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Scheme 1  Synthesis of azepine derivatives

F£ 250 mL [ = DB i A 20 mL JEK LN,
WA 0.03 mol Mfr e, i+ F o #tm A 3.12 g
(0.01 mol) BNFF,#=HlJ&EFE 0 ~5 °C, i mse )5
PEFE 1 h, RS THR E) 40 )CR)Y 35 min, B HI B IR,
BEZE R TR, A 15 mL ZE 48 Kb Hy Ak o ik A
2T, MeOH L5 &, B 3ILGW a~i,
7-H-XUEME I [3,4-b" 4" -f ] S ALk I I [37,4"-d ] &
ZM = (a)

5% 48.3% , m. p.; 225 ~226 °C.,' H NMR
(DMSO-d, ,500 MHz) &: 12.41(s,NH); "C NMR
(DMSO-d, ,125 MHz) §: 152.91,152.46,145.80,
138.20,135.92,106.54; IR (KBr,p/cm™'): 3591,
3523 (N—H) ,1648 (furazan) ,1603,1578,1537 ( fu-
roxan); ESI-MS m/z. 233.90[ M-H] ",

7 BRI IR 3 ,4-b" 4 -f ] AL BRI JT [ 37,4"-d ]
AR PE = (b)

AR T78.7%,m. p.: 170 ~172 °C.,' H NMR
(DMSO-d, ,500 MHz)§: 6.16(s, NH); "C NMR
(DMSO-d, ,125 MHZ) &: 156.26,155.85,145.31,
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136.44,134.35,106.15; IR (KBr,»/cm™) : 3342
(N—H), 1653 (furazan), 1597, 1559, 1533 ( furox-
an); ESI-MS, m/z: 249.89[ M-H ],
7-(2-ZH-1-2 5 ) -BRIE I [ 3,4-b": 47-f | S AWk A
JE[3",4"-d ] B PR B =4 (©)

% 80. 2% ,m. p.: 171 ~173 °C.,' H NMR
(DMSO-d, ,500 MHz) §: 4.17(t,CH,,2H),2.94
(t,CH,,2H),2.48(s,NH, ,2H); “C NMR(DMSO-d,,
125 MHz) &: 154.10,153.73,145. 41,137. 62,
135.44,106.10,54.72,37.57; IR(KBr,p/cm™) .
3345, 3331 (—NH, ), 2924, 2861 (—CH, ), 1647
(furazan) ,1608,1554,1529 (furoxan),1228 (C—N);
ESI-MS,m/z: 279.11[M+H ",

7-(3-Z -1 - EL) -BUR IE I [ 3,4-b": 47-f ] S ALk
JE[3",4"-d ] A A B =) (d)

P H62. 6%, m. p.: 186 ~187 °C,' H NMR
(DMSO-d, ,500 MHz) &: 4.23(t,CH,,2H),2.83
(s,NH,, 2H),2.70(t,CH,,2H),1.91 (t, CH,,
2H); "C NMR (DMSO-d,, 125 MHz) §: 153. 75,
153. 40, 145. 40, 137. 61, 135. 44, 106. 06, 54. 41,
39.19,28.90;IR(KBr,p/cm™ ) : 3363,3304 (—NH, ),
2947,2871 (—CH, ), 1652 (furazan), 1592, 1568,
1537 (furoxan),1233 (C—N); ESI-MS, m/z. 293.02
[M+H]",

7-(2-F -1 -2 B ) R iE I [ 3,4-b": 47 -f ] ALk
JE[3",4"-d ] HIRHBE =4 (e)

R H 68. 2%, m. p.: 194 ~195 °C,' H NMR
(DMSO-d, ,500 MHz) 6: 4.91(s,OH ,1H) ,4.23(t,
CH,,2H),3.76 (t,CH,,2H); "C NMR ( DMSO-d,,
125 MHz) &: 154.08,153. 71, 145. 46, 137. 66,
135.37,106.08,56.10,53.86; IR (KBr,p/cm™);
3621(—O0OH) ,2978,2935(—CH, ), 1653 (furazan)
1601,1563,1535 (furoxan) ,1278 (C—O) ; ESI-MS,
m/z: 295.90[ M+H,O-H] ",

7-H - E IR 3 ,4-b 4 -f ] AL rR I R [37,47-d ]
RARIPE = (F)

PR 74.8% ,m. p.: 200 ~203 °C.,' H NMR
(DMSO-d, ,500 MHz) &: 3.79(s,CH,); "C NMR
(DMSO-d, ,125 MHz) &: 154.37,154.00,145.62,
137.60,135.42,100.08,38.36; IR (KBr,p/cm™):
2993 (—CH,) ,1652(furazan),1613,1587,1541 ( fu-
roxan) ,1473(—CH, ) ,1233 (C—N); ESI-MS , m/z.
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265.89[ M+H,O-H] ",
7-LHE-ROKATEL3,4-b" 4 -f ] S ALK I IR [37,4"-d ]
RAHBE =) (8)

% 70. 7%, m. p.: 217 ~218 °C.,' H NMR
(DMSO-d, ,500 MHz) §: 4.20(dd,CH,,2H),1.35
(s,CH,, 3H); "C NMR(DMSO-d,,125 MHz) §:
153.38,153.00,145.31,137.65,135.47,106. 08,
47.29,12.85; IR (KBr,p/cm™) : 2992 (C—H),
1645 ( furazan), 1608, 1590, 1536 ( furoxan ), 1481
(—CH,),1271(C—N) ; ESI-MS, m/z: 279.95[ M+
H,O-H]",

7 - BRI I [ 3,4-b" 4" -f ] ALK I IR [37,4"-
d ] AP =4 (h)

5 H 58, 6%, m. p.: 221 ~222 °C,' H NMR
(DMSO-d, ,500 MHz) 8: 5.98(m,CH,1H),5.51
(d,— CH,, 1TH),5.22(d,— CH,,1H) ,4.81 (d,
CH,, 2H); "C NMR ( DMSO-d,, 125 MHz) §:
153.53,153.17,145.41,137.58,135.43,129. 20,
118.77,106. 09,53. 86; IR (KBr,»/cm™): 3087
(=C—H), 2991 (CH, ), 1655 ( furazan), 1592,
1569,1535 (furoxan) ,1611(C —C),1390(— C—H),
1231(C—N); ESI-MS,m/z; 291.94[ M+H,0-H] ",
7R AR AR IR 3,4-b" 4 -f ] AL BRI IR [37,4"-d ]
BRI PE = (1)

PFFRA7.3%,m. p.; 173 ~175 °C.,' H NMR
(DMSO-d,, 500 MHz) &: 7. 46 (d, Ar—H,2H),
7.35(t,Ar—H, 2H),7.29(t,Ar—H 1H) ,5.38 (s,
CH,,2H); "C NMR ( DMSO-d,, 125 MHz) §:
154.09,153.73,145.58,137.73,135.57,134. 44,
128.95,128,17,127,61,106.24,55.16; IR (KBr,p/
cm™): 3081 (Ar—H) , 2935 (—CH, ), 1645 (furazan),
1593, 1590, 1536 ( furoxan ), 1591, 1523, 716;
ESI-MS,m/z; 323.91[M-H ],

2.2.2 cHMZHEISERM

TE 250 mL 19 = Fgelfi b 8 15 mmol 1) 2 i 34
RUSEAE 40 mL TeK S G, A 1.5 g 19 Na, CO, [
e A 2.78 g(10 mmol) k54 ¢, % i
St fE R B B0, SO 35 ming ik U8 8 T R
TR W AR I AR 30 mL ek R o v
TR R EME G Ak

j: % 66.71% 2445 99.5% ,' H NMR(DMSO-d, ,
500 MHz) §: 8.95(t,NH,1H),8.86(d,Ar—H 1H),
8.39(d,Ar—H,1H),7.48(d ,Ar—H 1H) ,4.51(t,CH,,
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2H),4.00 (d, CH,,2H); "C NMR ( DMSO-d,,
125M)8: 154.01,153.64,148.52,144.99,137.46,
135.70,135.26,130. 64,130.49,123.86,115.52,
105. 71,49. 93,40. 34; IR (KBr,»/cm™); 3311
(N—H), 3087 ( Ar—H ), 2923 ( C—H), 1623
(—NH, ), 1592 (C — C), 1535, 1341 (—NO, ) ;
ESI-MS,m/z. 442.91[M-H] ",

Cl
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N —

N cl i N OH

, N N NO.
0 N OQN‘QNOQ o _ N/\/ >
c N
NH,  F Ty NC,

Scheme 2 Synthesis of compound j and k

k: % 59.71% 4 99.1% ,' H NMR (DMSO-d, ,
500 MHz) &6: 9.16 (t,NH,1H),9.03 (s, Ar—H,1H),
8.51(s,NH, 2H) ,4.60 (t,CH,,2H),3.45(d,CH, ,2H);
"C NMR ( DMSO-d,, 125 MHz) §: 153. 95, 153. 55,
145.26,145.00,144.80,137.50,135.33,130. 33,
124.97,123.04,122.89,105.68,50.80,42.79; IR
(KBr,p/cm™): 3427 ,3309(N—H) ,3077 (Ar—H) ,
2924(C—H) ,1616 (—NH, ) , 1591 (C — C),1536,
1361(—NO, ) ; ESI-MS,m/z; 502.88[ M—H] ",

3 GRS
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AN AR EL A ST L ANSE R SRy S A RS S B 3 T
AR

BNFF HIF 1 AT fE 9 S 1 ML B WL Scheme 3. 1
SN2 J i+, i kB 5k HL 9Pk 5 B0 BNFF 3 S 19
C—NO, i fr iy i 1 N s 82 A5 i )i 7 de 1E
PR T B AR T o R S AR AP e N
18— X IORT FL - 32F 2 BNFF 195 i 1) Bk J5E - , OB it 1 25
I, 2Z J5 Bide 2 70 A RO SRR = I, fe59) a
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BBy, T E 50 95 0E 1 2% S W HLER 4 TE A
St
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Scheme 3 Reaction mechanism of BNFF with primary amine

3.2 SE5RNABERIEEE

e BOIL Al e A H UL A9 4R % 55 BNFF S I, BF 5%
BNFF L5 A [ {7 i 5 o B 6 % 1, &5 R 03k 1 Brow .
HI 1 AT, 2 AF A N 7 S I R e A o, BEAR
g AL BNFF S Az R SO, BE A5 28 R Bl 72 55, 1A )
IO AR o AR e 95 A JE I, & BE AR HfE L5 BNFF
KM RN, TCEAR R )

F 1 BNFF FIAS[EA e S5 B ) 25

Table 1 Results of BNFF reaction with different primary
amines
number primary amines yield/%
1 H,;N——NH, 78.7
\
3 N, 70.7
OH
4 HQN/\/ 68.2
5 N >SN 80.2
6 H2N/\/\NH2 62.6
7 AN 58.6
NH,
9 NH; 48.3
10 @—NH2 -
. ozNONHZ .
X
12 | -
»
NZ NH,
| X
13 _ -
HN™ N° NH,
v
14 )\ 7 _
H,N NH,
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3.3 kEwiMmkryREgEs

&9 5 Mk DSC g W 1, i 1 1 w5, b
G Mk B 2 4B A R, 258,03 C I
275.35 CHALEY § 0k A 1 B B iy P40 il i A
U5 329.92 °CHI1360.24 CHEE 2 By B 1 445 fift i 4
W, j Ak RS E PEOL T BNFF, 0] 5 % BLkE 2 RDX
(210 °C) ,CL-20(210 °C) \HMX (280 °C) "'} 2 .
X T RE SR PR i e ORI R VAR M R A 1 B AT
SRS AR BRI B = A o, B o 7
WIBLRE , AT LA B3 R e S W i AR e . S 1k
B A ARA Y kb R IR 3 2 AR A il Bk
HHEAE TR B0 40 - 9 SR i R fof -2 o A, o T2
A A RE A I kA kG B
— B B o R T T 17,69 °C 5 Y By i T
FHE T 27.64 °C,

275.35°C
1 exo

360.24°C

257.98°C

heat flow / mW

i 329.92°C

100 200 300 400 500
TIC

B fei¥i Mk g DSC 2k
Fig.1 DSC curves of compound j and k

3.4 BRMEEMMG

K Ffl Gaussian 03 (Revision B. 05)""® #5441 PM6
ok AR E] A K IS RS A Hogs (8) 43
Wk 885.36 kJ - mol™ I 853.86 kJ - mol™,
Politzer 4313 i # HL 3V A 7 6 20 A H A 45 51 A k i
THAE kG Ay, Hig 20 9 4 221.09 k) - mol™ #I
237.57 k) - mol™ | BT 3R 75 5 58 75 #4 b E FEE JR 2B AR
1 AH () o FH AL HBE IE 9 07 6 45 B Wi Ak b
Yy B FRAE  R % ) L 3B 4 Kamlet-Jacobs Jy 27
Ty R A AR HURIR IR

M2 n L e &gk R ERE S 2,4 ,6-
SRS (TNT) 1, 3-SR A M 1-5(35-2 ,4 ,6-—
i HE R AL e S e AL & W AR 2, £ & 1 B & se M RHY
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Table 2 Detonation performances of compound j and k
explosive AHS4s(s) /k) - mol™  p/g - cm™ Q/ g D/m s p/GPa
j 664.27 1.68 5444 6945 21
k 616.29 1.74 4703 6438 18
TNTE2 - 1.63 5066 6928 19
1,3-dinitrobenzene'?* - 1.58 4605 6100 19
1-amino-2 ,4 ,6-trinitrobenzene %’ - 1.72 4986 7300 22

Note: p is theoretical crystal density, AH%q4(s) is standard molar enthalpies of formation in solid state, D is detonation velocity, p is detonation pressure, Q is deto-

nation heat.

4 & B

(1) LA BNFF g J5oRL 5 9 Fi i iy A0 e 52 1, A=
PR AN B =05 7 ) a ~ 0, R ARG (2D Ah R AR
Br F- B B 6 Ak & W i 47 2R AT o

(2) ¥ 9 Fh A W5 % A0 e A 5 R O35 A AR R S
BNFF¥ 5 1, 43 B BNFF FIE e S g AL 38 DL B 3% %
M, & BURE 7 5 A9 A 1 T —NH, B S A | BEAR 4
BNFF 47 B BRI 5 Bl %5 A M e A e v —NH , 5 1A
BT 3 5, R SN R B R s D5 A G 09 A0 e
H—NH, P 55 55, B0 s o dfE LA & A

(3) K c F12,4- "R K 2,4 ,6- = (i HE-3-
FEER N o 2 FE R A ZE 40 5] A B R A% 5 B =0
K& 15 54b 59 j Rk, DSC 4347 £ 01, 5 JEURHH 1L
G § A k IR E PRI R R, BT kA
TE 57 A, B I T 43 F S i de e Pk L 4 kR AR
W, 55— B B RS B B o i e R A N T e T
17.69 °CH127.64 °C,

(4) kAW LSRN 1.68 g - cm™ bR
JEE IR A LK R 66427 k) - mol ™ LA S RTBE FE 43 )
16945 m - 7' fl 21 GPa; fb&4 k i B 55 5 H
1.74 g - cm™ FRUEEE R A= 46 2 616.29 k) - mol ™,
ORI R 439 6438 m - 5T FI 18 GPa,
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Synthesis and Characterization of 7H-Difurazano[3,4-b.3’,4’-f]furoxano[ 3”,4"-d ] azepine and Derivatives

XIA Cheng-bo, ZHENG Chun-mei, ZHANG Tao, XU Li-wen, WEI Wen-jie, WANG Feng-yun, LEl Wu, XIA Ming-zhu
( School of Chemical Engineering, NUST, Nanjing 210094, China)

Abstract. Nine kinds of 7H-difurazano[3,4-b:3",4'-f] furoxano[ 3",4"-d ] azepine (a- i) were synthesized with 3,4-bis (3-nitro-
furazan- 4-yl) furoxan (BNFF) as starting materials, and the SN2 mechanism of cyclization was discussed. The structure of these
compounds were characterized by '"H NMR, *C NMR, IR and MS. Then 7-(2-amino-1-methyl) -difurazano[ 3 ,4-b:3",4’-f] furox-
ano[3”,4"-d]azepine (c¢) was used to synthesize two new compounds, N-(2’,4'-dinitrophenyl)- and N-(3'-amino-2',4",6"-tri-
nitrophenyl) -7-(2-amino-1-methyl) -difurazano[3,4-b:3",4’'-f]furoxano[3",4"-d ] azepine (j, k), by reacting with 2 ,4-dinitro-
chlorobenzene, 3-amino-2,4 ,6-trinitrochloro- benzene. The thermal properties j and k were analyzed by differential scanning cal-
orimetry. Results show that the first and second exothermic peak of compound j are at 258.03 °C and 329.92 °C, and for com-
pound k, they are at 275.35 °C and 360.24 °C, indicating that the introduction of nitrobenzene can increase the thermal stability.
The detonation performances were estimated as follows: density, detonation velocity and detonation pressure of j and k are
1.68 g-cm™, 6945 m s, 21 GPa; 1.74 g+ cm™, 6438 m - s™', 18 GPa, respectively.

Key words: energetic material; furazan; furoxan; azepine; thermal stability
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