA N K, et
al. Reactions of cyanofurazans with B-dicarbonyl com-
pounds [ J]. Russian Chemical Bulletin, 2001, 50
(7): 1280-1286.

W, B, BUOF, S 3-E A4 E
(CNAF) B9 B RAE [ 1], A7k, 2008, 30
(10) ; 739-742.

FANY J, WANG B Z, LUO Y F, et al. Synthesis and
characterization of 3-amino-4-cyanofurazan ( CNAF )
[J]. Chemical Reagents, 2008, 30(10) ; 739-742.
PAGORIA P F, ZHANG M X, ZUCKERMAN N B, et
al. Synthesis and characterization of multicyclic oxa-
diazoles and 1-hydroxytetrazoles as energetic materials
[J]. Chemistry of Heterocyclic Compounds, 2017, 53
(6/7) : 760-778.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

YIN P, ZHANG Q H, SHREEVE J M. Dancing with
energetic nitrogen atoms: versatile N-functionalization
strategies for N-heterocyclic frameworks in high energy
density materials [ J]. Accounts of Chemical Research,
2016, 49(1) . 4-16.

TSYSHEVSKY R V, PAGORIA P, KUKLJA M M.
Computational design of novel energetic materials;
dinitro-bis-triazolo-tetrazine [ J]. The Journal of Physi-
cal Chemistry C, 2015, 119(16) ; 8512-8521.
ASTRAT'EV A A, STEPANOV A I, SANNIKOV V S,
et al. Synthesis and some chemical characteristics of 47-
nitro-3, 3’: 4, 37-ter-1, 2, 5-oxadiazol-4-amine [ J].
Russian Journal of Organic Chemistry, 2016, 52(8):
1194-1202.

ANDRIANOV V G. Synthesis and properties of deriva-
tives of 4-aminofuroxan-3-carboxylic acid [ J]. Chemis-
try of Heterocyclic Compounds, 1997, 33 (8) . 973-
976.

HE C L., GAO H X, IMLER G H, et al. Boosting ener-
getic performance by trimerizing furoxan [J]. Journal of
Materials Chemistry A, 2018, 6(20) ; 9391-9396.
WANG Y, WANG S D, LI Z, et al. Synthesis of
UiO-66 in supercritical CO, and its application in dye
adsorption [ J]. Industrial & Engineering Chemistry
Research, 2021, 60(1) . 771-780.

ZHAI L], BI F Q, LUO Y F, et al. New strategy for
enhancing energetic properties by regulating trifuroxan
configuration; 3, 4-bis ( 3-nitrofuroxan-4-yl ) furoxan
[J]. Scientific Reports, 2019, 9. 4321.

ANOKHINA P V, ROMANOVA T V, MEL'NIKOVA S
F, et al. Reduction of 3, 4-bis (4-amino-1, 2, 5-
oxadiazol-3-yl) -1, 2, 5-oxadiazole 2-oxide [ J]. Rus-
sian Journal of Organic Chemistry, 2011, 47 (10):
1606-1607.

STEPANOV A I, ASTRAT’EV A A, DASHKO D V, et
al. Synthesis of linear and cyclic compounds containing
the 3, 4-bis ( furazan-3-yl ) furoxan fragment [ J]. Rus-
sian Chemical Bulletin, 2012, 61(5) : 1024-1040.
WANG L L, ZHAI L J, SHE W Q, et al. Synthetic
strategies toward nitrogen-rich energetic compounds via
the reaction characteristics
[J]. Frontiers in Chemistry, 2022, 10 871684.
WA, TR, A, . EAS X DNTF B
SRR R MERE M Z R [ ) ], SR WAR 41, 2015,
44(6) . 25-28, 33.

YAO L N, WANG C L, ZHAO S S, et al. Influence of

of cyanofurazan/furoxan

recrystallization on the morphology of DNTF detonation
performances of aluminized explosives [ J]. Explosive

Materials, 2015, 44(6) . 2528, 33.



2023 4£ 8 H TN _IEERIE ARG R T % <13 -

[26]

[27]

(28]

(29]

[30]

[31]

[32]

[33]

[34]

(35]

Tok2s. DNTF SRR PEREDT T [ )], KHEZh
4R, 2003, 26(3) : 57-59.

WANG Q H. Properties of DNTF-based melt-cast explo-
sives [ J]. Chinese Journal of Explosives & Propellants,
2003, 26(3) : 57-59.

FISCHER N, GAO L, KLAPOTKE T M, et al. Ener-
getic salts of 5,5-bis( tetrazole-2-oxide) in a comparison
to 5,5°-bis(tetrazole-1-oxide) derivatives [ J]. Polyhed-
ron, 2013, 51 201-210.

FISCHER D, KLAPOTKE T M, PIERCEY D G, et al.
Synthesis of 5-aminotetrazole-1/N-oxide and its azo de-
rivative; a key step in the development of new energetic
materials [ J]. Chemistry; A European Journal, 2013,
19(14) . 4602-4613.

CHAND D, PARRISH D A, SHREEVE J M. Di(1H-
tetrazol-5-yl ) methanone oxime and 5, 5°-( hydrazonom-
ethylene ) bis (1 H-tetrazole ) and their salts: a family of
highly useful new tetrazoles and energetic materials [ J].
Journal of Materials Chemistry A, 2013, 1 (48):
15383-15389.

ZHAO G, HE C L, GAO H X, et al. Improving the
density and properties of nitrogen-rich scaffolds by the
introduction of a C—NO, group [ J]. New Journal of
Chemistry, 2018, 42(19) : 16162-16166.

KLAPOTKE T M. TKX-50: a highly promising secon-
dary explosive [ M]//TRACHE D, BENALIOUCHE F,
MEKKI A. Materials research and applications: select
papers from JCH8-2019. Springer, 2021; 1-91.
TSELINSKIT I V, MEL'NIKOVA S F, ROMANOVA T
V. Synthesis and reactivity of carbohydroximoyl azides .
I. aliphatic and aromatic carbohydroximoyl azides and 5-
substituted 1-hydroxytetrazoles based thereon [ J]. Rus-
sian Journal of Organic Chemistry, 2001, 37(3) . 430-
436.

ZHAO G, HE C L, YIN P, et al. Efficient construction
of energetic materials via nonmetallic catalytic carbon-
carbon cleavage/oxime-release-coupling reactions [ J].
Journal of the American Chemical Society, 2018, 140
(10) : 3560-3563.

KUMAR D, IMLER G H, PARRISH D A, et al. Ami-
noacetonitrile as precursor for nitrogen rich stable and
insensitive asymmetric N-methylene-C linked tetrazole-
based energetic compounds [ J]. Journal of Materials
Chemistry A, 2017, 5(32) . 16767-16775.

WANG B Z, ZHANG G F, HUO H, et al. Synthesis,
characterization and thermal properties of energetic com-
pounds derived from 3-amino-4-( tetrazol-5-yl) furazan
[J]. Chinese Journal of Chemistry, 2011, 29(5) ; 919-
924.

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

EFL, A, i, 25 IARIEATAE MR B
MLT]. SREMEL, 2013, 21(2) ; 226-229.

GAO L, YANG H W, WU B, et al. New synthetic
route of five furazan derivatives [ J]. Chinese Journal of
Energetic Materials, 2013, 21(2) ; 226-229.

R, BAAM, BE2208, 45 3, 3- T (PUME-5-3E) -
4, A BAEE AR AR [T]. KHEZy
2F3R, 2018, 41(1) ; 21-25.

ZHAI L J, WANG B Z, FAN X Z, et al. Synthesis and
performance prediction of 3, 3’-bis ( 5-tetrazole ) 4, 4’-
azofuroxan [ J]. Chinese Journal of Explosives & Pro-
pellants, 2018, 41(1) . 21-25.

LIANG L X, WANG K, BIAN C M, et al. 4-Nitro-3-
(5-tetrazole ) furoxan and its salts; synthesis, characte-
rization, and energetic properties [ J]. Chemistry; A
European Journal, 2013, 19(44) . 14902-14910.

XUE Q, BI F Q, ZHANG J L, et al. A family of ener-
getic materials based on 1, 2, 4-oxadiazole and 1, 2, 5-
oxadiazole backbones with low insensitivity and good
detonation performance [ J].
2020, 7. 942.

CAO Y P, LIN X Y, YANG J, et al. Synthesis and

performance study of methylene-bridged bis ( nitramino-

Frontiers in Chemistry,

1, 2, 4-oxadiazole) and its energetic salts [ J]. New
Journal of Chemistry, 2019, 43(14) . 5441-5447.

TSYSHEVSKY R, PAGORIA P, ZHANG M X, et al.
Comprehensive end-to-end design of novel high energy
density materials: I. synthesis and characterization of
The Journal of Phy-
sical Chemistry C, 2017, 121(43) ; 23853-23864.

TANG Y X, HE C L, MITCHELL L A, et al. Energetic

oxadiazole based heterocycles [ J].

compounds consisting of 1, 2, 5-and 1, 3, 4-oxadiazole

rings [J]. Journal of Materials Chemistry A, 2015, 3

(46) . 23143-23148.

QU Y Y, BABAILOV S P. Azo-linked high-nitrogen
energetic materials [ J]. Journal of Materials Chemistry
A, 2018, 6(5) : 1915-1940.

TURKER L. Azo-bridged triazoles: green energetic ma-

terials [ J]. Defence Technology, 2016, 12(1): 1-15.

WHE, EAA, FEZK, AF 3,34, 41

AWK TH (DCAF) & W M it AR S5 [ 1], 2 RE#F K,

2009, 17(4) : 385-388.

FAN Y J, WANG B Z, ZHOU Y S, et al. Synthesis

and crystal structure of 3, 3’-dicyano-4, 4’-azofurazan

(DCAF) [J]. Chinese Journal of Energetic Materials,

2009, 17(4) : 385-388.

TANG Y X,HE C L,MITCHELL L A, et al. Potassium
4, 4’-bis( dinitromethyl) -3, 3’-azofurazanate ; a highly

(F#H% 19 W)



2023 48 H

(7]

(8]

(9]

[10]

Initiators & Pyrotechnics, 2010(2) ; 18-20.

WilRoe, ZREYE, PR, & (RARIRETE AU AT
[J]. %RERDEE, 2010, 18(4) : 419-422.

YANG Z Y, LIANG G Y, CHEN J, et al. Study on low
energy exploding foil igniter [ J]. Chinese Journal of

Energetic Materials, 2010, 18(4) ; 419-422.

T BRSO RS D]. R R e A
ToR2%, 2002.
9, B, KT (M]. dbnt, bt T

Rt 2011.

LAO Y L, SHENG D L. The science of initiating explo-

sive and relative composition [ M |. Beijing: Beijing

Institute of Technology Press, 2011.
FHLR. KT TREIM]. 65T,
2014.

WANG K

] B ol A

M. Engineering of initiators and pyrotechnics

[13]

— Bl AR R T K AR AT BARR 5F - 19 -
[M]. Beijing: National Defense Industry Press, 2014.
[11] WifAs. BOLA RS SRR M. K- . BT 7K F]
A, 2004.
[12] FIR, BEL. FHAKTHEITHEARIM]. Jbi,

el By Tall i i, 2006.

WANG K M, WEN Y Q. Design of initiators and pyro-
technics for weapon systems [ M ].
Defense Industry Press, 2006.
BRSO, XIFE, A, PR AR A K i
PEREMI R R ()], i SR, 2008, 35
(7): 13

BI W H, LIUS, YAN N. Application of closed bomb in
testing output performance for explosive actuated devices

[J]. Metrology & Measurement Technique, 2008, 35
(7): 13

Beijing: National

[C20.C20.C720,C20/C720.C29 C20 C.CZ0 C.CZ9.C29 C29,C29.C29 C2O.C29.C20.C0C20,C2.C20.C0.C29 C20.CZ9.C2 C729.C20 C29.C.CZ20 C C29.C20.C0C20.C20 C20 CC2OCO C2OCCOCO}

(L% 13 7R)

[47]

(48]

[49]

[50]

[51]

[52]

energetic 3D metal-organic framework as a promising pri-

mary explosive [ J]. Angewandte Chemie, 2016, 128
(18) : 5655-5657.

AR, WIS, EIORL ZRh R R IRZG19G BUT
WersE b)), MREER AL, 2022, 51(2) ; 1-10.
GAO S S, XIE X B, WANG Y H. Research progress on
the synthesis of various green primary explosives [ J].
Explosive Materials, 2022, 51(2) . 1-10.

QU Y Y, ZENG Q, WANG J, et al. Furazans with azo
linkages: stable CHNO energetic materials with high
densities, highly energetic performance, and low impact
and friction sensitivities [ J].
Journal, 2016, 22(35) . 12527-12532.
LIM C H, KIM T K, KIM K H,

Chemistry: A European
et al. Synthesis and
Bulletin
. 1400-

characterization of bisnitrofurazanofuroxan[ J].
of the Korean Chemical Society, 2010, 31(5)
1402.

PAGORIA P, ZHANG M X, RACOVEANU A, et al.
3-(4-Amino-1, 2, 5-oxadiazol-3-yl)-4-( 4-nitro-1, 2
5-oxadiazol-3-yl) -1, 2, 5-oxadiazole [ ] ].
2014, 2014(2) . M824.

CHAVEZ D E, PARRISH D A, LEONARD P. The

’

Molbank ,

synthesis and characterization of a new furazan hetero-

cyclic system [ J]. Synlett, 2012, 23 (14). 2126-
2128.
FAAE, 250, 20, 5. KPR ik G AT

JELJ]. &HEREL, 2012, 20(4) : 385-390.
WANG B Z, LI H, LI Y N, et al. Review on energetic

(53]

[54]

[55]

[56]

[57]

compounds based on furoxanyl ether [ J]. Chinese Jour-
nal of Energetic Materials, 2012, 20(4) : 385-390.
YOUSSIF S. Recent trends in the chemistry of pyridine
N-oxides [J]. Arkivoc, 2001(1) ; 242-268.

WHE, EAAR, OREIMG, AF. 3,37 AR R
BE(FOF-2) Y& 10 FRAE S TAARTSE (1] A bk
2%, 2009, 29(4) ; 614-620.

FANY J, WANG B Z, LAl W P,

et al. Synthesis,

characterization and quantum chemistry study on 3, 3’-
dicyanodifurazanyl ether (FOF-2) [J].
of Organic Chemistry, 2009, 29(4) ; 614-620.

WANG B Z, ZHAI L J, LIAN P, et al. A novel synthe-
sis of 3, 3’-bis (fluorodinitromethyl ) difurazanyl ether
(FOF-13) [J]. Chinese Journal of Energetic Materials,
2014, 22(6) . 884-886.

FAOR, BEA, M, 43, 3-Z (A AR

TR F K K (FOF-13) BTk & [ 1], & e KL,
2014, 22(6) . 884-886.

JAEK, AR, B, % Xﬂ%ﬂﬂj‘ﬂs 4-b: 3,

4] E AR I I [ 37, 47-d ] E 4 I BE =0 1 A
[J]. &RERTEL, 2012, 20(1) : 137-138.

ERAN, WAL, MG, 4F. ZnRIAJF SRR R E
FERTE G R TR ()] m Rl TR
iz, 2020, 34(3); 848-854.

WANG X J, CHEN S, LIAN P, et al. New facile syn-

thesis and quantum chemistry studies of trifurazanoox-

Chinese Journal

acycloheptatriene [ J]. Journal of Chemical Engineering

of Chinese Universities, 2020, 34(3) . 848-854.



